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Patrick Côté and Michael J. West

The Fundamental Plane of Globular Clusters . . . . . . . . . . . . . . . 181

Dean E. McLaughlin

HST Observations of Young Stellar Clusters in Nearby Galaxies . . . . 183

Søren S. Larsen

Star Cluster Formation in Extreme Starburst Environments . . . . . . . 185

Richard de Grijs

From Young to Old: Spectral Models for Star Cluster Systems . . . . . 187

Uta Fritze-v. Alvensleben, Peter Anders, and Richard de Grijs

Stellar Population Models with Variable Element Abundance Ratios . . 189

Daniel Thomas, Claudia Maraston, and Ralf Bender

Formation of Globular Clusters in Galaxy Mergers . . . . . . . . . . . . 191

Kenji Bekki, Warrick J. Couch, Duncan A. Forbes, and M. A. Beasley

Dynamical Evolution of Globular Cluster Systems . . . . . . . . . . . . 193

E. Vesperini



x Contents

Multi-Color Observations of Young Star Clusters . . . . . . . . . . . . . 195

Peter Anders, Uta Fritze - v. Alvensleben, and Richard de Grijs

Formation of ω Centauri from an Ancient Nucleated Dwarf Galaxy . . . 196

Kenji Bekki and K. C. Freeman

Dynamical Evolution of Globular Cluster Systems in Clusters of Galaxies:
The Case of NGC 1404 in the Fornax Cluster . . . . . . . . . . . 197

Kenji Bekki, Warrick J. Couch, Duncan A. Forbes, and M. A. Beasley

Formation of Star Clusters in the LMC and SMC . . . . . . . . . . . . . 198

Kenji Bekki, Warrick J. Couch, Duncan A. Forbes, and M. A. Beasley

2dF Spectroscopy of Globular Clusters in M104 . . . . . . . . . . . . . . 199

Terry Bridges, Steve Zepf, Katherine Rhode, and Ken Freeman

Abundances in LMC and SMC Globular Clusters . . . . . . . . . . . . . 200
Jennifer A. Johnson, Inese I. Ivans, Peter B. Stetson, James E. Hesser,
and Michael Bolte

Perhaps They are not Globular Clusters After All . . . . . . . . . . . . 201

A. M. Karick

Self-Induced Formation of Metal-Rich Globulars in Bulges? . . . . . . . 202

Valery V. Kravtsov

The Spectra of Bright Near-IR Clusters in M82 . . . . . . . . . . . . . . 203
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Preface

The XXVth IAU General Assembly took place in Sydney, Australia, 13-26 July
2003 and it featured an impressively rich and varied scientific program of 6
Symposia, 21 Joint Discussions and 4 Special Scientific Sessions. In addition
were held a large number of meetings of the IAU Divisions, Commissions and
Working Groups.

This IAU Highlights of Astronomy contains the Proceedings from 20 out of
the 21 Joint Discussions and the 4 Special Scientific Sessions. A fair and mean-
ingful allocation of page space for these 24 different meeting made it necessary to
print this volume of the Highlights of Astronomy in two books. The organizers
of four Joint Discussions (JD04, JD09, JD13 and JD16) informed us that they
wished to publish full Proceedings of their meetings which would consume a lot
more space that available to them in this joint Proceedings. These organizers
therefore submitted summaries and abstracts for the Highlights of Astronomy
arranged for separate, full Proceedings from their meetings with other publish-
ers. In addition, the Proceedings of the six Symposia (nos. 216 - 221) are being
published in regular IAU Symposium Series.

I am deeply grateful to all authors and Editors of the individual events for
their kind cooperation by following the instructions given by submitting their
manuscripts on time. Only a very few manuscripts were late incoming and
manuscripts from only one meeting were never received.

A special thank goes to Dr. Terry Mahoney who, as a consultant to the
ASP, prepared the LaTeX style file for this volume, and most importantly, with
gracious permission from the ASP, also helped prepare the Table of Content and
the Authors Index.

Oslo and Paris, August 2004
Oddbjørn Engvold
General Secretary
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Neutrino Properties from Measurements using
Astrophysical and Terrestrial Sources

A.B. McDonald

Physics Department, Queen’s University, Kingston, Ontario, Canada,
K7L3N6

Abstract. The current knowledge of neutrino properties has been derived
from measurements performed with both astrophysical and terrestrial sources.
Observations of neutrino flavor change have been made with neutrinos generated
in the solar core, through cosmic ray interactions in the atmosphere and in
nuclear reactors. A summary is presented of the current knowledge of neutrino
properties and a description is provided for future measurements that could
provide more complete information on neutrino properties.

2. Introduction

The neutrino has been very elusive in revealing its basic properties to experi-
menters. However, it provides a very attractive means for the study of many as-
trophysical objects such as the Sun, supernovae and other astrophysical sources
producing high energy particles. The study of neutrinos from these sources can
provide information on both the sources and on basic properties of neutrinos
themselves. This paper will discuss the current state of information on neu-
trino properties, in several cases obtained from measurements with astrophys-
ical sources. Future neutrino measurements will be described for astrophysical
or terrestrial sources. Other papers in this session will discuss measurements of
astrophysical sources using this basic information on neutrino properties.

3. Neutrino Properties

3.1. Number of neutrino types

The number of active neutrino types has been restricted for many years by
studies of Big Bang Nucleosynthesis (for a summary see Hagiwara et al, 2002)
to be less than about 4, but considerably more accuracy has been obtained
through measurements of the width of the Z0 resonance that set a number of
2.994±0.012. Neutrino flavor change measurements show no evidence for sterile
neutrinos.

3.2. Neutrino Flavor Change

Several measurements have indicated that neutrino flavor change occurs; the
most favored explanation for the mechanism is neutrino oscillations among finite
mass eigenstates. The neutrino flavor fields ν` can be expressed as superpositions
of the components νk of the fields of neutrinos with definite masses mk via U ,
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the 3 x 3 unitary Maki-Nakagawa-Sakata-Pontecorvo (MNSP) mixing matrix
(Maki et al, 1962, Gribov and Pontecorvo, 1969).

The MNSP matrix can be parameterized in terms of 3 Euler angle rotations
and a CP-violating phase δCP ,

U =





c12c13 s12c13 s13e
−iδCP

−s12c23 − c12s23s13eiδCP c12c23 − s12s23s13eiδCP s23c13
s12s23 − c12c23s13eiδCP −c12s23 − s12c23s13eiδCP c23c13





where cij = cos θij and sij = sin θij .
When the neutrinos travel in a vacuum or low density region and two mass

eigenstates dominate the process, the following probability is predicted for sub-
sequent detection of a given neutrino type after it has traveled for a distance
L in vacuum: P = 1 − 1/2sin2(2θij)(1 − cos(2.54∆m2L/E), where ∆m2 is the
difference between the two relevant mass eigenstates in eV 2, L is the source-
detector distance in meters, E is the neutrino energy in MeV and θij is defined
above. When the neutrinos pass through regions of high electron density, the
difference in the interaction of electron neutrinos and other neutrinos due to the
charged current interaction can add extra terms to the MNSP matrix, resulting
in a change to the effective masses and coupling constants. This is referred to
as the MSW effect (Mikeyev and Smirnov, 1985, Wolfenstein, 1978) and can be
used to determine the sign of the mass difference of the two dominant neutrinos
involved in the oscillation.

Atmospheric Neutrinos Super-Kamiokande has observed a zenith angle de-
pendence that is consistent with flavor change of atmospheric muon neutrinos
through oscillations with a baseline of the Earth’s diameter. The zenith angle
dependence for electron neutrinos is consistent with Monte Carlo calculations
for no flavor change, implying that the muon flavor change is predominantly to
tau neutrinos. The hypothesis of neutrino oscillations is consistent with mea-
surements made by a number of other detectors of an anomalous ratio of muon
to electron atmospheric neutrinos.

Solar Neutrinos Since Davis’ experiments starting in the 1960’s, a discrep-
ancy was identified between the experimental measurements and the theoretical
calculations for solar neutrino fluxes. The fluxes are factors of two or three
lower than predictions in each case, leading to the conclusion that either solar
models are incomplete or there are processes occurring such as flavor change to
other neutrino types for which the experiments have little or no sensitivity. This
30-year old discrepancy had come to be known as the ”Solar Neutrino Problem”.

Many attempts have been made to understand these discrepancies in terms
of modifications to the solar model, without significant success. The results may
be understood in terms of neutrino flavor change with matter enhancement in
the sun. However, because the various experiments have different thresholds
and are sensitive to different combinations of the nuclear reactions in the sun,
this explanation is solar model-dependent. Solar model-independent approaches,
including searches for spectral distortion, day-night and seasonal flux differences
provided no clear indication of flavor change.
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Measurements by the Sudbury Neutrino Observatory (SNO) of interactions
of 8B solar neutrinos in a heavy water detector have provided a solar-model-
independent ”appearance” measurement of neutrino flavor change by comparing
charged current (CC) interactions on deuterium sensitive only to electron neutri-
nos and neutral current (NC) interactions sensitive to all neutrino types. A null
hypothesis test for flavor change was performed, assuming no spectral change for
the CC reaction. The flux of active neutrinos or anti-neutrinos other than elec-
tron neutrinos inferred from the NC measurements yielded a 5.3σ difference from
the CC flux, providing clear evidence for flavor change. The result for the total
active neutrino flux obtained with the NC reaction, 5.09+0.44

−0.43(stat.)+0.46
−0.43(syst.),

is in very good agreement with the value calculated (Bahcall et al, 2001) by
solar models: 5.05± 1.0× 106 cm−2s−1.

The solar neutrino measurements to date are best fit by neutrino oscillation
parameters (see Table 1) including the MSW effect in the sun, referred to as the
Large Mixing Angle (LMA) region. Note that the matter interaction defines
m2 to be greater than m1 and that the mixing angle is somewhat smaller than
maximal mixing.

Terrestrial Measurements Measurements of the survival of νµ neutrinos pro-
duced at the KEK accelerator have been made with the Super-Kamiokande
detector, (K2K experiment). The preliminary data (Nishikawa, 2002) show
agreement with the m2 to m3 oscillation parameters observed for atmospheric
neutrinos. The KamLAND experiment (Eguchi et al, 2003) has studied the
flux of electron anti-neutrinos observed at a 1000 ton liquid scintillator detector
(converted from the original water-based Kamiokande detector). They find a
flux suppression consistent only with the LMA region for m1 - m2 oscillation as
defined by solar neutrinos and restricting the region obtained with solar neu-
trino measurements alone. Results from the LSND experiment have indicated
the appearance of a small flux of anti-νe from an anti-νµ accelerator beam. The
majority of the allowed oscillation region for this experiment has been restricted
by the Karmen experiment. The MINIBOONE experiment has just begun op-
eration with neutrino beams from Fermilab and should approach the LSND
measurements with substantially higher sensitivity.

Summary of flavor change information to date Atmospheric, solar, and reactor
neutrino oscillation data currently fix or limit the 3 angles. They also provide
values for the differences between the squares of the masses. They provide no
information yet on the phase(s). The data to date is summarized in Table 1.

3.3. Neutrino Mass

The most sensitive direct measurements of electron neutrino mass have been
made by searching for curvature induced near the end point of the spectrum of
electrons emitted during the beta decay of tritium. The current limit obtained
from these measurements is 2.8 eV (90 % CL.). Measurements of neutrinoless
double beta decay are also sensitive to neutrino mass if the neutrino is a Majo-
rana particle. Measurements to date set limits less than 0.4 eV for the effective
mass associated with this process. There is also a controversial claim of a greater
than 2 σ effect for a mass of 0.35 eV in a neutrinoless double beta decay measure-
ment in Ge reported by a subset of the Heidelberg-Moscow experimental group.
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Table 1. Current knowledge of active neutrino mass and mixing from neu-
trino oscillations. One-σ errors are shown, except for θ13, which is at the 90%
CL.

Quantity Value

θ12 32.6(32)o

θ13 < 10o

θ23 45(8)o

δCP ?
m2

2 −m2
1 +7.3(11)× 10−5 eV2

m2
3 −m2

2 ±2.5(6)× 10−3 eV2

Model-dependent limits with sensitivity of about 1 eV can also be obtained from
combined fits to the cosmic microwave and large scale structure data.

4. Future measurements

All of the types of measurements discussed above are being pursued very actively
for the future. The next generation measurements for tritium beta decay and
neutrinoless double beta decay should extend the mass sensitivity by a factor
of about 10. This sensitivity is approaching the mass differences identified by
the oscillation measurements. Flavor change measurements will be extended for
solar and terrestrial neutrinos with improved accuracy. The definition of these
parameters has also led to plans for a next generation of long-baseline exper-
iments to quantify θ13 through accelerator and reactor experiments and seek
the mass hierarchy through matter interactions and CP violating phase through
experiments with accelerator and detector properties scaled up by factors of 10.

Our knowledge of neutrino properties has expanded greatly during the past
10 years. The next generations of experiments have the potential to prove as
comprehensive information for the lepton sector as has been obtained for quarks,
thereby making it possible to use neutrinos as a unique astrophysical probe.
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MeV Neutrino Sources: The Sun and the Supernovae

Sylvaine Turck-Chize

SAp/DAPNIA/DSM/CEA CE Saclay, 91191 Gif sur Yvette, France

Abstract. The two sources of MeV neutrinos, the Sun and the Supernovae
are very interesting to study nowadays. Seismology aboard SoHO has prop-
erly constrained the solar emitted neutrino fluxes and consequently contributes
to an unambiguous evidence of the solar neutrino oscillations. The main role of
seismology stays nevertheless the description of the magneto-hydrodynamic pro-
cesses and this progress provokes a renewal of the stellar discipline. Important
results are noticed these three years, for the Sun. Future will be richer implying
a large number of stars with an evident impact on supernovae and solar neutrino
properties.

1. The Two Sources of Neutrinos

The two natural Neutrino MeV Sources, the Sun and the Supernovae, are studied
with more and more interest as the richness of their plasma properties is inac-
cessible in laboratories. Nevertheless, the level of knowledge of these sources is
extremely different. The solar internal structure is scrutinized for twenty years
with two independent probes: neutrinos and acoustic modes. In the case of
supernovae, the emitted neutrinos have been detected once only, for the Su-
pernova 1987A. It is evident that these two sources are extremely different. If
the Sun has a continuous emission of neutrinos, the emission coming from a
supernova explosion is quasi instantaneous, with a peak of 0.025 s. Only 6.4
% of the produced solar energy is emitted by the neutrinos, though the main
part of the released energy in a supernova explosion is contained in the neutrino
emission. If the Sun emits neutrinos up to 14 MeV and has a well determined
energy spectrum, the range of emission for the supernovae is large from 5 MeV
to about 100 MeV. The impact of the different neutrino oscillation solutions
on the supernova energy spectrum is high, mainly for the SNO detector, even
the waiting statistics in Superkamiokande is higher, so there is extremely large
interest to detect supernova neutrinos in the present observatories to put more
constraints on the neutrino properties or on the explosion mechanism. The di-
versity of the supernovae (Heger et al. 2003) and consequently of the supernova
explosions encourages also the study of the different supernova precursors. Su-
pernovae Ia have initial mass below 8 M¯, and final mass probably below 1.5
M¯, Supernovae II have initial mass between 8 to 30 M¯, final mass below 10
M¯, Supernovae Ib and c have initial mass above 30 M¯ and final mass always
below 10 M¯. With such a range in mass, questions on geometry, asphericity,
rotation, metallicity have not a clear answer today.

The geometry of stars and the mass loss processes are more under control
at different stages of evolution, so there is a renewal in stellar structure, which

9
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will benefit by seismic observations, capabilities of parallel computers and the
introduction of macroscopic motions. The direct and indirect role of the rotation
is now proven for the determination of the oblateness of massive stars. The
impact on the geometry of the explosion is waiting. The role of the stellar
metallicity is also a determinant factor, with cosmological consequences, it must
be studied to interpret correctly the incoming large dataset supernova light
curves.

We are convinced that a clear hydrostatic and hydrodynamic vision of stars
will emerged within the next decade, thank to the spatial COROT and ED-
DINGTON projects with consequences for supernovae progenitors. Let summa-
rize here the highlights of the last 3 years for the Sun which is the first star for
which this effort is already well advanced.

2. The Sun as a laboratory for emitted neutrino fluxes

The Sun is a unique case for which we have today 40 years of observations: five
neutrino experiments using different techniques, 3 helioseismic ground networks
and 3 spatial helioseismic experiments aboard SoHO running since 7 years.

Since 1988, we have controlled the emitted solar neutrino fluxes, in con-
fronting the solar theoretical structure to the seismic one. Using this probe as
a reference, constant progress has been noticed on the determination of these
fluxes (Turck-Chize et al. 1988, Turck-Chize and Lopes 1993, Dzitko et al. 1995,
Brun, T-C & Morel, 1998, Brun, T-C & Zahn, 1999, Turck-Chize et al. 2001a,
Turck-Chize et al. 2001b, Couvidat, Turck-Chize & Kosovichev 2003).

Helioseismology has contributed to stabilize the structure of the Sun thanks
to the sound speed profile, helping to answer to questions on:

- 1) a proper determination of the metal opacity coefficients
- 2) a proper description of the microscopic diffusion
- 3) a proper description of the role of the plasma in nuclear reaction rates
- 4) the existence or not of a potential mixing in the very central core
- 5) the adequation of a Maxwellian distribution for particle velocities
- 6) the proper description of the pp reaction rate
- 7) the existence of mixing in the radiation-convection region partly in-

hibiting the microscopic diffusion.
It is because we have found answers to these questions that neutrino pre-

dictions coming from different groups have converged. If the two first questions
have been solved with ground observations, the other ones, largely important
for determining properly the neutrino fluxes, have needed the SoHO satellite.
This is due to the nature of acoustic modes.

Excited by the superficial granulation, these modes are mainly sensitive
to the convection zone more than the nuclear core. But the high energy neu-
trinos, those produced by the ppIII chain, the 8B neutrinos detected in Su-
perkamiokande and SNO, are produced below 0.1 R¯, it is also the case for
the 17F and 15O neutrinos. All these neutrinos are extremely dependent on
the central temperature. But the extraction of the very internal structure from
acoustic frequencies needs a great accuracy on the frequency determination. Un-
fortunately, for the easily detected global modes, the precision is degraded by
stochastic excitation and variability with the solar cycle. The only way to escape
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this difficulty is to integrate the signal for a very long time, in order to reach
acoustic modes of low frequency, less perturbed by these kind of processes.

Figure 1 of Couvidat, Turck-Chièze & Kosovichev 2003, hereafter CTCK-
2003, shows the improvement obtained on the quality of the data with the GOLF
(Global Oscillations at Low Frequency, Gabriel et al. 1995) instrument aboard
SoHO. This quality can be translated in an accuracy of 10−4 on the sound
speed in the solar core (Turck-Chize et al. 2001b). Such results put strong
constraints and partial answers to questions 3 to 7 (Turck-Chize et al. 2001a).
Including progress on theoretical, instrumental and observational sides, we have
finally produced seismic theoretical models. Nowadays, the number of emit-
ted neutrino fluxes, and in particular the 8B neutrinos, is constrained by the
helioseismic probe. A flux of 4.95 0.72 106cm−2s−1 for the 8B neutrinos has
been determined by Turck-Chize et al. 2001b, with an error bar of only 14%,
including physics beyond standard hypotheses. The perfect agreement of this
number with the results of the SNO detections is determinant to solve the neu-
trino puzzle, to demonstrate the solar oscillations and to put strong constraints
on energy production including CNO cycle.

3. Is the Sun standard or not?

Helioseismology reveals that the Sun is not standard. The main objectives of
this probe is to go beyond this simple representation which neglects the effects
of the macroscopic motions. During these last 3 years, variabilities connected to
the evolution during the solar cycle have been extracted and internal migrating
flows have been observed. The history of the angular momentum evolution is
crucial to understand the dynamo process and the range of internal magnetic
field which is an essential property of the solar plasma.

Due to solar rotation and magnetic field, the frequencies of two modes of
the same degree ` and order n are splitted in m components varying between
±`. The corresponding splitting contains information on the internal rotation
and presently one can extract this rotation profile down to the limit of the
nuclear core, typically 0.2 R¯, for the first time without ambiguity thanks to
the longevity, the stability and the position of the SoHO satellite (Couvidat et
al. 2003). It appears that the radiative zone rotates as a solid body with a
constant rate but in examining gravity mode candidates, one cannot exclude a
small core with a different axis and a quicker rotation, a release of the early
rotation? (Turck-Chièze et al. 2003).

The problem could be to see the impact of such phenomenon on the neutrino
productions. We have concluded in CTCK2003 that it must be small (no more
than 12% on the previous neutrino flux) with a limit on the magnetic field of
30 MG in the radiative zone. Of course such assumptions must be confirmed
by further works and probably a new generation of instruments that we are
preparing. From the rotation profile, one begins to develop hydrodynamical
calculations which have for objectives to reproduce the differential rotation in
the convective zone (Brun & Toomre, 2002). These hydrodynamic simulations
may be useful to try to estimate some order of magnitude of the internal magnetic
field to reproduce the solar magnetic cycle. Several works attack these problems.
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4. The search for neutrino properties and Perspectives

It is interesting now to study if some properties of the solar plasma may play a
role on the neutrino propagation or transformation. It is why we (CTCK2003)
have delivered the radial electron and neutron density profiles for our seismic
model, together with some limits on the magnetic field and the magnetic neu-
trino moment: µν > 5 10−15µB in the radiative zone and µν > 3 10−12µB in the
transition region between radiation and convection. We also give some probabil-
ities on the RSFP transition for estimated magnetic field. We are also looking
for effective variation of the magnetic field along the solar cycle in the external
layers (Turck-Chièze, Nghiem and Piau 2003).

We are also trying to extract some effect in the neutrino data. Consequently,
we have analyzed the Superkamiokande 10 days released data. In the research
of periodicies, we note significant peaks around half the rotation of the Sun,
and some others with a period around the rotation, but the spectrum is not
unambiguous as it is the case of acoustic modes. We have also studied the
correlation between the neutrino dataset and magnetic indicators. We note
some correlation with a delay of several hundred days, which may translate
some internal interaction. The same analysis has been repeated with SAGE
data. But all the effects are not sufficiently significant.

I strongly recommend to deliver datasets of 5 days for Superkamiokande
and SNO and to try to extract data in the low energy experiments at the same
time, effectively, the magnetic activity evolves strongly at the scale of days.
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High-energy Neutrino Astronomy: From AMANDA to
IceCube
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Abstract. Kilometer-scale neutrino detectors such as IceCube are discovery
instruments covering nuclear and particle physics, cosmology and astronomy.
Examples of their multidisciplinary missions include the search for the particle
nature of dark matter and for additional small dimensions of space. In the
end, their conceptual design is very much anchored to the observational fact
that Nature accelerates protons and photons to energies in excess of 1020 and
1013 eV, respectively. The cosmic ray connection sets the scale of cosmic neutrino
fluxes. In this context, we discuss the first results of the completed AMANDA
detector and the reach of its extension, IceCube.

1. Neutrinos Associated with the Highest Energy Cosmic Rays

The flux of cosmic rays is summarized in Fig. 1a,b (Gaisser 2002). The energy
spectrum follows a broken power law. The two power laws are separated by a
feature referred to as the “knee”; see Fig. 1a. There is evidence that cosmic rays,
up to several EeV, originate in galactic sources. This correlation disappears in
the vicinity of a second feature in the spectrum dubbed the “ankle”. Above the
ankle, the gyroradius of a proton exceeds the size of the galaxy and it is generally
assumed that we are witnessing the onset of an extragalactic component in the
spectrum that extends to energies beyond 100 EeV. Experiments indicate that
the highest energy cosmic rays are predominantly protons. Above a threshold
of 50 EeV these protons interact with CMBR photons and therefore lose their
energy to pions before reaching our detectors. This limits their sources to tens
of Mpc, the so-called Greissen-Zatsepin-Kuzmin cutoff.

Models for the origin of the highest energy cosmic rays fall into two cat-
egories, top-down and bottom-up. In top-down models it is assumed that the
cosmic rays are the decay products of cosmological remnants with Grand Unified
energy scale MGUT ∼ 1024 eV. These models predict neutrino fluxes most likely
within reach of AMANDA, and certainly IceCube.

In bottom-up scenarios it is assumed that cosmic rays originate in cosmic
accelerators. Accelerating particles to TeV energy and above requires massive
bulk flows of relativistic charged particles. These are likely to originate from the
exceptional gravitational forces in the vicinity of black holes. Examples include
the dense cores of exploding stars, inflows onto super-massive black holes at the
centers of active galaxies and annihilating black holes or neutron stars. Before
leaving the source, accelerated particles pass through intense radiation fields
or dense clouds of gas surrounding the black hole. This results in interactions

13
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Figure 1. At the energies of interest here, the cosmic ray spectrum consists
of a sequence of 3 power laws. The first two are separated by the “knee”
(left panel), the second and third by the “ankle”. There is evidence that the
cosmic rays beyond the ankle are a new population of particles produced in
extragalactic sources; see right panel.

producing pions decaying into secondary photons and neutrinos that accompany
the primary cosmic ray beam as illustrated in Fig. 2.

How many neutrinos are produced in association with the cosmic ray beam?
The answer to this question, among many others (Gaisser, Halzen & Stanev
1995), provides the rationale for building kilometer-scale neutrino detectors.
We first consider a neutrino beam produced at an accelerator laboratory; see
Fig. 2. Here the target absorbs all parent protons as well as the muons, electrons
and gamma rays produced. A pure neutrino beam exits the dump. If nature
constructed such a “hidden source” in the heavens, conventional astronomy will
not reveal it. It cannot be the source of the cosmic rays, however, because the
dump would have to be partially transparent to protons. The extreme opposite
case is a “transparent source” where the accelerated proton interacts once and
escapes the dump after producing photons as well as neutrinos. Elementary
particle physics is now sufficient to relate all particle fluxes because a fraction
(1/6 to 1/2 depending on the energy) of the interacting proton goes into pion
production. This energy is equally shared between gamma rays and neutrinos, of
which one half are muon-neutrinos. Therefore, at most one quarter of the energy
ends up in muon-neutrinos compared to cosmic rays. The flux of a transparent
cosmic ray source is often referred to as the Waxman-Bahcall flux (Bahcall &
Waxman 2001). It is easy to derive and the derivation is revealing.

Fig. 1b shows a fit to the observed cosmic ray spectrum assuming an ex-
tragalactic component fitted above the “ankle”. The energy content of this
component is ∼ 3 × 10−19 erg cm−3, assuming an E−2 energy spectrum with a
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Figure 2. Diagram of cosmic ray accelerator producing photons and neutrinos.

GZK cutoff. The power required to generate this energy density in the Hubble
time of 1010 years is ∼ 3× 1037 erg s−1 per (Mpc)3. This works out to (Gaisser
1997)

• ∼ 3× 1039 erg s−1 per galaxy,

• ∼ 3× 1042 erg s−1 per cluster of galaxies,

• ∼ 2× 1044 erg s−1 per active galaxy, or

• ∼ 2× 1052 erg per cosmological gamma ray burst.

The coincidence between these numbers and the observed electromagnetic en-
ergy output of these sources explains why they have emerged as the leading
candidates for the cosmic ray accelerators. The coincidence is consistent with
the relationship between cosmic rays and photons built into the “transparent”
source previously introduced. The relationship can be extended to neutrinos.

Assuming the same energy density of ρE ∼ 3× 10−19 erg cm−3 in neutrinos
with a spectrum EνdN/dEν ∼ E−γ cm−2 s−1 sr−1 that continues up to a maxi-
mum energy Emax, the neutrino flux follows from

∫

EνdN/dEν = cρE/4π. For
γ = 1 and Emax = 108 GeV, the generic source of the highest energy cosmic rays
produces 50 detected muon neutrinos per km2 per year (Gaisser 1997). [Here
we have folded the predicted flux with the probability that the neutrino is actu-
ally detected given by (Gaisser et al. 1995) the ratio of the muon and neutrino
interaction lengths in ice, λµ/λν .] The number depends weakly on Emax and γ.
A similar analysis can be performed for galactic sources (Gaisser et al. 1995).

As previously stated, for one interaction and only one, the neutrino flux
should be reduced by a factor ∼ 4. On the other hand, there are more cosmic
rays in the universe producing neutrinos than observed at earth because of the
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GZK-effect. The diffuse muon neutrino flux associated with the highest energy
cosmic rays is estimated to be Eν

2dN/dEν ∼ 5 × 10−8 GeV cm−2 s−1 sr−1, to
be compared to the sensitivity achieved with the first 3 years of the completed
AMANDA detector of 10−7 GeV cm−2 s−1 sr−1. The analysis has not been com-
pleted but a limit has been published that is 5 times larger obtained with data
taken with the partially deployed detector in 1997 (Ahrens et al. 2003). On the
other hand, after three years of operation IceCube will reach a diffuse flux limit
of E2

νdN/dEν = 8.1× 10−9 GeV cm−2 s−1 sr−1.

2. Neutrino Telescopes: the First Generation

While it has been realized for many decades that the case for neutrino astronomy
is compelling, the challenge has been to develop a reliable, expandable and
affordable detector technology to build the kilometer-scale telescopes required
to do the science. Conceptually, the technique is simple. In the case of a high-
energy muon neutrino, for instance, the neutrino interacts with a hydrogen or
oxygen nucleus in deep ocean water and produces a muon traveling in nearly
the same direction as the neutrino. The blue Cerenkov light emitted along the
muon’s kilometer-long trajectory is detected by strings of photomultiplier tubes
deployed at depth shielded from radiation. The orientation of the Cerenkov cone
reveals the neutrino direction.

The AMANDA detector, using natural 1 mile deep Antarctic ice as a
Cerenkov detector, has operated for more than 3 years in its final configura-
tion of 680 optical modules on 19 strings. The detector is in steady operation
collecting roughly four neutrinos per day using fast on-line analysis software. Its
performance has been calibrated by reconstructing muons produced by atmo-
spheric muon neutrinos (Andres et al. 2001).

Using the first of 3 years of AMANDA II data, the AMANDA collaboration
is performing a (blind) search for the emission of muon neutrinos from spatially
localized directions in the northern sky (Karle et al. 2002). Only the year
2000 data have been unblinded. The sky-plot is shown in Fig. 3. 90% upper
limits on the fluency of point sources is at the level of 2× 10−7 GeV cm−2 s−1 or
3 × 10−10 erg cm−2 s−1, averaged over declination . This corresponds to a flux
of 2 × 10−8 cm−2 s−1 integrated above 10 GeV. The most significant excess is 8
events observed on an expected background of 2.1, occurring at approximately
68 deg N dec, 21.1 hr R.A; for details see Hauschildt & Steele (2003). Unblinding
the data collected in 2001, 2002 may reveal sources or confirm the consistency of
the year 2000 sky-plot with statistical fluctuations on the atmospheric neutrino
background.

With this search the AMANDA II detector has reached a high-energy effec-
tive telescope area of 25,000∼40,000 m2, depending on declination. This repre-
sents an interesting milestone: sources with an E−2 spectrum should be observed
provided the number of gamma rays and neutrinos are roughly equal as expected
from cosmic ray accelerators producing pions (Alvarez-Muniz & Halzen 2002).

Overall, AMANDA represents a proof of concept for the kilometer-scale
neutrino observatory, IceCube (Wissing 2003), now under construction. The
detector is described elsewhere in this volume (Halzen 2003).
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Figure 3. Skymap showing declination and right ascension of neutrinos de-
tected by the completed AMANDA II detector during its first Antarctic winter
of operation in 2000.
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Abstract. Recent calculations of the neutrino fluxes and spectra from pulsar
magnetospheres and wind nebulae are reviewed. The neutrinos, produced in
pp and pγ collisions via pion decays, are a signature of TeV ions accelerated
electrostatically in the magnetosphere, in the wind termination shock (Fermi),
or in the wind neutral sheet (wave surfing and/or reconnection). The fluxes
and spectra are related to the energy and density of the accelerated ion beam
and the densities of the target species, thereby constraining ion-loaded pulsar
wind models originally developed to explain the variable wisps in pulsar-driven
supernova remnants. The neutrino signal may be detectable by km2 telescopes
(e.g. IceCube) and is correlated with TeV γ-ray emission. Related sources are
also reviewed, such as early-phase post-supernova pulsar winds, pulsar-driven γ-
ray-burst afterglows, and accreting neutron stars. The possibility of long baseline
oscillation experiments, to search for fine splitting of neutrino mass eigenstates
and non-radiative neutrino decays, is noted.

1. Relativistic Ions

Rotation-powered pulsars emit thermal neutrinos, via the modified URCA reac-
tion, and non-thermal neutrinos, via the hadronic decay of relativistic protons
(or heavier ions) accelerated electrically by the star. The thermal neutrino lu-
minosity, Lν ≈ 1039(Tc/109 K)8 erg s−1, where Tc denotes the core temperature
(Shapiro & Teukolsky 1983), is emitted mainly at energies Eν ≈ kBTc ∼< 1 MeV,

below the operating band of next generation (km2) neutrino telescopes. It is
not discussed further here. The non-thermal Lν depends on the ion acceler-
ation efficiency and density of the environment. The ion source is the pulsar
itself, which acts as a unipolar inductor, developing a voltage Φ = BΩ2R3/c2 ≈
3× 1015(B/1012 G)(Ω/102 rad s−1)2 V across its polar cap, where B is the polar
magnetic field and Ω is the angular frequency of the star. As Φ exceeds the
work function at the surface, ions are emitted freely at the Goldreich-Julian rate
Ṅi = ṄGJ = cΦ/Ze, so that the magnetospheric charge density shorts out E
parallel to B (e.g. Arons 2003). In addition, an electron-positron (e±) outflow
is generated in pair cascades in charge-starved regions near the polar cap and
light cylinder (outer gap), with Ṅ± = κ±ṄGJ and 10 ∼< κ± ∼< 103.

Four pulsar-driven supernova remnants (plerions) have now been detected
as unpulsed TeV γ-ray sources by atmospheric Cerenkov imaging telescopes: the
Crab (Weekes et al. 1989; Aharonian et al. 2000), PSR B1706−44 (Kifune et
al. 1995), Vela (Yoshikoshi et al. 1997), and PSR B1509−58 (Sako et al. 2000).
The differential energy spectrum of each object is fitted by dN/dE ∝ E−2.5±0.2

(units: cm−2 s−1), with luminosity ∼< 10−2IΩΩ̇ above 1 TeV. The γ rays are
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unlikely to originate from the magnetosphere, as they are unpulsed. Instead,
they have been attributed to hadronic processes involving accelerated ions in
the pulsar wind nebula (PWN; Amato, Guetta & Blasi 2003; Bednarek 2003),
or to inverse Compton scattering if the magnetic field is below equipartition
(Bednarek & Protheroe 1997; Bednarek 2003; Guetta & Amato 2003).

Independent evidence for ion acceleration in pulsars is provided by the arc-
like, sub-arsecond features (wisps) observed in the optical and X-rays in several
PWNe (Hester et al. 1995, 2002; Gaensler et al. 2002). The wisps are observed to
expand as circular ripples (pattern speed ≈ 0.5c), whose spacing is comparable
to the Larmor radius rL of protons with Lorentz factor γp ∼> 105 in the magnetic
field Bs ≈ 0.3 mG downstream from the termination shock in the equatorial
plane of the pulsar wind. At the magnetic step of the shock, cold upstream ions
gyrate forward in an E×B drift, compressing the frozen-in magnetic field into
spikes which react back to marshal the ions quasiperiodically into bunches. The
bunches (wisps) propagate downstream for several rL before thermalizing by
absorbing self-emitted magnetosonic waves (Gallant & Arons 1994; Spitkovsky
& Arons 2004). The theory correctly predicts the wisp luminosity (including

Doppler boosting), spacing, variability, and pattern speed for Ṅp = ṄGJ, γp =

4 × 105, κ± = 103, and Ṅpγpmpc
2 ≈ 0.2IΩΩ̇ for the Crab. An alternative

(steady-state) model explains the wisps as intersecting internal shocks in the
backflow from a mono-polar wind (Komissarov & Lyubarsky 2003).

2. Neutrino and Gamma-Ray Fluxes and Spectra

Relativistic protons yield neutrinos in two ways (Alvarez-Muñiz & Halzen 2002):
(i) inelastic collisions with an ambient cold proton, e.g. in the supernova remnant
(pp→ π0π±, cross-section σpp ≈ 0.1σT), where the pions share the initial energy
equally; and (ii) photo-meson production via a delta resonance (pγ → ∆→ π0p
or π0n, cross-section σpγ ≈ 0.01σT), where EpEγ ≈ m2

∆ ≈ 0.3 GeV2. The neu-
tral pions decay into TeV γ rays (π0 → γγ), which are observable, whereas the
charged pions decay into muons then neutrinos (e.g. π+ → µ+νµ → e+νeνµνµ).
This suggests a clean observational test: if neutrinos from pulsars are produced
by hadronic processes, the observed γ-ray and µ-neutrino fluxes ought to be
related by

∫

dEγ Eγ(dNγ/dEγ) = k
∫

dEν Eν(dNν/dEν), with k = 1 for pp in-
teractions and k = 4 for pγ interactions in the ∆-resonance approximation
(Alvarez-Muñiz & Halzen 2002). The lower and upper bounds of dNγ/dEγ and
dNν/dEν are set in terms of Ep by the collision kinematics.

The neutrino luminosity for pp collisions is given by Lν = 1
3ṄpEpmin(1, τpp),

where the optical depth satisfies τpp ∼> 10−5 for 3M¯ of ejecta in the filaments of

the supernova remnant (Amato et al. 2003) and one has ṄpEp ≈ 0.2IΩΩ̇. The
luminosity is reduced for pγ collisions (Eν < 0.05Ep), when the synchrotron or
inverse Compton lifetime of µ+ or π+ is shorter than the decay lifetime (Amato
et al. 2003), and by flavor oscillations. The predicted neutrino event rate at
Earth is given by the neutrino flux multiplied by E−1

ν times the probability
Pνµ that a neutrino converts to a muon in the detector, integrated over Eν and
detector area (Alvarez-Muñiz & Halzen 2002). In the regime 1 ≤ Eν/TeV ≤ 102,
where planned km2 detectors will be most sensitive, one finds Pνµ ∝ Eν .
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3. Pulsar Magnetospheres

Neutrino and γ-ray emission from charged heavy nuclei N accelerated by mag-
netospheric potentials in an outer gap was analyzed by Bednarek & Protheroe
(1997). The heavy nuclei photodisintegrate via Nγ → Nn in the local MeV pho-
ton bath (nγ ≈ 1015 cm−3; Chiang & Romani 1994), yielding e± which quench
the gap potential; Fe nuclei disintegrate for γi ∼> 103 and He nuclei for γi ∼> 106.5

(Fig. 1 of Bednarek & Protheroe 1997). The neutrons then decay to relativistic
protons which collide with photons or cold protons in the supernova remnant
(§2). Protons are either trapped inside the nebula and cool adiabatically, or
escape as neutrons (just after the supernova) and re-enter later as protons by
diffusing through the tangled magnetic field (∼ 5µG) of the remnant. From
Monte-Carlo simulations with initial spin periods 5–10 ms, nebula radii 1–2 pc,
Ṅp = ṄGJ, and ṄpEp = 0.1IΩΩ̇, Bednarek & Protheroe (1997) predicted a νµ

flux up to ∼ 10 times above the background for a 1◦ × 1◦ field of view.

4. Pulsar-Driven Supernova Remnants

Neutrino emission from hadronic processes in Crab-like PWNe was first proposed
by Berezinskii & Prilutskii (1977) and has recently enjoyed a renaissance (Amato
et al. 2003; Bednarek 2003). Guetta & Amato (2003) estimate the proton decel-
eration time as tpp ≈ 107(ρN/M¯ pc−3)−1 yr for pp collisions and tpγ ≈ 1016 yr
for pγ collisions; clearly, pp collisions dominate in PWNe. However, the density
and location of the target protons (and hence tpp) is uncertain; they reside in
a cage of Rayleigh-Taylor filaments around the PWN, whose filling factor and
magnetic field structure are poorly known (Hester et al. 1996).

As a PWN ages, the p and e± spectra evolve due to adiabatic and syn-
chrotron cooling, ∇B escape, and inverse Compton scattering (Amato et al.

2003; Bednarek 2003). Moreover, IΩΩ̇ decreases as the pulsar spins down, and
the magnetic field evolves in concert. It is found that synchrotron losses al-
ways dominate inverse Compton, if the thermal radiation field is weak (Beall
& Bednarek 2002), reducing the pγ (but not pp) efficiency for tN ∼> 10−2γp yr
to less than ≈ 0.3 (Fig. 4 of Amato et al. 2003), where tN is the nebula age.
Hence the theoretical Crab neutrino spectrum exceeds the detection threshold

for IceCube and the 2
◦ × 2

◦
sky background for Eν ≤ 102 TeV provided one has

γp/tN ∼> 104 yr−1 (depending on the filling factor of the filaments; Amato et al.

2003), and the theoretical γ-ray flux for Eγ ≤ 102 TeV (where inverse Compton
is appreciable; Aharonian et al. 2000) slightly exceeds existing measurements
in the regime 105 ≤ γp ≤ 106 implied by wisp models (Arons & Spitkovsky

2004). That is, the Crab should yield ∼ 10 events per yr in a km2 detector
for 104 ≤ γp ≤ 107 (Amato et al. 2003), as should Vela and PSR B1509−58
(Guetta & Amato 2003). However, Bednarek (2003) cautions against scaling
the neutrino flux in proportion to the observed γ-ray flux without correcting
for inverse Compton, and claims that Vela, PSR B1509−58, PSR J0205+6449
and PSR B1951+32 are not detectable by km2 detectors; Vela’s event rate is
comparable to the Crab but peaks at < 10 TeV where the background is high.
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Relativistic protons scatter off Alfvén waves in the PWN. How important
is this? Scattering requires gyroresonance, i.e. ω±Ωci−k‖c = 0, with ω = k‖VA,
where Ωci is the ion gyrofrequency and VA is the Alfvén speed. In the Crab
(B = 0.3 mG, VA = 107 cm s−1, γp = 106), one obtains 2π/k‖ = 0.02 pc ¿ RN

and ω < Ωci (Alfvénic regime). The pitch-angle-averaged scattering time is then
tpA = cP 2/2π2(Ze)2Wa(kr), where P is the proton’s momentum and Wa(kr) is
the energy per unit wavenumber per unit volume at the resonant wavenumber
kr; that is, tpA ≈ 2× 101 s × (fraction of IΩΩ̇ converted to Alfven waves).

5. Wave-Like Pulsar Winds

The wind of a rotation-powered pulsar is wave-like, not steady-state: the conduc-
tion current (nec ∝ r−2) cannot shield the displacement current (ΩE/4π ∝ r−1)
induced by the rotating magnetic dipole (Coroniti 1990; Melatos & Melrose
1996). The wave can be an entropy mode, where alternating stripes of mag-
netic field separated by neutral sheets are convected with the flow (Coroniti
1990; Lyubarksy & Kirk 2001), or a super/subluminal mode with a corrugated,
equatorial current sheet (cf. transverse, electromagnetic oscillations in an un-
magnetized plasma; Melatos 1998; Arons 2003). Like the vacuum rotator, the
wind is circularly polarized along the rotation axis, where the optical/X-ray jets
and knots lie in PWNe, and linearly polarized in the equatorial plane, where the
wisps and torus lie (Hester et al. 2002; Gaensler et al. 2002).

Protons can be accelerated in three ways in the wind. First, they feel
the ponderomotive force from the oscillating E in the relativistic plasma wave,
attaining γp ≈ (1 + e2E2/m2

pc
2Ω2)1/2 ∼> 105 in one wave period and implying

a kinetic-dominated flow (σs ≈ 10−3) at the termination shock (radius rs), in
accord with observations (Melatos & Melrose 1996; Melatos 1998; Arons 2003).
Second, in the entropy mode, protons are heated by tearing-mode reconnection
in the neutral sheets (internal gas pressure ∝ r−8/3, external magnetic pressure
∝ r−2; Coroniti 1990) at radii r ∼> 2κ±c/Ω ¿ rs. Heating reaccelerates the
flow and dilates the reconnection rate, so that it is incomplete at rs (Lyubarksy
& Kirk 2001). A detailed analysis of the tearing mode dynamics is needed to
determine the relative efficiency of p and e± acceleration. Third, if the wind
of the oblique rotator approaches the split-monopole geometry of the force-free,
aligned rotator (ρE+J×B = 0), it can be shown that the wind accelerates due to

E×B drift, with vE/c = E×B/B2, γE = (1+x2)1/2, and x = (rΩ/c) sin θ, where
θ denotes the colatitude (Contopoulos & Kazanas 2002). Ions surf the field lines
because their (small) inertia induces a polarization drift velocity ⊥ B, given by
mcB × d(γvE)/dt/eB2. Beyond r ∼ 106c/Ω ¿ rs, where σ ≤ 1, the force-free
condition breaks down and ponderomotive acceleration in the wave takes over,
yielding a maximum proton energy eΦ/(1 + 2κ±me/mp) (Arons 2003).

An appealing application of wind acceleration is to magnetars, ultramag-
netized objects (B ∼ 1014 G) born spinning near centrifugal break-up (Ω ∼
103 rad s−1), with Φ ∼ 1022 V. Arons (2003) predicts a broken proton injection
spectrum (E−1/E−2 below/above the voltage ∼ 3×1020 V when electromagnetic
and gravitational wave losses balance) that escapes due to Rayleigh-Taylor dis-
ruption of the supernova remnant, with a GZK cutoff (flattening) at 1020 eV at
Earth if gravitational wave losses do (do not) dominate.
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6. Alternative Sources and Applications

Several other pulsar-driven neutrino sources have been postulated. Beall &
Bednarek (2002) argued that an early-phase supernova driven by a 1012 G pul-
sar can accelerate Fe nuclei which then photodisintegrate due to collisions with
thermal photons from the hot ejecta, giving a signal detectable by a km2 tele-
scope above 1 TeV within ∼ 1 hr of birth. Similarly, Guetta & Granot (2003)
proposed a pulsar-driven γ-ray burst where protons are Fermi accelerated in
mildly relativistic internal shocks (dNp/dEp ∝ E−2

p ) and pγ collisions dominate.
Anchordoqui et al. (2003) argued that accreting neutron stars (e.g. A0535+26)
develop potentials Φa ∼ 1014 V in the layer between the Alfvén and inner disk
radii, with target protons and keV photons in the disk, although they note that
an improved calculation of the electrodynamics is required.

Nonthermal pulsar neutrinos may also enable new tests of the Standard
Model. Pulsars offer lengthy (∼ kpc) baselines for oscillation experiments that
are sensitive to nonstandard physics, e.g. splitting of mass eigenstates, majoron
processes. Moreover, by measuring the relative fluxes of νe, νµ, and ντ arriving
at Earth, it is possible to constrain the flavor mix at the source and test for
simple neutrino decay scenarios (e.g. ν → light gauge boson) that violate CPT
symmetry (Barenboim & Quigg 2003).

Acknowledgments. I am indebted to Dafne Guetta for a lucid and com-
prehensive tutorial on hadronic physics in pulsar environments.
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Some Aspects of Galactic Cosmic Ray Acceleration
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Abstract. I give a synopsis of two aspects of the Galactic Cosmic Ray (GCR)
acceleration problem: the importance of the medium energy gamma-ray win-
dow, and several specific astrophysical sources which merit further investigation.
NOTE: figures may be found in the on-line version only: astro-ph/0309758.

1. INTRODUCTION

Cosmic rays continually rain down on our heads, but we have virtually no better
idea where they come from than did investigators fifty years ago (eg. Shklovskii,
1953). Gamma-ray astronomy has been the tool of choice to investigate their
origin(s) since a local overdensity of freshly accelerated GCRs are expected to
produce co-spatial high energy (gamma-ray) photons. Of course, the proper
interpretation of such gamma-ray data (specifically, whether electrons or nuclei
are generating the detected radiation) requires as broad a multi-wavelength cov-
erage as practical: gamma-ray data is necessary but not sufficient to prove the
existence of a GCR acceleration site. Unfortunately, sufficient multi-wavelength
coverage of requisite fidelity is often simply unavailable. As outlined by Francis
Halzen in this session, now neutrino astronomy also appears poised to contribute
to GCR research in the ’non-wavelength’ window.

Despite almost 40 years of concerted effort in gamma-ray astronomy, not
a single source of nucleonic GCRs has yet been firmly identified. The main
reason for this is the rather marginal spatial resolution of virtually all gamma-
ray instrumentation flown, which results in severe source confusion - eg. are
the gamma-rays coming from a Supernova Remnant (SNR) shock or a related,
or unrelated, pulsar? The latest ground-based stereo Cherenkov telescopes and
the next-generation orbiting GeV detectors promise to finally overcome this
limitation.

Currently, there are two favored theoretical mechanisms for accelerating
GCRs, and both invoke shocks: either the shocks of isolated SNRs in the
∼ 104−105 yrs after explosion (eg. Drury et al., 2001; see Torres et al., 2003 for
a recent review and Plaga, 2002 for an alternative hypothesis); or, the cumula-
tive shocks of massive stars and/or multiple SNRs in massive stellar associations
(or after evolution, ’superbubbles’) which last ∼ 107 yrs (eg. Cesarsky & Mont-
merle, 1983; Bykov 2001). It is certainly also possible that both mechanisms
could be operating simultaneously in the Galaxy. Although as a class only SN
appear to have the required power input to the ISM to explain the local energy
density of GCRs, it is unclear whether the physical mechanism for accelerating
nucleonic GCRs requires that multiple SNRs be embedded in a superbubble or
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stellar cluster. Interestingly, although the bulk of SN are expected to occur in
superbubbles, many more individual, isolated, SNRs have been identified and
cataloged than superbubbles.

2. THE IMPORTANCE OF THE MeV WINDOW

Although the acceleration of high energy CRs in a given source cannot be proven
without the detection of similarly high energy (GeV–TeV, and even higher en-
ergies) radiation localized with the source, the lower-energy MeV window is still
very important in discriminating the nature of the particles generating the de-
tected gamma-rays: electrons vs. nuclei. This is because in the case of a hadronic
origin there is a plateau expected in the gamma-ray spectrum in the approx. 1–
100 MeV range. Such a discontinuous ’plateau-ing’ of the photon spectrum is
not expected from purely leptonic bremsstrahlung or inverse-Compton emissions.
The inability to distinguish the nature of the particles generating the detected
gamma-rays has been a major stumbling block in nucleonic GCR origin studies
(eg. see Reimer & Pohl, 2002 and Butt et al., 2002). High signal-to-noise data
in the soft-gamma window greatly simplifies our ability to assign a hadronic vs.
leptonic origin to the detected gamma-rays (Fig. 1). This is a direct consequence
of characteristic shape of the hadronic pion-decay spectrum: in fact, were it not
for the existence of, and emission from, hadronically-generated secondary elec-
trons, we would expect a highly distinctive, symmetrical pion ’hump’ centered
at 67.5 MeV (=half the pion rest mass) in the case that hadrons were produc-
ing the gamma-rays (eg. Schlickeiser 1982). Note that in Schlickeiser’s paper a
steady-state leptonic population was assumed so that the expected plateau in
SNRs/stellar associations’ hadronic emission will be even more distinctive than
shown in that study as steady-state has not been reached in the typical lifetimes
of those objects, and thus less secondaries are present. Though the INTEGRAL
satellite covers the 1-10 MeV bandpass with relatively good spatial resolution,
there is unfortunately a gap in the important approx. 10-100 MeV range. (The
> 50 MeV bandpass will be covered by AGILE and GLAST instruments in the
near future.) Orbiting detectors, such as the proposed MEGA instrument (Kan-
bach et al., 2003) would thus be very useful for GCR studies by filling-in this
bandpass gap.

3. SPECIFIC SOURCES

Below I provide an incomplete list of sources which would be useful to observe
in gamma-rays as well as other wavelengths. I have divided the sources into
three categories: isolated SNRs, stellar clusters/superbubbles, and extragalactic
starburst galaxies. There are many other sources worth investigating: the list is
not exhaustive.

I. Isolated Galactic Supernova Remnants (SNRs)
a. G347.3-0.5 (RX J1713.7-3946)
The SNR G347.3-0.5 (RX J1713.7-3946) and its environs are amongst the

best laboratories for investigating shock-driven particle acceleration processes in
our Galaxy. Photons spanning 17 orders of magnitude in frequency, from radio
through TeV range, have been reported as being plausibly associated with this
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SNR, or with its putative shock-molecular cloud interactions (Fig 2). Deeper
radio observations of this source would help pin down the contributions of elec-
trons vs. nucleons to the gamma-ray emission. High resolution mm observations
of 1 → 0, 2 → 1, and higher rotational level transitions of CO would help bet-
ter determine the cloud excitation, and possibly, also whether the cloud shape
’meshes’ with the SNR shock front. Similarly, high spatial resolution (CHAN-
DRA) X-ray observations are needed towards the N of the remnant to image
whether indeed the shock front and clouds are interacting. This is important
in settling whether the clouds and the SNR are interacting, which is the key
in determining the distance to the SNR. (The distance to the SNR is currently
assumed be the same as the clouds with which it is thought to be interact-
ing). Gamma-ray observations would also help narrowing down the rather large
EGRET error box associated with this source. Specifically, one would like to
know whether gamma-ray emission is consistent with the location of the molec-
ular clouds, and whether it’s spectrum agrees with a hadronic origin. The recent
report of a hard ASCA source (AX J1714.1-3912) seen immediately adjacent to
the SNR rim (Uchiyama et al., 2002) and superposed with ’cloud A’ lends par-
ticular urgency and significance to multi-wavelength observations of this highly
non-thermal SNR.

b. The SNRs W28 (G6.4-0.1); W44 (G34.7-0.4); and W66 (gamma-Cygni,
G78.2+2.1) All three of these SNR-EGRET gamma-ray source coincidences have
been discussed extensively in the literature, and are reviewed in detail by Tor-
res et al. (2003). These SNRs all appear to be in interaction with neighboring
massive molecular clouds which may explain the detected gamma-ray emissions;
however, all three gamma-ray sources are also in coincidence with energetic
pulsars/compact objects which could, alternatively - or, in addition - be gen-
erating the gamma-rays. Similar figures as Fig. 2 above for all three cases are
available in Torres et al. (2003) [see Fig.’s 21, 22, 25, 28 therein], and are not
reproduced here in the interest of brevity. Even before AGILE and GLAST are
launched, INTEGRAL observations of these SNRs are needed to better localize
the gamma-ray emission region(s). Such data will simultaneously greatly aid
in clarifying the nature (hadronic vs. leptonic) of the emissions in these 3 im-
portant SNRs by providing a MeV spectrum (eg. see Fig. 1). Although not
detected in the TeV range with the previous generation of Cherenkov telescopes
(eg. Buckley et al., 1997), deeper observations with the updated arrays would
be of great use.

c. RCW 86 (MSH 14-63, G315.4-2.3)
RCW 86 is a bright shell-like SNR with non-thermal X-ray and radio emis-

sion which is especially strong towards the SW, where there is also evidence of
interaction with a molecular cloud (eg. Borkowski et al., 2001; Rosado et al.,
1996). In fact, the intensity of the the non-thermal X-ray emission from the SW
shell is even brighter than that of SN 1006. RCW 86 also appears to be associ-
ated with a neighboring OB association (Westerlund, 1969). Very recently the
CANGAROO collaboration has reported the detection (at the approx. 4 sigma
level) of TeV range gamma-rays from the non-thermal X-ray bright southwest
shell at a level of ∼ (3± 0.7)10−12 photons cm−2sec−1 (Watanabe et al., 2003).
Vink et al. (2000) and Gvaramadze & Vikhlinin (2003) also report the presence
of point-like X-ray sources towards the same SW shell. Data in the INTEGRAL
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wave band, and at higher energies, of this SNR will be useful to test whether
there is associated MeV-range gamma-ray emission from the SW shell; again,
the spectrum of such putative emission will greatly aid in discriminating the
origin of the high-energy flux. Due to their high spatial resolution, JEM-X (and
IBIS) data will be especially useful in examining whether it is the point-like
sources in the SW or rather the extended shock there that is generating the
gamma-rays.

d. Monogem Ring SNR/PSR B0656+14
The Monogem Ring is a very large ( 20 degree diameter), bright SNR with

a young radio pulsar PSR B0656+14 projected virtually at its geometric center
(see Fig. 1 in Thorsett et al., 2003 for an X-ray mosaic image). Very recently,
Thorsett et al. (2003) have convincingly argued that the pulsar and the SNR
are indeed related (contrary to some previous studies), and that this SNR - by
itself - may be responsible for the existence of the ’knee’ in the GCR spectrum at
∼ 3PeV (31015eV). Indeed, Erlykin & Wolfendale (1997, 2003) already theorized
that a single SNR of age 100kyr and 325pc from earth could by itself explain
the knee feature - these parameters agree surprisingly well with those of the
Monogem Ring SNR. In contrast to the previously mentioned SNRs in this
presentation there is no high-energy EGRET source or reports of TeV emission
associated with this SNR. However, this may not be surprising given its large
size which would tend to ’wash-out’ the signal due to the integrated background
over the large SNR region.

II. Galactic OB Associations/Superbubbles
a. Cygnus OB2
Cyg OB2 is the most massive OB association known in the Galaxy, thought

to contain in excess of 2500 OB type stars (Knoldseder 2002). Indeed, Hanson
(2003) mentions several new massive star members in this association which were
previously unknown due to the heavy extinction in the Cygnus direction. Re-
cently, the HEGRA Chrenkov array group has reported a steady and extended
TeV-range gamma-ray source within this association (TeV J2032+4032; Aha-
ronian et al., 2002). An EGRET source, 3EG 2033+4118, and a GeV source
are coincident with, and nearby, the TeV source, respectively. We have carried
out preliminary CHANDRA and VLA observations of this intriguing TeV source
and have argued that the most likely explanation is that nuclei (rather than elec-
trons) accelerated to high energies are responsible for the gamma-ray emissions
(Butt et al., 2003). If confirmed by future observations, such a scenario would
strongly support a stellar association/superbubble origin of GCRs, as has been
theoretically argued for some time (eg. Cesarsky & Montmerle, 1983; Bykov,
2001; and Parizot, 2002).

b. RCW 38 & NGC3603
I group these two stellar clusters together since recent CHANDRA observa-

tions have found evidence for hard, diffuse X-ray emission associated with both.
Diffuse non-thermal X-ray emission from the southern stellar cluster RCW 38
was found in a recent 100 ksec CHANDRA observation (Wolk et al., 2002).
This is one of the brightest HII regions at radio wavelengths (eg. Wilson et al.,
1970), and is a natural candidate for deeper multi-frequency observations. The
X-ray emission fills the center of a radio ring, reminiscent of some shell-type
SNRs (Fig 3) and is very intriguing in the context of a young cluster/HII region.
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If hard X-ray/gamma-ray emission is discovered superposed to the non-thermal
X-rays, this would be a very significant result and would argue strongly in favor
of collective shocks from the young stars accelerating GCRs to very high energies
as proposed by, eg., Cesarsky & Montmerle (1983). (The age of the cluster is
too young for there to be any ’contaminating’ contributions from SNRs).

NGC 3603 is among the most massive and luminous visible starburst regions
in the Galaxy. A recent 50 ksec CHANDRA observation has similarly found hard
diffuse X-ray emission spatially coincident with the cluster core (Moffat et al.,
2002). Those authors attribute this emission to the collective effects induced by
the multiple, colliding stellar winds from the large population of massive stars
in the region. As in the case of RCW38, if future observations find significant
hard X-ray/gamma-ray emission then this would be a major result since it would
again favor the collective stellar wind hypothesis of the origin of (at least some
fraction of) GCRs. CHANDRA has also detected diffuse X-ray emission from the
Omega (M17/W38) & Rosette Nebulae (NGC2237-2246) but since the emission
is soft (Townsley et al., 2003 & Dunne et al., 2003), we do not anticipate that
these objects are significant GCR accelerators.

III. The Starbursts NGC 253 & M82 (NGC 3034)
NGC 253 and M82 are amongst the brightest IR galaxies and are considered

the prototypical starbursts. At 2.6 Mpc NGC 253 is also one of the closest. The
OSSE spectrometer aboard CGRO has already positively detected continuum
emission from NGC 253 up to 165 keV (Bhattacharya et al., 1994) and very
recently the CANGAROO Cherenkov telescope collaboration has also reported a
detection of this source in TeV-range gamma-rays (Itoh et al., 2003a). Although
those authors have favored an explanation in terms of electronic IC emission
(Itoh et al., 2003b), others have provided an alternative theory: that the high
energy emission may be due to nucleonic cosmic rays accelerated to high energies
via the collective effects engendered by the starburst activity (Romero & Torres,
2003; see also Vlk, 2003; and Sugai et al., 2003). In effect, these starbursts can
be considered simply scaled-up versions of Galactic HII regions mentioned in the
previous section. The goal of further multi-wavelength (in particular, gamma-
ray) observations would be to confirm the soft gamma-ray emission from these
starbursts and, in combination with future AGILE and GLAST datasets, to
resolve the question over the type of particles producing the emission.

At 3.2 Mpc M82 is only slightly further away than NGC 253, and this
alone may have been the cause of its non-detection in the OSSE datasets until
1994 (Battacharya et al., 1994). Note that M82 was detected by the HEAO A4
detector (Gruber & MacDonald, 1993), and future multi-wavelength studies are
suggested.

This brief review benefited from discussions with A. Bykov, P. Benaglia, J.
Combi, T. Dame, J. Drake, Ph. Durouchoux, M. Kaufman Bernad, P. Milne, F.
Miniati, M. Pohl, O. Reimer, J. Rodriguez, G. Romero, M. Rupen, D. Torres,
and S. Wolk. The support of the CHANDRA project, NASA Contract NAS8-
39073, is gratefully acknowledged.
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Abstract. Within the next decade giant laser interferometers should detect
gravitational waves. Here we present an overview of these instruments including
both ground and spaced based antennae.

1. Introduction to Gravitational Waves

Gravitational waves, or ripples in the curvature of space-time, are predicted
by Einstein’s General Theory of Relativity. They are quadrupolar in nature
and propagate at the speed of light. Their existence has been confirmed by
observing the energy loss of the binary pulsar PSR1913+16 due to gravitational
wave emission. Figure 1a shows measurements of the shift of periastron time as
a function of time (Taylor & Weinberg 2000). The points are the measurements
with error bars too small to show up on this plot. The curve is the prediction
based on gravitational wave emission. Hulse & Taylor won a Nobel Prize for
this work in 1993. Today, the direct detection of gravitational radiation remains
a major goal of fundamental physics.

Gravitational waves (GW) are emitted by the most violent events in the
universe, provided they exhibit some non spherical geometry. As summarized
by Schutz in this volume, these include compact binary in spirals and mergers,
supernovae, pulsars, stochastic sources such as the relic spectrum left over from
the Big Bang and undiscovered events which have no electromagnetic signature.
As depicted in Figure 1b, the GW spectrum covers many orders of magnitude.
Ground based detectors such as LIGO (LIGO 2003) and VIRGO (VIRGO 2003)
explore the audio spectrum from 10 Hz, whilst antennae in space such as LISA
(LISA 2003), will be sensitive in the frequency range from 0.1 mHz to 1Hz.

2. Detection using Laser Interferometry

The most promising technology for gravitational wave detection is long baseline
laser interferometry. A passing gravitational wave will alternately stretch then
contract one arm of a Michelson interferometer whilst contracting then stretching
the other arm. The problem is that the effect is extremely small: expressed as a
relative length change, δL/L, it is of the order of 10−22. Whilst for the ground
based detectors, the interferometer arms contain mirrors to reflect light, LISA
uses a transponder based system in which the incoming beam from a distant
spacecraft is detected, the signal then used to phase lock a second laser, which
sends light back to the first spacecraft.
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Figure 1. (a) Comparison between observations of the binary pulsar
PSR1913+16 and the predictions of general relativity (b) Gravity wave fre-
quency band.

Figure 2. (a) LIGO site Hanford Washington (b) VIRGO site Cascina.

2.1. Ground Based Detectors

Current Currently there are 4 funded mid to long baseline interferometer
projects: the US LIGO Project (Figure 2a); the French/Italian VIRGO Project
(Figure 2b); the German/British collaboration GEO600 (GEO 2003), and the
Japanese Project TAMA300 (TAMA 2003). Based in the main part on tech-
nology developed early last decade, the first generation of large instruments
(LIGO/VIRGO) are predicted to reach a spectral sensitivity of 10−22/

√
Hz be-

tween 50 Hz and 1000 Hz by the year 2004. The optical layout for the long
baseline first generation detectors is shown in Figure 3a. It consists of a stan-
dard Michelson interferometer with arm cavities to increase the sensitivity to
phase change, and a power recycling mirror to build up the laser power thereby
decreasing shot noise. As shown in Figure 3b, LIGO has already achieved a
sensitivity on the order of 2.5x10−22/

√
Hz at 200 Hz (LIGO 2003).

Typically such interferometers are limited at low frequency (below 40 Hz)
by seismic noise (ultimately, below 4 Hz, noise from direct Newtonian coupling
of the interferometers mirrors to the environment). Midband noise is thermal
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Figure 3. (a) Optical layout of first generation interferometers (b) Measured
LIGO sensitivity curve 2003.

noise due to Brownian motion in the test masses and their suspension; above
200 Hz or so, photon shot noise combines with the averaging of the signal in the
arm cavities to produce the roll up in response shown in Figure 1b.

The Future To ensure detection and the birth of gravitational wave as-
tronomy the sensitivity of ground based interferometers must be improved by
at least a factor of order 10, increasing the accessible volume of the universe by
1000 times. Toward this end, an international R&D effort on the four main de-
tector subsystems (Laser and Optics; Configurations; Isolation, Suspension and
Thermal Noise; Data Analysis) is underway. The key elements of an upgrade
are (LSC 2003): an increase in laser power to greater than 100W; the adop-
tion of a low thermal noise suspension system; the use of new materials such
as sapphire for the test masses; the implementation of a signal recycling optical
configuration; and possibly, cooling of the test masses (LCGT 2003).

3. Space based Detectors

The Laser interferometer Space Antenna (LISA) consists of 3 spacecraft (see
Figure 4a) separated by 5 million km, in solar orbit trailing the earth by 20
degrees. The spacecraft roll on a cone of half angle 60 degrees with each moving
in a slightly elliptic and inclined orbit around the sun. This configuration ensures
that: the spacecraft face the sun at a constant angle giving a stable thermal
environment; the orbits of the 3 spacecraft form a stable configuration; the
center of the spacecraft triangle trails the earth by 20 degrees (or 50 million km)
ensuring that the distance to the earth is quite stable for radio communication.

The LISA sensitivity curve (see Figure 1b) is low frequency limited by accel-
eration noise such as noise, not shielded by the drag free system, from gravitating
masses on the craft when temperature changes their distances; charging of the
test masses due to cosmic radiation; and residual gas in test mass housing. Shot
noise limits the sensitivity between 1 mHz and 10 mHz with only a few nanowatts
of light collected by the telescope on the distant space craft. The sensitivity rolls
off at high higher frequencies (above 10 mHz) due to averaging out of the signal.
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Figure 4. (a) orbit of the LISA spacecraft (b) ACIGA Facility, Gingin

LISA is planned for launch in 2011. Due to the enormous cost of the LISA
mission (estimated at greater than A$2 billion in total), it is a combined ESA-
NASA project. The development of space based trials of key LISA hardware is
well advanced with the SMART-2 mission planned for launch in 2006.

4. Australia’s role to date

The Australian Consortium for Interferometric Gravitational Astronomy (ACIGA)
(ACIGA 2003) carries out research on all detectors subsystems. Its facility in
Gingin in Western Australia (Figure 4b), at 80 m in length, is an ideal instru-
ment for integrating next generation technologies associated with high power
interferometry.

Acknowledgments. I would like to thank LIGO, VIRGO, GEO600, TAMA300
and LISA for making available picture and information for this overview.
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Abstract. Cosmic rays with energy around and in excess of 1020 eV have been
detected. Despite the uncertainties associated with the difficult measurements
of extremely low fluxes (about a particle per square kilometer per century) the
same existence of such high energy cosmic rays raises important questions that
deserve an appropriate answer. I briefly summarize here what are these questions
and how to look for the answers.

1. The highest energy particles

In the eighty years of history of cosmic rays, there has been a constant search for
the end of the cosmic ray spectrum. It has long been thought that this end of the
spectrum would be determined by the highest energy that cosmic accelerators
might be able to achieve. Despite this continuous search, no end was found.
In 1966, right after the discovery of the cosmic microwave background (CMB),
it was understood (Greisen 1966, Zatsepin and Kuzmin 1966) that high energy
protons would inelastically scatter the photons of the CMB and produce pions.
The concept of GZK cutoff was introduced and for the first time the end of the
cosmic ray spectrum was associated with a physical process rather than with
speculations on the nature of the accelerators. For the first time, the end of
the cosmic ray spectrum was predicted to be at a well defined energy, around
1020 eV, where the so-called photopion production starts to be kinematically
allowed. Forty years later, we are still seeking a confirmation that the cosmic
ray spectrum has in fact such a flux suppression, although we understood that
it is not a sharp cutoff. The two largest experiments currently operating in the
energy range of interest, namely AGASA and HiRes, appear to have discrepant
results in the highest energy end of the spectrum. While the data collected
by the former appear to be consistent with the extension of the lower energy
spectrum, the latter experiment suggests that the GZK feature is present in the
data. In fact, it has been shown by De Marco, Blasi & Olinto (2003) that this
discrepancy is only at the level of ∼ 2.6σ and even less significant (about 2σ) if
a systematic error in the energy determination is introduced, something which
in fact would also explain an offset between the fluxes as measured by the two
experiments (. The required systematic error is of 30%, which can be shared
between the two experiments, being compatible with the published estimates of
such errors. More and better data are required to say the final word about the
detection of the GZK suppression.
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2. A short summary of the observations

The GZK feature should not be considered as the whole of the problem of
UHECRs. Many questions remain open, whether the GZK feature is discovered
or not. In this section I briefly summarize the main pieces of the puzzle of
UHECRs:

Isotropy: The directions of arrival of the events at energies above ∼ 4×1019

eV appear isotropically distributed in the sky. No immediate association with
local structures (galactic disc, supergalactic plane) arises from the data.

Missing identification: No association of the observed events with known
powerful nearby sources has been found. It is important to realize that this may
be a problem only for the highest energy events, with energy higher than 1020

eV, for which the loss length is small and the sources are forced to be closeby.
Even at 4× 1019 eV the loss length is comparable with the size of the universe
and it is therefore difficult to find a counterpart, in particular because of the
poor angular resolution of current experiments.

Small Scale Anisotropies: The AGASA data show several doublets and
triplets of events on angular scales comparable with the resolution of the instru-
ment. The statistical significance of these multiplets is still the subject of some
debate [see for instance (Finley and Westerhoff, 2003)], but if confirmed as not
just the result of statistical fluctuations they could in fact represent the first
evidence that UHECRs are accelerated in astrophysical point sources. This evi-
dence would point against most so-called top-down models, in which the emission
is truly diffuse.

The composition: At the highest energies the information about the chem-
ical composition is so far very poor. A reanalysis of the Haverah Park inclined
showers allowed to constrain the fraction of gamma rays at energy larger than
4×1019 eV to about 50% (Ave, et al. 2002). This is unfortunately still too weak
a limit to disprove most top-down models.

3. What are the sources of UHECRs?

This is a clear example of a question that will long survive the detection or the
lack of detection of the GZK feature. Many possibilities have been put forward
in the literature but at present there is no clear indication in favor of one specific
model. Rather than briefly listing a bunch of models that may in principle be
responsible for the acceleration of UHECRs, I prefer here to discuss some lines
of thought that might in fact bring us toward the identification of one or more
classes of sources. Two problems have made this step very difficult: first, the
lack of any identification of counterparts for the highest Fly’s Eye event at energy
3 × 1020 eV (Bird, et al. 1993); second, the fact that from the energy budget
in the form of UHECRs per unit volume it is not easy to know whether many
sources with low luminosity or a few powerful sources are responsible for the
acceleration of UHECRs. I will call this the degeneracy problem.

For the first obstacle, the situation has not changed in the last decades: on
the other hand one should think of this situation as similar to what happened for
gamma ray bursts (GRBs). Until a few years ago, GRBs were defined as gamma
ray flashes with no counterpart at any wavelengths. After the identification



A Window on the Ultra High Energy Universe 37

of the afterglows, the situation has completely changed and much has been
understood on the nature of the sources, although a complete picture is still
lacking.

The degeneracy problem on the contrary has changed appreciably during
the last few years, after the discovery of the small scale anisotropies in the
directions of arrival of UHECRs. Although the statistical significance of these
anisotropies is still matter of debate, their appearance forced us to think of
them as a powerful tool to probe a distribution of point sources of UHECRs.
Several authors pointed out that the number density of sources is related to the
number of doublets and triplets of events, or in other words, to the two-point
correlation function. Blasi & De marco (2003) showed that current observations
favor sources with space density around 10−6 − 10−5 Mpc−3, corresponding to
an integrated luminosity above 1019 eV of 1042 − 1043 erg s−1. This is the first
time that the degeneracy between source density and luminosity of the single
sources gets broken. It does not imply that the sources of UHECRs have been
identified, but certainly selects some classes of sources. In (Blasi & De marco,
2003) it was shown that future experiments such as Auger and EUSO have the
potential to accumulate enough statistics to improve on this front significantly.
In fact, for the range of source densities mentioned above, it should be possible
even to measure the spectrum of single nearby sources of UHECRs and infer
their distance (Blasi & De Marco 2003).

The unambiguous detection of small scale anisotropies in the distribution
of arrival directions would represent a strong argument in favor of astrophysical
point sources and therefore against the alternative top-down scenarios.

4. What is the chemical composition of UHECRs?

The measurement of the chemical composition of UHECRs is difficult because
of the low statistics of events and because of the large fluctuations in the shower
development. Upcoming experiments such as Auger and EUSO represent clear
improvements on the present situation, although the measurement of the com-
position will remain challenging.

The chemical composition represents a discriminant factor among differ-
ent models for the generation of UHECRs. In some acceleration scenarios (e.g.
Blasi, Epstein, & Olinto 2000) the composition is expected to be dominated by
iron nuclei. On the other hand, in the context of top-down models, an appre-
ciable fraction of the cosmic rays is expected to be in the form of gamma rays.
More specifically, the spectrum generated in the case of decay of supermassive
relic particles clustered in the galactic halo is expected to contain predominantly
gamma rays. More dependent upon the details of the propagation is the compo-
sition in the case of topological defects, where absorption of gamma rays upon
the diffuse extragalactic radio background becomes important. This background
is unfortunately poorly known, because of the impossibility to measure this back-
ground from within the Galaxy, due to free-free absorption. The detection of
gamma rays at the highest energies would be a smoking gun in favor of top-down
scenarios and an unprecedented discovery of new physics in the early universe.
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Abstract. Several experimental approaches are being utilised for the direct
detection of the hypothetical weakly interacting massive particle which may
constitute the majority of the non-luminous component of the Galaxy. These
experimental techniques exploit the coherent recoil of target nuclei during an
interaction and include thermal, ionisation, scintillation and tracking detectors.
The challenges associated with this detection, the techniques employed and the
current status of these searches are reviewed.

1. Introduction

A standard cosmological model of the Universe has been evolving over the last
few years from observational data collected at multiple wavelengths, incorpo-
rating different epochs of the Universe and different physics principles. One
of the consequences of this emergent ‘convergence’ model is that up to 90%
of the matter in the Universe is in the form of non-relativistic, non-baryonic,
non-luminous material (Spergel, 2003). One possible solution to this cold dark
matter problem, supported by theoretically favoured supersymmetric extensions
to the standard model of particle physics, is that this material comprises Weakly
Interacting Massive Particles (WIMPs). Examples of such particles are the neu-
tralino of the CMSSM (Ellis et al, 2003), the lightest stable admixture of the
neutral supersymmetric particles, with expected masses in the 100GeV range.

The direct observation of a neutralino population within the Galaxy would
impart information to the fields of cosmology and astrophysics allowing re-
finement and confirmation of the current standard paradigm. Within particle
physics, such an observation would also provide complementary information to
accelerator of supersymmetric models through investigation of spin dependence,
target mass dependence and, uniquely, testing R-parity conservation a multi-
plicative quantum number prohibiting the decay of supersymmetric particles.

The Galactic component of this cold dark matter may be directly observed
through the coherent elastic scattering off target nuclei. This is a near-maximal
energy transfer process due to the comparable masses of the dark matter WIMP
and the target nuclei in many detector systems (Smith & Lewin, 1990).

2. Dark Matter detector requirements

The expected scalar interaction cross section for neutralino dark matter elastic
scattering is in the range 10−8 pb to 10−10 pb (Ellis et al, 2003). This trans-
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lates to an expected event rate in a target material of between 0.01 and 0.0001
events/kg/day, i.e. of order events/tonne/week for the lower bound. The ex-
pected recoil energy deposition for a WIMP interaction is below 50 keV, with
an exponential energy spectrum. The low interaction rate and small energy de-
position require detectors with high signal to noise capability (better than 105),
low energy threshold (keV), ultimately high mass (tonne scale), and low intrinsic
background levels (event/kg/day of target). A low energy threshold also reduces
the effect of the form factor introduced in the coherent scattering process.

The key requirement for direct dark matter detectors, following maximal
background reduction, is the ability to differentiate the nuclear recoils initiated
by WIMP collisions and the more frequent electron recoils due to gamma and
beta backgrounds. In addition nuclear recoils due to neutrons must be clearly
quantified and sufficient shielding or active veto be in place to reduce these events
well below the expected WIMP rate. These neutrons arise from (α, n) reactions
from uranium and thorium impurities in the experimental cavern walls, detector
shielding and detector components, as well as muon spallation neutrons from
these regions generated by the high energy cosmic ray muons that penetrate to
the detector cavern. Position sensitivity is a characteristic of the new generation
of dark matter detectors, which will allow the rejection of internal background
through the definition of a fiducial volume, and the rejection of neutrons through
segmentation and multiple scattering.

Ultimately the use of targets with different mass and spin components, or
different targets and techniques, will be required to provide information about
the characteristics of the WIMP nucleon interaction. The use of multiple tar-
gets also provides cross checks on systematics and backgrounds due to the A2

dependence of the scalar interaction rate of the WIMPs as opposed to the A
dependence on neutron scattering.

An alternative approach to the nuclear recoil discrimination is the use of di-
rectional information to correlate the motion of the Earth through the Galactic
dark matter halo, or the modulation of the signal due to the annual or diurnal
variations due to the Earth’s rotation. This technique provides the ability to
perform dark matter halo studies within the local environment and will be com-
plementary to indirect searches where integration of the WIMP flux occurs in
the Galactic centre or Sun.

3. Dark Matter detectors

Many experiments are currently being undertaken to search for WIMP interac-
tions, using many different detector technologies (Morales, 2003). All detector
systems achieve low background levels through the use of radio-pure materials
in construction, radio-pure gamma shielding of the detector from the surround-
ings and operation of the detector at depth to reduce the effect of cosmic rays.
Detector technologies currently affording the best limits on the scalar WIMP
cross sections, at about 10−6pb, are based on two technologies cryogenic semi-
conductor devices and scintillation based detectors.

The EDELWEISS (Benoit et al, 2002) and CDMS (Schnee et al, 1998)
collaborations use detectors based on cryogenic semiconductor devices where
the ionisation and phonons created in the target during a particle interaction
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Figure 1. Cut-away diagrams showing examples of direct dark matter de-
tection targets using liquid xenon in scintillation and scintillation/ionisation
mode.. The ZEPLIN I and ZEPLIN II liquid xenon targets are operated at
the Boulby mine to reduce muon initiated backgrounds. Left, ZEPLIN I - a
5kg chamber of liquid xenon is viewed by three photomultipliers through 3cm
liquid xenon turrets. The target is surrounded by a 1 tonne liquid scintillator
veto to reject Compton scattered high energy gamma from the PMTs, and a
lead castle, not shown. Right, ZEPLIN II - a two phase chamber where the
ionisation from the interaction is extracted into the gas phase and observed
through electroluminescence in a high field region.

are observed. The ratio of these two signal channels provides a powerful method
of discrimination between the WIMP induced nuclear recoils and background
induced electron recoils.

The ZEPLIN collaboration (Smith et al, 2003) is developing a series of
detector based on liquid xenon (shown in Fig. 1). ZEPLIN I (Barton et al,
2003) is a single phase detector and utilises the scintillation light produced in
particle interactions. The time constant of emission of this light is used as a
statistical discriminant between nuclear and electron recoils. Future generations
of these detectors will utilise two phase operation where the ionisation created
in the interaction is also measured, through extraction into the gas phase and
observation through electroluminescence, providing improved discrimination.

The DAMA collaboration (Bernabei et al , 2000) utilise a 100kg array of
nine NaI detectors, again measuring the scintillation light produced during an
interaction. Although photomultiplier noise pulses are rejected based on the
time constant of the light observed, the WIMP identification strategy utilised
in this experiment is to search for the expected annual modulation as the Earth
rotates around the sun within the WIMP halo. Such an annual modulation has
been observed over four years and has been interpreted as a WIMP signature in
the absence of other variable backgrounds (Bernabei et al, 2000).

4. Current status

The current status of direct dark matter searches is shown in Fig. 2 produced
from the web based limit plotter provided by Gaitskel & Mandic (2003). For spin
dependent interactions only 90% c.l. upper limits are shown for various experi-
ments, with references summarised by Gaitskel & Mandic. For spin independent
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Figure 2. Current status of dark matter searches, shown as WIMP-nucleon
cross section vs. WIMP mass. Left diagram shows spin independent, i.e.
scalar, interactions, whilst right diagram shows spin dependent cross section,
both normalised to one nucleon.

interactions the solid region is the interpretation of the DAMA annual modula-
tion as a WIMP signature based on a fully spin independent interaction. The
curves are 90% c.l. upper limits set by the experiments discussed above, where
no signal is detected. For comparison, current supersymmetric models predict a
range of interactions between 10−8 pb to 10−10pb in the spin independent case.
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Abstract. The chief evidence for appreciable dark matter in the universe
comes from the monotonic increase in mass to light ratios measured for various
astronomical systems as one looks on larger and larger length scales. Though
the evidence comes from photons, most of the dark matter is non-photonic, and,
for that matter, non-baryonic. There remain several questions about the nature
and behavior of dark matter to which conventional astronomical observations
are (probably) relevant. The most germain to this JD is whether astronomers
have seen decay or annihilation products from dark matter particles, to which
the current answer seems to be no. We look at a few of the others.

Single stars and clusters have mass-to-light ratios of order unity, in solar
units, while the largest scale structures and global values reach about 300, cor-
responding to a matter density of about 30% of closure density. If you think
of this as a graph with a nearly straight line sloping from lower left to upper
right, then the standard points on it pertain to the solar neighborhood (and
inner bright parts of other galaxies), the outskirts of galaxies (rotation curves,
globular cluster velocities, etc), binary galaxies and small groups, rich clusters,
superclusters, and the universe as a whole. Curiously, by giving a little thought
to the assorted distances scales in use at various times, you could have drawn
this line before World War II, using the solar neighborhood numbers of Kapteyn
(1922) and Jeans (1922), the Babcock (1939) rotation curve for M31, the bi-
nary galaxies of Holmberg (1937), and the work on the Coma and Virgo clusters
by, respectively, Zwicky (1933) and Smith (1936). Holmberg drew attention to
this qualitatively, by saying he thought it reasonable that his typical mass for
a galaxy should come somewhere between those found by Hubble (for visible
parts) and those found by Zwicky and Smith if you divide the mass of the whole
clusters by the number of galaxies you see.

Most astronomers working in extragalactic astronomy would endorse the
previous paragraph. There remain, however, three sorts of alternatives. The
first is that gravity might not behave as described by the equations of Newton
and Einstein. Two examples are the MOdified Newtonian Dynamics (MOND)
of Milgrom (2002) and the conformal gravity of Mannheim (2001). The second
goes further, with non-standard contributions to the velocities we observe as well
as to the forces exerted by matter. The quasi-steady state theory (Narlikar et
al. 2003) is the best-known example in this class. Third is something that none
of us has thought of yet, for which there are necessarily no references except to
the speaker who was originally scheduled to give this talk.

In the absence of direct laboratory detection of dark matter particles, most
of the evidence we have for their properties comes from astronomical observa-
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tions. Many of the results have been around for long enough to be well known:
the universe is not closed by primordial black holes (or Hawking radiation does
not exist, or both); the universe is not closed by billion solar mass black holes
(or many more QSOs and GRBs would be lensed); the universe is not closed by
gravitational radiation in a subset of possible wavelength bands (or pulsar tim-
ings would be much more erratic); the Milky Way is not dominated by MAssive
Compact Halo Objects (or there would be more microlensing of LMC stars); the
universe is not closed by hot (neutrino-ish) dark matter (or galaxies would not
have formed in time). My own earlier views on these and related topics can be
found in Trimble (1987, 2003) and annual updates (Trimble and Aschwanden
2003, plus earlier, and probably later, papers in the same series)

An assortment of other astronomical questions are still open, and may turn
out to have answers that bear on the nature of dark matter. Here is a subset:

Where are the missing satellite galaxies? The three classes of answers float-
ing around are not mutually exclusive. (A) They were unable to accrete gas
because of re-ionization, but show up as lumps in lensing studies of halos, (B)
They accreted gas but made no stars and are the high velocity HI clouds, and
(C) They accreted gas and made stars, but were later damaged, with the dwarf
spheroidal galaxies being the tip of the mass distribution and globular clusters
being the stripped cores of the others.

Do halos (galaxies or clusters) have cusps or cores at their center? The
observers’ answers look much more like isothermal cores than like singular cusps,
so the question goes back to the theory team to see if they can modify the CDM
prediction by adding other sorts of DM, including baryons.

Are most halos fairly round? Yes, probably, with the structure of polar
ring galaxies the traditional supporting evidence, Iodice et al. (2003) and mild
triaxiality implied by disk flaring (Bekki and Freeman 2002).

Could the Milky Way have a significant disk dark matter component? If
each paper in the past two years gets one vote, than it is about 7:1 against, but
take a look at the minority view (Kalberla 2003) before the refutation (Drake
and Cook 2003)

Have we seen decay, annihilation, or collision products from dark matter
candidates? A fascinating (but apparently wrong) suggestion was the Sciama
neutrino, whose mass was just a bit more than twice the Lyman limit energy,
so that the decaying particles made a large contribution to intergalactic and
galactic fringe ionization. Recent ultraviolet observations have not found the
predicted photons. Still open is whether the highest energy ”cosmic rays” might
actually be produced in the galactic halo by something (presumably very high
energy neutrinos) coming from very far away but not subject to the ZKG limit
hitting something that has been here all along (presumably the dark matter
particles in the halo).

Is there a real, significant discrepancy between global values of the total
density of dark matter, which tend to fall around or above 0.3 of closure and the
values derived from clusters of galaxies, which tend to fall around or below 0.2?
This turns out to be an enormously over-simplified version of a broader question
about whether the various determinations of all the cosmological parameters (the
good ones anyhow) are mutually consistent. The answer is clearly no (Bridle
et al. 2003). As always, ”further observations are needed” to decide whether it
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will eventually all come together, or the situations will become serious but not
desperate (as the German general said to the Austrian general) or desperate but
not serious (as the Austrian general said to the German general).

Acknowledgments. I am grateful to the Harry Messel International Sci-
ence School and the Peter Gruber Foundation for contributions to travel ex-
penses to the IAU GA and distinctly ungrateful to Sir Martin Rees for deciding
not to come. One version of his own views on the subject should appear next
year (Rees 2004).
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It is a pleasure, once again, to take part in a meeting dedicated to a host
of exciting topics in high energy and particle astrophysics at an IAU General
Assembly; my last time was at a meeting I had myself organized at the GA in
Baltimore 15 years ago. In the mean time these subjects have attracted much
interest among particle physicists, but had been receiving less attention from
the general astrophysicists attending IAU GAs.

In those fifteen years, there has been an explosion of knowledge in astro-
physics, due to simultaneous advances at virtually all the wavelengths of the
electromagnetic spectrum. This led to breakthroughs in numerous fields such
as cosmology, galaxy evolution and star formation. At the same time, extra
solar planets have at long last been unambiguously discovered. In comparison,
excluding neutrino discoveries, which led to a Nobel Prize in 2002, astrophysics
from non electromagnetic windows appears to have progressed at a slower pace
and to have attracted less attention. When so many important discoveries are
at hand, or easy to get, why struggle and attempt more difficult searches?

At this Joint Discussion, we heard from the adventurous at heart, pioneers
who are prepared to risk considerable parts of their career building experiments
that aim at ambitious, but unassured objectives. And we also heard that the first
or next generation of experiments is getting ready to go, so that the forthcoming
years promise to be exciting in these exploratory fields too.

We heard first about the huge success of the solar neutrino experiments,
which make it possible now to truly understand the source of the solar energy,
and at the same time have extremely interesting implications on neutrino os-
cillations. This has naturally become also a hot topic for particle physicists.
The study of solar oscillations brings additional, crucial information enhanc-
ing the understanding of neutrino properties and of important stellar processes,
convection and rotation.

Gamma ray astrophysics was not discussed here, but the results obtained in
this particular electromagnetic window are well connected to topics covered, such
as cosmic ray acceleration and high-energy neutrinos, and give impressions of
what can be obtained. We now have a reasonable understanding of the emission
of the galaxy from the tens of MeV to the few GeV region, and even point
source and diffuse emission in gamma ray lines has been reported; the Integral
satellite will bring new and possibly decisive information on these topics. Ground
Cerenkov experiments continue to monitor sources at higher energies, up to the
several TeV range, detecting continuous sources and occasional outbursts, but
not supernova remnants. The space mission GLAST, which will reach 300 GeV,
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will soon complement them. Bold ground experiments aiming at the detection
of gamma rays at even higher energies have only been able to establish upper
limits. It is the study of gamma ray bursts that has advanced most in the last
few years, as it is now proven that their sources are at cosmological distances
and that one class at least is due to hypernova explosions. In the future, gamma
ray bursts may become an excellent tool to study the universe at high redshifts,
surpassing absorption studies in quasars if the optical or infrared afterglows can
be caught sufficiently early.

The studies and measurements made until now have not permitted to iden-
tify with certainty the sources of cosmic ray nuclei, even if inferences can be
made about supernovae and/or OB associations, as we were reminded at this
meeting. The direct detection of high-energy neutrinos would of course rad-
ically change the panorama. Predictions of the emissions expected according
to various models of galactic sources of cosmic rays and of pulsars have been
established, and the experiments are forthcoming. With AMANDA, at least
interesting limits on the putative galactic sources will be obtained in the near
future, and eventually Ice Cube and ANTARES will explore also extragalactic
space.

The new generation of gravitational wave detectors will have an equally
adventurous task. While there is little doubt in the community that gravitational
waves pervade the universe, there is a wide range of predictions, and, in my
opinion, a high chance of surprises. The measurements are extremely delicate,
and I wish much luck to LIGO, and to VIRGO, inaugurated in Italy during the
Sydney IAU GA. After these exploratory ground experiments, which probably
need enhancements such as that planned for LIGO to be sensitive enough to
discover cosmic sources, the space mission LISA will open a whole new parameter
space, with superior chances of success.

Even more adventurous and brave are the attempts at direct detection of
dark matter. The density of dark matter in the universe as a whole, or in
clusters of galaxies, is today better constrained than that of dark matter in the
solar neighborhood. In any case, the various experiments available today do not
appear yet to exhibit sensitivities that could be conducive to detection. But
the progress is steady, and the stakes are very high. In the mean time, more
about dark matter distribution and properties will be learned using classical
astrophysical tools, optical and X ray telescopes, combined with models of weak
shear and of the thermal behavior of intergalactic gas.

I left for the end the Ultra High Energy Cosmic Ray experiments. Having
worked myself on cosmic rays for many years in the first part of my career, I am
particularly excited by the opportunities offered by the forthcoming experiments
in this field. Here again, generations of experiments have shown that cosmic rays
of energies as high as 1020 eV exist, even if the upper limit in energy is under
dispute, and if the statistics have never allowed to reach credible conclusions on
the distribution or distance of the sources, a situation quite similar to that of
gamma ray bursts before the Compton Gamma Ray Observatory. The Auger
collaboration, especially if it succeeds in building the northern as well as the
southern part of the experiment, should for the first time obtain results with
sufficient statistical weight (see also, later, the Space Station mission EUSO for
real UHE Cosmic Ray astronomy!). It is intriguing to think that we may have
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a better chance of discovering the sources of UHECR than those of the bulk of
the particles in the GeV range!

In conclusion: this was a very interesting Joint Discussion, and I hope to
hear more about these topics and about the results of the new experiments, at
the next IAU GA in Prague.
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Abstract. The last decade has seen an efficient use of ground-based tele-
scopes for remote-sensing studies of Mercury’s surface at optical, infrared and
microwave wavelengths. This has resulted in a substantially improved knowl-
edge of its regolith composition, material and light scattering properties and
structures on the poorly known hemisphere. This paper summarizes recent ob-
servations and results on the regolith properties of Mercury.

1. Important observational studies

We may identify three main types of observational methods that have been
contributed significantly, and in which efforts in the near future will probably
be concentrated. Radar has been used to investigate topographical units and
for probing fundamental material properties; spectroscopy and imaging spec-
trophotometry to identify the surface composition, particularly in the thermal
infrared; and high-resolution imaging in the optical and near-infrared to map the
albedo distribution of the surface with the ultimate goal of identifying geologic
provinces on the poorly known hemisphere (i.e., the longitudes 180–360◦ which
were not imaged by Mariner 10).

Remarkable km-scale spatial resolution images of the surface have been
obtained at microwave and radar wavelengths through delay-Doppler and full-
disk imaging with the Goldstone/Very Large Array and Arecibo radio telescopes
(Harmon et al. 2001, Harmon & Campbell 2002), and are our best source of
information regarding topographic features on the poorly known hemisphere.
Small areas of very high radar backscatter intensity within high latitude craters
have been interpreted as due to either buried water ice or sulfur deposits (Slade et
al. 1992; Sprague, Hunten, & Lodders 1995). Microwave radar studies (Mitchell
& de Pater 1994; Jeanloz et al. 1995) and related laboratory studies have shown
that the material properties are consistent with those of alkaline silicates, with a
greater transparency and smaller dielectric loss tangent than that of the Moon,
signifying a lower abundance of opaque minerals such as iron and titanium in a
predominantly feldspathic crust.

The infrared regime have provided us with the best opportunities to extract
information about the mineralogical composition of Mercury’s regolith. Instru-
mentation on the Infrared Telescope Facility (IRTF), the McMath-Pierce and
Steward telescopes at Kitt Peak, and the Kuiper Airborne Observatory have
been used to obtain spectra and images at thermal infrared wavelengths (Emery
et al. 1998; Cooper et al. 2001; Sprague et al. 2002). Such spectra are often
complex and emission features vary in terms of location and intensity between
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Figure 1. An average Mercury spectrum for the wavelength range 0.4–1.0
µm obtained with the Nordic Optical Telescope (Warell and Blewett 2003),
scaled with a geometric albedo of 0.136 at 0.55 µm from Warell (2003b). The
vis-NIR spectrum of Mercury is linear and lacks any detectable mineralogical
absorption features.

different longitudes on the surface. This is taken as evidence of a compositionally
heterogeneous surface composed of intermediate and basic soils, pyroxenes and
anorthosite, possibly with geologic units of highly different thermal properties.

The situation is superficially different for spectra obtained in the optical and
near-infrared range, which are similar for all longitudes (Blewett et al. 1997).
The 0.9 µm absorption band due to Fe2+ crystal field transitions in ferrous
silicates and a characteristic of lunar spectra is absent on Mercury, indicat-
ing a very low abundance of iron (Sprague et al. 2003; Warell 2003a; Warell &
Blewett 2003). Albedo features around 200 km in size have been detected on the
non-Mariner 10 hemisphere with the Mt. Wilson 1.5-m reflector (Baumgardner
et al. 2000) and the Swedish Vacuum Solar Telescope (Warell & Limaye 2001),
showing that there is no statistical difference between the morphology and distri-
bution features on a global scale. This provides evidence for a similar post-heavy
bombardment geologic evolution of both hemispheres.

A new V-band phase curve from photometric observations from the ground
and with the Solar and Heliospheric Observatory was published by Mallama
et al. (2002), and signifies the first good data set for very low and very high
phase angles. That work and Warell (2003b) indicate a microscopically smoother
surface than determined previously (Veverka et al. 1988).

2. Mercury’s regolith: summary of best knowledge

In terms of composition, recent observations indicate that Mercury’s surface
is primarily feldspathic with intermediate plagioclase as the dominant phase.
Minor low-iron hypersthene and mafic basalts may be present locally. Volatile
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minerals, possibly water ice or sulfur, are mixed in the subsurface at permanently
shaded locations at the poles.

Hapke (1993, 2002) modeling indicates a chemical composition of FeO ∼1–
2 wt%, TiO2 ∼0 wt%, and Fe0 ∼0.2 wt% (Warell and Blewett 2003). This
supports the observed small microwave dielectric loss tangent characteristic of
a surface low in opaques. The original unweathered rock types of the present
crust may thus have been iron-free, with iron (oxidized and native) and volatiles
delivered by infall during and following the late bombardment era.

The average optically active grain size appears to be about 30 µm or half
the dimension of lunar highland grains, which is consistent with the stronger
maturation at Mercury (Cintala 1992). The physical porosity of the optically
active top soil is similar to the Moon’s and is consistent with a small radar cross
section (Pettengil, Dyce, & Campbell 1967) and negative branch of polariza-
tion (Dollfus & Auriere 1974). Though the maturation induced metallic iron
abundance appears to be at most half of the Moon’s, the maturation appears
more evolved in terms of a probably higher abundance of semi transparent and
strongly backscattering complex agglutinates.

The optical scattering properties are lunar-like, but Mercury appears to
have a stronger backscattering efficiency and dependence of color on geome-
try. The backscattering anisotropy increases with wavelength, which supports
microwave opacity data. The average particle angular scattering function cor-
responds more closely to that of lunar maria than highlands. At least some
surfaces, consistent in location with smooth plains imaged by Mariner 10, have
a small photometric roughness of θ̄ ∼10◦, though the typical regionally averaged
surface appears consistent with a roughness twice as high.

In terms of Mercurys evolution, the available evidence indicate that it either
sampled only a limited feeding zone during the protoplanetary accretion phase,
and/or experienced subsequent post accretion volatilization or impact ejection
of the bulk silicate component. This would account for a very low abundance of
iron, facilitated by the gravitational sinking of high density minerals in a magma
ocean. Such an event would also allow thorough mixing of the present crustal
material to effectively average out strong compositional variations.
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the Wenner-Gren Foundations.
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Abstract. Spectra of Mercury were obtained at the Infrared Telescope Fa-
cility on Mauna Kea, HI using SpeX. There is no indication of any absorption
feature associated with FeO in Mercury’s regolith. There is a 5 µ m excess
in thermal flux similar to that observed from the Kuiper Airborne Observatory
(KAO) using HIFOGS. Spectra from varying locations do exhibit different slopes
and flux indicating different surface temperatures at different locations.

1. Introduction

In order to continue the search for any evidence of oxidized iron on Mercury’s
surface we have obtained very high signal-to-noise (S/N) ratio spectra between
0.8 and 5.2 µ m using SpeX at the Infrared Telescope Facility (IRTF) on Mauna
Kea, HI. This is of interest because we wish to know the surface composition of
Mercury to get clues to its formation and cooling history. Every other terres-
trial planet in our solar system has at least several percent oxidized iron on its
surface. So far, no search for FeO by any observational group has discovered its
unambiguous presence by observing the reflectance absorption centered near 0.9
or 2.2 µ m.

2. Observations

Observations were obtained in clear daytime on three consecutive days in June,
2002. We show spectra from 23 June 2002 in this paper. The spectrograph slit
was placed across the illuminated disk of the planet at several different locations.
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3. Near Infrared Spectral Mapping With SpeX

SpeX operates in several modes with slightly different resolving power (R = 1000
- 2000). For these observations we use SXD from 0.8 – 2.4 µ m and LXD from
2.2 – 5.4 µ m. Because there are some telluric H2O, CO2, and N2O bands in this
spectral region that cause spurious features if proper correction is not obtained,
we have in some cases removed sections of the data from the spectra displayed.
Fig. 1 (left) shows the entire spectral range for about 250 degrees longitude on
Mercury’s surface.

Because the S/N is very high in these data, it is possible to divide the data
along the slit into several sectors. This has the advantage of providing increased
spatial resolution in the data to search for variations in composition with respect
to latitude. At the IRTF using SpeX the spatial resolution is seeing limited in
the 0.8 – 5.5 µ m spectral region. Our seeing for the days observations was
about 1 arcsecond. We thus chose to divide the slit into 4 sectors, each covering
slightly less than 2 arcseconds across Mercury’s surface. It is advantageous to
divide the spectra by a thermal model of Mercury for the location of the slit
to remove the steep slope caused by Mercury’s thermal emission. We use the
thermal model developed specifically for Mercury spectral data analysis (Emery
et al. 1998). It includes the effects of slow rotation, a rough cratered surface,
and the orbital and geometric parameters of the observations. After data are
divided by the thermal model, any spectral features become more apparent.

Previous observations made from the KAO with HIFOGS (Emery et al.
1998) found an excess of emission in the 5 µ m spectral region. These data
corroborate that discovery. The excess is clearly seen relative to the thermal
model but the lack of space in this brief article precludes the inclusion of an
illustration.

A different set of previous observations of Mercury around the 5 µ m region
were made with BASS (Sprague et al. 2002) at a resolving power of about 150.
In those spectra there were some spectral features in the 5 µ m region that were
interpreted as indicative of pyroxene in the surface material. We do not see
similar unambiguous features in this data set.

The wavelength region of the SXD mode has also been observed previously
by McCord and Clark (1979). Other observers have also obtained spectra from
about 0.4 – 1.2 µ m but we do not discuss those here. The scatter in the
McCord and Clark spectra near the 2.2 µ m absorption (indicative of oxidized
iron in pyroxene and olivine) permitted calculating an upper limit of at most
6% FeO. Their spectrum shows no indication of absorption owing to oxidized
iron centered at 0.9 µ m. At the Moon this absorption band is ubiquitous at
varying depths. Our SpeX data show no evidence for FeO at either absorption
band. Serendipitously the region observed by McCord and Clark was centered
on the same side of Mercury and near 250◦ longitude. While our spectra are
longitudinally resolved to about 1 arcsecond, that of McCord and Clark is a disk
integration within a circular aperture encompassing the entire Earth-facing disk
of Mercury. The comparisons are shown in Fig. 1 (right).
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Figure 1. (left) Full range of SpeX data from Mercury before division by
a thermal model. (right) SpeX data plotted along with data of McCord and
Clark (1979). See text for explanation.

4. Conclusions

The 5 µ m excess is an outstanding spectral feature in this data set. It appears
in every spectrum at all locations examined so far. The fact that the emission
is enhanced above the theoretical prediction made by our rough surface thermal
model indicates something of very high emissivity in Mercury’s regolith. This
high emissivity is likely a clue to the composition of the material responsible but
we do not have enough information to identify it at this time.

The data show no evidence whatsoever for the absorption bands of FeO at
0.9 and 2.2 µ m. The reason for this must be the absence of oxidized iron. This
does not preclude iron blebs in the surface regolith caused by aeons of meteoritic
bombardment and other space weathering.
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1. Background

Almost thirty years ago, the instruments on the Mariner 10 spacecraft detected
traces of hydrogen, helium, and possibly oxygen in the atmosphere of Mercury.
There the matter rested until the mid-80’s, when emission lines of sodium (Pot-
ter & Morgan 1985) and potassium (Potter & Morgan 1986) were found in the
spectrum of Mercury, resulting from resonance scattering of sunlight by metal
atoms in the atmosphere. Searches for other metals in the Mercury atmosphere
were fruitless until recently, when an emission line attributed to calcium has
been observed (Bida, Killen & Morgan 2000). The densities of all these species
are so low that gas phase collisions are negligible, so that the Mercury atmo-
sphere is an exosphere bounded at its base by the surface of the planet. The fact
that the exosphere is bounded by the Mercury surface means that interactions
with the surface must occur. Energy exchange, surface absorption and desorp-
tion, and ion neutralization can take place, and these must be accounted for in
models of the exosphere. None of these atmospheric species can survive long
on Mercury, being lost mainly by photoionization followed by trapping in the
solar wind and partly by solar radiation acceleration. Consequently, the species
that we observe must be in a steady state, being generated as fast as they are
lost to space. The metals must originate from the surface of the regolith, with
the supply of fresh surface material maintained by gardening of the surface by
meteoroid impact. The metals are released from the surface into the exosphere
by photon-stimulated desorption (Madey et al. 1998), particle sputtering (Mc-
Grath, Johnson & Lanzerotti 1986), and meteoroid impact vaporization (Mor-
gan, Zook & Potter 1988). Thermal evaporation of species condensed on the
cold side may be important for determining their distribution over the planet
(Hunten & Sprague 2002). The interaction and relative importance of all these
processes has been discussed by Killen & Morgan (1993). Much can be said
about these processes, but this review is focused primarily on the current status
of observations of sodium, potassium, and calcium.

2. Sodium

Since the sodium resonance emissions were discovered, hundreds of observations
have been made (for example, Sprague, et al. 1997). The average column density
of sodium is of the order of 1011atoms/cm2, varying in an apparently random
fashion by a factor of two or three throughout the Mercury year, with a tendency
to be largest at perihelion and aphelion, and smallest in the parts of the orbit
where heliocentric velocity and the corresponding radiation pressure on sodium
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are the largest. The density of sodium is usually not uniform over the planet,
displaying ”spots” or peaks of sodium emission in north or south hemispheres,
or sometimes in both (Potter & Morgan 1990). These features could result from
local concentrations of sodium in the surface rocks (Sprague, Schmitt & Fink
1998), or evaporation of sodium resulting from implantation of magnetospheric
sodium ions in the surface (Sprague 1992, Ip 1993), or directly from sputtering of
sodium from the surface rocks (Potter & Morgan 1990). Another characteristic
of the sodium distribution is that it is variable, sometimes changing from day to
day (Potter & Morgan 1990; Potter, Killen & Morgan 1999). Again, this could
be the result of geographic factors or the result of changes in local solar weather,
causing either changes in the magnetospheric particle deposition, or variations
in the amount of solar particle sputtering. The temperature of the sodium atoms
is approximately 1000◦K (Killen et al. 1999), in reasonable agreement with the
temperature expected for sodium released from the surface by photo-stimulated
desorption, suggesting that this is the dominant process for sodium production.
Sodium column density near the dawn terminator is often greater than at the
dusk terminator, suggesting the evaporation of condensed sodium from the cold
dark side as it rotates into sunlight (Hunten & Sprague 2002). Further advances
in understanding the processes at work in the sodium exosphere of Mercury
await observations at improved spatial resolution. These could be achieved with
modern adaptive optics technology.

One of the more intriguing predictions of the models of the sodium exo-
sphere was the prediction that there might be a sodium tail, not unlike a comet
tail. If sodium atoms are released from the surface with velocities greater than
about 2 km/s when Mercury is at greatest heliocentric velocity and maximum
radiation pressure, the atoms will escape the planet to form a tail. Ip (1985)
and Smyth & Marconi (1995) both predicted the formation of a tail, and gen-
erated models of what the tail might look like. The tail is faint, but can be
detected when Mercury is visible against a dark sky just before sunrise or just
after sunset (Potter, Killen & Morgan 2002). Sodium atoms in the tail display
velocities up to 4 km/s normal to the tail direction, suggesting that an energetic
process such as sputtering produces the sodium in the tail. Somewhere between
1 and 10 percent of the sodium generated can be lost to space from the tail. But
this happens only when radiation acceleration is high. When it is not, the tail
must vanish, or rather turn into an extended cloud around Mercury (Smyth &
Marconi 1995).

Recent modeling studies have improved our understanding of the sodium
exosphere. The magnetosphere opens in response to a southward IMF, allowing
solar wind particles to impact the surface, leading to sputtering of sodium from
the surface (Sarantos et al. 2001). This effect was used to explain changes
observed in the sodium exosphere (Killen et al. 2001). The effects of a Solar
Energetic Particle event on Mercury have been modeled, and the results show
that sodium ions would be precipitated to the surface in patterns similar to those
observed (Leblanc et al. 2003). A 3-D Monte Carlo model with all known sources
and sinks for sodium has been developed, that reproduces most of the observed
features of the sodium exosphere; dawn-dusk asymmetries, high latitude spots,
and the sodium tail (Leblanc & Johnson 2003).
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3. Potassium

Potassium is much more difficult to observe than sodium. The D2 line at 7664
A (the strongest emission of the D1 - D2 pair) is usually hidden under an atmo-
spheric oxygen absorption line, and can be seen only when the Doppler shift is
large enough blue-wards to bring it out from under the line. The weaker D1 line
at 7699 A can only be clearly seen when the Doppler shift is large enough to
bring it entirely up and out of the potassium Fraunhofer absorption line. So ob-
servations of the potassium emission are few. Same-day observations of sodium
and potassium show their distributions to be similar, both showing high latitude
emission peaks (Potter & Morgan 1997). Considering the chemical similarity of
sodium and potassium, this is not surprising. However, there is a puzzle, in that
the ratio of sodium to potassium emission is variable from one observation to
the next, with values ranging from about 20 to 140 (Potter et al. 2002). This
is in contrast to the Moon, where the Na/K ratio stays at about 7, not far from
the ratio of the elements in the surface rocks. One possibility suggested was
that potassium levels in the surface rocks vary from place to place (Sprague,
Kozlowski & Hunten 1990) But it appears more likely that some process, as yet
not understood, removes potassium faster than sodium from the exosphere, at
varying rates (Potter et al. 2002). The magnetosphere may play a role, since it
is present on Mercury, but absent on the Moon, where the ratio is closer to the
expected value.

4. Calcium

Calcium is the most recently discovered element in the Mercury exosphere (Bida,
Killen & Morgan 2000). An emission corresponding to the calcium Ca I line at
4226.7 A was found in spectra taken at evening twilight with the Keck telescope.
The line is Doppler-shifted to the blue, corresponding to velocities up to 4 km/s.
The emission line is not seen on the planet itself, but appears at distances up to
a planetary diameter away from the planet. The emission is faint, and perhaps
that is why no observations are reported close to the planet. On the planet,
the weak line would be overwhelmed by stronger reflections from the planetary
surface. The source process for the calcium is not understood. It must either be
particle sputtering or meteoroid impact since these are the only processes that
could generate the observed velocities.

5. Summary

Sodium is easy to observe, and so we have many sodium observations. These
have stimulated serious theoretical modeling, and we now understand in princi-
ple the sodium exosphere. For further refinements, we need measurements with
much better spatial resolution, and we need accurate information about the
magnetosphere and how it responds to solar influences. Potassium and calcium
are less well understood. The measurements are difficult and as a consequence,
there is much less information available for these species than for sodium. We
realize that there must be still other exospheric species that cannot be detected
by ground-based observations. The currently planned missions to Mercury will
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detect these species, and map the magnetosphere, leading to a major improve-
ment in our understanding of the Mercury exosphere, as well as the interaction
of the space environment with planetary surfaces.
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Abstract. To determine the relative rates of ion recycling to the surface
and loss of ions to the solar wind, we followed 3,500 Na ions in a tight grid of
magnetic and electric fields at Mercury. We conclude that up to 60% of the
photoions launched on the dayside near the surface will re-impact the dayside.
For a dawn - dusk electric field, we find that most of the returning ions impact
the dayside. This will be the case for a southward IMF. Photoions do not
impact the dayside with sufficient energy to cause secondary sputtering, but on
the nightside they will be accelerated to keV energies, and may cause secondary
sputtering there.

1. Introduction

Photoionization is believed to be the predominant loss process for exospheric
neutral sodium atoms in Mercury’s exosphere. The efficiency of ion recycling
to the surface has implications for the long-term volatile budget, for possible
sequestration of volatiles in cold traps or high latitude bands, and for relative
enrichment of one volatile over another. It has been suggested that the relative
loss rates of Na+ and K+ may affect the Na/K ratio in the Hermean exosphere.
Generally, it has been assumed that about 50% of these photoions escape by en-
trainment in the solar wind, and the remaining 50% re-impact the surface, as first
suggested by Goldstein et al. (1981). Heretofore, this assumption has never been
tested by sampling sodium ion trajectories in a magnetosphere model specifi-
cally tuned to Hermean conditions. Therefore, we have developed a full-particle
tracing code to map the trajectories of charged particles under gravitational,
magnetic and electric forces.
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2. Ion Trajectories

Our code is based on the Toffoletto & Hill (1993) model, scaled to the Hermean
dipole field, and with the ring current removed. Specifics of the model are given
in Sarantos (2000) and Sarantos et al. (2001). We followed 3,500 Na ions in a
tight grid of magnetic and electric fields at Mercury. The ions were launched
at the surface, with an isotropic angular distribution with respect to the verti-
cal at each launching site. Particles were set in motion at sites sampled every
15 degrees of latitude and 30 degrees of longitude to cover the entire dayside.
The initial energy was taken to be ∼1 eV. Since we only sampled neutrals pro-
duced via photon-sputtering, we let the initial ion spatial distribution vary as
cos f cos q, where f and q are the launching latitude and longitude measured
from the sub-solar point. We also ran cases in which ions were launched with an
isotropic spatial distribution from the dayside surface. The ions were followed
until either they hit the surface of the planet, crossed the magnetopause, or
reached 7 Mercury radii (Rm) down the tail. It takes less than 10 seconds for
an emitted ion to hit the surface of the planet, 30 seconds to a minute to escape
to the solar wind, or up to a few minutes to re-impact the nightside by traveling
down the tail and turning around.

In order to determine how the ion and accompanying neutral distributions
respond to changes in the IMF, we show two runs using nominal magnetic field
values. The coordinate system is Cartesian with +x toward the sun, +z normal
to the ecliptic in the direction of north as defined at Earth, and y completes a
right-handed coordinate system. We first chose a strong negative Bx: B(x,y,z)=
(-30,+15,-10) nT. We then tried a second configuration with B(x,y,z) = (20,-10,-
10) nT. These values are consistent with the dominance of the Bx component
at the orbit of Mercury. In both cases the IMF was southward, which results in
the maximum reconnection between Hermean fields and the IMF.

We chart the net change (ions recovered minus ions launched) per dayside
surface element and unit local flux under the two aforementioned IMF config-
urations in Figure 1. Fifty ions were launched isotropically at every other grid
point. Areas color-coded in red retained all ions launched. In both figures, dawn
is to the left and dusk is to the right. No ions were launched from areas shown in
white. A dawn-dusk asymmetry is evident in the spatial pattern in which ions
are retained. Ions launched from dawn-side areas are more likely to be retained,
whereas ions launched from the dusk-side have a tendency to escape to the solar
wind. This is due to the assumption of a predominantly dawn-dusk electric field
and may change for different assumed values of By (i.e. a northward IMF case).

Recycling is found to be very important. In either case roughly 60% of ions
launched neutralize by impacting the surface. This result is in good agreement
with earlier estimates (Ip, 1987). The IMF configuration and magnitude regu-
lates how much sodium is returned to the surface after each sputtering ionization
cycle. That has significant implications for the containment of heavy volatiles
over geological times.

Because ions that hit the dayside surface have computed energies of 10 -
100 eV upon impact, no significant Na+ sputtering occurs on the dayside as
a result of returning photo-ions. In contrast, about 5 - 10% of ions launched
follow Speiser-type orbits and accelerate up to 10 keV before they impact the
surface on the nightside. An example of such trajectories is seen in Figure 2
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for Na and Figure 3 for K ions. For both figures the IMF was B(x,y,z)=(-30,
15,-10) nT, and ions are launched with identical energies. The K+ ions travel
farther down the tail, and end up in the evening sector. The Na+ ions have a
tighter trajectory and impact on the dawn-side near 6 AM. These ions, which
account for up to a tenth of photoionization losses, are mostly implanted into
the regolith, but some cause secondary neutral production.

3. Conclusions and Directions for Future Work

We conclude that up to 60% of the photoions launched on the dayside near the
surface will re-impact the dayside. For a dawn-dusk electric field, we find that
most of the returning ions impact the dayside. This will be the case for a south-
ward IMF. These photoions do not impact the dayside with sufficient energy to
cause secondary sputtering, but on the nightside they will be accelerated to keV
energies, and may cause secondary sputtering there. We plan to extend these
results by 1) considering northward IMF, and 2) using a more realistic distribu-
tion of neutrals, both vertically and distributed around the planet. Our rate of
ion retention is expected to decrease as we include ions created at progressively
higher altitude, and as we increase the relative number of atoms closer to the
terminator.

Figure 1. Ion retention pattern for ions launched isotropically from the
surface with IMF B(x,y,z)=(-30, 15, -10) nT and B(x,y,z)=(20, -10, -10) nT,
on the LHS and RHS, respectively. Red areas retain all ions launched within
their boundaries, while dark blue areas lose all ions. Dawn is to the left.

Acknowledgments. This work was supported by the NASA Planetary At-
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Figure 2. Comparison of the trajectories of K ions (left) and Na ions (right)
launched from the same spots with identical IMF configurations B(x,y,z)=(-
30,15,-10) nT. Ions have the same initial energy. The K ion ends up on the
evening sector, while the Na ion impacts the dawn sector near 6 AM.
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Abstract. Our work deals with the physical and dynamical causes that
induce librations of Mercury around an equilibrium state defined by the 3:2
spin-orbit resonance. In order to integrate the spin-orbit motion of Mercury,
we have used our gravitational model of the solar system including the Moon’s
spin-orbit motion. This model, called SONYR (acronym of Spin-Orbit N-bodY
Relativistic model), was previously built by Bois, Journet and Vokrouhlickỳ
in accordance with the requirements of the Lunar Laser Ranging observational
accuracy.

Using the model, we have identified the main perturbations acting on the
spin-orbit motion of Mercury such as the planetary interactions or the dynamical
figure of the planet. Moreover, the complete rotation of Mercury exhibits two
proper frequencies, namely 15.847 and 1 066 years, and in addition one spin-orbit
secular resonance (298 898 years). A new determination of the mean obliquity of
Mercury has been proposed. Besides, we have identified in the Hermean libra-
tions the impact of the uncertainty of the greatest principal moment of inertia
(C/MR2) on the obliquity as well as on the libration in longitude (2.3 mas and
0.45 as respectively for an increase of 1% on the C/MR2 value). These accu-
rate relations have to be taken into account in the context of the two upcoming
missions BepiColombo and MESSENGER.

1. Introduction

The 3:2 spin-orbit resonance between the rotational and orbital motions of
Mercury results from a functional dependence of the tidal friction adding to
a non-zero eccentricity and a permanent asymmetry in the equatorial plane of
the planet (Balogh and Giamperi, 2002). The upcoming space missions, MES-
SENGER (Solomon et al., 2001) and BepiColombo (Milani et al., 2001) with
on-board instrumentation capable of measuring the Hermean rotational parame-
ters stimulate the objective to reach an accurate theory of the rotational motion
of Mercury. We use our BJV relativistic model of solar system integration (first
post-Newtonian approximation level) including the spin-orbit coupled motion of
the Moon (Bois and Vokrouhlickỳ, 1995; Bois, 2000). We extended this model to
the spin-orbit couplings of the terrestrial planets Mercury, Venus, the Earth, the
Moon and Mars; this updated model is at present called SONYR (acronym of
Spin-Orbit N-BodY Relativistic model). The SONYR model permits to identify
the different families of rotational librations in the spin-orbit motion of Mercury
by clearly analyzing their causes (Rambaux and Bois, 2003).
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Figure 1. The rotational motion of Mercury in the 3-1-3 Eulerian sequence
(ψ, θ, ϕ). The reference frame is given by the ecliptic J2000.

2. The Mercury’s spin-orbit motion and its instantaneous obliquity

The figure 1 presents the rotational motion of Mercury in the usual 3-1-3 Eu-
lerian sequence (ψ, θ, ϕ). The spin-orbit resonance of Mercury is characterized
by two proper frequencies, namely 15.847 years and 1066 years. Moreover, the
dynamical behavior of Mercury presents a secular variation of 278 898 years,
which is due to the nodal precession of the equatorial plane of Mercury relative
to the ecliptic plane. This secular variation can be understood as a spin-orbit
secular resonance playing the role of a second synchronism.

In integrating the SONYR model, we also obtain the dynamical behavior
of the η Hermean instantaneous obliquity. The dynamical evolution of η is
presented in Figure 2. The dynamical behavior of η makes in evidence a sine
function according to a long period of 1 066 years with an amplitude of 0.5
amin. The resulting mean obliquity ηmean of Mercury is 1.665 arc-minutes. Let
us emphasize that the large amplitude of η could seriously make ambiguous the
determination of ηmean by space missions.

3. The librations of Mercury

We have identified in the Hermean librations the impact of the variations of the
greatest principal moment of inertia (C/MR2) on the obliquity as well as on the
libration in longitude ϕ, as follows :

∆ (C/MR2) = 1 % =⇒ 2.3 mas on η (1)
0.45 as on ϕ
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Figure 2. The η obliquity of Mercury plotted over 1 600 years. The resulting
mean obliquity of Mercury is 1.665 arc-minutes.

Such librations belong to the family of potential librations according to
the general terminology given in Bois (1995). One of the main objectives of the
BepiColombo and MESSENGER missions is to measure the rotation parameters
of Mercury up to an accuracy allowing to constrain size and physical state of
the Hermean core (Solomon et al., 2001; Milani et al., 2001). In order to reach
such an objective, the BepiColombo mission has to obtain a value of the C/MR2

coefficient with an accuracy of 0.003, i.e. 1%. As a consequence, this mission
foresees measuring the libration angle and the obliquity with an accuracy of 3.2
and 3.7 arcsec respectively (Milani et al., 2001). According to (1) coming from
SONYR, these two signatures are very faint and probably too much with respect
to the accuracy expected by the space missions.
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Plasma Dynamics in Mercury’s Magnetosphere
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Abstract. Mercury is in all sense of the words still Terra Incognito, its
magnetosphere is hence little known. The only source of knowledge came from
the in-situ measurements by the Mariner 10 close encounters in 1974. This has
been complemented since by ground-based observations of the atomic sodium
and potassium emissions in the vicinity of the planetary disk. This series of
optical observations has produced intriguing evidence of magnetospheric and/or
solar wind effects on the surface-plasma interaction processes. In this review we
will describe the current theories of the corresponding space weather effects.

Most of our knowledge on Mercury’s magnetosphere came from the Mariner
10 encounters in 1974 and 1975 (Ness et al. 1974; Simpson et al. 1974). The
plasma and magnetic field measurements during the nightside crossing on March
29, 1974, have been analyzed and reviewed in many places (Connerney & Ness
1988; Russell et al. 1988; Christon 1989) we will not repeat this feat here. What
we want to do is to give an update of the recent development in connection to
the preparation for the new space missions to Mercury, namely, the MESSEN-
GER Project of NASA and the BepiColombo Project of ESA and ISAS. There
are several noteworthy results. On the observational side, the most important
result which has generated a lot of discussions has to do with the discovery of a
long lasting (week-long) event in the sodium brightness enhancement (Potter &
Morgan 1997). A number of theoretical models have been proposed to expound
the physical cause of such dramatic time variability in the surface brightness of
atomic sodium emission. These include (1) the work by Luhmann et al. (1998)
who applied the Tsyganenko model of the terrestrial magnetosphere to explore
the driven mechanism of the solar wind at Mercury; (2) Kabin et al. (2000) who
used the Michigan MHD code to study the response of Mercury’s magnetosphere
to different solar wind parameters; (3) Killen et al. (2001) who adapted the “Rice
model” to study the changes of the configuration and position of Mercury’s mag-
netospheric polar cusp because of the variabilities in the interplanetary magnetic
field direction and dynamic pressure of the solar wind; (4) Ip & Kopp (2002)
who produced resistive MHD models of Mercury’s magnetosphere for the “open”
and “closed” cases; (5) Kallio & Janhunen (2003) who used a 3D quasi-neutral
hybrid model (to deal with the finite gyro radius effect) to explore the impact
geometry of solar wind protons and “trapped” magnetospheric ions on the plan-
etary surface; and (6) Leblanc et al. (2003) who simulated the recycling process
of magnetospheric ions via surface sputtering and near-planet ionization.

Another issue of emerging interest has to do with the possible existence of
field-aligned current (FAC). Slavin et al. (1997) reported the finding of strong
FAC in the magneto-tail region by reanalysis of the Mariner 10 data. In the
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numerical simulation by Ip & Kopp (2002), FAC systems can be generated with
different configurations under different solar wind conditions. But how could
they be supported since there is no ionosphere to speak of at Mercury? They
argued that the closure of such FAC can be maintained by the pickup ion current
from ionization of the neutral exosphere (Ip & Kopp, 2003). The initial displace-
ments of the new ions and electrons lead to the establishment of a current flow
transverse to the magnetic field. According to Cheng et al. (1987), the equiva-
lent integrated conductivity could be as much as 0.1-0.3 Mho. This value may
be compared to a value of 1-10 Mho of the dayside integrated Pedersen conduc-
tivity of the terrestrial ionosphere. In this case, the path of FAC being organized
by localized ionization process could be very patchy. Janhunen & Kallio (2003)
proposed instead that partially closure could still be achieved at the planetary
surface since the electrical conductivities of some minerals are not negligible
(Glassmeier 1997). Another important topic, seldom addressed, concerns the
magnetosphere-surface coupling effect via surface charging and photoemission
(Grard et al. 1997) which could introduce strong day-night asymmetry in the
magnetic and electric field structures of Mercury’s magnetosphere. Without in-
situ measurements it is difficult to assess the electric fields and plasma wave
activity at Mercury (Blomberg 1997). However, it is interesting to note that
Potter et al. (2002) reported that the radio of sodium to potassium in the Mer-
cury exosphere is highly variable and that it’s average value of about 100 is
much higher than that for the moon. Furthermore, the potassium column den-
sity was observed to decrease with increasing level of solar activity. We might
draw the inference that Mercury’s polar caps are infected with ion cyclotron
waves because of solar wind interaction. As a result, the potassium ions would
be preferentially accelerated because of its lower gyrofrequency in comparison
with that of the sodium ions (Ip & Kopp 2002). From this point of view, there
are a great number of interesting phenomena to be explored by the new Mer-
cury missions, to be supplemented by ground-based observations and spacecraft
remote-sensing measurements.

Acknowledgments. This work was partially supported by National Sci-
ence Council, Taiwan, under grant NSC 92-2111-M-008-001 and NSC 92-2112-
M-008-023.
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Abstract. Transits of Mercury and Venus across the face of the Sun are
rare. The 20th century had 15 transits of Mercury and the 21st century will
have 14, the two most recent occurring on 15 November 1999 and 7 May 2003.
We report on our observations and analysis of a black-drop effect at the 1999
and 2003 transits of Mercury seen in high spatial resolution optical imaging with
NASA’s Transition Region and Coronal Explorer (TRACE) spacecraft. We have
separated the primary contributors to this effect, solar limb darkening and broad-
ening due to the instrumental point spread function, for the 1999 event. The
observations are important for understanding historical observations of transits
of Venus, which in the 18th and 19th centuries were basic for the determination
of the scale of the solar system. Our observations are in preparation for the
8 June 2004 transit of Venus, the first to occur since 1882. Only five transits
of Venus have ever been seen – in 1639, 1761, 1769, 1874, and 1882. These
events occur in pairs, whose members are separated by 8 years, with an interval
between pairs of 105 or 122 years. Nobody alive has ever seen a transit of Venus.

1. Motivation

Historically, transits of Venus were the major method for hundreds of years of
determining the Astronomical Unit and thus the scale of the solar system, given
that Kepler’s laws of 1609/1618 are mere proportions. Edmond Halley presented
a method of determining the A.U. by observing the durations of the chords across
the Sun from a number of different locations on Earth. Accordingly, dozens of
expeditions from many countries traveled around the world for the 18th and
19th-century transits, most famously including the voyage of Captain James
Cook, who was sent to Tahiti to observe the 1769 event.

The accuracy of the measurements was severely impaired, however, by the
“black-drop effect,” in which the silhouette of Venus did not separate cleanly
from the limb of the Sun during its inner contact. The timing accuracy was
thus closer to a minute than to the expected second or two. As Schaefer (2001)
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has shown, many people have mistakenly attributed, and continue to mistakenly
attribute, the black-drop effect to the atmosphere of Venus.

Our space observations of the transit of Mercury have shown the presence of
a black-drop effect (Figure 1). Since Mercury has no substantial atmosphere and
since the observations were taken from outside the Earth’s atmosphere, clearly
the effect – at least for Mercury – has causes other than due to a planetary
atmosphere. By implication, Venus’s black-drop effect would arise, at least in
part, from similar causes.

2. Observations

The Transition Region and Explorer spacecraft can observe the Sun in a variety
of ultraviolet wavelengths. For our studies of the 1999 transit of Mercury, we
used only data from its broad band white-light channel. TRACE’s 0.5 arc sec
pixels, and temporally stable point-spread function unaffected by the Earth’s
atmosphere, give it spatial high resolution. A black-drop effect was observed in
all frames near the point of internal tangency of the Mercurian and solar disks.

We discuss our calibrations, methods of analysis and extensive modeling
in Schneider, Pasachoff & Golub (2001, 2004). We found major contributors
giving rise to the black-drop effect come from two causes, that of the point-
spread function of the telescope and that of the solar limb darkening. Removing
those two contributions left us with images of the limb of Mercury unaffected
by the solar limb.

The data for the 1999 event were sent to Earth in lossless uncompressed
image format. Though we had worked with the TRACE planning team for
the 2003 event to obtain a white-light data set at higher temporal cadence,
those observations were downlinked in a compressed format normally used for
solar observations. A irrecoverable loss of image fidelity at the bottom end of
the dynamic sampling range resulted, and we were unable to recover sufficient
accuracy to repeat our earlier analysis. We will make sure that the data for the
upcoming Venus transit are returned to Earth in uncompressed format.

3. Future Work

Our immediate intention is to observe the 8 June 2004 transit of Venus from
TRACE in orbit and from telescopes on the ground. Massive world-wide ef-
forts will take place to observe this Venus transit. The European Southern
Observatory, for example, is coordinating a public observation campaign. The
International Astronomical Union’s Commission on Education and Development
has a Web site at http://www.transitofvenus.info that lists past and future ob-
servations, shows images, and provides links. We also intend to observe the
transit of Mercury of 8 November 2006. After that, the following transits of
Mercury aren’t until 9 May 2016 and 11 November 2019.

Acknowledgments. This work was partially supported by NSF grant ATM-
000545; Pasachoff’s work on eclipses has also been supported in part by NGS/CRE.
TRACE is supported by a NASA/GSFC contract to the Lockheed Martin Corp.
NICMOS IDT S/W (NASA grant NAG 5-3042) was used extensively.
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Figure 1. TRACE images. A-D from frame 50. A (image) & B (5% in-
tensity contours; dashed line = solar limb, white circle = Mercury disk).
Post-processed: C & D (1/2% contours) show no black-drop.
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Abstract. The origin of Mercury’s high metal content is examined within a
gas ring model for the condensation of the planetary system. Mercury’s axial
moment-of-inertia factor is predicted to be 0.325± 0.002.

The planet Mercury is remarkable because its mean uncompressed density
∼ 5.3 g/cm3 implies a Fe-Ni mass percent content of ∼ 67%. This is more
than twice that of its neighbor Venus. This factor, coupled with other marked
chemical differences between the four terrestrial planets, points to the conclusion
that each planet ‘received the overwhelming majority of its mass from narrow,
compositionally-distinct annuli of material around the Sun’ (Drake & Righter
2002). This situation finds a natural explanation within the Modern Laplacian
theory of Solar system origin [hereafter MLT] (Prentice 1978, 2001a, 2001b).

According to the MLT, the planetary system condensed from a concentric
family of gas rings. Discrete ring shedding takes place through the action of a
radial turbulent stress 〈ρtv

2
t 〉 arising from powerful convective motions of speed

vt within the proto-solar cloud [PSC] cloud. If 〈ρtv
2
t 〉 equals Ft ∼ 35 times the

gas pressure ρv2
s/γ at the PSC surface, where ρ is the density, vs is the adiabatic

sound speed and γ = 1.4, then a steep density rise by a factor (1 + Ft) occurs
and the orbital radii Rn (n = 0, 1, 2, . . .) of the rings match the mean planetary
distances. Such large values of Ft, however, imply vt ≥ 5vs, which is unlikely. To
resolve this difficulty, Prentice & Dyt (2003) conducted a numerical simulation
of supersonic turbulent convection in a model atmosphere to mimic the upper
layer of the PSC. They discovered that the introduction of a velocity-dependent
thermal diffusivity κt to model subgrid-scale motions induces a sharp negative
temperature gradient at the top boundary. A modest density upturn factor of
3.5 ensues for peak vertical speeds 〈vt〉p ' 1.1vs. This implies that the MLT
may be validated with values 〈vt〉p ' 3vs and Ft ' 10−15, which are reasonable.

Consider now the results of a representative numerical simulation of the
PSC’s gravitational contraction which (i) accounts for the mean planetary dis-
tances, (ii) produces a Sun of the observed mass M¯, (iii) accounts for Mercury’s
high metal content and (iv) accounts for the 0.50 : 0.50 sub-solar ice-to-rock
mass fractions of Ganymede and Callisto. In this simulation, the Mercurian gas
ring is shed at orbital radius Rn = 76.9R¯, the residual cloud mass there is
Mn = 1.082M¯, Tn = 1643 K and pn = 0.1566 bar.

A schematic view of the gas ring cast off at Mercury’s initial orbit Rn

is given below. The ring is assumed to have a uniform temperature Tn and
orbital angular momentum per unit mass

√
GMnRn, where G is the gravita-

tion constant. The gas pressure at distance ξ from the mean circular orbit is
pgas(ξ) = pn exp(−1

2αnξ
2/R2

n), where αn = µGMn/<TnRn ' 467 is a constant
and µ = 2.379 is the mean molecular weight. Consider next the condensation of a
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chemical species i whose vapor pressure is pi,vap = exp(Bi−Ai/Tn). Here Ai, Bi

are thermodynamic constants – given below for reference temperature 1600 K.
Let pi,n(ξ) = (µ/µi)Xipgas denote the initial partial pressure, where µi and Xi

are the molecular weight and total mass fraction of the species. Condensation
is then restricted to minor radii ξ < ξi where pi,n(ξ) > pi,n(ξi) = pi,vap(Tn).
The condensed mass fraction is Xi,cond = Xi[1 − (1 + fi) exp(−fi)], where
fi = Ai(1/Tn−1/Ti,n) and Ti,n = Ai/(Bi− log(pi,n(0)) is the condensation tem-
perature on the mean orbit ξ = 0. For Fe (i = 1), we have X1/µ1 = 2.223×10−5,
A1 = 47670, B1 = 16.089, T1,n = 1715 K and X1,cond/X1 = 0.346. For
species 2 we choose MgSiO3. Here X2 = (XH2O/XH2)

√

XMgXSiO = 8.89×10−6,
µ2 = 292.5, A2 = 63773, B2 = 20.759, and hence T2,n = 1633 K. Since T2,n < Tn,
X2,cond = 0. Mercury thus condensed at such a high temperature that MgSiO3

(and also Mg2SiO4) was excluded from its bulk chemical makeup. Such an ex-
planation for Mercury’s low silicate content was first considered by Lewis (1972).

Figure 1. Left: A schematic view of the gas ring cast off at Mercury’s initial
orbit. Right: A plot of the moment-of-inertia factor vs Tc

The bulk composition (& mass percents) of the Mercurian condensate are
Fe-Ni-Cr-Co-V (67.00), Ca2Al2SiO7 (26.12), MgAl2O4 (4.07), Al2O3 (1.73) and
CaTiO3 (1.08). A suite of simplified two-zone structural models based on this
mix has been constructed. Each model has a Fe-Ni core of mass 67% and
uniform temperature Tc, and a gehlenite-spinel mantle of temperature Tm. Self-
compression is modeled with the properties of Fe and spinel. Tm is chosen so
that ρ matches the observed value 5.43± 0.01 g/cm3, subject to 700 K ≤ Tm ≤
Tc ≤ 1500 K. A plot of the moment-of-inertia factor vs Tc is shown. We predict
that C/MR2 = 0.325± 0.002. This coincides with Siegfried & Solomon (1974).
We thank Charles Morgan and Steven Morton for technical assistance.
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Abstract.
BepiColombo is an interdisciplinary mission to the planet Mercury which

will provide the detailed information necessary to understand Mercury and its
magnetospheric environment. The mission is envisaged to consist of three space-
crafts, the Mercury Planetary Orbiter (MPO), the Mercury Magnetospheric
Orbiter (MMO) and the Mercury Surface Element (MSE). The mission went
through a re-assessment with the aim of optimizing resources and and advanc-
ing the scientific return. Various mission scenarios were investigated and new
payload concepts were adopted. The newly defined mission will be presented
focusing on the launch scenario and the MPO reference payload.

1. Introduction

Mercury bears information, which unraveled might be the key to understanding
the origin and early evolution of our solar system. The necessary details of its
properties can, however, only be provided by a space mission. Nevertheless,
only one spacecraft ever visited Mercury almost 30 years ago, when Mariner 10
performed three fly-byes in 1974-1975. Hence, precise characterization is still
imminent. Drawing conclusions on the formation and evolution of Mercury re-
quires a complete description of the planet and its environment. BepiColombo
therefore is an interdisciplinary mission dedicated to a comprehensive investiga-
tion of the four basic components of the Mercury system: the planet’s interior,
surface, exosphere and magnetosphere. As such it will open a new frontier in the
study of our solar system. The mission went through a re-assessment process to
optimize resources and advance the scientific return. The new mission scenario
is presented in a concise overview.
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2. Mission Overview

BepiColombo has been defined as a collaboration between ESA and ISAS/JAXA.
It shall consist of three scientific elements, the Mercury Planetary Orbiter (MPO),
the Mercury Magnetospheric Orbiter (MMO) and the Mercury Surface Element
(MSE). The MMO, provided by ISAS/JAXA, focuses on investigating the wave
and particle environment of the planet from an eccentric orbit. The spinning
spacecraft accommodates mostly field, wave and particle instruments (ESA,
2000). The MPO and MSE are dedicated to the characterization of Mercury
itself. The MPO is three-axis-stabilized and nadir pointing. Its low-eccentricity
polar orbit will provide excellent spatial resolution over the entire planet sur-
face. The MSE shall perform in-situ investigations of Mercury’s surface and
subsurface. For more details on the MSE see Thomas et al. (this volume).

During the re-assessment various mission profiles as well as new payload
concepts and technologies were investigated in parallel. In the newly defined
BepiColombo mission the MPO and MMO will no longer be launched separately
on two Soyuz Fregats, but together on a single stack whereby the MPO will carry
the MMO. This new scenario leaves the second Soyuz Fregat free for the launch
of the MSE. The launch of the MPO/MMO complement is planned for 2012.
Solar electric propulsion will be used for the journey to Mercury and chemical
propulsion for the insertion of the spacecrafts into their dedicated orbits.

Accommodating both orbiters on a single Soyuz Fregat required to decrease
the mass of the cruise composite, hence to optimize the mission in terms of hard-
ware (scientific elements, propulsion modules) and mission analysis for cruise
and orbit insertion (to save propellant mass). This has been achieved without
compromising on the overall scientific return of the mission.

2.1. The MPO Reference Payload

A new payload concept was adopted which is based on a high level of integration.
The MPO reference payload does no longer consist of individual instruments,
but of the front ends of these instruments which share common subsystems
such as DPU, electronics and power. In addition advantage was taken of the
fact that new technologies and miniaturization techniques have been developed
in recent years which allow alternative approaches in instrument design and
increased instrument performances. The new concept led to a reduction of the
payload mass by about 20 kg while at the same time more instruments could
be accommodated. The MPO reference payload now also contains a thermal
IR mapping spectrometer and radiometer, a neutral and ion particle analyzer, a
limb pointing camera and a magnetometer. Figure 1 outlines the MPO reference
payload and the topics addressed by the measurements.

Major effort was also put into optimizing the scientific return by defining
the payload complement such that individual measurements can be interrelated
and complement each other. The spatial resolution of the instruments measur-
ing the elemental and mineralogical surface composition has for instance been
adjusted to that of the camera, mapping the global surface morphology. This
not only allows the morphological characterization of individual surface features
(craters, basins, etc.) but also identification of compositional variations between
features. The neutron spectrometer and the radiometer will take complemen-
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Figure 1. The MPO Reference Payload

tary measurements of the radar-bright spots in the polar regions to identify their
composition. The measurements of the radio science experiment in combination
with the high resolution camera and the laser altimeter will provide insight into
the interior of the planet. Simultaneous measurements from MPO and MMO will
resolve spatial and temporal ambiguities in the exosphere and magnetosphere
that would arise from single point observations. For instance, having magne-
tometers on board both orbiters will allow to disentangle the contribution of the
planetary magnetic field from that of the magnetosphere.

3. Summary

The MPO and MMO are on dedicated orbits optimized for the study of Mercury
and its magnetosphere. Together they will provide the information needed to
understand the planet and its environment, such as high accuracy measurements
of the planet’s interior structure, a full coverage of the planet surface at a res-
olution of 500 m, the detailed structure of the planetary magnetic field and a
complete characterization of Mercury’s exosphere. Surface morphology will be
correlated to surface composition. The MPO orbit provides optimal coverage of
the polar regions. Hence the material of the radar-bright spots observed from
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ground and suspected to be either water ice or sulfur will be identified. A detec-
tion of sulfur would strongly support the presence of an at least partially molten
core.

4. Reference List
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Abstract. The European Space Agency’s BepiColombo mission to the planet,
Mercury, is planned for launch in 2012. A lander called the MSE (Mercury Sur-
face Element) has been proposed for the mission. To be compatible with all the
constraints for a soft-landing on Mercury, the payload must be highly miniatur-
ized. Although the requirements are challenging, significant study, design, and
bread-board work has been performed which suggests that excellent science can
be accomplished within a total payload mass of around 7 kg. The MSE would
provide a substantial increase in our knowledge of the Hermean surface after
that which can be obtained from orbital remote sensing.

1. Introduction

BepiColombo (BpC) is one of the main missions of the European Space Agency’s
Cosmic Vision programme. The mission is to provide a detailed investigation
of the planet, Mercury (see Schulz, this volume). It was recognized early in the
study phase that a complete investigation requires measurements which could
only be acquired by landing on the surface. Hence, as a complement to the
Mercury Planetary Orbiter (MPO) and the Mercury Magnetospheric Orbiter
(MMO), a lander package known as the Mercury Surface Element (MSE) was
studied. Two concepts were originally investigated (ESA, 2000). A hard landing
system (penetrator) was one option. However, such systems have to be designed
to withstand enormous shock levels. Perhaps more importantly, experiments
can be compromised because the landing site is physically affected by the impact
itself. In order to sample unaffected material, the experiments must somehow get
to it. Hence, a soft landing was also studied. It was clear immediately that a soft
landing would require a lot of fuel to decelerate the lander because of the absence
of a Hermean atmosphere. The primary concern was mass. How massive would
the lander have to be in order to provide a significant payload mass together with
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the accompanying infrastructure (landing system, communications sub-system,
power supply and distribution unit, etc.) needed to conduct the experiments.
Indications are that payload masses of the order of 5 to 7 kg could be available.
Given the advantages of soft landing and the degree of payload miniaturization
possible, it was decided, following mission selection in May 2000, to pursue this
option exclusively. Here, we describe briefly the landing system, the scientific
objectives, and the payload.

2. Scientific Objectives

The objectives of the MSE are
- to determine the elemental and mineralogical composition of the surface,
- to determine the mechanical and optical properties of the regolith,
- to search for small scale inhomogeneity,
- to determine the local magnetic field strength,
- to study the properties of the local exosphere,
- to determine the surface heat flow.
- to provide “ground-truth” for the measurements made from orbit.

3. The Landing System

The MSE will be launched separately from the MPO and MMO. It will enter
orbit around Mercury and descent will begin by firing the main engine. A radar
altimeter will be used to determine its altitude until it is approximately 2 km
above the surface. The lander’s horizontal velocity will then be reduced to allow
direct descent to the surface. At 100 m above the surface thrusters will be fired
again to slow the vertical descent. The main tanks will then be jettisoned to
reduce impact mass. Airbags will then inflate and the lander will bounce onto
the surface. Once the lander has stop rolling, the airbags will be released and
the small lander will drop to the surface ready for deployment.

4. Landing Site Constraints

The solar flux at Mercury can be as high as 10 times that at Earth. With no
atmosphere, any surface normal to the solar flux will heat to an equilibrium
temperature determined by the surface albedo. Because of the proposed landing
system and the large-scale surface roughness, it is hard to control the lander’s
orientation with respect to the Sun and thereby provide protection from the
heat. Although not yet selected, it seems probable that the landing site should
be on the night-side of the planet but close to the morning terminator. This
would allow the lander to make an initial series of measurements and determine
its own orientation before sunrise. Solar panels would then be oriented by the
lander autonomously to provide both power and protection from the Sun.
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5. The Strawman Payload

The payload has yet to be selected but, for engineering purposes, a payload
which could fulfill the objectives within the available mass has been compiled.

5.1. Panoramic Camera

A stereo camera on a mast with an set of filters is, since the Imager for Mars
Pathfinder (Smith et al., 1997), standard equipment on landers. Lighter versions
are now possible through the development of integrated read-out electronics
carried out by ESA within the technical research programme. The night-side
landing makes provision of a “flash light” based on light-emitting diodes, an
attractive addition.

5.2. Invasive Device

A lander allows penetration of the surface which gives access to material which
has not been affected by recent space weathering. A penetration device (the
“Mole”) has been developed for the Beagle 2 lander and a modified version of
this system is foreseen for the MSE. This version will incorporate temperature
sensors and permittivity probes to make in situ measurements.

5.3. Mobility - Microrover

It has been recognized that mobility in a lander is a critical item. It can be used
to limit bias because of local inhomogeneity. Mobility also allows experiments to
get away from areas “damaged” by the landing itself. A 2.2 kg microrover (the
“nanokhod”) has been developed as part of an ESA study. The device runs on
tracks and is powered by the lander itself through cables. This limits the total
distance the rover can travel (up to 100 m traverses are nevertheless possible)
but it greatly reduces the mass needed and is, for this reason, ideal for the MSE.
The rover has a payload bay in which several experiments can be housed. The
payload bay can be rotated and moved to bring the analytical experiment to the
sample. Each experiment bay is small but 1.1 kg can be carried. Development
of several experiments to fit in this mass and volume has been performed.

Micro-imager A proto-type stereo optical imaging system has been built to
provide data on the regolith of the Hermean surface. Resolutions of about 100
microns are expected.

Mössbauer Spectrometer Mössbauer spectrometers are currently flying on Bea-
gle 2 and the Mars Exploration Rovers in order to determine the iron mineralogy
of the Martian surface. Similar goals could be envisaged for Mercury. The mass
of the current devices are around 500 g but could be reduced for the MSE.

Alpha, X-ray Spectrometer The elemental composition of the surface can be
addressed by alpha and X-ray spectroscopy. Similar systems have flown on, for
example, Mars Pathfinder. Again, around 500 g would allow a fairly sophisti-
cated instrument.
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Laser Mass Spectrometer Laser-induced ablation followed by investigation of
the mass spectrum via time of flight analysis is a relatively new technique in plan-
etary exploration. However, new technological developments have been made
which suggest that resolutions of 300 are achievable within a mass of roughly
250 g. This would allow isotopic composition analysis. A proto-type with a
resolution of at least 60 has already been built.

5.4. Magnetometer

A magnetometer on the MSE would provide a lightweight estimate of the field
strength at the surface. The MPO and the MMO both carry magnetometers
but the influence of the solar wind on the magnetic field configuration of the
planet is not likely to be simple. A magnetometer on the surface will constrain
models by providing the largest “signal to noise” from the planet itself.

5.5. Other experiments

The payload is by no means fixed and other lightweight experiments might
still be accommodated. There are several interesting possibilities. Seismometry
would be desirable although with only one station on the surface, the interpre-
tation of the data would not be straightforward. Investigation of the regolith
structure might be achieved by an IR spectrometer and microscope combination.
A corner reflector for a laser altimeter in orbit would be a further lightweight
addition to the payload which could potentially enhance the science return.

The densities of the exosphere are highest at the surface, of course, and
hence an investigation of the exospheric composition and its variation in com-
position and density with time is also an interesting experiment. One potential
problem here is the influence of the landing system because the mass of propel-
lant being used to slow the lander down before impact is a significant fraction
of the local exosphere mass. This remains the subject of further research.

6. Concluding Remarks

The MSE is itself a challenging experiment. However, further progress in the
field of planetology requires in situ investigation of planetary surfaces. The MSE
is an example of how this might be achieved.

Further details on the MSE and the whole BepiColombo mission are given
in ESA (2000). Updated reports on the mission will appear in due course.
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Abstract. Magnetic Helicity measures basic structural properties of mag-
netic fields such as twist, shear, linking, writhe, and handedness. It is conserved
in ideal MHD and approximately conserved during reconnection. The minimum
energy state of a field with a given magnetic helicity is a linear force free field.
Helicity plays an important role in MHD turbulence and dynamo theory, and
provides a valuable observational tool in solar and space physics. Helicity con-
servation can be tracked from the solar dynamo to active regions to coronal mass
ejections to magnetic clouds in interplanetary space.

1. Magnetic Helicity: Basic Properties

We can define the magnetic helicity of all space as a double integral over the
magnetic field:

H =
1

4π

∫ ∫

B(x) · r

r3
×B(y) d3y d3x (r = y − x). (1)

This formula also works inside a volume bounded by a magnetic surface S, where
B · n̂|S = 0 (Moffatt 1969). Nobody computes with this formula, but it has the
advantage of being independent of gauge, and it has a similar form to the Gauss
linking integral. For ease of use, we remove one of the integrals via the Coulomb
gauge (Biot–Savart) vector potential (Cantarella et al. 2001)

A(x) =
1

4π

∫

r

r3
×B(y) d3y, (2)

which gives the more familiar form H =
∫

A ·B d3x.
For volumes V not bounded by a magnetic surface the helicity is measured

relative to that of the potential field P , where ∇×P = 0 and P · n̂|S = B · n̂|S :

HV =

∫

corona
(A + AP ) · (B−BP ) d3x (3)

(Berger & Field 1984; Finn & Antonsen 1985). This formula gives the same
result for any choice of gauge; however a particularly convenient choice satisfies

∇×AP = P, n̂ · ∇ ×AP = Bn, (4)

∇ ·AP = 0, AP · n̂ = 0. (5)

With the above expressions, we can compute time derivatives due to internal
dissipation and to flow through boundaries. For example, the time derivative of
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the magnetic helicity Hcorona of the solar corona is

dHcorona

dt
= −2

∫

corona
E ·B d3x− 2

∮

photosphere
AP ×E · n̂ d2x. (6)

The volume integral of E · B gives helicity dissipation. In ideal MHD the
parallel electric field vanishes, so magnetic helicity is conserved, and only changes
due to flow through the boundary. For finite resistivity, an inequality relates
helicity dissipation to energy dissipation (Berger 1984). If we let the magnetic
energy W = 1

2

∫

B2 d3x, then we can define a length scale L ≡ |H|/2W . The

corresponding dissipation time is τd = L2/η. Consider a reconnection occurring
over a time ∆t. Then the inequality gives

∣

∣

∣

∣

∆H

H

∣

∣

∣

∣

≤
√

∆t

τd
. (7)

For solar flares, if we choose ∆t ∼ 103s, L ∼ 106 m, η ∼ 1 m2s−1, then τd ∼ 1012s
and |∆H/H| < 3× 10−5.

These results can be generalized to situations where a simple Ohm’s law is
not appropriate (Berger 1984). Also we should note that helicity is not conserved
(and not even well defined) in a periodic box with net flux (Berger 1997). The
approximate conservation of magnetic helicity during reconnection can generate
twist in coronal loops by changing mutual helicity into self helicity (Berger 1982;
Song & Lysak 1989; Wright & Berger 1989).

The minimum energy state for a given helicity is a linear force free field
(Woltjer 1958; Dixon et al. 1989). Taylor (1974) pointed out that reconnection
would be necessary to achieve this minimum energy state. Heyvaerts & Priest
(1984) applied the theory of relaxation to force-free fields to coronal heating
theory.

2. Helicity Observations

Northern coronal structures tend to have negative helicity; Southern structures
tend to have positive helicity (Hale 1927; Seehafer 1990; Rust & Kumar 1994;
Martin et al. 1994; Pevtsov et al. 1995; Canfield et al. 1999). This tells
us the sign of helicity, and already gives us important clues to the nature of
solar magnetism. However, new work emphasizes quantitative measurements
of helicity. Can we detail the total magnetic helicity balance of the sun and
heliosphere? (Rust & Kumar 1994; Rust & Kumar 1996).

On the largest scale, rotation of the solar dipole injects positive helicity into
the Southern Parker spiral (Bieber et al. 1987). On the scale of the entire sun,
differential rotation of the solar field injects positive helicity into the Southern
interior, with consequences for the solar dynamo (Berger & Ruzmaikin 2000).

The helicity of coronal fields has been measured in several different ways.
Vector magnetogram studies give part of the current helicity (jz/Bz) (Abre-
menko et al. 1997; Bao & Zhang 1998; Leka & Skumanich 1999; Pevtsov et al.
2002). Differential rotation can inject helicity into active regions (van Ballegooi-
jen et al. 1998; DeVore 2000, Demoulin et al. 2002). Magnetograms can be
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Figure 1. Top: photospheric motions can twist, shear, or braid corona
fields. Bottom: The footpoints of a rising flux tube display an apparent
transverse motion u. Geometrically, u/vn = −Bt/Bn.

combined with best fit force-free extrapolations to estimate the helicity (Green
et al. 2002).

Let the photospheric plasma velocity be v = vt + vnr̂ in terms of its tan-
gential and normal (radial) components. Then the flow of helicity through the
photosphere (6) is

dHcorona

dt
= 2

∮

photosphere
((AP ·Bt)vn − (AP · vt)Bn) d2x (8)

(Kusano et al. 2002). We can infer the components of v from Döppler mea-
surements. Alternatively, local correlation tracking velocity techniques give the
motion u of a magnetic element across the photosphere (Chae 2001; Nindos et
al. 2003). A rising field line has an apparent transverse motion −(vn/Bn)Bt.
Adding the plasma transverse motion, we obtain u = ut − (vn/Bn)Bt. This
makes the helicity flow equation especially simple (Démoulin & Berger 2003):

dHcorona

dt
= −2

∮

photosphere
(AP · u)Bn d2x. (9)

Energy flow also can be expressed in terms of the tracking velocity:

dEcorona

dt
= − 1

µ0

∮

photosphere
(B · u)Bn d2x. (10)
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Helicity Generation and Signature in Solar Atmosphere

A. A. Pevtsov

National Solar Observatory, Sunspot, NM 88349, U.S.A.

Abstract. To fully understand the origin, evolution and topology of solar
magnetic fields, one should comprehend their magnetic helicity. Observationally,
non-zero helicity reveals itself in the patterns of electric currents inside active
regions, superpenumbral sunspot whirls, the shape of coronal loops and the
fine structure of chromospheric filaments. Some patterns may bear information
about deep sub-photospheric processes (e.g., dynamo, turbulent convection).
Others may originate at or near the photosphere. This presentation reviews the
observations of magnetic and current helicity on the Sun, discusses the possible
mechanisms of helicity generation, and compares them with the observations.

1. Observations of Magnetic and Current Helicity

Magnetic helicity (Hm) plays a fundamental role in understanding the origin,
evolution and topology of solar magnetic fields on different spatial and temporal
scales (for review, see individual papers in Brown, Canfield, & Pevtsov 1999).
Hm is a product of magnetic induction B and the vector potential A integrated
over a closed volume (n · B = 0 on the volume boundary). Typically, the
magnetic fields are observed in a single level in solar atmosphere (photosphere or
chromosphere), and hence, A cannot be computed in a general case. However,
the sign of helicity can be determined from existing observations. For example,
one can use the α coefficient of linear force free field ∇×B = αB (Seehafer 1990;
Pevtsov, Canfield, & Metcalf 1995) or the vertical component of current helicity
density hc = Bz · (∇ × B)z (Abramenko, Wang, & Yurchishin 1997; Bao &
Zhang 1998). In addition, the sign of helicity can be inferred from the curvature
of superpenumbral filaments (Hale 1927), the shape of coronal sigmoids (Rust
& Kumar 1996), the skew of coronal arcades (Martin & McAllister 1996), or
the orientation of the barbs in the chromospheric filaments (Martin, Bilimoria,
& Tracadas 1994). One can also determine the helicity of photospheric field
relative to the potential field (Berger & Field 1984; Chae 2001; Démoulin et al.
2002; Kusano et al. 2002).

The independent studies established following properties of helicity:

• Solar magnetic fields exhibit a tendency for negative (positive) helicity in
the northern (southern) hemisphere. However, the latitudinal dependence
shows significant scatter (Figure 1).

• The hemispheric rule is independent of solar cycle (Hale 1927; Martin et al.
1994; Pevtsov, Canfield, & Latushko 2001). However, there were reports
that the rule may not hold in some phases of solar cycle (Sakurai & Hagino
2003).
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Figure 1. Latitudinal dependence of α for 466 active regions observed from
1998-2000 by the Haleakala Stokes Polarimeter (HSP, Mickey 1985). The
dashed line is a least-square linear best fit.

• Magnetic flux emerges with non-zero twist (Leka et al. 1996; Portier-
Fozzani et al. 2001; Grigoryev & Ermakova 2002).

• Relative helicity of a typical active region is about 1043 Mx2 (Updike &
Pevtsov 2003). In a large, CME-productive region coronal mass ejections
may remove as much as 3.6 × 1043 Mx2 over a lifetime of the region
(Démoulin et al. 2002).

2. Origin of Helicity

The hemispheric helicity rule may result from the differential rotation, action of
the Coriolis force on a flux tube rising through the convection zone, subsurface
dynamo, and turbulence-magnetic field interaction in the convection zone.

DeVore (2000) showed that the surface differential rotation may generate
sufficient amount of helicity over a lifetime of a small active region. On the other
hand, Chae (2001) and Moon et al. (2002) found that the contribution of the
photospheric local horizontal motions may significantly exceed the contribution
of the differential rotation. Démoulin et al. (2002) concluded that the differential
rotation cannot account for helicity lost due to CMEs.

The Coriolis force acting on plasma flowing in the rising and expanding
magnetic flux tube distorts the shape of the tube. Above the photosphere, the
tube appears as a bipolar region tilted relative to the equator (Joy’s law). In
addition to tilt, the same action will twist the magnetic field inside the tube. If
the magnetic helicity of active regions was created by this mechanism, the twist
and tilt should be in negative correlation (the sign of correlation depends on the
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definition of sign of tilt). Indeed, Tian et al. (2001) found a negative correlation
between the active regions’ tilt and twist. On the other hand, Canfield & Pevtsov
(1998), and Sakurai & Hagino (2003) concluded that a correlation between tilt
and twist cannot be explained by the action of the Coriolis force.

Longcope, Fisher, & Pevtsov (1998) suggested that the interaction between
magnetic flux tubes and turbulent convection in the convection zone (Σ-effect)
may explain the weak hemispheric preference and significant scatter of the he-
licity rule. Longcope et al. (1999) showed that a contribution of the Σ-effect
is comparable with the observed helicity of active regions. The estimated con-
tribution of the overshoot-region and and mean-field dynamos (Longcope et al.
1999; Seehafer et al. 2003) is at least on the order of a magnitude smaller.
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Figure 2. Electric currents (background) and vertical field (contours) of
δ-spots NOAA 6619. Insert shows the white-light image.

The δ-spots provide an additional support for the sub-photospheric origin of
helicity. Upon emergence, these regions exhibit significant shear and strong elec-
tric currents. In a typical (not δ-) sunspot both positive and negative currents
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are usually present inside a single polarity field (e.g., umbra). In the δ-spots,
however, the currents show strong polarity dependence. For example, in δ-spot
shown on Figure 2, the currents flow up in the negative polarity field, and they
flow down in the positive polarity. This topology supports the model of a δ-spot
as significantly distorted (and perhaps kinked) flux tube (Linton et al. 1998).
Using HSP vector magnetograms of three large δ-spots, we computed the correla-
tion between the vertical magnetic flux Bz and the vertical component of electric
current density Jz. In all three cases, the Jz and Bz are strongly correlated: τ
= –0.66 ± 0.07 (NOAA AR 5747), –0.58 ± 0.17 (NOAA AR 6619), and –0.60
± 0.05 (NOAA AR 6659). This significant correlation indicates that in δ-spots
electric currents are confined to the corresponding polarities (similar to Figure
2). The NOAA 6659 was the second rotation of NOAA 6619. However, the
magnetic field was more twisted in NOAA 6619, i.e., α = (−3.20± 0.36)× 10−8

m−1 (NOAA 6619), α = (−1.87 ± 0.75) × 10−8 m−1 (NOAA 6659). Thus, the
evolution of the twist in this δ-spot (NOAA 6619-6659) does not support the
differential rotation as the source of helicity.
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Magnetohydrodynamic 3–D Models of the Solar
Convection Zone

Allan Sacha Brun
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We have conducted 3–D simulations of the complex magnetohydrodynamics
of the solar convective envelope in spherical shells using our anelastic spherical
harmonics (ASH) code (Brun & Toomre 2002). We here briefly discuss the
properties of the kinetic and current helicities established in such systems.

Figure 1. Snapshots of the kinetic (left) and current (right) helicities
achieved in case M3 near the top of the domain (r = 0.96R¯). Positive
values appear bright. Clearly the kinetic helicity possesses a sign preference
in a given hemisphere (negative in the northern hemisphere for the displayed
depth) whereas the current helicity does not.

In Figure 1, we represent at a given time the kinetic and current helicities
achieved in one of our simulations of turbulent convection under the influence of
rotation and magnetic fields (namely case M3 of Brun, Miesch & Toomre 2004).
This solution possesses both a realistic solar-like differential rotation and sus-
tained dynamo generated magnetic fields (the magnetic energy being about 10%
of the kinetic energy contained in the shell). The kinetic helicity is mostly neg-
ative in the northern hemisphere, possessing its highest value near the strongest
downflow lanes where cyclonic vortical structures are present. In contrast the
current helicity does not show such a sign preference, having both negative and
positive values distributed over the whole surface; it also delineates the down-
flow lanes, into which the magnetic fields have been swept and concentrated.
This indicates that turbulent convection does not favor a particular sign for cur-
rent helicity. In order to explain the dominant S-shape seen in active regions of
the southern hemisphere (Pevtsov, Canfield & Latushko 2001), such topological
‘twist’ is more likely arising from the region where the flux tubes are formed,
namely the tachocline at the base of the solar convective zone (r ∼ 0.7R¯).

Brun, A.S. & Toomre, J. 2002, ApJ, 570, 865.
Brun, A.S., Miesch, M.S. & Toomre, J. 2004, ApJ submitted.
Pevtsov, A.A, Canfield, R.C. & Latushko, S.M. 2001, ApJ, 549, L261.
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Helicity and The Alpha-Effect: Dynamo Theory and
Observations

Kirill Kuzanyan
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Abstract. Spatial and temporal distributions of tracers of the alpha-effect
in the solar convection zone, such as current helicity and twist factor averaged
over solar active regions are available by vector magnetographic observations.
We discuss the data obtained at Huairou Solar Observing Station of Chinese
Academy of Sciences and confront them with predictions of dynamo theory. At
the present time, though the observations are rough, we still have a statistically
representative sampling to conclude that the observations do not contradict the
theory.

The α-effect plays an important role in mean field dynamo theory as a mea-
sure of regeneration of the poloidal fields from toroidal ones and vice versa. Fur-
thermore, the magnetic helicity being an integral of motion is crucial for dynamo
models. It is challenging to probe these quantities in real astrophysical dynamos,
though they have no direct observational counterparts. However, the quantities
like current helicity Hc = 〈bz(∇×b)z〉 and twist aff = jz/bz, where j = affB can
be deduced from vector magnetographic observations. Under certain conditions,
the latter can be considered as observational tracers of the alpha-effect and mag-
netic helicity. The problem of calculation of these quantities requires extraction
of information on both line-of-sight and transversal magnetic field components,
and further, calculation of currents seriously suffers from limited observational
accuracy. Nevertheless, consideration of a large number of observations may re-
veal regularities of spatial and temporal distribution of the averaged quantities
useful for confronting the theory. The summarized observational data follow in
Table 1.

We develop a one-dimensional Parker dynamo model in an inhomogeneous
layer for generation of magnetic fields and evolution of helicity with nonlinear
quenching of the α-effect in a form of two additives: one hydrodynamic part is
explicitly quenched by magnetic field (e.g., Rogachevkii & Kleeorin 2000), and
the other magnetic part depends on current helicity. Our model depends on a
number of phenomenological parameters (see Kleeorin et al. 2003 for details).
We can estimate their range a-priori but some of them (namely, the diffusion and
non-advective helicity flux coefficients) must be adjusted by our model calcula-
tions in order to reproduce a cyclic dynamo with the profile of helicity similar
to its observational counterpart, provided the sign of helicity changes from one
hemisphere to another. Thus, we use observational constrains on outputs of our
model, and so select the range of our phenomenological parameters.

Then we study evolution of current helicity with solar magnetic cycle. We
adjust the phase of the solar cycle using calculated magnetic field energy versus
an observational tracer of solar activity (group sunspot number). Thus, we
confront our model calculations with observational data on helicity evolution.
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Table 1. Upper panel: Latitude Θ, with the averaging interval in brackets,
the twist 〈aff〉 in units of 10−8 m−1, the current helicity 〈Hc〉 in units of
10−3G2m−1, and N is the number of active regions available. The errors
correspond to the 95% confidence level. Lower panel: The same data binned
by hemisphere and year of observation.

Θ 〈aff〉 〈Hc〉 N

28 (24 - 32) −0.4± 1.2 −1.6± 1.7 18
20 (16 - 24) −0.9± 0.8 −0.9± 0.4 51
14 (12 - 16) −1.7± 1.3 −0.6± 0.4 34
10 (8 - 12) −2.2± 0.6 −0.4± 0.2 49
4 (0 - 8) −1.9± 0.8 −0.6± 0.2 44
−4 (−8 -0) 0.3± 0.7 0.7± 0.5 31

−10 (−12 - −8) 1.2± 0.7 0.7± 0.4 59
−14 (−16 - −12) 0.9± 0.7 0.9± 0.7 46
−20 (−24 - −16) 1.0± 0.8 0.4± 0.2 68
−28 (−32 - −24) 1.6± 1.7 0.5± 0.9 14

T 〈aff〉 〈Hc〉 N

North

1988-89 −1.1± 0.8 −1.0± 0.5 50
1990-91 −1.0± 0.7 −1.0± 0.5 61
1992-93 −2.1± 0.7 −0.7± 0.3 45
1994-95 −2.6± 0.9 −0.3± 0.1 34
1996-97 −1.2± 1.0 −0.2± 0.2 9

South

1988-89 1.0± 1.2 0.2± 0.3 38
1990-91 0.9± 0.7 0.8± 0.6 65
1992-93 1.2± 0.5 0.9± 0.3 77
1994-95 0.7± 0.9 0.1± 0.1 35
1996-97 0.3± 2.0 0.2± 0.3 8

Our observations cover one sunspot cycle. The results show, that the trends in
evolution of observable current helicity can be seen in some general sense in our
model calculations (Kleeorin et al. 2003, in particular their Fig 3).

Though our dynamo model is simple, we may, nevertheless, conclude, that
the observations (noisy though they are) are sufficient to enable us to constrain
phenomenological parameters of the model. At the same time, the evolution of
current helicity calculated in our model is in accord with observations.

Acknowledgments. The author’s thanks go to the IAU for travel grant
which enabled him to attend the 25th IAU.
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Abstract. Models of twisted flux tube evolution provide a picture of how
magnetic helicity is propagated through the solar convection zone into the corona.
According to the models, helicity tends toward an approximately uniform length-
density along a tube, rather than concentrating at wider portions. Coronal fields
lengthen rapidly during active region emergence, requiring additional helicity to
propagate from the submerged flux tube. Recent observations of emerging ac-
tive regions show an evolution consistent with this prediction, and no evidence
of helicity concentrating in wider sections.

1. Twisted Flux Tubes

The solar magnetic field has been modeled as flux tubes, ever since Parker intro-
duced the concept and elucidated many of their properties. His comprehensive
monograph, Cosmical Magnetic Fields; Their Origin and Their Activity (Parker
1979), devotes three chapters exclusively to flux tubes. Shortly after its publi-
cation, Spruit (1981) introduced a particularly useful non-linear model for the
dynamical evolution of thin flux tubes (cross-sectional radius a¿ Hp the pres-
sure scale height), by expanding the magnetohydrodynamic equations about the
tube’s axis. Solutions of these equations for rising active region tubes agree with
many observed characteristics of bipolar active regions (see Fisher et al. 2000,
and references therein).

Recent interest in the chirality of the solar magnetic field motivated Long-
cope and Klapper (1997) to extend the standard thin flux tube model to include
degrees of freedom they called twist q(s, t) and spin ω(s, t). These define the
azimuthal magnetic field Bφ = qrB̄ and plasma velocity vφ = ωr small distances
r from the axis (B̄ = Φ/πa2 is the mean axial magnetic field in a tube of flux
Φ). The twisted tube carries an axial current I = 2qΦ along its field lines and
an opposite return current along its outer surface.

Expanding both the ideal induction equation and the first moment of the
momentum equation (i.e. the equation of axial angular momentum) yields dy-
namical equations coupling twist and spin (Longcope and Klapper 1997)

dq

dt
=
∂ω

∂s
− q ŝ · ∂va

∂s
+ (̂s× ∂ŝ

∂s
) · ∂va

∂s
,
dω

dt
= v2

A

∂q

∂s
− ωd ln a2

dt
, (1)

where va(s, t) is the velocity of the axis at length coordinate s, and ŝ is the axis
normal. The spin and twist are clearly affected by the dynamics of the tube’s
axis through va and ȧ in equations (1). For a slightly twisted tube, one for which
qa¿ 1, the axis dynamics are not affected by twist or spin.
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In the case of a stationary axis, va = ȧ = 0, the spin and twist satisfy a
pair of telegrapher’s equations

dq

dt
=

∂ω

∂s
,
dω

dt
= v2

A

∂q

∂s
, (2)

whose solutions are torsional Alfvén waves. Evidently, to be in equilibrium the
tube’s twist must be uniformly distributed along its axis, ∂q/∂s = 0, regardless
of any variation in its radius a(s). This tendency for uniform twist can be viewed
as a consequence of either continuity of axial current I = 2qΦ, or a balance of
axial torque. A violation, i.e. an interruption of current or a torque imbalance,
will lead to a torsional Alfvén pulse, whose propagation will move the variation
toward the ends of the tube, thereby “seeking” to restore uniformity.

The tendency for twist uniformity exhibited by the Longcope and Klapper
thin twisted flux tube model contradicts a common assertion that twist will
concentrate in the widest portions of a flux tube. Such assertions are typically
justified by referring to Cosmical Magnetic Fields (Parker 1979), particularly
to results from the chapter devoted to the internal structure of axisymmetric
flux tubes, not restricted to thin tubes. We return shortly to show that when
applied to thin tubes Parker’s result actually corroborates the tendency toward
twist uniformity, rather than predicting a concentration at wider regions.

2. Coupling to the Corona

The thin flux tube model generally fails within the several megameters below
the photosphere. Higher still, in the corona, the field is believed to approximate
a force-free equilibrium. Torque balance across the intervening layer shows that,
except during brief transients, the tube’s internal axial current must pass com-
pletely into the corona (Longcope and Welsch 2000). The flux tube’s surface
current, including the axial return current, joins the horizontal surface current
of the merging layer. Thus we expect that twist observed in photospheric and
coronal magnetic fields, generally of order |q| ∼ 10−8 m−1 (Pevstov et al. 1995),
reflects a twist in the convection zone flux tubes to which they connect.

Let us assume that the coronal field directly connected to the active region,
and thus to the flux tube, consists of closed loops which together fill a finite vol-
ume of characteristic scale ∼ d, the separation between the photospheric poles.
In equilibrium these loops will compose a force-free field carrying a net cur-
rent Ic between footpoints. The detailed structure of this field will be complex
depending as it does on the distribution of photospheric flux and current. Nev-
ertheless, it will have a relative helicity H, which we assume to be finite and, on
dimensional grounds, to be H ' CIcΦd, for some constant C.

During the process of emergence, the flux tube evidently injects the helicity
H into the corona. It must do this while injecting little mass since the ratio
of helicity per mass is greater in the corona than in the convection zone by
∼ ρcza

2/ρcord
2 À 1. Thus the emerging flux tube cannot “carry” its helicity

into the corona by vertical flow, but must instead “wind” it into to coronal field
by horizontal rotational motion. Evidently there is spin, ω+ and ω−, in the
positive and negative legs of the emerging flux tube which map to photospheric
rotations. This spin, which can be decomposed into upward and downward



Magnetic Helicity Propagation 101

propagating torsional Alfvén waves within the sub-photospheric legs, produces
a coronal helicity flux (Pevtsov et al. 2003)

dH/dt = 2CΦ2(qcḋ+ q̇cd) = −Φ2(ω+ + ω−)/2π , (3)

where qc = Ic/2Φ is the value of twist where the thin flux tubes meet the corona.
Pevtsov et al. (2003) used combined MDI and EIT observations of six emerg-

ing active regions to test this model of helicity injection. With the exception
of one apparently untwisted case, the coronal twist increased from zero to a
final value over about 1.5 days. In all five cases with twist, the time history of
d(t) and qc(t) were fit by solutions of (2) and (3), with similar values of sub-
photospheric Alfvén speed and asymptotic twist q ∼ 10−8 m−1. According to
this interpretation, the separating poles (ḋ > 0), lengthened the coronal field
lines, causing helicity to be drawn from the submerged tubes over a time d/vA .

3. Internal Twist Distribution

It is worth comparing this to Parker’s model for the internal distribution of twist
in an axisymmetric, vertical, equilibrium flux tube. A general axisymmetric field
can be written in terms of a flux function1 ψ(r, z) as B = ∇ψ×∇φ+Bφ(r, z)φ̂.
The flux function rises monotonically from zero on axis to ψ(a, z) = Φ/2π at
the outer surface, r = a(z).

Since the azimuthal Lorentz force (i.e. magnetic torque) cannot be compen-
sated by pressure, it must vanish in equilibrium, requiring rBφ = F (ψ) a general
function of the flux function. Following Parker we argue that the internal plasma
pressure is hydrostatic, and thereby obtain the zero-β Grad-Shafranov equation
for the flux function

r2∇ ·
(

r−2∇ψ
)

= − F ′(ψ)F (ψ) . (4)

The function F (ψ) determines the azimuthal field even where a(z) varies
significantly. Parker argues that in any section which can be considered thin,
so ψ ' B̄r2/2, F (ψ) can be approximated by the leading term from its series,
F (ψ) ' 2qψ. Here q has the same meaning as in the thin-tube dynamical
theory of Longcope and Klapper (1997). Since F (ψ) must be the same in every
portion of the tube, Parker’s theory confirms that q is uniform throughout the
equilibrium, regardless of radius.

In a non-thin tube section equation (4) demands a linear force-free field with
α = 2q. In a thin or approximately straight section ∂2ψ/∂s2 may be dropped
yieliding the Lundquist solution found by Parker

ψ =
Φ

2π

rJ1(2qr)

aJ1(2qa)
, Bz =

1

r

dψ

dr
=

qΦ

πaJ1(2qa)
J0(2qr) (5)

where Jn(x) is the Bessel function of order n. The common assertion about
twist concentration follows from the observation that when the tube is wide

1Parker casts his analysis in terms of a generating function, f , related to ψ and Bφ.
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enough that 2qa = j0,1 = 2.405, the axial field vanishes and the local twist,
Bφ/rBz, diverges at the tube surface. This large twist is achieved, it is argued,
by concentrating all of the tube’s twist in this one wider section.

The previous section showed that the dynamically significant quantity is
not the local twist, but rather the helicity per unit length,

H = 4π

∫ a

0
ψF (ψ)

dr

r
=
qΦ2

π

{

J2
0 (2qa)

J2
1 (2qa)

− J0(2qa)

qaJ1(2qa)
+ 1

}

, (6)

for the Lundquist field (5). In the weakly twisted limit, qa ¿ 1, the factor
in braces approaches one-half, recovering the Longcope and Klapper limit, H '
qΦ2/2π, independent of tube radius a. Even the pathologically “fat” tube, 2qa =
j0,1 has helicity only two times greater (in spite of an infinite twist density).
Cross-section alone, it seems, can only double the helicity requirement of the
tube apex, while its net extension requires far more.

Solar flux tubes have such small values of twist, q ' 10−8 m−1, that even
their widest sections, while not thin, are still weakly twisted, qa ¿ 1, and will
seek uniform helicity density. Only the coronal field, d ∼ 108 m, might depart
from this regime, however, this is also the section most poorly approximated as
axisymmetric. The helicity density in a maximum width 1d (Lundquist) field
(Parker 1979) is double that of a thin tube, however, 2d axisymmetric fields
show slightly different enhancements (Longcope and Welsch 2000).

In conclusion, there is no strong tendency for twist or helicity to move
preferentially toward wider portions of flux tubes, or even into the zero-β coronal
field. It will instead seek uniform density per length, and thus flow to lengthening
portions. Observations show evidence of this tendency as emerging active regions
fill with helicity through horizontal photospheric motions. This same reasoning
predicts that removal of coronal helicity, by cornal mass ejections for instance,
should be followed by replenishing photospheric motions driven by the twisted
flux tube below. In this way the corona and heliosphere together may function
as a sink of helicity produced in the solar interior.
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Abstract. It is argued that much of the observed magnetic helicity losses
at the solar surface may represent a reduction of an otherwise more dominant
nonlinearity of solar and stellar dynamos. This nonlinearity is proportional
to the internal twist (as opposed to writhe) of helical and sigmoidal surface
structures.

1. Introduction

Dynamo action is possible both for helical and non-helical turbulence [see, e.g.,
Meneguzzi et al. (1980) for early numerical work]. However, the reason one is
particularly interested in helical dynamos is that there is a well-known mech-
anism (the αΩ mechanism) driving cyclic behavior together with latitudinal
migration of a large scale field. Both cyclic behavior and latitudinal migration
are important features of dynamos in the sun and many late-type stars.

The α-effect is formally introduced via the longitudinally averaged induction
equation. This effect characterizes the conversion of toroidal mean field into
poloidal via a sequence of events, all of which produce similarly oriented loops
that are tilted in a clockwise sense against the toroidal direction in the northern
hemisphere, and anti-clockwise in the southern. This effect is the result of
the combined action of Coriolis force and non-uniformity of the turbulence, as
embodied by the formula (e.g. Rüdiger & Kitchatinov 1993)

α0 ≈ −τ2u2 Ω ·∇ ln(ρu2). (1)

This equation, which has been obtained using different approaches (see Moffatt
1980), reflects the fact that the turbulent velocity field has attained kinetic
helicity. The subscript 0 indicates that the nonlinear feedback is not included.

2. Connection with magnetic helicity

It is first of all important to realize that practically no net magnetic helicity
can be generated in the sun. What is possible, however, is a segregation of the
magnetic field into its positively and negatively helical constituents. Such a
segregation can occur either in wavenumber space or in real space. The latter
can be accomplished by differential rotation acting on field lines crossing the
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Figure 1. Tilting of the rising tube due to the Coriolis force. Note that the
tilting of the rising loop causes also internal twist.

equator, while the former can be the result of the α-effect. This will now be
discussed in more detail.

Consider the rise of a toroidal flux tube lifted upward either by thermal
or magnetic buoyancy. As it rises, it gets tilted by the Coriolis force and, as
a consequence, it must develop some internal twist. This is already quite clear
from a simple sketch (Fig. 1), where the flux tube is depicted as a ribbon, so
one can trace the induced twist.

Mathematically, magnetic helicity is the sum of writhe and twist helicities,
and their sum must stay nearly unchanged (magnetic helicity conservation). In
the example shown in Fig. 1, the overall structure of the tube follows the right
hand rule, corresponding to positive writhe helicity. At the same time, the
interval twist of the tube follows the left hand rule, corresponding to negative
twist helicity. On the southern hemisphere both signs would be reversed.

3. Writhe and twist as driver and killer in dynamo theory

We have already eluded to the fact that the tilted magnetic field from the α-effect
contributes directly (via many systematic and similar events) to the large scale
poloidal field, Bpol. Since α is positive, it should give a positive contribution

to the current helicity of the mean field, i.e. J · B > 0. We also know from
helicity spectra of magnetic flux tube experiments that the magnetic helicity
from the negative internal twist contributes at scales smaller than from the
positive writhe (Blackman & Brandenburg 2003). To put this into numbers, we
expect the scales of the large scale poloidal field to be on the order of around
300 Mm, which corresponds to the latitudinal extent of the toroidal flux belts
of around 20-30◦. The typical scale associated with the twist is expected to be
smaller, perhaps 30-300 Mm, but the dividing line between small and large scales
may not be very clear. (Obviously, what is small scale to a dynamo theorist may
be large scale to a solar observer!)

The internal twist is of tremendous importance in dynamo theory. As ex-
plained in the previous section, if the writhe helicity is composed of large scale
field, the twist helicity must be composed of small scale field (where ‘small’ could
be anywhere between 30-300 Mm!). We may therefore identify the helicity from
the internal twist with the current helicity of the small scale field, j · b. Here,
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lower characters denote the small scale field, i.e. we have decomposed the field
as B = B + b and likewise the current as J = J + j.

The significance of the j · b term is that it gives an extra contribution to
the α-effect (Pouquet et al. 1976),

α = α0 + 1
3τ j · b/ρ, (2)

but it acts such as to suppress or quench the dynamo (α0 and j · b tend to have
opposite signs). Indeed, the j · b term constitutes the main nonlinearity of α-
effect dynamos. There are other nonlinearities, such as a direct suppression of
terms in equation (1), but such nonlinearities are never catastrophic in the sense
that they do not depend on the magnetic Reynolds number2.

4. Why coronal mass ejections might be good for the dynamo

Active regions and coronal mass ejections are the main contributors of magnetic
helicity flux from the solar surface (e.g. Démoulin et al. 2002). It might not be
appropriate to associate them with small scale losses only. Instead, in view of
the combined presence of large and small scale fields in a single field structure
(Fig. 1), such losses occur probably simultaneously at large and small scale fields.
In this section we argue that this leads to an optimal scenario for dynamos.

Phenomenologically, surface losses of large and small scale helical fields may
be described by diffusion terms. This concept has been tested against simula-
tions in the case where losses occur almost entirely at large scales (Brandenburg
& Dobler 2001). The results are twofold: the saturation time is formally de-
creased, but only at the expense of lowering the saturation field strength.

The rest of a possible success story is still speculation, but is based on phys-
ical reasoning and a numerical experiment: if losses occur preferentially on small
scales, then the saturation amplitude of the large scale field is increased. This
is because j · b, the ‘quencher’ in dynamo theory, is constantly being removed.
This is confirmed by simulation where small scale magnetic field is artificially
removed (Fig. 2). Even in the absence of such losses, the saturation value of the
large scale field may be sufficient for the sun, but the cycle period may be too
long. The primary importance of small scale losses may actually be to maintain
the observed cycle period. This needs further investigation.

5. Conclusions

An important missing link in the story outlined above is, in our view, a simula-
tion of a coronal mass ejection and an analysis in terms of the magnetic helicity
budget. At the same time, it will be necessary to improve mean field theory
to take helicity fluxes properly into account. For attempts in that direction we
refer to recent work by Kleeorin and collaborators (2003).

2By contrast, equation (2) can lead to a catastrophic quenching formula: use Keinigs’ (1983)

formula for the saturated state, α = −ηj · b/B
2

(which follows from the magnetic helicity

equation), eliminate j · b from (2), to get catastrophic quenching: α = α0/(1 + RmB
2
/B2

eq).

Here we have used Rm = ηt/η, with ηt = 1
3
τu2 and defined Beq = (µ0ρu2)1/2 to eliminate τ ;

see Eqs (18) and (40) of Blackman & Brandenburg (2002) for a more general formulation.
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Figure 2. The effect of removing small scale magnetic energy in regular time
intervals ∆t on the evolution of the large scale field (solid lines). The dashed

line gives the evolution of 〈B2〉 for Run 3 of Brandenburg (2001), where no
such energy removal was included. The two solid lines show the evolution
after restarting at λt = 20 and λt = 80. Time is scaled with the kinematic
growth rate λ. The curves labeled (a) give the result for ∆t = 0.12λ−1 and
those labeled (b) for ∆t = 0.4λ−1. The inset shows, for a short time interval,
the sudden drop and subsequent recovery of the total (small and large scale)
magnetic energy in regular time intervals (adapted from Brandenburg et al.
2002).
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Abstract. Sigmoids, coronal mass ejections (CMEs) and magnetic clouds
(MCs) all show signatures of twisted and writhing magnetic fields. CMEs are
often associated with MCs, whose fields are regularly mapped with sensitive
magnetometers. These measurements reveal that MC fields are helical, and
each MC carries magnetic helicity away from the sun. It is more difficult to
determine the magnetic helicity of the corresponding features on the sun. This
presentation surveys recent work on helicity in solar features, focusing especially
on the interpretation of sigmoids, which are S-shaped, bright features seen in
images from the Yohkoh soft X-ray telescope. Several lines of evidence indicate
that sigmoids are twisted and writhing flux ropes that erupt as components of
CMEs. CMEs may be initiated by MHD-instable flux ropes. The fact that the
ejected flux ropes carry off a large amount of positive helicity from the south and
negative helicity from the north each solar cycle implies an equal, compensating
flow of helicity through the sun’s equatorial plane.

1. Introduction

Since it was suggested that interplanetary MCs (Burlaga et al. 1982) system-
atically carry magnetic helicity away from the sun (Rust 1994; Bieber & Rust
1995), many authors have studied solar phenomena in search of the origins of
this helicity flow. The role of magnetic helicity in producing CMEs, from which
the MCs evolve, is one of the most intriguing new challenges in solar physics.
An appealing picture would have the magnetic helicity generated in or at the
base of the convection zone, from which it buoys upward and bursts through the
photosphere into the corona. There, it accumulates and forms ‘sigmoids’ (Rust
& Kumar 1996). Sigmoids are S-shaped, bright features that are best seen in
images from the Yohkoh soft X-ray telescope. These features presage CMEs
(Canfield, Hudson, & McKenzie 1999), and the eruption of a sigmoid often sig-
nals the onset of a CME. CMEs from the northern hemisphere predominantly
carry off negative helicity while those from the southern hemisphere carry off
positive helicity. Equal amounts, ∼ 1046 Mx2 of helicity are carried off from
each hemisphere in the course of each solar cycle. This escape of helicity may
be necessary to the successful functioning of the solar dynamo (Brandenburg,
Bigazzi, & Subramanian 2001). Studies of the flow of helicity through the pho-
tosphere and corona and into interplanetary space may thus provide important
clues to understanding how the solar dynamo works.

The picture just described is not universally accepted, and there are many
disputed and unresolved issues. The build-up of helicity in CMEs has been
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attributed alternatively to (1) the effects of surface differential rotation on the
footpoints of coronal loops (DeVore 2000); (2) a systematic effect of the Coriolis
force on rising flux tubes (the alpha effect), producing CMEs that simultaneously
liberate small-scale twist and large-scale writhe of opposite sign (Blackman &
Brandenburg 2003); and (3) a statistical effect on flux tubes due to turbulence
and Coriolis forces (the sigma effect) (Longcope, Fisher, & Pevtsov 1998). In
addition, there are numerous interpretations of sigmoids: the X-ray emitting
plasma of sigmoids may outline writhing flux rope axes, current sheets, or force-
free fieldlines. Similarly, the role of helicity escape in the dynamo is not clear:
(1) the helicity seen at the sun’s surface may be associated with the small-scale
or large-scale component of the classical alpha-omega dynamo (Brandenburg &
Dobler 2001); helicity may flow globally as described above and by Berger &
Ruzmaikin (2000); or (3) no net helicity is released in either hemisphere, the
writhe helicity of the flux ropes being equal and opposite to the twist helicity in
each flux rope. See Berger (1999) for a tutorial on magnetic helicity.

In this paper, I discuss various interpretations of the origin of helicity, the
helicity budget of CME-producing active regions (ARs), and the interpretation
of sigmoids, which is an area of much current research; sigmoids are indeed a
crucial element in understanding the link between helicity generation in the sun
and CMEs .

2. Generation of Magnetic Helicity

Differential rotation at the sun’s surface can transfer helicity to coronal mag-
netic loops. DeVore (2000) found that the effect of differential rotation on 1000
idealized ARs would produce the amount of helicity ejected from the sun each
solar cycle by an estimated 5000 CMEs. However, several recent studies (e.g.,
Démoulin et al. 2002; Pevtsov, Maleev, & Longcope 2003) of helicity genera-
tion in ARs whose CME production rate is known from LASCO observations
showed that differential rotation could not impart enough helicity to account
for the CMEs, assuming that each CME carries off a net helicity of ∼ 2 × 1042

Mx2. The helicity loss rate depends on two important assumptions: that most
CMEs include a flux rope-like structure that evolves into the well-documented
flux rope structure of a MC, and that magnetic helicity is conserved as the event
propagates from sun to Earth. No one has ever directly measured the magnetic
helicity of a CME, but recently, Bleybel et al. (2002) used non-linear force-free
field reconstructions based on a series of vector magnetograms to show that the
magnetic helicity in an AR decreased by 0.7 × 1042 Mx2 after a CME. This
quantity is consistent with CME helicity estimates.

Longcope, Fisher & Pevtsov (1998) proposed that solar AR helicity is pro-
duced by the combined effects of the Coriolis force and convective turbulence
on rising flux tubes. Their mechanism would seem to produce no net helicity
in the corona because the writhe helicity imparted in the flux tube is equal and
opposite to the induced twist helicity, under the assumption of helicity conser-
vation. Their so-called sigma mechanism accounts very nicely for the statistical
spread of AR twist helicities. If they can keep the writhe helicity from canceling
out the twist helicity as the fields emerge into the corona, then the mechanism
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may be the correct one. According to Berger & Ruzmaikin (2000), however, an
emerging flux rope should quickly untwist and unkink if its net helicity is zero.

Like the sigma effect, the classical alpha effect of dynamo theory produces
no net helicity in the fields reaching the corona, as pointed out by Blackman &
Brandenburg (2003), who proposed that sigmoids in the southern hemisphere,
for example, are writhed in the left-handed sense and twisted equally in the
right-handed sense. However, relaxation in the corona should proceed at the
Alfvén speed, which is generally 300 - 1000 km/s.

3. Interpretation of Sigmoids

Rust and Kumar (1996) interpreted sigmoids as writhing flux ropes, that is,
as twisted magnetic fields in which at least one turn of twist helicity has been
converted in an m = 1 kink instability into writhe of the axis. In their pic-
ture, the twist and writhe have the same sign, and twist can accumulate either
by transfer from beneath the photosphere or by reconnections with similarly
twisted flux ropes. Hα filaments sometimes also take on a sigmoidal shape, and
their fields might be explained by the same mechanism (Sakurai 1976). On the
other hand, Pevtsov, Canfield, & McClymont (1997) showed that linear force-
free fields computed from photospheric magnetograms in 140 ARs can nicely fit
the corresponding sigmoids. More recently, Low and Berger (2003) proposed
that sigmoids trace-out a family of field lines that is in contact with the photo-
sphere near a polarity inversion line in the photospheric fields. Their model is in
general agreement with the empirical description of sigmoids offered by Moore
et al. (2001). From the observations and the model one gains the impression
that a sigmoid is illuminated in soft X-rays because of heating by currents near
a so-called bald patch (Titov, Priest, & Demoulin 1993) and that this patch cor-
responds to the bright waist sometimes seen in sigmoids. The waist is where the
field lines writhe downward, so that a sigmoid with positive writhe looks from
above like an S. This interpretation is consistent with the findings of Pevtsov,
Canfield, & McClymont and others, that positive helical fields associate with S-
shaped sigmoids and negative fields associate with Z-shaped sigmoids. Low and
Berger also conclude that sigmoids’ twist and writhe have the same sign. This
implies that the helicity in sigmoids is predominantly positive in the southern
hemisphere, because S-sigmoids predominate there, and negative in the north.
Hα filaments have the same hemispheric distribution, that is, those which pos-
itive helical fields fit best predominate in the south, etc. Ruzmaikin, Martin,
& Hu (2003) found three MCs with remnants of solar filaments, as revealed by
higher density plasma at 1 AU. They showed in each case that the flux rope
threading the filament remnants had the same chirality as the flux rope of the
surrounding MCs.

4. Conclusions

Recent work tends to confirm that there is an accumulation of magnetic helicity
in sigmoids and that this helicity is carried into interplanetary space by CMEs
and filament eruptions. This has an important implication for understanding
CME onset, suggesting that it could be due to an MHD instability caused by
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an excess of helicity in the fields. The MHD kink instability might become non-
linear in certain instances (Baty et al. 1998) and start a CME. This idea can
be tested in part by measurements of the flow of helicity into the corona. New
techniques (e.g. Chae 2001; Kusano et al. 2002; Bleybel et al. 2002) should
enable better comparisons of helicity flow with CME rates. A second implication
is that since helicity (mostly right-handed in the southern hemisphere and left-
handed in the northern hemisphere) is carried off by CMEs, there must be a
compensating flow of helicity through the solar equatorial plane, as pointed
out by Berger and Ruzmaikin (2000). Positive helicity must flow from north
to south, and taking this into account may lead to an explanation of how the
activity cycle in the south keeps in phase with that in the north.
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Abstract. We provide the rationale for the wide applicability of the LCT
method for inferring the magnetic helicity of an active region, with an illustrative
application made to NOAA 10365. We also report that the determined rate of
helicity change is not much sensitive to the free parameters of the LCT method.
The application of the method to active regions by several investigators has
produced results suggesting that the magnetic helicity of a major active region
with flux 1022 Mx may be usually of the order of 1043 Mx2 or less, being twisted
at most 0.1 turns as a whole.

1. Introduction

It is now well known that the change rate of the magnetic helicity of a coronal
volume H is given by the equation (Berger & Field 1984)

dH/dt =

∮

2(Bt ·Ap)vn dS −
∮

2(vt ·Ap)Bn dS (1)

where the subscripts t and n refer to the components of magnetic field B and
plasma velocity v that are tangential and normal to the surface, respectively.
Ap is the vector potential of potential field. The method of local correlation
tracking (LCT) was proposed by Chae (2001) as a way of tracing the horizontal
motion of footpoints of predominantly vertical field lines and of determining
the latter term in Eq. (1)— the so-called shearing term. Being successfully
applied to the line-of-sight magnetograms taken by SOHO/MDI, this method
has produced the meaningful estimates of magnetic helicity change in different
active regions in relation to the prominence formation (Chae et al. 2001), flares
(Moon et al. 2002a, b) and coronal mass ejections (Nindos et al. 2002, 2003).
Subsequently generalizing the LCT method, Kusano et al. (2002) proposed
a way of determining the other term in Eq. (1)— the advection term. They
calculated the normal component of velocity from the induction equation and
the LCT velocities. Very recently Demoulin & Berger (2003) found that the
amount of helicity change determined by Chae’s LCT method, when applied to
inclined magnetic fields, in fact includes the contribution of vertical motion, too,
not to speak of that of horizontal motion, negating the need to add the extra
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advection term due to the vertical motion. This finding opens a possibility of the
wider applicability of the LCT method than was originally proposed by Chae
(2001).

2. Rationale for the LCT Method

The LCT technique determines the horizontal velocity from the lateral displace-
ment of flux density pattern across the solar surface. It basically assumes that
the velocity field is uniform locally in space and time so that it follows

Bn(r + ∆r/2, t+ ∆t/2) ≈ Bn(r−∆r/2, t−∆t/2) (2)

for |r− r0| < δr and |t− t0| < δt. The LCT velocity is defined as vLCT(r0, t0) =
∆r/∆t. Note that for the LCT technique to work best the magnetic flux density
should vary sharply in space with a length scale shorter than that of the velocity
variation. Under this condition Eq (2) can be recast into

∂Bn/∂t+∇t · [vLCTBn] ≈ 0 (3)

where the operator ∇t refers to the tangential component of the gradient oper-
ator, which is defined on the photospheric surface.

On the other hand, one can start with the well-known magnetic induction
equation and derive the equation

∂Bn/∂t+∇t · [vtBn − vnBt] = ∂Bn/∂t+∇t · [uBn] = 0 (4)

which looks very similar to Eq (3) with the newly introduced velocity u defined
by uBn ≡ vtBn−vnBt. Note that u stands for the apparent motion of footpoints
of field lines across the photospheric surface. The two kinds of velocity u and
vLCT are related to each other via ∇t ·(vLCTBn−uBn) ≈ 0 or uBn ≈ vLCTBn +
∇t × (Ψn) where Ψ is an arbitrary function of r. Therefore, but for the Ψ
ambiguity, it follows vLCT ≈ u at regions with Bn 6= 0. This means that at
the presence of non-zero horizonal fields the velocity vLCT determined using
the LCT method is contributed not only by the horizonal component of plasma
motion, but also its vertical component. An important consequence is that the
two terms in Eq (1) may be combined into one

dH/dt = −2

∮

(u ·Ap)Bn dS ≈ −2

∮

(vLCT ·Ap)Bn dS . (5)

This indicates that the LCT method gives a measure of the total amount of
helicity change, namely the sum of both the shearing term and the advection
term. This is the important finding of Demoulin & Berger (2003).

3. Results and Conclusion

It is now obvious that the LCT method can be applied to active regions in the
phase of flux emergence in which the advection term may be significant. As an
illustration, we apply the LCT method to the active region NOAA 10365 that
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Figure 1. left: Ap field (arrow) superposed on Bn field (gray-sclae) in
NOAA 10365. right: vLCT field (arrow) superposed on Bn field (gray-scale).

was under emergence while it stayed near the disk center in 2003 May. It was
the only dominant, flare-productive active region on the disk during the days
of our interest. Here we present the results obtained from the 96-min cadence
full-disk magnetograms taken by SOHO/MDI.

Figure 1 shows the spatial distributions of Bn, Ap and vLCT at an instant
as determined using the method described by Chae (2001). It can be seen from
the figure that the vector potential Ap is the strongest on the polarity inversion
line, and strong shearing motion occurs near the polarity inversion line, which
should be important in the transfer of magnetic helicity.

Figure 2 shows that the magnetic fluxes of the active region steadily in-
creased for several days from its birth. The total fluxes that newly emerged are
found to be about 1.4 × 1022 Mx (positive flux) and 1.1 × 1022 Mx (negative
flux). The right panel of the figure shows that magnetic helicity was transferred
through the photosphere at a rate of up to 2.5 × 1041 Mx2 h−1. Figure 2 also
shows the accumulated amount of helicity as a function of time. It is obvious
from the figure that the helicity steadily increased as the fluxes did, but not in
proportion to the fluxes. The final amount of magnetic helicity that was trans-
ferred during this emergence period is found to be 8 × 1042 Mx2, which yields
n ≡ H/Φ2 ≈ 0.05 for an estimate of number of twist of the active region as a
whole.

We have examined the dependence of the LCT method on the two free LCT
parameters — apodizing window size and time interval — by comparing results
from high cadence, high resolution magnetograms with those from 96-minute
cadence, full-disk magnetograms. As a result we have found that smaller values
of these parameters usually result in larger-amplitude temporal fluctuations of
the rate of helicity. Its average taken over the time interval of about an hour or
longer, however, is found to be very insensitive to the two parameters. This may
be because short-lived, small-scale flows is insignificant in transferring magnetic
helicity. This result supports that the LCT method may be safely applied to
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Figure 2. The temporal variations of positive and negative fluxes (left),
and the rate and accumulated amount of magnetic helicity change (right) in
NOAA 10365 observed in May 2003.

96-minute cadence full-disk MDI magnetograms as far as the magnetic helicity
budget of active regions is concerned.

It is concluded that the LCT method is a practical and effective tool to infer
the rate of helicity change in active regions. Its application to different active
regions of comparable size by different authors (Chae et al. 2001; Nindos &
Zhang 2002; Nindos et al. 2003; the present study) has revealed that significant
injection of magnetic helicity may occur both during and after flux emergence
with a time scale of a few days, suggesting that typical helicity budget of major
active regions with flux 1022 Mx may be equal to or less than ∼ 1043 Mx2 or
twisted at most 0.1 turns as a whole.
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Generation and Annihilation of Magnetic Helicity in
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K.Kusano

Graduate School of Advanced Sciences of Matter, Hiroshima University,
Higashi-Hiroshima, Hiroshima 739-8530, Japan

Abstract. Generation and annihilation processes of magnetic helicity in solar
coronal active regions are investigated based on the observations and the sim-
ulations. We first examined the reliability of the numerical techniques, which
enable to measure the magnetic helicity flux through the photosphere based on
the magnetogram data. Secondly, in terms of the new technique, we found that
magnetic helicities of the both signs are simultaneously injected into active re-
gions. Motivated by this result, finally, we investigated the nonlinear process of
the magnetic helicity annihilation, using the three-dimensional numerical sim-
ulations. The simulations clearly indicated that the helicity reversal can cause
the eruption of large-scale plasmoid through the nonlinear process of the resis-
tive instability growing on the helicity inversion layer. From these studies, we
point out that the annihilation of magnetic helicity is a key process for the onset
mechanism of solar flares.

1. Introduction

Magnetic helicity is believed to be an important quantity to understand the
solar coronal activities, such as flares and the coronal mass ejections (CMEs).
However, the previous studies of magnetic helicity in the solar corona were re-
stricted mainly to the theoretical and conceptual models. One reason of that is
attributed to the fact that the measurable magnetic field in the solar corona is
limited only to the photospheric and coromospheric levels, while the helicity is
defined as the spatial integration over the whole domain.

Recently, new methodologies to evaluate the helicity flux out of the sun
have been proposed (Kusano et al. 2002, Démoulin and Berger 2003). In this
paper, first we will review the principle of the helicity measurement and examine
the reliability using the benchmark model. Secondly, we will discuss about
the possibility that the annihilation of magnetic helicity works as the trigger
mechanism of solar flares, based on the measurement of the helicity flux and the
three-dimensional numerical simulations.

2. Measurement of Helicity Flux

According to Berger and Field (1984), the helicity flux across a plane S is de-
scribed by

Ḣ = 2

∫

S
AP ×E · ndS, (1)
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Figure 1. (a) The illustration of field line variation on the solar surface.
(b) to (d) The benchmark test of the helicity flux measurement. The color
shading and the contours indicate the helicity flow and the magnetic field,
respectively. (b) is the correct answer. (c) is the result by the combination
method of the induction equation and the LCT. (d) is the result by the LCT
method.

where AP is the vector potential of the current free field, which is derived from
the magnetic field normal to the boundary. It indicates that the electric field E is
a key quantity for the helicity measurement. In the ideal magnetohydrodynamic
(MHD) regime, the electric field is related with the plasma velocity V through
the generalized Ohm’s law E = −V ×B.

In Fig.1a, let us consider the situation that the magnetic field line B is
transfered by the velocity V for a unit time into B ′. In the case, the electric
field vector E corresponds to the parallelogram FGHI, in which the amplitude
and the direction are indicated by the area and the normal vector, respectively.
Here, we should note also that the parallelogram made by any vector connecting
the two field lines, for instance FG’H’I, has the same area and the same normal
direction as FGHI. It means that any vector connecting the two field lines forms
a consistent virtual velocity V ′, which satisfies E = −V ′×B. Thus, the helicity
flux is able to be derived without the measurement of the real velocity V , if we
can detect the virtual velocity V ′.

Recently, two different ways were proposed for the derivation of the virtual
velocity. Démoulin & Berger (2003) pointed out that, since the vector along the
foot point motion FF’ forms the virtual velocity, the apparent velocity derived by
the local correlation tracking (LCT) of the magnetograms could be used for the
helicity measurement. This proposition is valid, if and only if each foot point of
field line is identified. However, there is no guarantee that the apparent motion
derived by the LCT technique satisfies the definition of the virtual velocity,
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because we can observe only the magnetic pattern on the photospheric surface
rather than each foot point of the field lines. Furthermore, when the field line is
tangential to the solar surface, the measurement of the foot point motion could
be much difficult, because the apparent velocity must diverges into infinity,

On the other hand, Kusano et al. (2002) demonstrated that the virtual
velocity can be derived by inversely solving the induction equation of the normal
component on the solar surface,

∂Bn/∂t = [∇× (V ′ ×B)]n, (2)

in which the magnetic field vector B and the variation of the normal component
∂Bn/∂t are given by the magnetograph observation, and only V ′ remains as
an unknown. This method has an advantage that the solution automatically
satisfies the definition of the virtual velocity.

However, the induction equation cannot determine the velocity component
orthogonal both to the vertical vector Bn and the tangential vector Bt of the
magnetic field (i.e. the y component in Fig.1a). Therefore, we need the help of
the LCT technique in order to determine V ′

y . Here, notice that the y component
of the foot point motion does not diverge even if the field line is tangent to the
solar surface. It is another advantageous point of this method.

Figures 1(b) to 1(d) represent the result of a benchmark test of the two
methods. Here, we first calculated the three-dimensional linear force-free field,
which satisfies ∇×Blff = αBlff , from the SOHO/MDI data. Then, the helicity
flow in the case that the whole active region is uniformly elevated was derived
by the two different methods only from the fields on the two horizontal cross
sections at different levels, i.e. Blff (z = z0) and Blff (z = z0 + ∆z). The result
clearly indicates that the combination of the induction equation and the LCT
technique can derive the better answer than the result only by the LCT.

Our measurement with this combination technique revealed that positive
and negative magnetic helicities are simultaneously injected in flare productive
active regions (Kusano et al. 2002). As a result, the structure of magnetic
helicity in the active regions were much complicated both in time and space, so
that even the sign of the magnetic helicity often changes (Kusano et al. 2003)

This new finding suggested another possibility of the mechanism of energy
liberation. If positive and negative helicities coexist within an active region,
magnetic reconnection could cancel the helicity by merging the counter helicity
fluxes. If it does, the magnetic field may relax to the helicity-free field, and
the free energy should be released. This process can be understood as the
annihilation of magnetic helicity.

3. Simulation of Helicity Annihilation

In order to examine the hypothesis of the helicity annihilation, the nonlinear
MHD process, in which the foot-point shear motion reverses the pre-loaded
magnetic helicity, was investigated using the numerical simulations. As a result,
it was clearly demonstrated that the reversal of magnetic helicity can cause
a large scale eruption of the magnetic arcade through the following processes.
First, the resistive tearing mode instability grows on the helicity inversion layer.
Secondly, magnetic reconnection driven by the tearing mode annihilates the
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a b

Figure 2. Magnetic field line structure in the numerical simulation of the
helicity annihilation process.

positive and negative magnetic fluxes parallel to the magnetic neutral line, as
indicated by red lines in Fig.2(a). Thirdly, the flux annihilation is followed by
collapse of the magnetic arcade, so that the vertical current sheet is generated.
Fourthly, the new current sheet drives the second reconnection, which causes
the plasmoid ejection, as seen in Fig.2(b). Finally, the total system reaches a
loss-of-equilibrium state, and the whole magnetic arcade is erupted upward.

This model can well explain the explosive property of flare onset, even
though the growth rate of the original instability is much slower than the MHD
time-scale. Although the reality of our model in the coronal plasma is still
unclear, the annihilation of magnetic helicity is a promising concept for the
onset mechanism of solar flares and the further investigation is required.
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Abstract. We introduce a method to calculate the magnetic helicity density
in a given active-region vector magnetogram, and a lower limit of it, based on a
linear force-free (lff) approximation. Moreover, we provide a lower limit of the
total magnetic helicity in the active region (AR). A time series of magnetograms
can be used to calculate the rate of helicity transport. The results can be then
correlated with manifestations of the dynamical activity in ARs, such as flares
and filament eruptions.

1. Introduction and Method Description

Magnetic helicity in ARs is given by Hm =
∫

V A ·BdV , where B is the magnetic
field vector, A is the vector potential and the integration refers to the volume
V of the magnetic structure. Therefore, the integrand A · B is a magnetic
helicity density hm at a given volume element. Following a lff approximation
(α = const), hm is thought to be given by (e.g. Pevtsov et al. 1995)

hm =
B2

α
; α = const. (1)

Eq. (1) is incorrect. Indeed, for potential fields (α = 0) we find hm →∞, where
we should find hm = 0. In the lff approximation hm is, in fact, given by

hm =
1

α
|B2 −B ·Bp| ; α = const, (2)

where Bp is the potential field. From eq. (2) we now find hm → 0 for B→ Bp.
The overall α can be calculated by a variety of methods (Leka 1999). From the
resulting force-free field Bff , one may also calculate h′m = (1/α)|B2

ff −Bff ·Bp|.
It turns out that |h′m| is a lower limit of |hm|, since Bff is the closest field to Bp,
for which hm → 0 (eq. (2)). Comparing Bff and Bp, one can now calculate h′m
anywhere in the AR. A helicity budget can then be found, i.e. H ′

m =
∫

V h
′
mdV .

H ′
m is a lower limit of the actual Hm in the AR. From a time series of vector

magnetograms, one may find both H ′
m(t) and (dH ′

m/dt), i.e. the rate of helicity
transport in the AR and compare it with dynamical activity in the AR.

Our method is applied to NOAA AR 9114 (Fig. 1). Notice the match
between B (Fig. 1a) and Bff (Fig. 1b). A change in the sign of α forces hm(t)
to change sign (Fig. 1c). |h′m(t)| is indeed a lower limit for |hm(t)| (Fig. 1d).
Notice the correspondence between the peaks of hm(t) and H ′

m(t) (Figs. 1a and
1e). This suggests that our method may be reasonable, although approximate.
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Figure 1. Helicity calculation in NOAA AR 9114, observed by IVM. (a)
The actual B at a given time. (b) The best Bff at this time. Tic mark
separation in a and b is 20′′. (c) Average hm(t). (d) Average |hm(t)| (squares,
solid line) and |h′m(t)| (triangles, dashed line). (e) Minimum total magnetic
helicity H ′

m(t).

2. Conclusion

Using only vector magnetograms, we estimate a lower limit of the total mag-
netic helicity budget and the rate of helicity transport in solar ARs for the first
time. Helicity variations can be calculated only partially, with the formulation
of Berger & Field (1984), for ARs close to disk center and by means of the highly
uncertain velocity field (Chae 2001). Our method may prove quite useful, pro-
vided that the lff approximation manages to capture the dynamical evolution in
the active-region solar atmosphere.
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The measurements of photospheric vector magnetograms provide an impor-
tant chance to understand the basic properties of the solar magnetic field and
the relationship with magnetic helicity in the solar atmosphere. Some questions
on the analysis of photospheric vector magnetograms obtained at Huairou solar
Observing Station have been discussed:

(1) The slight deviations for the data sets of vector magnetograms obtained
at different observatories normally can be fond, which probably caused by the
observing methods, magneto-optical effects and data reducing process etc. The
analysis of magneto-optical effects on the measurements of vector magnetic field
with FeIλ5324.19Å line by Huairou vector magnetograph (and the comparison
with some observing results obtained other magnetographs) provides an estima-
tion on the measurement accuracy of magnetic field.

(2) Several methods (such as, α, αbest or B · (5 × B)‖) can be used to
analyze the chirality of magnetic field inferred from photospheric vector mag-
netograms. Due to the incompleteness of the observational magnetic field data
for the calculation of current helicity density etc in the solar atmosphere, some
priori assumptions probably have been remained, which also cause some non-
determinacy on the analysis of helicity.

(3) Due to the opacity of solar photosphere, the generation of helical mag-
netic field in the solar sub-atmosphere is an interesting topic. The relation-
ship between the newly emerging magnetic flux and evolution of the helicity in
the solar atmosphere provides an important massage on the transfer of mag-
netic helicity from the sub-atmosphere into the solar atmosphere, which is also
necessary for us to understand the possible geometry of magnetic field in the
sub-atmosphere and the topology of helical magnetic field in the corona. A
relevant result is that as the emergence of kinked magnetic ropes formed in
the sub-atmosphere, one probably can detect the possible trace from a series of
photospheric vector magnetograms.
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Twist is a parameter to measure turning of the field lines around axis of the
flux tube. Observations show that each active region (AR) has a pronounced
overall twist, following hemispheric helicity rule (Pevtsov et al. 1995; Bao &
Zhang 1998). αbest, best-fit single value for a whole AR, is used to characterize
the overall twist. Writhe is a measure of the spatial turning of the axis of the
flux tube. It is described by systematic tilt angle of an AR, an angle of joined
line of opposite main polarities with respect to the equator. Observations show
that most ARs follow Joy’s Law (Zirin 1988). The relationship between the
twist and writhe is important to studying origin of the twist and solar activities.
Canfield & Pevtsov (1998) found the same handedness of the twist as that of
writhe, using 99 ARs observed at MSO. However, Tian et al. (2001) found
opposite handedness of them for 286 ARs taken at HSOS, among which only
19% have δ magnetic configuration. López Fuentes et al. (2003) also obtained
opposite handedness for 22 ARs measured again at MSO, among which 41%
have δ magnetic class. Most recently, Tian & Liu (2003) found that the twist
and the writhe have same handedness for major flare-producing ARs.

A kink hypothesis predict that sign of the twist and writhe should be same
where a kink instability has developed and for δ ARs (Linton et al. 1999; Fisher
et al. 2000). Therefore, the motivation of this work is to investigate if kink
instability prefers to occur in δ ARs. We select 104 ARs with δ magnetic config-
uration from 1996 to 2002. SOHO/MDI 96m full disk magnetograms are used
to calculate the tilt angle and vector magnetograms from HSOS are used to
calculate the αbest. In our sample, most ARs have two main polarities and a
dominant sign of the αbest unchanged in several days. Three sets of magne-
tograms near the central meridian are used to obtain a mean value and error for
the tilt and αbest. The signs of the mean values denote the handedness of the
writhe and twist: the positive/negative values corresponding to the right/left
writhe( twist). The results show that (1) only 54% of the ARs follow Joy’s law
and 50% obey the hemispheric helicity rule; (2) 67% (35.9% with positive tilts
and αbest and 31.1% with negative tilts and αbest) of the ARs have the same
handedness of the twist and writhe. A least-square fit for all 104 ARs demon-
strates a positive correlation (correlation coefficient, 0.322) between them with
more than 99% confidence level. Thus, we further believe that the different
relationship between the twist and writhe, obtained in above papers, is due to
difference of sample selection: opposite handedness for ARs with simple mag-
netic configuration and producing less flares and same handedness for ARs with
complex magnetic configuration and producing more major flares.
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Abstract. We analyzed the long-term evolution of two active regions (ARs),
NOAA 7978 and 8100, from their emergence through their decay using obser-
vations from several instruments on board SoHO (MDI, EIT and LASCO) and
Yohkoh/SXT. We computed the evolution of the relative coronal magnetic he-
licity from one central meridian passage to the next, combining data from MDI
and SXT with linear force-free models of the coronal magnetic field. Next, we
calculated the injection of helicity by photospheric differential rotation using
MDI magnetic maps and a mean differential rotation profile. To estimate the
depletion of magnetic helicity we counted all the CMEs of which these ARs were
the source, and we evaluated their helicity assuming a one to one correspondence
with magnetic clouds (MCs) with an average helicity content; this value was com-
puted for a sample of 18 clouds using a cylindrical linear force-free model. Out of
our three helicity estimates (variation of coronal magnetic helicity, injection by
differential rotation and ejection via CMEs) the one with the largest uncertainty
is the amount of helicity ejected via CMEs. However, we determined, by mod-
eling a particular MC using three different approaches in cylindrical geometry
(two force-free models and a non force-free model with constant current), that
its magnetic helicity content was nearly independent of the model used to fit
in situ field observations (Dasso et al. 2003, in preparation). This result justi-
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fies our use of the average magnetic helicity value considering only a single MC
model. Comparing the three components in the helicity balance (see Table 1),
we find that photospheric differential rotation is a minor contributor to the AR
magnetic helicity budget. CMEs carry away at least 10 times more helicity than
the one differential rotation can provide. Therefore, the magnetic helicity flux
needed in the global balance should come from localized photospheric motions
that, at least partially, reflect the emergence of twisted flux tubes. Taking into
account the magnetic flux in the ARs and the number of turns that a uniformly
twisted flux tube should have to survive its rise through the convection zone,
we have found that the total helicity carried away in CMEs is approximately
equal to the end-to-end helicity of the flux tubes that formed these two ARs.
Therefore, we conclude that most of the helicity ejected in CMEs is generated
below the photosphere and emerges with the magnetic flux. Extended versions
of this work were published in Démoulin et al. (2002, Astronomy & Astrophys.
382, 650) and in Green et al. (2002, Solar Phys. 208, 43), while in Mandrini
et al. (2003, Astrophys. & Space Sci., in press) and van Driel-Gesytelyi et al.
(2003, Adv. Space Res., in press) the helicity computations were revised to in-
clude the underestimation of magnetic flux density found in MDI data. After
this revision, we confirmed our former results.

Table 1. The total magnetic helicity balance of AR 7978 and AR 8100 along
five and four solar rotations, respectively. ∆Hcor. and ∆Hd.r. are the coronal
helicity variation and the helicity injected by differential rotation, respectively.
The helicity in MCs (∆Hm.cl.) is given taking two extreme lengths (0.5 and 2
AU) and using the observed and corrected CME numbers (corrections done for
gaps and far-side locations). All values are in units of 1042 Mx2.

Active ∆Hcor. ∆Hd.r. ∆Hm.cl. ∆Hm.cl.

Region (CME obs.) (CME cor.)

NOAA 7978 -11.0 16.2 [36.,144.] [40.,160.]
NOAA 8100 -38.8 -14.6 [38.,152.] [82.,328.]
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A typical temperature for the quiet solar corona is ∼ 1.5 × 106K, whereas
the photosphere – the likely source of the thermal energy – has a temperature
less than 6×103 K. Although many theories have been advanced to explain why
the corona is so much hotter than the photosphere, this old problem remains
unsolved. However, there is a mechanism based on second-order transport that
may provide the answer, or at least part of the answer. This process, described by
the author in Thermodynamic inequalities in gases and magnetoplasmas, John
Wiley & Sons Ltd, 1996, causes heat to be transported across strong magnetic
fields up temperature gradients.

Fig. 1. Transporting heat to the corona via plasma loops

Plasma loops in the solar atmosphere (see Fig. 1) exist with a wide range of tem-
peratures and in particular there are loops that are hotter than ambient in the
chromosphere/transition region (104 K < T < 5× 105 K) and cooler than ambi-
ent in the corona (106 K < T < 2×106 K). The theory of second-order transport
suggests the mechanism illustrated in Fig. 1; heat is transported upwards from
the upper chromosphere and transition regions, using appropriate flux tubes as
conduits. In the region below the transition region, the loop temperature is
greater than that in the ambient plasma and by second-order transport, heat
flows up the temperature gradient, across the magnetic field into the loop. This
causes a local increase in temperature, and a relatively small temperature gradi-
ent is established around the loop that conducts the thermal energy up to that
part of the loop high in the corona. This stage is ‘normal’ heat flux, i.e. along
the magnetic fields lines and down the temperature gradient. High in the loop
the situation is the reverse of that in the chromospheric region, that is the tem-
perature in the loop is less than that in the ambient corona and heat therefore
flows out of the loop into the hotter corona. This mechanism can easily supply
the power of about 3 × 102 Wm−2 required for the quiet corona and also the
∼ 104Wm−2 required for the active corona.
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Helicity Pattern of CME Source Active Regions

Jingxiu Wang, Guiping Zhou, and Jun Zhang

National Astronomical Observatories, Chinese Academy of Sciences
Beijing 100012, China

Coronal mass ejections are thought to originate from the over accumulation
of magnetic helicity (Rust & Kumar, 1994). While recent studies revealed the
incompetence of CME associated active regions in creating enough helicity for
CMEs (Nindos, Zhang, & Zhang, 2003 and references therein), we have tried
to seek, on the other hand, if particular helicity patterns are retained by CME-
associated active regions.

We select 14 CME-associated ARs. The selection is based on the correlation
study of CMEs and surface magnetic activity by Zhou, Wang and Cao (2003).
All the CMEs are Earth-directed halo CMEs whose source regions and associated
surface activity were well identified. The very CME-prolific ARs took priority
in the selection.

Two proxies are used in this work to quantify the helical nature of the AR
fields. The first proxy is the force-free coefficient, αbest, by which the extrapo-
lated force-free fields fit best the observed transverse fields in the photosphere.
It is related the magnetic helicity under the force-free assumption (Wang, 1996;
Georgoulis, 2003). The second proxy is the fractional current helicity (Abra-
menko, Wang, & Yurchishin, 1996), h‖. Under the assumption of force-free
field, the hc and α are of the same sign.

Contrary to the helicity charging picture, the newly emerging flux often
brings up the helicity of the sign opposite to that of the dominant helicity of the
active regions. Moreover the flare/CME initiation site was always characterized
by the close contacting of opposite sign helicity. This revelation suggests that
the interaction of different flux systems with opposite sign helicity is a key factor
in the magnetism of CME initiation.

Acknowledgments The work is supported by National Key Basic Research
Science Foundation (G2000078404) and National Science Foundation of China
(10233050).
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Helicity and the SOLIS Vector-Spectromagnetograph
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Abstract. The SOLIS Vector-Spectromagnetograph (VSM) is a compact,
highly efficient vector-polarimeter that measures the magnetic field vector over
the full solar disk within 12 minutes. Helicity-related quantities will be derived
from the observed vector field.

1. Overview

SOLIS (Synoptic Optical Long-term Investigations of the Sun) is a suite of
three innovative instruments that greatly improve ground-based synoptic solar
observations. The VSM is a 50-cm effective aperture telescope with a tip-tilt
secondary mirror and filled with helium to reduce internal seeing. The spec-
trograph has a Littrow design that is insensitive to temperature changes. The
entrance slit is scanned in declination to provide 2048 by 2048 pixel scans of
the full solar disk at three wavelengths. The polarization modulation is per-
formed by ferroelectric liquid crystal retarders. Two 1024 by 256 CMOS-Hybrid
cameras acquire 92 frames per second, which are then analyzed to obtain all
Stokes parameters. The VSM is capable of recording vector magnetograms in
two FeI lines around 630.2 nm, deep longitudinal magnetograms in the same
lines, longitudinal magnetograms in CaII 854.2 nm, and intensity in HeI 1083.0
nm. Regular full-disk scans will be recorded within 12 minutes, while active re-
gions can be scanned in as little as 30 seconds. The Stokes spectra are reduced
to physical quantities including field strength, azimuth, inclination, and filling
factor with a Milne-Eddington inversion code. The VSM will be the prime in-
strument for synoptic studies of helicity in the solar photosphere. In addition,
the SOLIS Full-Disk Patrol (FDP) will provide the velocity vector to measure
the flux of magnetic helicity through the photosphere. More information on
SOLIS is available at solis.nso.edu.
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Prominence Formation Processes
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Abstract. We summarize our attempts simulate the prominence formation
model proposed by Martens & Zwaan (2001, ApJ, 558, 872) in which differential
rotation drives reconnection between two initially unconnected bipolar active
regions to form helical field lines along the polarity inversion line (PIL) between
the flux systems.

In Cartesian coronal simulations, we used the ARMS code, an MHD solver
with adaptive refinement, to model field evolution resulting from an imposed
shear flow on the bottom boundary (to mimic photospheric differential rota-
tion), which contained two bipolar flux concentrations. The boundary fluxes
were chosen such that, by symmetry, no coronal lines initially joined the bipolar
flux systems. In some runs, the pre-shearing fields were potential, but in others
we “spun up” the flux systems prior to shearing (by flows tangent to normal
flux contours) to model flux systems possessing helicity at emergence. Work
to understand how pre-shearing helicity affects reconnection after shearing on-
set continues, but we summarize three related conclusions below. In general,
prominence-like field topologies did not form by reconnection in “double bipole”
configurations, but dipped or helical field lines did form in cases with initial
fields with an unphysical bald patch along the PIL. We are currently study-
ing how background fields and/or converging flows modify the field evolution.
Reconnection does not readily occur without sufficient topological complexity.
Small footpoint displacements induced reconnection in fields with nulls and/or
bald patches, but even large footpoint displacements led to little or no recon-
nection in fields without such topological features. Twisting drives reconnection
more strongly than shearing. In contrast to our expectations, we essentially
found that shear only weakly drove reconnection, while spin-up readily drove
reconnection.

This work was supported by ONR, NASA, and by a grant of computer
time from the DOD High Performance Computing Modernization Program at
the ERDC MSRC.
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The Role of Magnetic Helicity in Solar Flares

Mark G. Linton
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Abstract. Helicity in coronal magnetic fields, often occurring in the form of
twisted or sheared fields, can provide surplus energy which is available for release
in solar flares. In this paper, several models of how this extra, non-potential,
energy can be released will be reviewed. For example, twisted flux tubes can
release excess energy via the kink instability. Or energy can be released via a
transfer of helicity between different magnetic tubes. For untwisted field, the
mutual helicity between flux tubes provides a measure of the shear in the fields,
and therefore how much energy is available for release in a flare. For twisted flux
tubes, the twist helicity of each tube in combination with the mutual helicity
between the tubes dictate what type of reconnection the tubes can undergo
and how much energy is available for release. Measuring the helicity of coronal
active regions, and studying how this helicity affects magnetic energy release is
therefore vital for our understanding of and our ability to predict solar flares.

1. Introduction

This paper will review several mechanisms which can release magnetic energy
via the conversion of one type of magnetic helicity to another. A full review
of the topic cannot be accomplished in this short space, so the focus here will
be on scenarios involving magnetic flux tubes, the basic building blocks of the
coronal magnetic field. Several energy release mechanisms relying on helicity
transfer will be discussed and, for each, one or more numerical simulations which
exemplifies the mechanism will be briefly reviewed.

Berger & Field (1984) showed that the helicity of a single flux tube can be
split into two parts: the twist helicity and the writhe helicity. The twist helicity
describes the amount by which field lines in a flux tube wrap around the flux
tube axis. The writhe helicity measures the amount by which the axis wraps
around itself. Thus a helical flux tube axis has a writhe helicity, just as a helical
field line has a twist helicity. The third type of helicity relevant to our discussion
of flux tubes is the crossing helicity. This measures the amount by which a pair
of flux tubes wrap around each other, or the sense in which flux tubes cross
over each other (see Wright & Berger 1989). In the following discussion, we will
illustrate how the conversion of helicity from one of these types to another can
be effected, and how this can lead to a reduction in the total magnetic energy
of the configuration.
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Figure 1. Kink instability: an unkinked, twisted flux tube (left side) kinks
with the same handedness as its twist (right side).

2. Transfer of Twist, Writhe, and Crossing Helicity

Tanaka (1991), Leka et al. (1996) and others studied δ-spots, the solar active
regions which generate about 80% of large flares (Sammis & Zirin, 2000), and
found support for the theory that these regions are created by kinked magnetic
flux tubes. These active regions exhibit an unusually high amount of magnetic
stress or helicity: their fields are highly twisted, and the spots themselves exhibit
rotational motion as they emerge, suggesting both twist and writhe helicity are
important. This could be produced by the kink instability, which reduces the
energy of a highly twisted flux tube, such as that on the left side of Figure 1,
by distorting the tube axis into a helical shape, as on the right side of Figure 1.
This converts twist helicity, T , into writhe helicity, W , while conserving the total
helicity: T + W = const. (Berger & Field 1984). This reduces the tube’s twist
magnetic energy, but, at the same time, makes the tube longer and therefore
increases its axial magnetic energy. Thus if the twist energy is large enough
relative to the axial energy, the total energy is reduced (Linton et al 1996). Fan
et al. (1999) and Linton et al. (1998) simulated this kink instability in the
context of flux tube emergence, and found that the behavior of the kinked flux
tubes was consistent with δ-spot behavior, thus arguing that one could look to
the kink instability to explain the high flare activity of these regions. Lionello
(1998), Gerrard et al. (2001), and others have simulated the kink instability of
twisted coronal loops, and found these are also good candidates for solar flare
energy release.

A second way to reduce the twist of flux tubes, and thereby release non-
potential magnetic energy, is to reconnect two tubes of different twist. The new
connections between the tubes allows twist to be transferred between them and
can therefore lead to a more even, lower energy, distribution of twist. In this
case, helicity conservation dictates that the sum of the twist in both tubes is
fixed: T1 +T2 = const. For example, if an untwisted tube reconnects completely
with a twisted tube of twist N the result will be two tubes each with twist
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Figure 2. The tunnel reconnection of a pair of flux tubes. The right hand
twist is reduced to conserve helicity when the flux tubes tunnel from a left
handed crossing (a) to a right handed crossing (b).

N/2. This was seen in a simulation by Amari & Luciani (2000). They twisted
the footpoints of a flux tube until it kinked and reconnected with overlying,
untwisted field to create a pair of twisted tubes at lower total energy. Such
reconnection can even lead to a destruction of twist: two regions of opposite
twist helicity can combine in such a way that their twist cancels. Linton et al.
(2001) have shown that this works for the reconnection of oppositely twisted flux
tubes. Reconnection connects the twisted field of one flux tube directly to the
twisted field of the second flux tube, and the canceling twists simply annihilate
each other as torsional Alfvén waves propagate along the reconnected flux tubes.
Due to this cancellation of twist, the energy release from such opposite helicity
reconnection is quite large compared to other types of flux tube energy release.
This has also been shown in a simulation by Ozaki and Sato (1997) where they
twisted the footpoints of two coronal loops in opposite directions until they were
kink unstable. They found that the kink causes the loops to arch and distort
until they collide with each other. They then reconnect, cancel each others’
twist and release the stored twist energy.

A third mechanism for energy release via helicity conversion is where the
crossing helicity, C, of a pair of tubes is transferred into the twist helicity of both
tubes. Here helicity conservation dictates that the sum of crossing plus twist
helicities is fixed: C + T1 + T2 = const. The two tubes shown in Figure 2(a)
cross each other in a left handed sense and therefore have a negative crossing
helicity. For a pair of right hand twisted tubes of T1 = T2 = N , the total helicity
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is therefore C + 2N < 2N . Dahlburg et al. (1997) found that when these two
flux tubes collide, they reconnect twice and pass through each other to form the
flux tube pair of Figure 2(b). When these flux tubes pass through each other,
their crossing helicity changes from from C to C + 2. As this occurs, the twist
per flux tube must reduce from N to N−1 so that C+2N → (C+2)+2(N−1),
and helicity is conserved (Linton & Antiochos 2002). As there is no magnetic
energy in the crossing of the flux tubes, this reduction in twist means that the
magnetic energy is reduced, and flare energy has been released.

3. Summary

We have presented a selective discussion of the role of helicity in solar flares,
in particular of the role of flux tube helicity in magnetic energy release. We
have discussed how one can transfer helicity between the twist of field lines
in flux tubes, the writhe of flux tubes’ axes, and the crossing of flux tubes
over each other. While we have discussed only flux tubes rather than general
configurations, one can argue that most magnetic fields can be reduced to a set
of individual flux tubes, and so the helicity and energy of a complex region can
be described in terms of the flux tube helicity discussed here. Flux tube helicity
can therefore provide an intuitive yet powerful way to analyze magnetic energy
release, and to develop models for understanding and predicting solar flares.
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Helicity of Magnetic Clouds and Their Associated Active
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Abstract. Magnetic clouds are associated with many Coronal Mass Ejec-
tions. Many CMEs involve active regions. In this work we focus on the re-
lationship between twelve magnetic clouds and their associated active regions.
We use a cylindrically symmetric constant-α force-free model to derive field line
twist, total current, and total magnetic flux from in situ observations of mag-
netic clouds. We compare these properties with those of the associated solar
active regions, which we infer from solar vector magnetograms.

Our comparison of fluxes and currents reveals: (1) the total (unsigned) flux
ratios ΦMC/ΦAR tend to be of order unity; (2) the total flux ratios tend to be
orders of magnitude larger than the total (unsigned) current ratios IMC/IAR;
and (3) there is a statistically significant proportionality between them. Our
key findings in comparing total twists αL, where L is the axial dimension of
the system, are: (1) the values of (αL)MC are typically an order of magnitude
greater than those of (αL)AR; and (2) there is no systematic sign or amplitude
relationship between them. These findings compel us to believe that magnetic
clouds associated with active region eruptions are formed by magnetic recon-
nection between these regions and their larger-scale surroundings, rather than
pre-existing structures in the corona or chromosphere.
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New Force-Free Models of Magnetic Clouds
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Abstract. Magnetic clouds are thought to be large flux ropes propagating
through the heliosphere. Their twisted magnetic fields are mostly modeled by a
constant-alpha force-free field in a circular cylindrical flux rope (the Lundquist
solution). However, the interplanetary flux ropes are three dimensional objects.
In reality they possibly have a curved shape and an oblate cross section. Recently
we have found two force-free models of flux ropes which takes into account the
mentioned features. These are (i) a constant-alpha force-free configuration in
an elliptic flux rope (Vandas & Romashets 2003), and (ii) a non-constant-alpha
force-free field in a toroid with arbitrary aspect ratio (Romashets & Vandas
2003). Two magnetic cloud observations were analyzed. The magnetic cloud of
October 18–19, 1995 has been fitted by Lepping et al. (1997) with use of the
Lundquist solution. The cloud has a very flat magnetic field magnitude profile.
We fitted it by the elliptic solution (i). The magnetic cloud of November 17–
18, 1975 has been fitted by Marubashi (1997) with use of a toroidally adjusted
Lundquist solution. The cloud has a large magnetic field vector rotation and a
large magnetic field magnitude increase over the background level. We fitted it
by the toroidal solution (ii). The both fits match the rotation of the magnetic
field vector in a comparable quality to the former fits, but the description of the
magnetic field magnitude profiles is remarkable better. It is possible to incor-
porate temporal effects (expansion) of magnetic clouds into the new solutions
through a time-dependent alpha parameter as in Shimazu & Vandas (2002).

This work was supported by grant 205/03/0953 from the Grant Agency of the
Czech Republic, by project ME501 from MŠMT ČR, by project S1003006 from
AV ČR, by EU/INTAS/ESA grant 99-00727, by CRDF grant TGP-944, and by
the Japan Society for Promotion of Science.
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Abstract. Text below is an extended abstract of the poster, presented on
JD03 session during 25th GA IAU in Sydney.

Large-scale magnetic regions evolve their structure in the photosphere rel-
atively slowly during their many months long lifetime. Their evolution is partly
influenced by turbulent diffusion, but also by large-scale velocity fields with
both axially symmetric and non-axially symmetric components. In the latter
case, horizontal velocities vary in both longitude and latitude. The horizontal
transport velocities responsible for the evolution of the magnetic flux were in-
ferred for each Carrington rotation (CR) for each of the last three activity cycles
Nos. 21, 22 and 23. The measurements of magnetic field from WSO of Stanford
University were used. Zonal transport velocities averaged over longitude during
each CR give a very good approximation of the latitude-dependent differen-
tial rotation. The velocity distribution, however, demonstrates that non-axially
symmetric horizontal flows create large-scale eddies and helical structures. They
are persistent, and the structures persist for up to 4 CRs. The detected flow
systems create discrete giant flow patterns that are from 40 to 60 heliographic
degrees wide in the equatorial zone. From the surface distribution of horizontal
velocities we computed for each CR more than 2500 values of relative ”shear”
velocities ∆v and we determined regions where due to shear the maximal helical
turbulence can occur. Such regions are necessary for generation of magnetic he-
licity, but another necessary condition is the value of the total magnetic field B.
Total values were summed from measured Bm,r (radial) and current-free extrap-
olated Bp,t(transversal) components. Product of B2 and ∆v can be expressed
in the form relating with the ”available” magnetic energy. This is considered
to be a part of the magnetic energy, which can be released when is above the
threshold of instability of the coronal magnetic configuration. Regions with high
rate of available energy were tested with about 95 thousand specific values of
flare index derived from observed Hα flares. The occurrence of flares was strictly
concentrated in regions with a high rate of available energy. The ”shear” regions
are frequently distributed in the solar photosphere and usually don’t coincide
with the ”shear zone” expected due to axially symmetric differential rotation.
Such a zone is nearly absent in our results. The ”shear” regions frequently co-
incide with the strong magnetic fields of the active or bipolar magnetic regions,
and therefore, during each CR, only a very limited number of regions are able
to produce and transport a concentrated amount of magnetic helicity to the
corona.

Study was supported by GAČR 205/10/0657 and GA AVČR S1003006.
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Of Tilt and Twist
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Abstract. Using Mees Solar Observatory active-region vector magnetograms
and Mt. Wilson Observatory full-disk longitudinal magnetograms, we measure
both the twist and tilt of the magnetic fields of 368 active regions. This dataset
clearly shows two well-known phenomena, Joy’s law and the hemispheric helicity
rule, as well as a lesser-known twist-tilt relationship, which is the point of this
work. Those regions that closely follow Joy’s law show no twist-tilt relationship,
which is a predicted consequence of convective buffeting of initially untwisted and
unwrithed flux tubes through the Σ effect. Those regions that strongly depart
from Joy’s law show significantly larger than average twist and a very strong
twist-tilt relationship. These properties suggest that the twist-tilt relationship
in these regions is due to kinking of flux tubes that are highly twisted but not
strongly writhed.
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A Non-helical Dynamo — MHD Simulations of Dynamo
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Abstract. We illustrate that helicity is not a necessary ingredient for fast dy-
namo action; we use the stagger-grid method of Galsgaard, Nordlund and others
(e.g. Galsgaard & Nordlund 1997, and applied to dynamos by e.g. Dorch 2000):
we solve the full MHD equations including a forcing term that keeps the kinetic
energy at an approximately constant level. A 3-d flow with no mean helicity (an
ABC-like flow without cosines, cf. Galloway & Proctor 1992) is implemented and
it turns out that apart from the high growth rate in the linear regime (compared
to kinematic dynamo action, cf. Archontis & Dorch 2003a), the dynamo satu-
rates at a level significantly higher that the intermittent turbulent dynamos (cf.
Archontis & Dorch 2003b); namely at exact energy equipartition. During the
linear regime, several kinematic modes are present, e.g. a sheet/vortex-mode
and a mode that resembles the ABC ”double cigar” mode (e.g. Dorch 2000).
In the non-linear regime, the magnetic topology is not symmetric, but the ini-
tial structure of the velocity field is retained. The presence of helicity is not
a requirement for dynamo action but it is rather the stretching ability of the
flow that amplifies the magnetic energy in an exponential manner (Archontis &
Dorch, in preparation).

A miniature copy (A4) of the poster may be downloaded (MS PowerPoint)
from the following URL:

http://www.astro.ku.dk/∼dorch/posters/JD03.ppt
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Foundation, through a Steno research grant.
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1. Summary

We have discovered unusual inversion of circular polarization in both components
of an active region. We have observed the region for six consecutive days in
May 96 using the RATAN-600 radio telescope with high polarization accuracy
up to 0.5 %. The observations were taken in the range of 1.7 to 30 cm. At
short wavelengths the circular polarization scans revealed a bipolar structure,
expected since the magnetic field is bipolar. However, for all six days and while
the region was moving from the center of the disk to the west limb, the circular
polarization dropped practically to zero at 14.5 cm and at longer wavelengths
the sense of the polarization was reversed.

We show that this unusual polarization inversion cannot be interpreted in
terms of the known propagation effects under conditions of weak and strong
coupling. Linear coupling could explain the observed polarization only if the
magnetic field was parallel to a solar meridian (i.e. perpendicular to the magnetic
dipole axis of the active region). Then the polarization would be independent
of the solar rotation and the reversal would occur for both group components
at the same frequency. This field could be the very large scale, global solar
magnetic field, but its existence is not confirmed observationally (EUV and
soft X-ray). The most likely interpretation is the change of the predominant
emission mechanism near the wavelength of polarization reversal. The change
from thermal at shorter wavelengths to non-thermal at longer ones could cause
the predominance of o-mode emission at lower frequencies.
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Magnetic Neutral Line Rotations in Flare-productive
Regions

Takako T. Ishii, Ayumi Asai, Hiroki Kurokawa

Kwasan and Hida Observatories, Kyoto-U., Yamashina-ku, Kyoto,
JAPAN 607-8471

Tsutomu T. Takeuchi

NAOJ, Mitaka, Tokyo, JAPAN 181-8588

Abstract. We examined the evolution of active regions and found that ro-
tational motions of the neutral line in the δ-type magnetic configuration are
common in the flare-productive active regions.

1. Introduction

What is the common magnetic field configuration among flare-productive active
regions? In our previous studies, we have found that the magnetic neutral line
shows a rotational motion in a δ-type active region NOAA 9026, where three X-
class flares successively occurred (Kurokawa et al. 2002). In this paper, we show
other examples of magnetic neutral line rotations in flare-productive regions.

2. Results

During the current solar maximum (cycle 23), we studied the evolution of all the
active regions that have produced at least one X-class flare and have been ob-
served by the Solar and Heliospheric Observatory (SOHO) / Michelson Doppler
Imager (MDI). We examined 35 active regions from 1996 through 2003 June,
and found clear rotational motions of the neutral line in the δ-type magnetic
configuration in the following active regions; NOAA 9026, 9393, 9415, 9591,
9661, 9672, 0039, and 0314. The angular velocity is about 20 degree par day
in each active region and the motion continues about four days. The clock-
wise motion dominates in the north-hemisphere regions (three in three), and
the counter-clock-wise in the south-hemisphere (three in five, one region shows
both rotations). These motions suggest the existence of magnetic flux knots
and its relation to magnetic helicity. Such a magnetic knot should be the energy
storage for major flares.
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Diagnosis of Faraday rotation with Video Vector
Magnetograph at Huairou

Jiangtao Su and Hongqi Zhang

National Astronomical Observatories, Chinese Academy of Sciences,
Beijing 100012, China

Over the wavelength interval of 150 mÅ redward of line center of the FeI
λ5324.19 Å to 150 mÅ to the blue, in steps of 10 mÅ, observations of a sim-
ple sunspot were obtained with the Video Vector Magnetograph at Huairou
Solar Observing Station (HSOS) of National Astronomical Observatories. In
this paper, we present results of the inversion of stokes polarization profiles of
this sunspot to recover the vector magnetic field parameters of the spectral line
forming region using the FeI λ5324.19 Å using a nonlinear least-squares fitting.
At the same time, curves of the observed variation of azimuth with wavelength
were compared with model calculations for the azimuth at each wavelength as
derived the inverse Zeeman effect modified by Faraday rotation. Hagyard, et al.
(2000, Solar Phys. 191, 309) find it is difficult to separate two effects of Faraday
rotation and π−σ rotation. However, π−σ rotation relates to the Landé factor
of a spectral line. For the spectral line FeI 5324.19 Å, its Landé factor g = 1.5.
In the solar magnetic field atmosphere, its Zeeman split is less than that of line
FeI 5250.22 Å which has larger Landé factor g = 3. The correlations in Figure
1 show that the azimuth rotation increases as the field strength increases and
inclination angle decreases. The results show that rotation of the azimuth is less
significant in observation taken near the center of the FeI λ5324.19 Å than that
of FeI λ5252.22 Å line.

Figure 1. Correlation plots of field strength and field inclination
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On a Cyclic Variation of the Hemispheric Helicity Rule.

A. A. Pevtsov
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Montana State University, Bozeman, MT 59717, U.S.A.

J. E. Smith

Space Science Department, NASA MSFC, AL 35812, U.S.A.

R. C. Canfield

Montana State University, Bozeman, MT 59717, U.S.A.

T. Sakurai

National Astronomical Observatory, 2-21-1 Ohsawa, Mitaka-shi, Tokyo
181-8588, Japan

M. Hagino

Meisei University, 2-590 Nagabuchi, Ohme-shi, Tokyo 198-8655, Japan

Abstract.
We report the result of a study of magnetic helicity in solar active re-

gions during 1980-2000. Using the vector magnetograms from four instruments
(Haleakala Stokes Polarimeter, Marshall Space Flight Center, Mitaka Solar Flare
Telescope and Okayama Observatory Solar Telescope) we calculated the force-
free parameter α and computed a slope dα/dϕ as the linear fit of α vs. latitude
ϕ, using annual subsets of data. The hemispheric helicity rule can be expressed
in terms of this slope as dα/dϕ < 0. We find that each instrument exhibits
change in sign of dα/dϕ for some years. However, we do not see consistency
between different instruments in regards to years disobeying the rule. We show
that this inconsistency can be attributed to insufficient numbers of active regions
in annual subsets of data. We conclude that the present data sets do not allow
to make statistically significant inference about possible cyclic variation of the
hemispheric helicity rule.

For further discussion see Hagyard et al., 2003, ApJ, submitted.

141



Highlights of Astronomy, Vol. 13
International Astronomical Union, 2003
O. Engvold, ed.

The search for correlation between BiSON SMMF data
and CME events

William J. Chaplin, Andrew M. Dumbill, Yvonne P. Elsworth, George
R. Isaak, Clive P. McLeod, Brek A. Miller

School of Physics and Astronomy, University of Birmingham,
Edgbaston, Birmingham B15 2TT, UK

Roger New, Balázs Pintér

School of Science and Mathematics, Sheffield Hallam University,
Howard Street, Sheffield S1 1WB, UK

Abstract. We present first attempts to compare the Birmingham Solar-
Oscillations Network (BiSON) high precision solar mean magnetic field (SMMF)
data of four years with the occurrence of CMEs (coronal mass ejections) as
recorded by LASCO on board SOHO. The BiSON magnetic measurement tech-
nique is given in Chaplin et al. (2003a). Particularly interesting results of recent
SMMF high-cadence observations have come from studies of correlation between
the SMMF determined by MDI and the occurrence of CMEs (Boberg and Lund-
stedt 2000 and Boberg et al 2002). Two frequency ranges, centered on 13 and
90 minutes, have been identified as possibly correlating with CME occurrence.

We have used BiSON SMMF data from two sites to investigate CME related
SMMF signals to try to confirm the MDI results. To search methodically through
our data set we have developed two correlation techniques suited to short (up
to 32 minutes) and long (up to 3 hours) period wavelets, respectively. For short
periods we analyzed SMMF data in the vicinity of CMEs, and for long periods we
compared SMMF results for days with and without recorded CMEs. In neither
period range have we yet clearly identified correlations between SMMF power
excesses and CME onsets. For the details of the techniques and the results see
Chaplin et al. (2003b).
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Eruption of a Quiescent Filament on Feb. 18, 2003

Xingming Bao and Hongqi Zhang

National Astronomical Observatories, Chinese Academy of Sciences,
Beijing 100012, China

An eruptive process of a quiescent filament on Feb. 18, 2003 that initiated
a CME was recorded by the full disk Hα telescope in HSOS (Huairou Solar
Observing Station) and by the Solar and Heliospheric Observatory (SOHO).
The eruption revealed a typical process of energy release and dense plasma ejec-
tion caused by magnetic instability. Filament eruptions, flares and CMEs are
believed to be the same magnetic eruption and reconnection event in three differ-
ent stages. This feature was shown more clearly during eruption of the quiescent
filament because of the simple and regular magnetic line-of-sight field in photo-
sphere compared to active regions with complex magnetic configurations. The
filament was located near the solar northwest limb (N 30-40, W 40-80) on Feb.
18, 2003 with height about 11000 km. It began to erupt at 02:00 UT. Bright rib-
bons appeared at the magnetic feet of the filament in EIT/195 at 02:30 UT. The
post-eruption loops formed at 04:00 UT and lasted about 6 hours. The CME
appeared on EIT/C2 images at 02:30UT with an Ω shape, just the same as the
filament erupted. The speed of mass ejected of the filament was about 250km/s.
We also notice that the height of the filament increased and the magnetic fields
with opposite polarity moved towards each other before the filament erupted.
The filament eruption reveals that the filament may be held in the corona by
the twisted magnetic fields which also keep the cool plasma from escaping the
solar surface. If the twisted field was broken by some magnetic instabilities, the
filament would erupt. The presence of post-eruption loops implies a transition
process from non-potential (twisted) to potential field magnetic configuration in
the filament.
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The current helicity parameter Hc is more sensitive than
αbest to Faraday rotation

Shudong Bao

National Astronomical Observatories, Chinese Academy of Sciences,
Beijing 100012, China

Observations have indicated that the net helicity sign of active regions is
predominantly negative in the northern hemisphere and positive in the southern
(see Table 1). From Table 1, we find that the hemispheric sign rule of helicity
parameter αbest does not change with another solar cycle; but the helicity pa-
rameter Hc seems to show a weak opposite hemispheric preference for Huairou
data in the solar cycle 23 and no preference for Mees data. How to explain
such a phenomenon? We think one reason may be from the action of Faraday
rotation. Faraday rotation will cause a counterclockwise rotation of the azimuth
for a positive polarity field and vice versa. During the cycle 22, the polarity of
leading sunspots is dominantly negative in the northern hemisphere and positive
in the southern. The effect of Faraday rotation, which is determined mostly by
a leading polarity sunspot, has a positive contribution to the percentage of cur-
rent helicity signs in active regions and leads to the increase of the strength of
the hemispheric sign rule. In the cycle 23, the polarity of most leading sunspots
is positive in the northern hemisphere and Faraday rotation will decrease the
percentage of current helicity signs. Consequently, the strength of the hemi-
spheric rule should be weakened. On the other hand, Hc is more susceptible
to Faraday rotation than αbest because it is mainly related to the areas where
the line-of-sight field is strong. Therefore, if the effect of Faraday rotation is
not completely removed in our observations, the hemispheric sign rule showed
is weak in the cycle 23 than in the cycle 22 (for αbest), even opposite (for Hc).

Table 1. Hemispheric distribution of current helicity sign in solar cycles 22 and 23.
αbest Hc No. Data

Reference Cycle Hemisph. Negative Positive Negative Positive Obs. Source

Pevtsov et al. 1995 22 North 25(76%) . . . 33 Mees
South 25(69%) . . . 36

Bao & Zhang 1998 22 North 152(76%) 168(84%) 199 Huairou
South 159(71%) 177(79%) 223

Bao et al. 2000 23 North 26(59%) 14(32%) 44 Huairou
South 28(65%) 21(49%) 43

Pevtsov et al. 2001 23 North 88(63%) 70(50%) 140 Mees
South 86(70%) 70(57%) 123
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Summaries of Papers Presented at Joint Discussion
Session 4: Astrophysical Impact of Abundances in
Globular Cluster Stars

G. S. Da Costa

Research School of Astronomy & Astrophysics, The Australian National
University, Mt. Stromlo Observatory, via Cotter Rd, Weston, ACT
2611, Australia

F. D’Antona

INAF Osservatorio di Roma, via di Frascati 33, 00040 Monteporzio,
Italy

R. G. Gratton

INAF Osservatorio Astronomica di Padova, vicolo dell’Osservatorio 5,
35142 Padova, Italy

Abstract. In this contribution we give summaries of the oral and poster
papers presented in Joint Discussion Session 4, Astrophysical Impact of Abun-
dances in Globular Cluster Stars, at the XXVth IAU General Assembly. The
full text of the papers can be found in Volume 75, issue 2, of the MEMORIE
della Societá Astronomica Italiana (Journal of the Italian Astronomical Society;
see the web address: <sait.oat.ts.astro.it>).

2. Foreword

Globular Clusters (GCs) are a basic tool for a number of important astrophysical
problems – star formation, stellar evolution, stellar populations and cosmology
to name but a few. The advent of new large telescopes is allowing detailed
comparisons between the properties of stars in GCs and those in the halo field,
a necessary comparison to obtain fundamental cluster parameters (e.g. age and
distance) which, in turn, allow GCs to be used as probes of the properties of
galaxies.

A proposal to hold a Joint Discussion session on the chemistry of GC stars
was accepted by the IAU as part of the program of the XXVth General Assem-
bly. The aim of the Joint Discussion was to give an updated overview of both
observations and theory and to give insight into the following areas:

• The early chemical evolution of GCs, particularly as regards the mecha-
nism(s) of formation of GCs, the role of self-enrichment, and possible pollution
within clusters. Here observations go hand-in-hand with increased understand-
ing of the details of stellar evolution: from the massive stars that explode as su-
pernovae, through the intermediate mass stars whose Asymptotic Giant Branch
evolution may contribute to the observed abundance anomalies, to the low mass
we observe in GCs today.

• The physical processes that affect the surface chemistry of low mass stars.
Here new observations of main sequence stars in GCs can provide tests of the
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microscopic diffusion of light elements and metals, a process that can affect
the age determination of GCs. Similarly, observations of extensive samples of
red giant stars have the potential to reveal the presence of rare but significant
objects of peculiar chemical composition, whose explanation may provide new
insights.

Consequently, the program of the JD was built around four topics:
1) Observational results and emerging abundance patterns, with a focus also
on the reliability of abundance determinations. In this context, a round-table
discussion, chaired by B. Barbuy, was held in which possible abundance de-
termination errors, stemming from the assumptions made in modeling stellar
atmospheres, were discussed.
2) Models relevant to the observed chemical patterns, particularly, the explo-
sive nucleosynthesis of massive stars, the more quiescent nucleosynthesis of
intermediate-mass AGB stars and their role in forming the abundance and abun-
dance spreads in GCs.
3) Physical processes and surface chemistry. Here abundances in main sequence
stars constrain the role of atomic diffusion and radiative accelerations, while
abundances in red giants constrain ‘standard’ and ‘non-standard’ mixing pro-
cesses. Lithium abundances are also a key topic in this area. A second round-
table discussion on these subjects was chaired by D. Vandenberg.
4) Formation and evolution of globular clusters. This section featured specific
talks on GC formation and talks on possible mechanisms for producing observed
abundance anomalies as part of the GC formation process. This included the
popular idea that a second stellar generation formed in GCs directly from the
ejecta of massive AGB stars. A third round-table discussion on these topics was
chaired by R. Cayrel.

The meeting was evidently popular with IAU-GA participants, as the ses-
sions were well attended and much lively discussion occurred. All participants
left with many new ideas and suggestions for future work.

The SOC for the Joint Discussion was made up of F. D’Antona (Italy, Co-
Chair), R. Gratton (Italy, Co-Chair), B. Barbuy (Brazil), G. Cayrel (France),
G. Da Costa (Australia), P. Denissenkov (Russia), R. Kraft (USA), J. Lattanzio
(Australia), G. Meylan (USA), K. Nomoto (Japan), J. Truran (USA) and D.
VandenBerg (Canada). G. Da Costa acted as the local liaison contact. All in-
volved in the Joint Discussion were very grateful to the IAU-GA local organizers
for their assistance in making the meeting run smoothly.

3. Summaries of Oral Presentations

This section contains summaries of the oral contributions in the order in which
they were presented during the Joint Discussion. In each case the first named
author was the presenter. Unfortunately, Bob Kraft was unable to attend the
meeting and his paper was presented by Chris Sneden.
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Abundance Trends of Alpha and Fe-Peak Elements in Globular
Clusters
Christopher Sneden

Abstract. A fairly large fraction of Galactic globular clusters have been sub-
jected to some sort of high spectral resolution abundance analysis in the past two
decades. Several clusters have enjoyed the scrutiny of large numbers (>20) of
their giant stars at very high resolution (R > 40,000) and signal-to-noise (>100),
and such investigations have even begun to probe the fainter subgiant cluster
members. Other clusters have seemed to be of lesser interest, having only studies
of a few of their brighter members reported in the literature. This brief overview
will consider the abundance trends of some key element groups, including the al-
pha, Fe-peak, neutron-capture, and proton-capture elements. Some comparison
with field stars will be attempted to illustrate where stellar population differ-
ences between clusters and the field seem to occur. Suggestions for renewed
observational attention will be drawn to specific clusters whose chemical origin
appears to be substantially different than the general Galactic halo.

Abundances in Scarcely Evolved Stars in Globular Clusters
R. G. Gratton

Abstract. Abundances for stars on the main sequence and early subgiant
branch (i.e. less evolved than the Red Giant Branch Bump) in globular clusters
are reviewed. Emphasis is given to those elements that are involved in the Na-O
and Mg-Al anticorrelations. Results obtained in the last few years clarified that
very deep mixing (if any) cannot be the only cause of the abundance anomalies
found in globular cluster stars. The new scenarios, calling for pollution by ma-
terial processed in an earlier generation of stars, are briefly presented; the issues
related to the lithium abundances are briefly commented.

Lithium Abundances in Globular Clusters
P. Bonifacio

Abstract. Warm metal–poor dwarf stars display a constant Li abundance,
whichever their effective temperature or metallicity: the so-called “Spite Plateau”.
If this constant value represents the primordial Li abundance the Universal bary-
onic density may be derived by comparison to nucleosynthesis calculations. In
recent years there has been an active debate on whether these stars have in-
deed preserved their pristine Li or whether it has been depleted by some stellar
phenomenon. Since the Globular Clusters (GCs) are a homogeneous single-age
population they are an ideal testing ground for any theory which predicts Li de-
pletion. Recent observations of NGC 6397 ([Fe/H]∼ −2.0 ) with the VLT/UVES
show that there is no dispersion in Li abundances in excess of what expected
from observational errors and that the Li content is the same as that of field
stars. A re-analysis of extant data of M 92 ([Fe/H] ∼ −2.3) shows that the
intrinsic dispersion must be less than ∼ 0.2 dex. On the other hand for the
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more metal–rich GC 47 Tuc ([Fe/H]∼ −0.7) VLT/UVES observations of 4 Turn
Off (TO) stars suggest that a real dispersion in Li abundances exists. The con-
clusion is that the mechanism(s) which alter the Li abundance in TO stars are
metallicity dependent and apparently ineffective at low metallicity.

On the Question of a Metallicity Spread in Globular Cluster M22
(NGC 6656)
I. I. Ivans, C. Sneden, G. Wallerstein, R. P. Kraft, J. E. Norris, J. P. Fulbright,
& G. Gonzalez

Abstract. Results from early photometric and spectroscopic studies for M22
showed a metallicity spread similar to, albeit significantly smaller than, that
found in ω Cen, the most massive cluster in our Galaxy. Numerous studies of
M22 over the last few decades have yielded conflicting results: depending upon
the sample and analysis techniques, some authors find no significant variations
whereas others find metallicity variations of ∼0.5 dex. In our investigation of a
sample of ∼30 stars, we are employing high resolution high signal-to-noise spec-
tra and a variety of spectroscopic approaches in determining the stellar metal-
licities. In this contribution, we report some of the preliminary results from our
investigation of the question of metallicity variations in M22, employing a set of
models derived by applying chemical constraints.

The Metallicity and Age Ranges in ω Centauri
Laura M. Stanford, Gary S. Da Costa, John E. Norris, & R. D. Cannon

Abstract. We present a metallicity distribution and an age-metallicity re-
lation for the globular cluster ω Centauri based on photometry and spectra of
members at the Main Sequence Turnoff (MSTO) region of the color-magnitude
diagram. The age-metallicity relation was determined by two independent meth-
ods. These preliminary results show that the formation of the cluster took place
over an extended period of at least 4 Gyrs with the more metal-rich stars being
younger. We find no metal-rich old or metal-poor young stars in our sample of
446 ω Cen members.

A Comparison of Globular Cluster and Field Halo Stars
Robert P. Kraft

Abstract. Abundances of the light elements O, Na, Mg, and Al in giants
of four globular clusters having [Fe/H] ∼ –1.6, are compared with halo field
giants having [Fe/H] between –1.0 and –2.5. The last named reflect the abun-
dances expected in Type II supernova ejecta. Abundance anomalies among these
elements, resulting from proton capture synthesis, increase in severity along a
“sequence” corresponding to “halo field”, NGC 7006, M3, NGC 6752 and finally
M13. The results are discussed in terms of deep mixing vs primordial scenarios
as well as impact on the so-called second parameter problem.
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General Discussion I: At What Stage is the Abundance Determina-
tion Problem?
Beatriz Barbuy (Discussion Chair)

Abstract. This open session concentrates on the major problems of abun-
dance determinations, and for this, the effective temperature determination is
discussed by Mike Bessell, the use of FeI and FeII lines and excitation and ion-
ization equilibrium is discussed by Verne Smith. Roger Cayrel discusses the use
of 1-D model atmospheres with different values of the mixing length parameter,
and its impact on OI lines. Martin Asplund discusses the results of using 3-D
model atmospheres and NLTE effects.

The Temperature Scale of Globular Cluster Stars
Michael S. Bessell

Abstract. The empirical temperature scale for Pop I A-K stars has been
well established for over 20 years from application of stellar intensity interfer-
ometry, lunar occultation, infra-red flux method and Michelson interferometry.
Line-blanketed model atmospheres and a better understanding of the handling
of convection now produce synthetic colors that are in excellent agreement with
this empirical temperature scale. Model atmosphere colors and fluxes for higher
and lower abundances than solar can be used confidently to derive temperatures
for the globular cluster stars.

Globular Cluster Abundances in the Light of 3D Hydrodynamical
Model Atmospheres
Martin Asplund

Abstract. The new generation of 3D hydrodynamical model atmospheres
have been employed to study the impact of a realistic treatment of stellar con-
vection on element abundance determinations of globular cluster stars for a
range of atomic and molecular lines. Due to the vastly different temperature
structures in the optically thin atmospheric layers in 3D metal-poor models com-
pared with corresponding hydrostatic 1D models, some species can be suspected
to be hampered by large systematic errors in existing analysis. In particular, 1D
analysis based on minority species and low excitation lines may overestimate the
abundances by > 0.3 dex. Even more misleading may be the use of molecular
lines for metal-poor globular clusters. However, the prominent observed abun-
dance (anti-)correlations and cluster variations are largely immune to the choice
of model atmospheres.
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Oxygen Abundance and Convection
C. Van’tVeer, & R. Cayrel

Abstract. The triplet IR lines of O I near 777 nm are computed with the
Kurucz’s code, modified to accept several convection models. The program has
been run with the MLT algorithm, with l/H = 1.25 and 0.5, and with the
Canuto-Mazzitelli and Canuto-Goldman-Mazzitelli approaches, on a metal-poor
turnoff-star model atmosphere with Teff = 6200 K, log g = 4.3, [Fe/H]= –1.5.
The results show that the differences in equivalent widths for the 4 cases do not
exceed 2 per cent (0.3 mA). The convection treatment is therefore not an issue
for the oxygen abundance derived from the permitted lines.

Population III Supernovae and their Nucleosynthesis
K. Nomoto, K. Maeda, H. Umeda, N. Tominaga, T. Ohkubo, J. Deng, & P. A.
Mazzali

Abstract. Stars more massive than ∼ 20 - 25 M¯ form a black hole at
the end of their evolution. Stars with non-rotating black holes are likely to col-
lapse “quietly” ejecting a small amount of heavy elements (Faint supernovae).
In contrast, stars with rotating black holes are likely to give rise to very ener-
getic supernovae (Hypernovae). We present distinct nucleosynthesis features of
these two types of “black-hole-forming” supernovae. Nucleosynthesis in Hyper-
novae is characterized by larger abundance ratios (Zn,Co,V,Ti)/Fe and smaller
(Mn,Cr)/Fe than normal supernovae, which can explain the observed trend of
these ratios in extremely metal-poor stars. Nucleosynthesis in Faint supernovae
is characterized by a large amount of fall-back. We show that the abundance
pattern of the recently discovered most Fe-poor star, HE0107-5240, and other
extremely metal-poor carbon-rich stars are in good accord with those of black-
hole-forming supernovae, but not pair-instability supernovae. This suggests that
black-hole-forming supernovae made important contributions to the early Galac-
tic (and cosmic) chemical evolution. Finally we discuss the nature of First (Pop
III) Stars.

The Role of AGB Stars
John Lattanzio, Amanda Karakas, Simon Campbell, Lisa Elliott, & Alessandro
Chieffi

Abstract. We give a brief summary of the abundance anomalies seen in
globular cluster stars, and try to review how and if AGB stars could be respon-
sible. The abundance anomalies are clearly indicative of hot H burning, such as
is expected during hot bottom burning in intermediate mass AGB stars. Never-
theless, we conclude that a quantitative fit is very hard to obtain using current
AGB models.
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Today’s AGB Stars and the Role of Binaries
Pavel A. Denissenkov

Abstract. Recent observations of the star-to-star abundance variations well
below the bump luminosity in globular clusters have raised the weight of the
primordial scenario. So far, intermediate-mass AGB stars have been considered
as the most likely primordial sources of these abundance variations. I present
some arguments against this idea and propose alternative sources. These are
RGB and/or AGB stars a little bit more massive than the present-day MSTO
stars that had experienced enhanced extra mixing in the past. In this case the
more preferable way of polluting the lower mass MS stars by nuclearly processed
material would be mass transfer in binaries rather than stellar winds from single
stars.

New AGB Models to Explore the Spread of Abundances in Globular
Clusters
Paolo Ventura, Francesca D’Antona, & Italo Mazzitelli

Abstract. Following the line of thought that the inhomogeneities in com-
position of GC stars are due to contamination from the ejecta of the massive
AGBs which evolved in the first 100-200Myr, we must study in detail the pro-
duction of elements during the AGB evolution. The study requires computation
of complete stellar models including nuclear processing by Hot Bottom Burning,
coupled with non- instantaneous mixing for as many elements as possible. These
models are still subject to many uncertainties, so that the additional hypothesis
that the spreads in abundances are not random, but can be attributed to the ex-
istence of several different generation of stars directly formed from AGB ejecta,
provides a powerful tool to constrain the efficiency of Hot Bottom Burning and
the role of the third dredge up. We show that many difficulties are still present
in this scenario, in particular our recent models confirm that the anticorrelation
Na–O is not well explained. If the spreads are indeed due to different stellar
generations, however, we can use the abundance anomalies to understand better
the AGB models.

Processes at the Turnoff
Georges Michaud, Olivier Richard, & Jacques Richer

Abstract. Stellar evolution models taking into account the atomic diffu-
sion of 28 species, have been calculated for Pop II stars of 0.5 to 1.2M¯ with
[Fe/H] from −4.31 to −0.71. Overabundances are expected in some turnoff stars
with Teff ≥ 5900 K. They depend strongly on the metallicity of the cluster. At
the metallicity of M 92, they reach a factor of 10 for many species, at 12 Gyr,
but a factor of at most 2, at 13.5 Gyr. Series of models were also calculated
with turbulence to determine to what extent it reduces predicted abundance
anomalies. The level of abundance anomalies observed in turnoff stars may then
determine a level of turbulence. Even in the presence of turbulence however,
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allowance for diffusive processes leads to a 10%-12% reduction in age at a given
turnoff luminosity. For M 92 an age of 13.5 Gyr is determined.

Mixing along the Red Giant Branch
Achim Weiss, & Corinne Charbonnel

Abstract. We review canonical mixing in low-mass stars on the Red Giant
Branch, the evidence for additional – extra – mixing based on observations of
chemical abundance trends and anomalies, discuss the connection with the Red
Giant bump and with proton-nucleosynthesis, and the current understanding
of the connection between extra-mixing and differential rotation. New develop-
ments concerning the sequence of events leading to the observed abundances are
included, too.

General Discussion II: On Current Stellar Models
Don A. VandenBerg (Discussion Chair)

Abstract. Given the emphasis at this meeting on stellar models that treat
diffusive and deep-mixing processes, as well as on recent computations for the
AGB phase, a panel of experts was organized to further discuss the comparisons
between theory and observations, the limitations of current models, and antic-
ipated future advances. G. Michaud provided further insights on which stars
are expected to show the largest abundance anomalies due to gravitational set-
tling and radiative accelerations, and on the role of turbulent mixing. A. Weiss
emphasized the importance of fully understanding diffusive processes and of in-
vestigating the still largely untested consequences of such processes (and deep
mixing) for the late evolutionary phases of stars. S. Vauclair reported on the
possible interaction between meridional circulation currents and diffusion, which
could potentially explain why the observed abundance anomalies are less than
those predicted by diffusive models. P. Denissenkov briefly reviewed several of
the main problems that need to be solved in order to achieve an understanding
of the observed abundances in giant stars, including the identification of the
physical mechanism of deep mixing and an understanding of how the rotation
profile in stars evolves. F. D’Antona outlined the reasons why she believes that
massive AGB stars are the source of the material that produces the observed
abundances in globular cluster stars (via pollution), including, in particular, the
constraints provided by the observed Li abundances. Finally, J. Lattanzio com-
mented that deep mixing is likely restricted to the upper giant branch and that
some kind of primordial mechanism must be found to explain the abundance
anomalies in less evolved stars: he also reminded us of some difficulties with the
AGB scenario. Short contributions from each of the above are included in this
paper.
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Formation of Stars in Clusters
Bruce Elmegreen

Abstract. Models of star formation in clusters and some of their observational
constraints are reviewed. The formation of old globular cluster stars probably
proceeded in a similar fashion to the formation of stars in today’s young mas-
sive clusters, considering their similar IMF’s, stellar densities, and masses. The
dominant mechanism for star formation would then be collapse following energy
dissipation and gravitational instabilities in a compressible turbulent medium.
The formation of the halo globulars themselves occurred in a peculiar environ-
ment, however, where the microwave background temperature was higher than
it is today by a factor of 3 to 10, the pressure from the potential well of the pro-
togalaxy was larger than in today’s galaxy disks by a factor of > 100, the mean
magnetic field was probably lower by at least an order of magnitude without an
active dynamo, the metallicity was lower by ∼ 1/40, and non-thermal radiation
from QSOs and other nuclear activity was important. These differences must
have had several important consequence for star formation even though the basic
physical processes were the same. The most important consequence seems to be
that the epoch of globular cluster formation was the first time in the history of
the Universe when cooling was strong enough and the microwave temperature
small enough to produce a thermal Jeans mass that was less than a solar mass
given the typical pressure of the environment. This small thermal Jeans mass
allowed the cluster to remain bound over a Hubble type without severe mass
loss from stellar winds and supernovae, and it allowed most of the stars in the
cluster to shine for a Hubble time without turning off the main sequence. Other
star and cluster formation from earlier times could not have produced such long-
lasting objects as the halo globular clusters. Globular clusters are the result of
a selection effect for survival over a Hubble time.

Globular Cluster Formation from Cloud-Cloud Collisions
T. Shigeyama, & T. Tsujimoto

Abstract. Hydrodynamic evolution of supernova remnants in collided proto-
cluster clouds is investigated in the frame work of a supernova-driven star for-
mation scenario. It is found that the relative velocity of proto-clouds must be
greater than a certain value, which is a function of the mass of each proto-cloud,
to produce a stellar cluster with little dispersion of [Fe/H] ratios among the
member stars. The metallicity distribution function for globular clusters in the
Galactic halo is calculated from a simple model. This calculation shows that
cloud-cloud collisions can reproduce the observed metallicity distribution func-
tion for globular clusters. Before cloud-cloud collisions, each cloud has been
enriched with heavy elements according to a supernova-driven star formation
scenario that reproduces the observed abundance distribution function for the
Galactic halo field stars.
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Globular Cluster Abundance Anomalies: Clues from the Main
Sequence
G. S. Da Costa, Russell Cannon, Barry Croke, & John Norris

Abstract. We present an analysis of spectra of a large sample of main se-
quence stars in the globular cluster 47 Tuc observed with the 2dF multi-fibre
instrument on the Anglo-Australian Telescope. The spectra confirm that anti-
correlated variations in the strengths of the CN and CH bands exist among the
main sequence stars in this cluster. Further, the ratio of CN-strong to CN-weak
stars on the main sequence is identical, to within the statistics, to the value for
the red giant branch. This strongly implies that evolutionary (mixing) processes
do not play a significant role in generating the abundance anomalies observed in
this cluster. We also find that the strengths of the sodium-D lines in the spec-
tra of these main sequence stars correlate positively with the cyanogen band
strength index. We then compare our 47 Tuc results to those for main sequence
stars in M71, a globular cluster of comparable abundance to 47 Tuc, and to
those for main sequence stars in the more metal-poor globular cluster M13.

The Horizontal Branch Morphology in Globular Clusters:
Consequences for the Self-Pollution Model
Francesca D’Antona

Abstract. The Joint Discussion 4 of the Sydney IAU General Assembly
takes place at a very interesting stage for Globular Cluster (GC) astrophysics,
when it is becoming clear that many –if not all– of the inhomogeneities in the
chemical composition of GC stars are due to some mechanism of primordial en-
richment. The best candidate for “self-pollution” is identified with the matter
lost in winds of low velocity from Asymptotic Giant Branch (AGB) stars, espe-
cially of high mass, evolving during the first phases of the life of the Clusters,
and cycling their envelope material through the hot-CNO cycle at the bottom
of their convective envelopes (Hot Bottom Burning – HBB). Recognition that
Globular Clusters showing large chemical anomalies are also peculiar in their
Horizontal Branch (HB) star distributions, led D’Antona et al. (2002) to suggest
that extended blue tails are directly linked to enhanced helium in the matter,
processed through HBB, from which these stars are born. Here we show that
other HB peculiar morphologies –such as the lack of stars in the RR Lyrae re-
gion, in clusters like NGC 2808, whose red and blue side of the HB are both
well populated– can be attributed to the helium enrichment of the matter from
which the stars populating the whole blue HB in this cluster were born. This
interpretation lends credit to the idea that the GC stars are formed in two main
generations, the first one having the composition of the primordial gas cloud,
the second one formed directly from the AGB ejecta over a span of time lasting
∼ 2 × 108 yr. This hypothesis provides a useful and conceptually simple key not
only to interpret some –but not all– HB peculiarities, but also to understand
the distribution of abundance anomalies. If the model is correct, in the end we
can use the abundance anomalies to falsify (or calibrate) our AGB models.
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General Discussion III: Chemistry and Self–Pollution Mechanisms
R. Cayrel (Discussion Chair)

Abstract. Round table 3 was devoted to the origin of chemical anomalies
found in a significant fraction of stars in GCs, but not in field metal-poor stars
of similar metallicity. Formerly a hot topic was if such anomalies, studied only
in giant stars, bright enough to allow reliable abundance determinations, were
generated in the course of the evolution of the star, or inherited at the birth of
the star. The ESO Large Program led by R. Gratton has demonstrated, without
ambiguity, that the most famous of these “anomalies”, the O-Na anticorrelation,
was already present in turn-off (TO) stars, therefore already there at the birth
of the star. This does not preclude that some modifications occur along the
red giant branch, as described, for example, already in Charbonnel (1994), but
those are well identified and do not include the O-Na anticorrelation, but affect
mostly 12C,13C, 14N and Li. More recently, models including rotation in the
evolution (see for example talks by Charbonnel and Weiss at JD 4) have been
produced. The most promising process for explaining the O-Na anticorrelation
is the hot-bottom-burning process (HBB) in TP-AGBs, Ventura et al. (2001).
The problem remaining is the transfer of the processed matter to an unevolved
star. Here, several routes exist, and so far no consensus has been reached on
those which are dominant. Roundtable 3 was expected to supply a live dis-
cussion between the proponents of the various ideas emitted on this subject.
Unfortunately, in the time allotted, the only thing which appeared possible was
to suggest tests for evaluating the coherency of the various proposals, against
the widest set of observational constraints. For example, the HBB produces an
enrichment in helium, potentially affecting the isochrones. Very accurate obser-
vations could try to detect this side-effect. Transfer of mass from an AGB to an
unevolved companion is an efficient way of pollution. But it is then expected
that the remaining binary shows a variable radial velocity (unless the pair has
been disrupted afterwards...). At the other extreme, the mass loss of AGBs may
have been large enough to have produced a second generation in a GC (see F.
d’Antona contribution). But let us leave their role to our participants...

The AGB Contamination Scenario
Achim Weiss

Abstract. Proposed tests. The primordial scenario suggested by D’Antona,
Gratton, and others, which assigns the observed ONa-anticorrelation and the
Mg- and Al-anomalies in cluster red giants to processes in thermally pulsing,
hot bottom-burning AGB stars of an earlier generation, has many attractive fea-
tures. The models also make clear predictions concerning the initial composition
of those stars we see today as red giants. These predictions should be tested with
stellar models using the predicted initial composition, which is helium-enriched.
One can, for example, check, whether the subgiant branch, during which the
effectiveness of the hydrogen-shell (i.e. the abundance of CNO) is important, or
the location and extent of the bump are affected; whether there are photometric
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differences between “normal” and “AGB-contaminated” stars, even if so far the
isochrones appear to be indistinguishable. Observationally, a determination of
the luminosity function and the distribution of stars of both types towards the
tip of the RGB should be done, because the initial helium content will affect
both. It is also necessary to investigate closer the nucleosynthesis of AGB stars
of interest, because I think that no agreement has been reached here concern-
ing the production/destruction of certain elements (Na, Mg and its isotopes) as
function of mass, metallicity, etc. We need to be able to define robust results,
which can guide future observations.

Contribution to JD4 Round Table Discussion 3
G. S. Da Costa

Abstract. In my contribution to the roundtable discussion I drew atten-
tion to what I see as two key questions relevant to the debate concerning the
relative importance of processes occurring early in the life of a globular cluster
(“primordial processes”) and processes occurring in the stars we observe today
(“mixing processes”). These are: (1) In a given cluster, is the total abundance
of C+N+O constant from star-to-star, even though the individual C, N and O
abundances vary substantially? We don’t have a definite answer here but it is a
vital question since constant C+N+O is a necessary outcome of any mixing pro-
cess. (2) In a given cluster, is it really reasonable to imagine that all the ‘second
generation’ stars can be formed from the ejecta of AGB stars? At this meeting
we have frequently heard the suggestion that the Nitrogen- and Sodium-rich,
Carbon- and Oxygen-poor stars may have been formed from the mass lost by
thermally-pulsing upper-AGB stars. I think we are now in a position where
we could attempt to quantitatively evaluate this question for a cluster like 47
Tucanae. It may be that such a requirement can only be filled with a rather
unusual mass function for the ‘first generation’, a point first made long ago by
Smith & Norris (1984).

Abundance Anomalies and Lithium in Globular Clusters
P. Bonifacio

Abstract. Since Li is destroyed at temperatures above 2.5 × 106K its abun-
dance may be a useful diagnostic for the nuclear history of the material observed
in a stellar atmosphere. It is therefore interesting to note what are the correla-
tions (if any) between Li abundances and abundance anomalies.

A Discussion of Self-Pollution Mechanisms
P. A. Denissenkov

Abstract. Intermediate-mass AGBs and low-mass stars having just passed
the helium-flash are both potential contributors to chemical variations in GC
stars. Both mechanisms face the difficulty of the short time available between
sweeping the generated gas at each crossing of the galactic plane by the GCs.
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Can we Build up Second Generation Stars in GCs Directly from the
Ejecta of AGBs?
Francesca D’Antona

Abstract. My contribution to the round table on chemistry and self-pollution
mechanisms examines the consequences behind the hypothesis of globular clus-
ters are made up by a first stellar generation plus a second, long stage of star
formation, lasting some 200Myr, directly from the ejecta of AGB stars.

4. Poster Paper Summaries

This section gives summaries of the poster papers.

B. Barbuy, J. Meléndez, S. Ortolani, M. Zoccali, E. Bica, A. Renzini, V. Hill,
Y. Momany, D. Minniti, & M. Rich: Abundance Analysis of the Bulge Globular
Clusters NGC 6553 and NGC 6528

A detailed abundance analysis of 5 giants of the metal-rich bulge globular
cluster NGC 6553 was carried out using high resolution infrared spectra in the
H band, obtained at the Gemini-South 8m telescope. High resolution spectra of
3 stars in the bulge globular cluster NGC 6528 were obtained at the 8m VLT
UT2-Kueyen telescope with the UVES spectrograph. The present analysis pro-
vides a metallicity [Fe/H] = −0.15± 0.2 and [α/Fe] ≈ +0.2 for NGC 6528, and
[Fe/H] = −0.20±0.10 and an oxygen overabundance of [O/Fe] = +0.20 for NGC
6553, resulting in an overall metallicity Z ≈ Z¯ for both clusters.

Uta Fritze – v. Alvensleben: Stellar Abundances in Young and Intermediate Age
GCs

Globular Cluster (GC) formation seems to be a widespread mode of star
formation in extreme starbursts triggered by strong interactions and mergers
of massive gas-rich galaxies. We use our detailed chemically consistent evolu-
tionary synthesis models for spiral galaxies to predict stellar abundances and
abundance ratios of those second generation GCs as a function of their age
or formation redshift. Comparison with observed spectra of young star clusters
formed recently in an ongoing interaction (NGC 4038/39) and a merger remnant
(NGC 7252) are encouraging. Abundances and abundance ratios (and their re-
spective spreads) among young and intermediate cluster populations and among
the red peak GCs of elliptical/S0 galaxies with bimodal GC color distributions
are predicted to bear a large amount of information about those clusters’ for-
mation processes and environment. Not only the bright young clusters but also
representative populations of ”old” GCs in E/S0 galaxies are readily accessible
to MOS on 10m class telescopes.
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Jennifer A. Johnson: A Survey for CH Stars in Globular Clusters

To determine the frequency of CH stars in metal-poor globular clusters, I
have begun a survey using intermediate-band photometry and low-dispersion
spectroscopy. In the preliminary analysis of one cluster, M 30, I have found that
the photometry successfully selects stars with strong G-bands, while the low-
dispersion spectra isolate those stars with the correct metallicities and radial
velocities to be cluster members. In the M 30 sample, I have found three stars
that have stronger G-bands than normal cluster stars of the same luminosity.

L. Sbordone, P. Bonifacio, G. Marconi, & R. Buonanno: Chemical Abundances
in Terzan 7 from UVES spectra

We present abundances for Mg, Si, Ca, Fe, and Ni for 3 giants in the
sparse globular cluster Terzan 7, physically associated with the Sagittarius Dwarf
Spheroidal Galaxy (Sgr dSph), which is presently being tidally disrupted by the
Milky Way. Sgr dSph shows signs of a prolonged and peculiar star formation his-
tory, (low α content, high metallicity, significant Na, Co, Ni underabundance).
Our data, obtained with VLT-UVES, show a mean [Fe/H]= −0.57, solar-scaled
α elements ([α/Fe]∼0) and a significant Ni underabundance ([Ni/Fe]= −0.2).
These results are strikingly resembling what we find in the body of the Sgr
dSph. This enforces the membership of Terzan 7 to the Sgr dSph system. In
fact, a clear chemical pattern can be traced in the [α/Fe] vs [Fe/H] plane in-
cluding the Sgr dSph, the associated clusters Ter 7 and M54, the clusters Pal
5 and Pal 12, and the young globular Ru 106. This last system is also known
to show a similar Ni underabundance, never found elsewhere in the Milky Way.
Note that Pal 12 and Pal 5 are believed to have been originated inside the Sgr
dSph system, while Ru 106 is suspected to have been also accreted from another
merging episode.

Takuji Tusujimoto, & Toshikazu Shigeyama: Star Formation History of Omega
Centauri

The star formation history of the globular cluster Omega Centauri is inves-
tigated in the context of an inhomogeneous chemical evolution model in which
supernovae induce star formation. The proposed model explains recent obser-
vations for Omega Cen stars and divides star formation into three epochs. The
formation of Omega Cen is also discussed in the framework of globular cluster
formation triggered by cloud-cloud collisions. In this scenario the relative ve-
locity of clouds in the collision determines the later chemical evolution in the
clusters. A head-on collision of proto-cluster clouds with a low relative velocity
would have converted less than 1% of gas into stars and promoted the subse-
quent chemical evolution by supernova-driven star formation. This is consistent
with present observed form of Omega Cen. In contrast the other Galactic glob-
ular clusters are expected to have formed from more intense head-on collisions
and the resultant clouds would have been too thin for supernovae to accumulate
enough gas to form the next generation of stars. This explains the absence of
chemical evolution in these other globular clusters.
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M31’s Disk System of Globular Clusters

Heather Morrison, Paul Harding and Denise Hurley-Keller

Dept of Astronomy, Case Western Reserve University, 10900 Euclid
Ave, Cleveland OH 44106

Kathy Perrett

Department of Astronomy and Astrophysics, University of Toronto,
Toronto, ON, Canada M5S 3H8

Abstract.
Globular cluster systems are often thought to be associated with violent

formation events such as galaxy mergers or the formation of large bulges. How-
ever, formation in relatively ordered regions such as thin disks may also be an
important process which has been overlooked.

Recent high-quality spectroscopic studies of the M31 globulars show that
a significant number of the clusters projected on its disk belong to a rapidly
rotating thin disk. This contrasts strongly with the Milky Way system, which is
composed of a halo and thick disk system and has no known thin disk globulars.
It is also likely that M31 has experienced no minor mergers since the globular
cluster formation epoch, as such a merger would have heated the globulars into a
thick disk system. The metallicity distributions of the disk and non-disk clusters
are quite similar.

1. Introduction

M31 is a remarkably poorly understood system, despite its convenient location
close to the Milky Way. In the past few years two high-quality kinematic studies
of old population tracers (globular clusters and planetary nebulae (PN))have
been published, with velocity errors of order 10 km/s. The globular velocities
come from the study of Perrett et al (2002) and the PN data from Hurley-Keller
et al (2003). These low velocity errors allow sensitive searches for systems with
cold kinematics such as thin disks and dwarf galaxies. Here we describe our
detection of a thin disk subsystem of globular clusters in M31.

2. Thin Disk Kinematics

The signature of disk kinematics is clear in a “position-velocity” plot such as
Figure 1, where narrow strips parallel to the major axis are shown with velocity
plotted against distance along the major axis. A completely cold disk with
zero velocity dispersion will show a narrow diagonal line in this figure, with
the only deviations due to variations in distance from the major axis (which
affects the amount of circular velocity projected along the line of sight). A more
realistic disk (such as those studied by Bottema 1993, whose properties were
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used to construct the model panels in the Figure) will have additional velocity
dispersion which will make the feature less narrow but still recognizable.
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Figure 1. Velocity of globular clusters in M31 with velocity errors less than
20 km/s (lower panels), compared to a realistic thin disk model (upper panels),
against major axis distance X. Data are split by distance Y from the major
axis. A significant number of objects, particularly those close to the major
axis, have thin disk kinematics.

Particularly for clusters within 2 kpc of the major axis, we see a subsystem
with disk kinematics as well as a group with hotter kinematics. We find that
40% of the clusters projected on M31’s disk belong to the disk subsystem. Disk
clusters are found over the entire radial range of the M31 stellar disk. Studies of
the age of these clusters will constrain the epoch of disk formation in M31, but
it seems likely from existing work that they are old, suggesting that M31 had a
large thin disk in place quite early.
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The Evolution of NGC 5128: Globular Clusters and Field
Stars

Eric W. Peng

Physics and Astronomy, Rutgers University, Piscataway, NJ, 08854,
USA

Abstract. As the nearest giant elliptical galaxy, NGC 5128 (Centaurus A)
is an excellent place to use globular clusters (GCs) and host galaxy field stars
to study galaxy evolution. We have performed a detailed investigation of this
galaxy, comparing field star kinematics with the metallicities, ages, and kine-
matics of GCs. We used our sample of 780 planetary nebulae (PNe) to trace the
kinematics of the field star population. Our survey for GCs bring the total num-
ber of confirmed GCs to 215. Using spectra of the brightest GCs to determine
ages, we find that the metal-rich GCs have a mean age of approximately 4–5 Gyr,
and that their kinematics are similar to those of the PNe. The metal-poor GCs
have old ages similar to the Galactic GCs, and show a weaker kinematic cor-
relation with the field stars. It is possible that NGC 5128 was formed by the
merger of two or more disk galaxies at the time that the metal-rich clusters were
formed.

1. Introduction

Globular clusters represent the fossil record of vigorous star formation that
marks the evolutionary history of their host galaxies. Detailed investigations of
these cosmic markers can provide leverage on the chemical and dynamical his-
tory of spheroidal stellar populations. Equally important are studies of the field
stars that make up the bulk of a galaxy. One of the best galaxies for conduct-
ing an in-depth study is the nearby (3.5 Mpc) post-merger elliptical NGC 5128
(Centaurus A). We have conducted a UBVRI survey of the NGC 5128 GC sys-
tem, and an [OIII] survey of its planetary nebula (PN) system, which trace the
kinematics of the field stars. Spectroscopic follow-up provided radial velocities
for both populations, bringing the total number of confirmed GCs to 215, and
the total number of confirmed PNe to 780.

2. GC Colors, Ages, Kinematics, and Formation

The GC color distribution of NGC 5128 is distinctly bimodal. For old clusters,
these trends in color are attributed to differences in metallicity. Spectroscopy,
however, allows us to gain some leverage on GC ages. In Figure 1, we plot
the age-sensitive Hβ index (Worthey et al. 1994) and the metallicity-sensitive
[MgFe]′ index defined by Thomas, Maraston, & Bender (2003). The metal-poor
clusters are consistent with being a universally old population (12–15 Gyr old).
The bulk of the metal-rich GCs, however, appear to be significantly younger,
having ages from 1–8 Gyr. We confirm the large rotation of the PNe, showing
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Hbeta vs [MgFe]’ for Bright NGC 5128 GCs
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Figure 1. Hβ and [MgFe]′ Lick/IDS index measurements on the model
grids from Thomas et al. (2003). Lines of constant metallicity (dotted) have
values [m/H] = [-2.25, -1.35, -0.33, 0.0, +0.35] (left to right) at [α/Fe] = 0.
Lines of constant age (solid) have values from 1–15 Gyr. This figure shows
the index measurements for 23 bright, (S/N)Hβ > 40, GCs.

that the rotation stays flat along the major axis at a level of 100 km/s out to
80 kpc. The metal-rich GCs have a velocity field that is similar to the PNe,
exhibiting rotation at the level of 50 km/s, while the metal-poor clusters show
less rotation. The kinematic association of the metal-rich GCs and the PNe, as
well as the age determinations, point to a possible major merging event between
two disk galaxies approximately 4–5 Gyr ago. This scenario is consistent with
the results of merger simulations, which can produce strong rotation and young
star clusters in the remnant.
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The Dynamical Mass of the Young Cluster W3 in NGC
7252: Heavy-Weight Globular Cluster or Ultra Compact
Dwarf Galaxy?
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François Schweizer, Paul Goudfrooij
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Abstract. We have measured the dynamical mass of the highly luminous
star cluster W3 in the young merger remnant galaxy NGC 7252. The value
is Mdyn = (8 ± 2) × 107M¯, and represents the highest dynamically-confirmed
mass for an extra-galactic star cluster so far. The dynamical mass is in excellent
agreement with the luminous mass (Maraston et al. 2001). This results from
the use of stellar population models that include correctly the brightest AGB
stellar phase, dominant in young stellar populations. To classify W3, we employ
the fundamental plane of stellar systems (Bender, Burstein & Faber 1992), for
the first time in these kinds of studies. We find that W3 lies far from typical
Milky Way globular clusters, but it is also far from the heavyweights ωCen in
the Milky Way and G1 in M31, because it is too extended for its mass, and from
dwarf elliptical galaxies because it is much more compact for its mass. Instead
W3 lies close to the ultra-compact Fornax objects (Drinkwater et al. 2003) and
to the compact elliptical M32, possibly shedding light on the still mysterious
nature of these objects. A previously deserted region of the fundamental plane
starts to be populated.

Extreme star bursts seen in galaxy mergers are able to produce star clusters
with masses up to 107M¯, that are suggested to evolve into galactic globular
clusters (GC). However some objects seem to escape such notice, because their
luminosity-estimated masses are much larger than those of the most massive
GCs. The most extreme case is a star cluster in the young (t∼< 1 Gyr) merger
remnant galaxy NGC 7252, for which the luminous mass was found to be nearly
108M¯ (Schweizer & Seitzer 1998; Maraston et al. 2001). Therefore it is im-
portant to check the dynamical mass (Maraston et al. 2003). To this aim,
the internal velocity dispersion of the object has been measured from a high-
resolution, high S/N optical spectrum obtained with UVES/VLT, by means
of the FCQ method (Bender 1990). We use a composite stellar template in
which the luminosity contributions of the individual stars are those of the stel-
lar population model that matches the spectra and colors of W3 (t ∼ 300 Myr,
Z ∼ 0.5 Z¯, [α/Fe] ∼ 0; Maraston et al. 2001). Our result is the astonishingly
high velocity dispersion σ = 45 ± 5 km/s, that combined with the large clus-
ter size Reff = 17.5 ± 1.8 pc, translates into a dynamical virial mass for W3 of
(8± 2)× 107M¯. In order to classify this object, we use the fundamental plane
(Figure 1), on which we place the new UCDGs and the massive Local Group
star clusters ωCen and G1. W3 lies far from the average line of galactic GCs
and from ωCen and G1. Instead, a connection might exist with the UCDGs and
with the compact elliptical M32.
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Figure 1. The fundamental plane of stellar systems - bulges plus ellipticals
B+E, dwarf ellipticals dE, globular clusters GC (Burstein et al. 1997) in the
version containing massive star clusters and Ultra Compact Dwarf Galaxies
(UCDGs) (Maraston et al. 2003). κ1 is the mass of an object, while κ2 can
be interpreted as a concentration factor in the sense that objects with higher
values of κ2 are more concentrated for a given mass. κ3 is the mass-to-light
ratio. The arrow from W3 indicates its position when faded to 10 Gyr due to
stellar evolution. Note that dynamical mass losses are not taken into account
(see discussion in Maraston et al. 2003).

References

Bender, R. 1990, A&A, 229, 441

Bender, R., Burstein, D., Faber, S.M. 1992, ApJ, 399, 462

Burstein, D., Bender, R., Faber, S.M., Nolthenius, R. 1997, AJ, 114, 1365

Drinkwater, M.J., et al., 2003, Nature, 423, 519

Maraston C., Bastian, N., Saglia, R. P., Kissler-Patig M., Schweizer, F., Goudfrooij, P.
2003, A&A, accepted

Maraston C., Kissler-Patig, M., Brodie, J., et al. 2001, A&A, 400, 823

Schweizer, F., Seitzer, P. 1998, AJ, 116, 2206



Highlights of Astronomy, Vol. 13
International Astronomical Union, 2003
O. Engvold, ed.

Extreme Globular Cluster Systems
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Abstract. The superior resolution and large format of the Advanced Camera
for Surveys (ACS) on the Hubble Space Telescope (HST) make it a powerful new
tool in the study of extra-galactic globular cluster (GC) systems. We summarize
some early results on GC populations from the ACS GTO program, concentrat-
ing on the extreme cases of the isolated dwarf NGC 2915 and the core of the
massive lensing cluster Abell 1689.

1. Introduction

ACS has been delivering superb quality images since soon after its installation on
HST in March 2002. The earliest ACS science included observations of merging
galaxies such as “the Tadpole” (UGC 10214). While Tran et al. (2003) concluded
that the bright young star clusters in the Tadpole were unlikely to be young
GCs, the ACS science team has a continuing program to study star cluster
formation in some star-burst galaxies, including NGC 1569, which is known to
harbor massive young clusters that are consistent with being young globulars.
Our team has a number of other programs that, while not explicitly designed
for studying extra-galactic GCs, have proven to be extremely interesting for this
purpose. We discuss two such cases in what follows.

2. “New” Old Globulars in a Dark Matter Dominated Dwarf

NGC 2915 is an isolated dwarf galaxy about 4.2 Mpc away. While the
optical morphology appears to be that of a blue compact dwarf, it is surrounded
by a massive Hi spiral disk with an extent more than 5 times greater than the
optical light (Meurer et al. 1996). This Hi disk allows for dynamical probing of
the dark matter halo to large radii, and the results indicate that NGC 2925 is
one of the most dark-matter dominated galaxies known, having M/LB ∼ 80.

Our 3-band ACS Wide Field Camera images reveal a significant old halo
population, including the three globular clusters shown in Figure 1. These ob-
jects have colors similar to those of old, metal-poor Galactic globulars. They are
1–2 mag brighter than the mean of the Galactic GC luminosity function, but
fainter than the brightest Galactic GCs such as ωCen. If we were just extremely
lucky with our one ACS pointing and happened to capture all the NGC 2915
GCs in a single frame, then we calculate a specific GC frequency SN ∼ 1 for
this galaxy. However, if we extrapolate according to a more typical power-law
GC distribution, then we find a number almost an order of magnitude larger,
making NGC 2915 a “high-SN” galaxy. This result is in line with the high gas
fraction and M/L ratio, and the apparent scaling of GC population sizes with
these quantities, rather than with luminosity, in elliptical galaxies.
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Fig. 1. NGC 2915 globulars newly discovered with ACS.

We can speculate about the future evolution of SN in NGC 2915: whether
it will evolve towards typical low values through quiescent star formation in the
Hi disk, whether it will remain high or increase through loss of the Hi and fading
of the stellar light, or how it might change through dissipative merging and star-
bursts. This may prove a key galaxy for understanding the evolving relationship
between GC systems, their host galaxies, and the larger environment.

3. Abell 1689: The Biggest Globular Population Yet?

At the other extreme, we have found a teeming GC population in the core
Abell 1689 z= 0.18, the most powerful cluster lens in the sky. Rich GC systems
were known around many cD galaxies, but all at z < 0.1. Besides being the most
distant studied to date, extrapolation of the counts indicates this cluster has on
the order of 105 GCs in its center, or 2-3 times that of any other system and
∼ 7 times the number found around M87, the prototypical “high-SN” central
cluster galaxy. I caution that these results are highly preliminary and we are
working to improve the analysis, but it is clearly an extremely rich system.

Fig. 2. ACS image of A1689 core (left); faint point sources visible following subtraction (right).

These results are all thanks to the devoted efforts of many ACS IDT mem-
bers.
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Globular Clusters in Early-Type Galaxies with GMOS
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Abstract. We present recent results from our long-term Gemini/GMOS
study of globular clusters (GCs) in early-type galaxies. To date, we have ob-
tained photometry and spectroscopy for GCs in NGCs 3379, 4649, 524, 7332,
and IC 1459. We find a clear bimodality in the NGC 4649 GC color distribu-
tion, with the fraction of blue/red clusters increasing with galacto-centric radius.
We derive ages and metallicities for 22 GCs in NGC 3379, finding that most of
the clusters appear old (10−15 Gyr); however, there is a group of 4 metal-rich,
younger clusters with ages of 2−6 Gyr. The NGC 3379 GC velocity dispersion
decreases with radius, as does the inferred (local) mass-to-light ratio: there is
no evidence for a dark matter halo in NGC 3379 based on our GC data.

1. Introduction

Globular clusters (GCs) are excellent probes of the dynamics, dark matter con-
tent, star-formation histories, and chemical enrichment of early-type galaxies.
We have embarked upon a major programme using the Gemini Multi-Object
Spectrograph (GMOS) on the 8m Gemini telescopes to obtain photometry and
spectroscopy of GCs in ∼ 12 early-type galaxies, covering a range of galaxy type,
luminosity, and environment. In this paper we present some of the first results
from this programme.

2. Data

We have been using GMOS on Gemini North (since 2002A) and South (since
2003B) to obtain spectroscopy for 30−100 GCs in each of NGCs 3379, 4649, 524,
7332, and IC 1459. GMOS pre-imaging in the g’, r’, and i’ filters for 2−3 fields
per galaxy (400−800 sec in each filter) is used to select GC candidates for follow-
up spectroscopy and for photometric analysis of the GC systems. The GMOS im-
ages have been reduced using IRAF/DAOPHOT, with photometric calibration
from HST photometry kindly supplied by Soeren Larsen. Final GC candidate
lists are determined after rejection of resolved objects, and objects with colors
outside the range of Galactic GCs. GMOS multi-slit spectroscopy has been ob-
tained for one or more fields in each galaxy, with 25−50 slits per field/mask
(depending on the richness of the GC system), and exposure times of 8−10
hours per mask. Spectroscopic data reduction is done using the IRAF/GMOS
package.
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3. Globular Cluster Photometry in NGC 4649

NGC 4649 is a luminous (MV =−22.4) Virgo elliptical. We present preliminary
photometric results for ∼ 2000 unresolved objects with i’ < 25 and 0.5 < (g’-i’)
< 1.5 (see Forbes et al. (2004) for a fuller account, and Bridges et al. (2004) for
NGC 4649 GC spectroscopy). The NGC 4649 GC colour distribution is clearly
bimodal, with peaks at (g’-i’) = ∼ 0.9 and 1.15. The fraction of blue/red clusters
increases with radius, as found in other early-type galaxies.

4. Globular Cluster Spectroscopy in NGC 3379

NGC 3379 is a less luminous elliptical in the nearby Leo group. We have spectra
for 22 NGC 3379 GCs in a 10 hour GMOS exposure with 5 Å resolution and
coverage from ∼ 4000−7000 Å . Figure 1 shows the ages and metallicities of 18
GCs, based on the comparison of line-strengths with stellar population synthesis
models. Most of the GCs are old, with ages > 10 Gyr, but there is a group of ∼
4 metal-rich, younger GCs with ages of 2−6 Gyr. Figure 2 shows that both the
GC velocity dispersion (top panel) and the local M/L (bottom panel) decrease
outwards. A preliminary analysis (see Beasley et al. 2004) shows that there is
no evidence for a dark-matter halo in NGC 3379, a very interesting result also
seen in the PNe kinematics (Romanowsky et al. 2003, Science, 301, 1696).

Figure 1 (left): Ages/metallicities for NGC 3379 GCs (filled circles) and
MW GCs (open circles), from our GMOS spectra. Figure 2 (right): Top:
velocity dispersion of NGC 3379 stars (small errors) and GCs (larger errors);
the solid line is a constant M/L fit. Bottom: The local M/L for NGC 3379.

Acknowledgments. We are very grateful to Søren Larsen for all of his
help with our photometric calibration, and to the Gemini staff, particularly
Inger Jørgensen, for obtaining such nice data for us.
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Abstract. We confirm and extend our previous detection of a population
of intergalactic globular clusters in Abell 1185, and report the first discovery
of an intergalactic globular cluster in the nearby Virgo cluster of galaxies. The
numbers, colors and luminosities of these objects can place constraints on their
origin, which in turn may yield new insights to the evolution of galaxies in dense
environments.
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1. Introduction

There are several reasons to believe that a population of intergalactic globular
clusters (IGCs) should exist outside of galaxies:

(1) The Jeans mass at recombination was ∼ 105 − 106 solar masses, and
hence globular cluster sized objects could have formed wherever the local density
of matter was high enough.

(2) Many galaxies may have met their demise over a Hubble time as a
result of collisions and tidal disruption. Globular clusters are likely to survive
the disruption of their parent galaxy, resulting in the gradual accumulation of a
population of IGCs. Intergalactic stars, planetary nebulae, supernovae and HII
regions have already been found; it would be surprising if there were no IGCs.

(3) The existence of IGCs might explain high specific frequencies, bimodal
globular cluster metallicity distributions and other current puzzles in the study
of globular cluster systems.

Jordán et al. (2003) reported a tentative detection of IGCs in the center
of the rich galaxy cluster A1185 (z = 0.032) based on I-band images obtained
with WFPC2 on the Hubble Space Telescope.

2. What’s New?

We (Côté, Jordán, Marzke, West) recently obtained very deep, multicolored
(V and I) images of the same A1185 field using HST with the new ACS. The
goals of these new observations are to 1) detect the peak of the assumed uni-
versal Gaussian-like globular cluster luminosity function (which should occur at
I ∼ 27.3 at A1185’s distance) and thereby confirm that these candidate IGCs
are bona fide globular clusters and 2) use color information to infer their metal-
licities. Preliminary analysis indicates that we are reaching sufficiently faint
magnitudes to reliably detect the luminosity function turnover. The number
and colors (metallicities) of IGCs will provide constraints on the number and
types of galaxies that have been destroyed or stripped over a Hubble time.

Using the Keck telescope, we (Ferguson, Gregg, Tanvir, von Hippel, West)
recently measured the redshift of a candidate IGC in the nearby Virgo galaxy
cluster that was found serendipitously on an HST image obtained for another
project. Preliminary data reductions show that this object, which is slightly
resolved in the HST image and appears to be a distant globular cluster, has a
recessional velocity of ∼ 470 km/s, and hence is most likely in the Virgo cluster.
Its apparent magnitude, mV ∼ 21.2, is consistent with it being a bright globular
cluster. Using telescopes on Mauna Kea we have since obtained optical and NIR
colors of this object, as well as a medium-resolution spectrum that should yield
its velocity dispersion. These data are presently being analyzed.

Acknowledgments. MJW acknowledges support from NSF grant AST 02-
05960 and HST grant HST-GO-09438.01-A.
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1. Disrupting Dwarf

Cold Dark Matter simulations predict 10-100×more dwarf satellite galaxies than
are observed. Some of these ‘missing satellites’ may have been accreted, along
with their globular clusters (GCs), by giant galaxies (Cote et al. 1998). But
examples of dwarfs in the early stages of disruption have remained elusive.

However images of the Tadpole galaxy by the ACS on HST contained a
background spiral with a candidate ‘disrupting dwarf’ (ie two tails were seen
coming from the dwarf). A 1hr Keck spectrum of the spiral (V = 18) and dwarf
(V = 23) confirmed the physical association and gave a redshift of 0.15. We
fit Sersic profiles to the surface brightness and found the dwarf has properties
similar to a dE galaxy with blue central colors (Forbes et al. 2003).

Comparison with simulations suggests the original dwarf had a disk, ie a dIrr
galaxy (Mayer et al. 2001). As it orbits, tails of stars are pulled off by tidal forces
and the galaxy is accreted due to dynamical friction. As the starburst fades and
it continues to lose stars it may resemble a dSph galaxy. The disrupted stars
eventually add a metal-poor population to the giant galaxy halo. We would
also expect the dwarf to contain some 25 GCs but these would have V > 29
and hence too faint to be seen in the ACS image. This observation illustrates
the transformation of a dIrr to dE and possibly dSph via tidal stripping, and
may help explain the dwarf galaxy morphology-density relation. Dwarfs can be
transformed from one type into another if they get too close to a giant.

2. Blues

In the last few years it has become clear that the mean color of the red (metal-
rich) GCs in giant galaxies is strongly correlated with host galaxy mass (eg
Forbes & Forte 2001; Larsen et al. 2001). Strader, Brodie & Forbes (2003)
using high quality data, extended to include dwarf galaxies, have found a 6σ
correlation for blue (metal-poor) GCs of the type Z ∼ L0.15 (the slope is about
half that for the red GCs). This implies that, like the red GCs, the blue GCs
know about the potential they live in. Dwarf galaxies’ GCs have a mean V–I of
∼ 0.88 whereas giants have V–I ∼ 0.94. This places strong limits on the number
of accreted dwarf galaxy GCs that can be part of the blue GC subpopulation in
giant galaxies. Dwarfs make up only a small part of the diet of giants.
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Figure 1. Mean V–I color for the blue (metal-poor) GC systems of galaxies
versus the host galaxy luminosity. A 6σ correlation is seen. Giant galaxies’ GC
systems can not simply be the accretion of many dwarf galaxy GC systems.

3. Tidal stripping of GCs

Another potential source of GCs for giant galaxies is to acquire them, via tidal
stripping, from nearby galaxies. In this case, GCs, and possibly some field
stars, are acquired, but in general the donor galaxy remains as a separate entity.
Perhaps the best case for tidal stripping is that of NGC 1399 and NGC 1404 in
the Fornax cluster. There is amble evidence for an ongoing interaction between
the two galaxies and NGC 1404 reveals a low specific frequency of SN ∼ 2
(eg Forbes, Brodie & Grillmair 1997). Building on the ground-breaking work
of Muccio and collaborators in the 1970s, Bekki et al. (2003) have modeled
this process. Starting with an SN = 5, Bekki et al. could reproduce the value
of 2 by tidal stripping. They found an extended GC system and an eccentric
orbit for NGC 1404 was required. The kinematics of the stripped GCs can, in
principle, be used to probe the cluster-wide potential. A trend for SN to increase
with cluster-centric distance is predicted and mildly supported by current data
(Forbes, Brodie & Grillmair 1997). Giants steal GCs from dwarfs and sometimes
eat the dwarf too (but most of the time the dwarf gets away).
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Abstract. We describe the ACS Virgo Cluster Survey, an HST imaging
survey of early-type galaxies in the Virgo Cluster. Multi-color ACS images for
one hundred member galaxies, spanning a range of 450 in luminosity, are being
used to study the central regions of these galaxies, their globular cluster systems,
and the three-dimensional structure of Virgo itself. In terms of depth, spatial
resolution, sample size and homogeneity, this represents the most comprehensive
imaging survey to date of early-type galaxies in dense environments.

1. Introduction

The Virgo Cluster is the largest and most massive concentration of galaxies in the
Local Supercluster. Not surprisingly, it has played a central role in understand-
ing how galaxies form and evolve in dense environments, providing invaluable
information on the extra-galactic distance scale, the nature of galactic nuclei,
the local velocity field, and the shape and universality of the galactic luminosity
function. In the study of early-type galaxies, Virgo has played an especially
pivotal role since it contains, by far, the largest concentration of elliptical and
lenticular galaxies in the local universe.

2. Survey Strategy and Sample Selection

With our colleagues (see below), we are carrying out an imaging survey of early-
type galaxies in the Virgo Cluster using ACS Wide Field Camera. While the
full list of science drivers is too lengthy to describe in detail here, our primary
scientific objectives include: (1) the measurement of distances for the full sample
of galaxies using the method of surface brightness fluctuations; (2) a compre-
hensive isophotal analysis for each program galaxy, including the measurement
of nuclear surface brightness and color profiles; and (3) the measurement of lu-
minosities, colors, concentration indices, half-light radii, and ages for thousands
of globular clusters belonging to our program galaxies.

The sample consists of one hundred early-type (E, E/S0, S0, dE, dE,N,
and dS0) galaxies, drawn from the Virgo Cluster Catalog of Binggeli et al.
(1985). Each galaxy is a confirmed member of Virgo based on its measured radial
velocity. The program galaxies span the range 9.31 ≤ BT ≤ 15.97, corresponding
to a factor of ∼ 450 in luminosity.
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Figure 1. Globular cluster luminosity function for M87 from the ACS Virgo
Cluster Survey.

The first data were obtained in December 2002, and the final images are
expected to be in hand by April–June 2004. The dataset for each galaxy consists
of two 375 sec exposures in the F475W (g′) bandpass, two 560 sec exposures
in the F850LP (z′) bandpass, and a single 90 sec F850LP exposure. This filter
combination provides roughly a 50% increase in color baseline relative to F555W
and F814W, a commonly used WFPC2 filter combination. The approximate
limiting magnitude in both band passes is V ∼ 25.7 for a point-source signal-to-
noise ratio of five. By observing each galaxy for just a single HST orbit, we are
therefore able to sample the brightest ∼ 90% of the globular cluster luminosity
function in each galaxy (see Fig 1).

3. Reductions and Data Products

A PYTHON-based calibration/reduction pipeline has been written to: align
and combine the images; generate “background” images using multi-resolution
wavelet filtering; detect objects; and measure object magnitudes and colors.
Note that globular clusters at the distance of Virgo are marginally resolved on
our images (WFC scale = ' 3.8 pc pixel−1). For the globular clusters belonging
to our program galaxies — identified on the basis of their colors and luminosi-
ties — we also derive structural parameters (i.e., half-light radii, concentration
indices) by fitting psf-convolved, Michie-King models to their two-dimensional
profiles. A complete discussion of the pipeline will be presented in Jordán et al.
(2004), and additional information about the survey in general may be found at

http://www.physics.rutgers.edu/∼pcote/acs/

Acknowledgments. The ACS Virgo Cluster Survey is a collaborative effort
between P. Côté, J.P. Blakeslee, L. Ferrarese, A. Jordán, S. Mei, D. Merritt, M.
Milosavljević, E. Peng, J. Tonry, and M. West.
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Abstract. The fundamental plane of globular clusters can be expressed as
a particular scaling of cluster energy vs. mass: Eb ∼ M2. New calculations of
energy and mass for a large sample of young clusters in the Magellanic Clouds
may shed light on the origins of this scaling.

The fundamental plane of globular clusters (GCs) is typically defined in
terms of velocity dispersion, radius, and surface brightness (Djorgovski 1995;
Burstein et al. 1997). Comparisons in this parameter space show that GCs
do not follow the same structural relations as early-type galaxies and bulges:
while the radii of the latter depend on their masses, GC sizes do not; and while
ellipticals follow the Faber-Jackson relation, M ∼ σ4, GCs instead obey M ∼ σ2

or so (e.g., Djorgovski & Meylan 1994).
These scalings for GCs, R ∼ M 0 and σ ∼ M0.5, are manifestly equivalent

to a scaling between binding energy and total mass: Eb ∼ M2, as McLaughlin
(2000) has confirmed by direct calculation. McLaughlin further shows how this
energy-mass relation combines with a constant mass-to-light ratio in Galactic
GCs to produce all other correlations between any set of GC observables, in-
cluding the more traditional expressions of the fundamental plane. GCs in M31,
M33, and NGC 5128 appear to follow the same mass-energy relation (Barmby
et al. 2002; Larsen et al. 2002; Harris et al. 2002). On the other hand, the
Faber-Jackson relation suggests Eb ∼M1.5 for E galaxies and bulges.

The advantage of viewing the fundamental plane in terms of energy is that
the processes of GC formation and dynamical evolution are ultimately ones of
energetics. It is therefore significant that a scaling such as Eb ∼ M2 is much
steeper than what is expected to have held in gaseous protoclusters (Eb ∼M1.5

again, quite generically; see, e.g., McLaughlin & Pudritz 1996). It has been
argued, though only heuristically, that the steeper Eb(M) slope might have been
imprinted during the birth of GCs, rather than over a Hubble time of dynamical
evolution (McLaughlin 2000; Ashman & Zepf 2001).

To check this idea empirically, we (D. E. McLaughlin & R. P. van der Marel,
in preparation) have calculated the masses and energies of Magellanic Cloud star
clusters spanning a wide range of ages, from tens of Myr to 13 Gyr. Figure 1
shows our results. The values of Eb and M here follow from fitting structural
models to the star-count data of Mackey & Gilmore (2003a, b) and applying
mass-to-light ratios derived from the population-synthesis code PEGASE (Fioc
& Rocca-Volmerange 1997). The apparent change of slope in Eb vs. M around
M ∼ 1 − 2 × 105 M¯ is a new feature, unrecognized in analysis of old and
relatively massive GCs. Whether it is primarily an effect of age or of mass is
not yet clear—though it is especially intriguing that it occurs at about the same
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Figure 1. Binding energy vs. total mass for star clusters in the Magellanic
Clouds. Filled circles: 36 young LMC clusters (τ ∼ 107 − 1010 yr). Open
circles: 12 old LMC globulars. Filled squares: 9 young SMC clusters. Open
square: one old SMC globular. Solid line: Eb ∼M1.5, as expected for gaseous
protoclusters. Broken line: Eb ∼ M2.1, roughly as found for old GCs in the
Milky Way, M31, M33, and NGC 5128.

mass scale which marks the turnover of the globular cluster luminosity function.
Although it must be noted that the result depends critically on the cluster mass-
to-light ratios predicted by the PEGASE code, understanding it may eventually
provide important new insight into the overall properties of GCs as a class.

Acknowledgments. I am grateful to the American Astronomical Society
for support in the form of an International Travel Grant.
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Abstract. The HST data archive contains images of several nearby spirals,
suitable for detailed studies of the properties of individual star clusters and their
surroundings. By combining structural information derived from HST images
with ground-based photometry, it is possible to study cluster properties as a
function of age and mass. While both the core and effective radii of young
clusters correlate with mass, the slopes of these relations are shallower than
for a constant-density relation, implying that the mean density increases with
cluster mass. This must be accounted for in theories for cluster formation.

1. Introduction

While the rich cluster systems in galaxy mergers and starbursts have been stud-
ied intensively over the past decade, it is sometimes overlooked that even some
“normal”, undisturbed spiral galaxies can form highly luminous, young star
clusters (Larsen & Richtler 1999; Paper I). Within a distance of 10 Mpc, there
are several examples of spirals with rich cluster systems which have been im-
aged with HST/WFPC2, allowing the properties and environments of individual
star clusters to be studied in great detail. By combining the HST images with
ground-based photometry, it is possible to look for trends in structural parame-
ters with cluster age and mass, providing potentially valuable clues to the physics
of cluster formation and subsequent dynamical evolution.

2. Cluster structure versus mass and age

We have recently scanned the HST archive for images of galaxies included in the
original survey from Paper I. A total of 17 galaxies were found to have adequate
HST data (Larsen 2004). The constraint that the clusters have to be visible
on ground-based images is not as severe as it might appear at first, since a
high S/N in the HST images is required anyway to measure accurate structural
parameters. By fitting “Moffat” models of the form P (r) ∝ [1 + (r/rc)

2]−α, it
is possible to constrain both the core radius rc and the shape of the luminosity
profile at large radii, parameterized by the slope α. While these profiles have
no physical motivation, they have been shown to fit LMC clusters well (Elson
et al. 1987). For α = 1, they are identical to a King (1962) model with infinite
concentration parameter.

The left panel in Fig. 1 shows the distribution of envelope slopes for clusters
in four age bins. There is a clear tendency for many of the youngest clusters
to have extended outer envelopes. This may reflect the density structure of the
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Figure 1. Left: Distribution of envelope slopes for clusters in four age bins.
Right: FWHM and half-light radius versus mass.

parent molecular cloud cores, or be a hint that some of these clusters are unbound
and expanding. Older clusters gradually evolve towards a King-like profile. In
the right-hand panel, the FWHM and half-light radii are shown versus cluster
mass. In each panel, the constant-density relation (size ∝M 1/3) is shown with a
dashed line, while the solid lines indicate a fit to the data. For the half-light radii,
only clusters with 1 < α < 5 were included in the fit (clusters with α < 1 have
poorly defined half-light radii and are shown with diamond symbols). Although
both relations show substantial scatter, the fits are significantly shallower than
for the constant-density relation. This conclusion is robust to selection effects,
which would be expected to produce a bias against extended, low-mass objects.

The main limitation in this study is the difficulty of detecting low-mass
clusters older than a few times 107 years. This situation is expected to improve
when new ACS data become available.
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Abstract. The currently available empirical evidence on the star formation
processes in the extreme, high-pressure environments induced by galaxy encoun-
ters, mostly based on high-resolution Hubble Space Telescope imaging observa-
tions, strongly suggests that star cluster formation is an important and perhaps
even the dominant mode of star formation in the starburst events associated
with galaxy interactions.

1. Gravitational Interaction Induced Star (Cluster) Formation

Close encounters between gas-rich galaxies often have devastating effects on the
state of their interstellar medium (ISM), in particular of the ISM of either the
smaller or of the most gas-rich of the interacting galaxies (e.g., de Grijs et al.
2001, 2003). The ram pressure caused by the time-varying gravitational poten-
tial induced by the interaction causes free-floating giant molecular clouds in the
affected galaxy’s ISM to collapse and enter a phase of violent star formation.
This process is particularly well illustrated by the ongoing interaction between
NGC 6745 and its small northern companion galaxy, “NGC 6745c” (cf. de Grijs
et al. 2003), where dynamical and kinematic evidence from Hi observations
obtained with the Very Large Array support the scenario that the small com-
panion galaxy has traveled from the south east across the eastern edge of the
main galaxy to its current location north of the main galaxy, in its wake leaving
a frenzy of very violent and active star, and in particular star cluster, formation.

In de Grijs et al. (2003b) we used the ages, masses and metallicities of the
rich young star cluster system in NGC 6745, based on the analysis of multi-
passband archival Hubble Space Telescope (HST) observations, to derive its
cluster formation history and subsequent evolution. We derive a median age,
and thus an estimate of the starburst duration, of ∼ 10 Myr. NGC 6745 con-
tains a significant population of high-mass “super star clusters (SSCs)”, with
masses in the range 6.5 <∼ log(Mcl/M¯) <∼ 8.0. We caution, however, that
these massive SSC candidates may not be gravitationally bound objects, but
more diffuse star forming regions or aggregates of multiple unresolved clusters
instead. Nevertheless, we measure an effective radius for the most massive ob-
ject (Mcl ' 5.9 × 108M¯) of only Reff ∼ 16 pc. However, this object appears
very elongated, or may in fact be a double cluster. We should keep in mind, of
course, that this high mass estimate is a strong function of the (low) metallicity
assumed; if we had assumed solar metallicity for this object, the derived age
would have been significantly smaller (∼ 10 − 20 Myr vs. ∼ 1 Gyr), and the
mass could be smaller by a factor of >∼ 10. Even so, if we could confirm this
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mass estimate spectroscopically, either of the subcomponents would be the most
massive cluster known to date, significantly exceeding cluster W3 in NGC 7252,
which has a mass of about (3− 18)× 107M¯, depending on the age, metallicity
and IMF assumed (Schweizer & Seitzer 1998; Maraston et al. 2001).

The suggestion that such massive objects (either star clusters, or extended
star-forming regions) form preferentially in the extreme environments of interact-
ing galaxies, is supported quantitatively by our analysis (de Grijs et al. 2003a)
of pixel-by-pixel colour-magnitude and colour-colour diagrams of the Mice and
Tadpole interacting galaxies (NGC 4676 and UGC 10214, respectively), based
on a subset of the (archival) HST Advanced Camera for Surveys Early Release
Observations, which provide a powerful technique to explore and deduce the
star and star cluster formation histories of galaxies at moderate distances. In
each interacting system we found some 40 bright young star clusters, with a
characteristic mass of ∼ 3 × 106M¯, which are spatially coincident with blue
regions of active star formation in their tidal tails and spiral arms. We showed
that star cluster formation is a major mode of star formation in galaxy interac-
tions, with >∼ 35% of the active star formation in encounters occurring in star
clusters. In particular, the tidal tail of the Tadpole system is dominated by blue
star-forming regions, which occupy some 60% of the total area covered by the
tail and contribute ∼ 70% of the total flux in the F475W filter (decreasing to
∼ 40% in F814W).

Finally, in the nearby (ultra)luminous infrared galaxy NGC 6240, we detect
a population of massive young star clusters, with tentative evidence (based on
statistical considerations) that the more massive clusters are found closer to the
galaxy’s double (or perhaps triple) nucleus and the most intense starburst region
(Pasquali, de Grijs, & Gallagher 2003).

Thus, the currently available empirical evidence, mostly based on high-
resolution HST imaging observations, strongly suggests that star cluster forma-
tion is an important and perhaps even the dominant mode of star formation in
the starburst events associated with galaxy interactions.

Acknowledgments. I acknowledge invaluable collaborations with Peter
Anders, Nate Bastian, Uta Fritze-v. Alvensleben, Jay Gallagher, Henny Lamers,
and Anna Pasquali.
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Abstract. Evolutionary synthesis models for star clusters of various metal-
licities, including gaseous emission during the lifetime of the ionizing stars, are
used to model star cluster systems comprising two populations: an old metal-
poor globular cluster (GC) population similar to that of the Milky Way halo, and
a second GC population of arbitrary metallicity. We investigate the time evolu-
tion of color distributions and luminosity functions for the two GC populations
and compare with observations of E/S0 galaxies. We show that multi-passband
data for GC populations give clues to the relative ages and metallicities of the two
subpopulations, and help constrain formation scenarios for their parent galaxies.

1. Motivation

GCs are among the oldest objects known, their ages being used to constrain the
age of the Universe and the Hubble constant. HST detections of rich systems
of bright, blue, young and compact star clusters in numerous interacting and
star-burst galaxies came as a surprise raising the question if, and eventually how
many of those young compact clusters could be progenitors of old GCs. This
motivated us to calculate a new set of evolutionary synthesis models for the
spectral and photometric evolution of star clusters from very young to very old
ages, and extend them to star cluster systems – complemented by dynamical
models for evolution, survival and destruction of clusters in galactic potentials.

2. Modeling Star Clusters and Star Cluster Systems

Our evolutionary synthesis models using Padova stellar isochrones, including
the thermal-pulsing AGB phase, model atmosphere spectra, and gaseous
emission (lines and continuum) for star clusters of different metallicities, pro-
vide the time evolution of spectra, luminosities (U, ..., K), M/L-ratios and colors
in many filter systems. Including the TP-AGB phase is important for age-dating
clusters on the basis of V − I (Schulz et al. 2002). Gaseous emission gives im-
portant contributions to broad band fluxes (up to 65 %) at young ages (≤ 6−20
Myr, depending on metallicity) (Anders & Fritze - v. A. 2003). Theoretical
calibration colors ↔ [Fe/H] agree well with empirical calibrations for ∼ 12 Gyr
old Milky Way GCs with [Fe/H] ≤ −0.5, get significantly non-linear beyond
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[Fe/H] = −0.5, and change completely for clusters younger than 12 Gyr.
The age-metallicity-extinction degeneracy – worst for optical colors, with optical-
NIR colors giving better separation in metallicity and UV-optical colors bet-
ter separation in extinction – requires a multi-wavelength analysis to disentan-
gle individual star cluster properties. An ASTROVIRTEL project (PI R. de
Grijs, CoIs UFvA, G. Gilmore) provides us with this kind of data. They are
compared to a grid of model Spectral Energy Distributions for 5 metallicities,
−1.7 ≤ [Fe/H] ≤ + 0.4, ages from 4 Myr through 14 Gyr, and extinction values
0 ≤ E(B−V) ≤ 1, by means of a dedicated analysis tool (Anders et al. 2003a)
to yield individual cluster ages, metallicities, E(B−V), masses, and their 1 σ
uncertainties (e.g. Anders et al. 2003b). Extensive tests with artificial clusters
and varying numbers of filters show that: 1) a priori assumptions can be very
misleading; 2) a long wavelength baseline and good photometric accuracy are
essential, and 3) there are good and bad passband combinations: the U-band is
important for ages, extinctions and metallicities of young clusters and the NIR
for metallicities of old clusters (cf. Anders et al. this volume). Under the sim-
plifying assumptions that a secondary GC population has comparable richness
and intrinsic widths of its color distributions (=CDs) and luminosity functions
(=LFs) to those of the uniform blue peak GC population in E/S0 galaxies or
the Milky Way halo, we investigate for which combinations of age and metal-
licity the CDs and LFs show detectable bimodality and look similar to what is
seen in E/S0 galaxies (Fritze - v. Alvensleben, submitted). We find that: 1) it
is not clear a priori if the red peak GCs are older or more metal-rich than the
blue peak clusters, and 2) many combinations (age/metallicity), ranging from
(age = 13 Gyr, [Fe/H]= −0.4) through (age = 2.5 Gyr, [Fe/H]= +0.4), can
explain the peak 〈V − I〉red = 1.2 observed e.g. in NGC 4472, NGC 4486, NGC
4649 (Larsen et al. 2001) with, however, significantly different 〈V −K〉 = 3.1
for the former and 〈V −K〉 = 3.6 for the latter. Hence, K-band observations
will tell the difference and give decisive clues to the galaxies’ (violent) formation
histories.

Acknowledgments. We gratefully acknowledge support by ASTROVIR-
TEL, funded by the European Commission under HPRI-CT-1999-00081.
UFvA & PA gratefully acknowledge partial travel support from IAU and DFG.
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Abstract. We present a comprehensive set of new generation stellar pop-
ulation models of Lick absorption line indices, which for the first time include
element abundance ratios different from solar. We computed the 21 Lick indices
CN1, CN2, Ca4227, G4300, Fe4383, Ca4455, Fe4531, C24668, Hβ, Fe5015, Mg1,
Mg2, Mgb, Fe5270, Fe5335, Fe5406, Fe5709, Fe5782, Na D, TiO1, and TiO2, in
the wavelength range 4000 <∼ λ <∼ 6500 Å. Models are provided with: [α/Fe] =
0.0, 0.3, 0.5, [α/Ca] = −0.1, 0.0, 0.2, 0.5, and [α/N ] = −0.5, 0.0; ages from 1
to 15 Gyr; total metallicities from 1/200 to 3.5 solar (−2.25 ≤ [Z/H] ≤ 0.67).

The models are based on the evolutionary synthesis technique described
in Maraston (1998). The α/Fe enhanced mixtures are obtained by increasing
the abundances of α-group elements and by decreasing the abundances of the
Fe-peak elements, such that total metallicity is conserved. The impact from
these element abundance variations on the absorption line indices is taken from
Tripicco & Bell (1995), using an extension of the method introduced by Trager
et al. (2000). Most importantly, we take into account that the empirical stellar
libraries used to compute model indices follow the chemical enrichment history
of the Milky Way, and are therefore biased towards super-solar α/Fe ratios at
sub-solar metallicities. We corrected for this bias, so that the models presented
here have well-defined α/Fe ratios at all metallicities.

We take particular care at calibrating the models with galactic globular
clusters, for which ages, metallicities, and element abundance ratios are known
from independent sources. Our α/Fe enhanced models with [α/Fe] = 0.3 (and
12 Gyr age) perfectly reproduce the positions of the globular cluster data in the
Mg1-〈Fe〉 diagram up to solar metallicities (see also Maraston et al. 2003). The
total metallicities for the sample clusters that we derive from these indices are in
excellent agreement with the Zinn & West (1984) metallicity scale. We point out
that the latter most likely reflects total metallicity rather than iron abundance,
because it is obtained essentially by averaging the abundances derived from the
Mg triplet near 5175 Å and the Fe blend at 5270 Å. This aspect needs to be
emphasized, as with the α/Fe enhanced models we are now in the position to
distinguish total metallicity [Z/H] and iron abundance [Fe/H].

By means of our calibrated α/Fe enhanced models, we confirm that the
index [MgFe], suggested by González (1993) to balance α/Fe ratio effects, is
almost independent of α/Fe. As it modestly decreases with increasing α/Fe,
however, we define the slightly modified index
[MgFe]′ ≡

√

Mgb (0.72 · Fe5270 + 0.28 · Fe5335) which is completely indepen-
dent of α/Fe, and hence an even better tracer of total metallicity. We further
show that the linear correlation between Mg2 and metallicity at old ages derived
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empirically by Brodie & Huchra (1990) is valid up to ∼1/3 solar metallicity, but
underpredicts Mg2 indices at metallicities above that threshold.

It turns out to be hard to find indices that correlate with α/Fe as well as
the intensively studied indices Mg1, Mg2, and Mgb. Promising alternatives are
the blue indices CN1 and CN2 that also increase with increasing α/Fe ratio,
mainly because of an anti-correlation with Fe abundance. With the caveat that
CN1 and CN2 are additionally sensitive to C and Nabundances, they can be

regarded to be complementary to the indices Mg1, Mg2, and Mgb. Alternatives
to the iron indices Fe5270 and Fe5335, the strengths of which decrease with
increasing α/Fe ratio, are easier to find. The best cases are the indices Fe4383,
Fe4531, Fe5015, and Fe5709.

The indices CN1, CN2, and Ca4227 of globular clusters are very interesting,
particular cases. We find that the relatively strong CN features observed in
globular clusters require models in which nitrogen is enhanced by a factor three
relative to the α-elements, hence [α/N ] = -0.5. This is in agreement with early
suggestions by D’Antona (2003), that stars in globular clusters are nitrogen
enriched by a previous generation of stars. The good calibration of other indices
like Mg1, Mgb or 〈Fe〉 is not affected by a variation of the [α/N ] ratio, as these
indices are not sensitive to nitrogen abundance. We note that an enhancement
of carbon abundance, instead, would lead to serious inconsistencies with Mg1.
Interestingly, also Ca4227 is sensitive to nitrogen abundance, and the globular
cluster data of this index are also best reproduced by the model with increased
nitrogen abundance.

To conclude, the stellar population models presented here make it possible,
for the first time, to study in detail individual element abundance ratios of unre-
solved stellar populations (Thomas et al. 2003b). In particular, total metallicity
is now a well-defined quantity.

The models are published in Thomas et al. (2003a). Tables are available
electronically via anonymous ftp at ftp.mpe.mpg.de in the directory
people/dthomas/SSPs. They are also available via WWW by going to
ftp://ftp.mpe.mpg.de/people/dthomas/SSPs.
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Abstract. Our numerical simulations first demonstrate that the pressure of
ISM in a major merger becomes so high (> 105 kB K cm−3) that GMCs in the
merger can collapse to form globular clusters (GCs) within a few Myr. The star
formation efficiency within a GMC in galaxy mergers can rise up from a few
percent to ∼ 80 percent, depending on the shapes and the temperature of the
GMC. This implosive GC formation due to external high pressure of warm/hot
ISM can be more efficient in the tidal tails or the central regions of mergers.
The developed clusters have King-like profiles with an effective radius of a few
pc. The structural, kinematical, and chemical properties of these GC systems
can depend on the orbital and chemical properties of major mergers.

1. Implosive formation of globular clusters

Several authors have suggested that very high pressure of ISM expected in major
galaxy merging can be responsible for the rapid (triggered) collapse of GMCs
and the subsequent GC formation (e.g., Elmegreen & Efremov 1997; Bekki et
al. 2002). We numerically investigate the key questions on this GC formation
scenario: whether or not the star formation efficiency within a GMC under such
high pressure ISM can be as high as that (> 50 %, e.g., Hills 1980) required
for the bound cluster formation. Figure 1 shows that the high pressure of the
ISM can continue to strongly compress the cloud without losing a significant
amount of gas from the cloud. As the strong compression proceeds, the internal
density/pressure of the cloud can rise so significantly that a GC can form from
the gas of a starburst (See the caption of Fig.1 for the detail of this).

References

Bekki, K., Forbes, D. A., Beasley, M. A., & Couch, W. J. 2002, MNRAS, 335, 1176
Elmegreen, B. G., & Efremov, Y. N., 1997, ApJ, 480, 235 Hills, J. G. 1980, ApJ,
235, 986

191



192 Bekki et al.

Figure 1. Time evolution of a GMC embedded by high pressure ISM for
gaseous components (cyan) and for new stars formed from the gas (magenta).
For clarity, the surrounding high pressure warm/hot ISM with P ∼ 105 kB

K cm−3 is not shown. The mass and the size of the initial GMC is 106M¯

and 97 pc, respectively. The oblate shape of the cloud is assumed in this
model (the long-to-short-axis-ratio is set to be 0.6). The initial sound velocity
of the gas in GMC is ∼ 5 km s−1, for which the GMC can not collapse
owing to its self-gravity (if the surrounding ISM’s density and pressure are
as low as those observed in disk galaxies). One frame measures 200 pc on
a side. Note that a very compact GC is formed owing to strong external
compression of the GMC by the hot, high pressure ISM. About 80 % of the
initial gas is converted into new stars within a few Myr so that the developed
compact stellar system with the effective radius of a few pc can be strongly
bounded even after the removal of the remaining gas. Due to the rapid,
dissipative collapse, the gaseous density of the cloud dramatically rises and
consequently star formation begins in the central regions of the cloud. The
star formation rate increase significantly to 1.5 M¯ yr−1 (8 Myr after the
start of the cloud’s collapse). Because of the “implosive” formation of stars
from strongly compressed gas, the developed stellar system is strongly self-
gravitating and compact. This result implies that high external pressure from
the ISM is likely to trigger the formation of bound, compact star clusters
rather than unbound, diffuse field stars (astro-ph/0308263 for color version).
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Abstract. I present the results of a number of simulations of the dynami-
cal evolution of globular cluster systems (GCS) in elliptical galaxies including
the effects of two-body relaxation, dynamical friction, stellar evolution and the
effects of the tidal field of the host galaxy. The results of detailed models for
the evolution of the M87 GCS are also presented. A significant number of clus-
ters are disrupted by evolutionary processes and the properties of many of the
clusters which survive are effected by dynamical evolution. In spite of large dif-
ferences in the efficiency of evolutionary processes in different galaxies, the final
galaxy-to-galaxy variation of the GCS mean mass and its radial variation within
individual galaxies in my simulations are small and consistent with observations.
The effects of dissolution of low-concentration clusters due to mass loss through
stellar evolution are also discussed and are shown to play an important role in
the evolution of a power-law GCS mass function (GCMF), similar to that ob-
served in young cluster systems in merging galaxies, towards a final GCMF with
properties consistent with observations.

1. Introduction

A number of theoretical studies have shown that, due to the effects of two-body
relaxation, tidal shocks, stellar evolution, the structure and the stellar content
of globular clusters evolve and that, during the evolution, clusters lose mass and
eventually dissolve (see e.g Meylan & Heggie 1997 for a review). Although many
of the effects predicted by theoretical investigations of the dynamical evolution
of globular clusters have been confirmed by observational studies, there are a
number of observational findings concerning the global properties of GCS which
are apparently in conflict with what one would expect if dynamical evolution
played an important role in shaping the current GCS properties. In particular,
observations show that the overall shape of the GCMF and the mean mass of
clusters in galaxies with different structure are very similar to each other and
that, within individual galaxies, the mean cluster mass does not significantly de-
pend on the galacto-centric radius. Since the efficiency of evolutionary processes
depends on the structure of the host galaxy and, within individual galaxies, on
the distance from the center of the host galaxy, these observational findings
have sometimes been interpreted as an indication that evolutionary processes
did not play an important role in determining the properties of GCS. In order
to explore this issue I have a carried out a large number of simulations to study
the dynamical evolution of GCS in elliptical galaxies with different properties.
I summarize below the main results concerning the GCMF evolution; further
details can be found in Vesperini (2000), Vesperini (2001), Vesperini & Zepf
(2003) and Vesperini et al. (2003).
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2. Results

1) For a log-normal initial GCMF similar to that observed in old GCS, the fi-
nal values of the mean mass and the galaxy-to-galaxy variation of the mean
mass, from simulations of the evolution of GCS in elliptical galaxies with prop-
erties equal to those observed, are perfectly consistent with observations. In
most galaxies dynamical evolution is important and evolutionary processes lead
to the disruption of a significant fraction of the initial population of clusters.
Although the efficiency of evolutionary processes and the fraction of surviving
cluster depend on the properties of the host galaxy, the galaxy-to-galaxy vari-
ation of the final mean mass is small and consistent with observations. The
radial variation of the final mean mass within individual galaxies is small and
in agreement with observational data.
2) In simulations with a power-law initial GCMF, evolutionary processes trans-
form the power-law GCMF into a bell-shaped GCMF similar to that of old GCS,
but the final mean cluster masses are for most galaxies smaller than those ob-
served, and the galaxy-to-galaxy-variation and the radial variation of the mean
mass are large and not consistent with observations.
3) The results of detailed models for the evolution of the M87 GCS show that,
for a power-law initial GCMF, the final values of the GCS mean mass and its
radial variation are consistent with observations if a strongly anisotropic initial
GCS velocity distribution is adopted, but the final kinematical properties of
these models are characterized by a strong radial anisotropy inconsistent with
observational kinematical data. A number of models starting with a bell-shaped
(in logM) initial GCMF similar to that of old GCS have final properties satis-
fying all the observational constraints available on the GCMF, the kinematics
and the spatial distribution of the M87 GCS.
4) A number of simulations including a distribution of initial concentrations for
individual clusters, and including the dissolution of low-concentration clusters
induced by mass loss due to stellar evolution have been carried out. The results
of these simulations show that dissolution of low-concentration clusters can sig-
nificantly affect the initial number of clusters in a GCS, alter the initial GCMF,
and play an important role in the evolution of a power-law initial GCMF towards
a final GCMF with properties consistent with observations.
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Abstract. We present a new set of evolutionary synthesis models of our
GALEV code, specifically developed to include the gaseous emission of presently
forming star clusters, in combination with an advanced tool to compare large
model grids with multi-color broad-band observations of YSC systems. Tests
and first applications are presented.

1. Models & Applications

We have further refined the Göttingen evolutionary synthesis code GALEV
by including the effect of gaseous emission. The emission contributes signif-
icantly to the integrated light of stellar populations younger than 3 × 107 yr
(Anders & Fritze - v. Alvensleben 2003). The updated models are available
from http://www.uni-sw.gwdg.de/∼galev/panders/.
The tool to compare large model grids with multi-color broad-band observations
was tested extensively using artificial clusters (Anders et al. 2003a) and broad-
band observations of star clusters in NGC 3310 (de Grijs et al. 2003a).
Here we focus on the dwarf starburst galaxy NGC 1569, in which we detect
and analyze a sample of star clusters significantly larger than done before. Our
derived cluster properties are consistent with literature values. We find a sur-
prising dependence of the (cluster) mass function on cluster ages (Anders et al.
2003b).

2. References

Anders, P., Fritze - v. Alvensleben, U. 2003, A&A, 401, 1063
Anders, P., Bissantz, N., Fritze - v. Alvensleben, U., de Grijs, R. 2003a,
MNRAS, submitted
Anders, P., de Grijs, R., Fritze - v. Alvensleben, U., Bissantz, N. 2003b,
MNRAS, submitted
de Grijs, R., Fritze - v. Alvensleben, U., Anders, P., Gallagher, J. S., Bastian,
N., Taylor, V. A., Windhorst, R. A. 2003a, MNRAS, 342, 259
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Formation of ω Centauri from an Ancient Nucleated
Dwarf Galaxy

Kenji Bekki

School of Physics, University of New South Wales, Sydney, NSW, 2052,
Australia

K. C. Freeman

Mount Stromlo and Siding Spring Observatories, The Australian
National University, Private Bag, P.O. Weston Creek, ACT 2611,
Australia

Abstract. We present a self-consistent dynamical model in which ω Cen is
formed from an ancient nucleated dwarf galaxy merging with the first generation
of the Galactic thin disc in a retrograde manner with respect to the Galactic
rotation. Our numerical simulations demonstrate that during merging between
the Galaxy and the ω Cen’s host dwarf with MB ' −14 mag and its nucleus mass
of 107 M¯, the outer stellar envelope of the dwarf is nearly completely stripped
whereas the central nucleus can survive from the tidal stripping because of its
compactness. The developed naked nucleus is orbiting the young Galactic disc in
a retrograde manner with its apocenter and pericenter distances of ∼ 8 kpc and
∼ 1 kpc, respectively, and thus have orbital properties similar to those of ω Cen.
The Galactic tidal force can induce radial inflow of gas to the dwarf’s center
and consequently triggers moderately strong nuclear starbursts in a repetitive
manner. This result implies that efficient nuclear chemical enrichment resulting
from the later starbursts can be closely associated with the origin of the observed
relatively young and metal-rich stars in ω Cen. Dynamical heating by the ω
Cen’s host can transform the young thin disc into the thick one during merging.

1. Prediction of dynamical and chemical properties of the Galactic
stellar halo formed from the ω Cen host.

Since the details of the models and the results are given in Bekki & Freeman
(2003), only one important model prediction is described here. We predict that
if ω Cen was previously the nucleus of a nucleated dwarf galaxy with orbital
parameters given by Bekki & Freeman (2003), the Galactic stellar halo stripped
from the host shows crowding around Lz ∼ −500 and Lxy ∼ 300 kpc km s−1,
which reflects the orbital evolution of the dwarf. Here Lz represents angular

momentum component in the z direction and Lxy is (L2
x + L2

y)
1/2

.
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Dynamical Evolution of Globular Cluster Systems in
Clusters of Galaxies: The Case of NGC 1404 in the
Fornax Cluster

Kenji Bekki, Warrick J. Couch

School of Physics, University of New South Wales, Sydney, NSW, 2052,
Australia

Duncan A. Forbes and M. A. Beasley

Centre for Astrophysics & Supercomputing, Swinburne University of
Technology, Hawthorn, VIC, 3122, Australia

Abstract. We investigate, via numerical simulations, the tidal stripping and
accretion of globular clusters (GCs). In particular, we focus on creating models
that simulate the situation for the GC systems of NGC 1404 and NGC 1399 in
the Fornax cluster, which have poor (specific frequency SN ∼ 2) and rich (SN ∼
10) GC systems respectively. We initially assign NGC 1404 in our simulation a
typical SN (∼ 5) for cluster ellipticals, and find that its GC system can only be
reduced through stripping to the presently observed value, if its orbit is highly
eccentric (with orbital eccentricity of > 0.5) and if the initial scale length of the
GCs system is about twice as large as the effective radius of NGC 1404 itself.
These stripped GCs can be said to have formed a ‘tidal stream’ of intra-cluster
globular clusters (ICGCs) orbiting the center of Fornax cluster (many of which
would be assigned to NGC 1399 in an imaging study). The physical properties
of these GCs (e.g., number, radial distribution, and kinematics) depend on the
orbit and initial distribution of GCs in NGC 1404. Our simulations also predict
a trend for SN to rise with increasing cluster-centric distance - a trend for which
there is some observational support in the Fornax cluster. We demonstrate
that since the kinematical properties of ICGCs formed by tidal stripping in the
cluster tidal field depend strongly on the orbits of their previous host galaxies,
observations of ICGC kinematics provides a new method for probing galaxy
dynamics in a cluster.

1. Observable evidence for the tidal stripping scenario for low SN

cluster ellipticals

We suggest that the following three are the observable evidences: First is the
ratio of SN within 1− 2Re to that within 5–10 Re . The second is the formation
of an elongated or flattened distribution (or “tidal stream”) of ICGCs along
the orbit of their previous host galaxy. The third is the statistical correlation
between the distance of an elliptical galaxy from the center of a cluster and the
SN of the galaxy (more details are given by Bekki et al. 2003 MNRAS accepted).

197



Highlights of Astronomy, Vol. 13
International Astronomical Union, 2003
O. Engvold, ed.

Formation of Star Clusters in the LMC and SMC

Kenji Bekki, Warrick J. Couch

School of Physics, University of New South Wales, Sydney, NSW, 2052,
Australia

Duncan A. Forbes and M. A. Beasley

Centre for Astrophysics & Supercomputing, Swinburne University of
Technology, Hawthorn, VIC, 3122, Australia

Abstract. We demonstrate that single and binary star clusters can be formed
during cloud-cloud collisions triggered by the tidal interaction between the Large
and Small Magellanic clouds. We run two different sets of self-consistent numer-
ical simulations which show that compact, bound star clusters can be formed
within the centers of two colliding clouds due to strong gaseous shocks, com-
pression, and dissipation, providing the clouds have moderately large relative
velocities (10− 60 km s−1). The impact parameter determines whether the two
colliding clouds become a single or a binary cluster. The star formation effi-
ciency in the colliding clouds is dependent upon the initial ratio of the relative
velocity of the clouds to the sound speed of the gas. Based on these results,
we discuss the observed larger fraction of binary clusters, and star clusters with
high ellipticity, in the Magellanic clouds.

1. Young GC formation in colliding gas clouds.

The details of numerical methods and models for GC formation in colliding gas
clouds are given by Bekki et al. (2003, submitted to ApJ), therefore we here
describe the results briefly. Strong gas compression and dissipation during the
collision leads to an elongated slab-like structure formed at around T = 17.1
Myr, where T represents the time elapsed since the two clouds began to collide.
As the dissipative merging proceeds, the density of gas becomes very high in
the shocked regions which are originally the central regions of the two clouds
(T = 22.8 Myr). Two compact clusters are formed in these high-density gas
regions and begin to orbit each other (T = 22.8 Myr). This result implies that
the orbital angular momentum of the two gas clouds is efficiently converted
into that of the binary star clusters during the dissipative cloud-cloud collision.
The star formation is akin to an instantaneous “starburst” with a maximum
star formation rate of 0.095 M¯ yr−1, and 40 % of the gas is converted into
stars within 10 Myr. We do not observe any new stellar particles escaping from
the parent clouds because they are initially in the deepest potential well (i.e.,
the center of the clouds). Thus a single star cluster with a very smooth and
homogeneous mass distribution would finally form.
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2dF Spectroscopy of Globular Clusters in M104

Terry Bridges, Steve Zepf, Katherine Rhode, Ken Freeman

Anglo-Australian Observatory; Michigan State University; Yale
University; Australian National University

Abstract. We have found 56 new globular clusters in M104 from 2dF multi-
fiber spectroscopy, doubling the number of confirmed clusters, and extending the
spatial coverage to 50 kpc radius. We find no significant rotation in the total
sample, or for subsets split by color or radius. However, there are hints that
the blue clusters have a higher rotation than the red clusters, and for counter-
rotation of clusters at large radius. We find a total mass of M ∼ 1×1012M¯ and
a (M/L)B =30 out to 50 kpc radius, which is strong evidence for a dark matter
halo in M104.

1. Data

Globular cluster (GC) candidates were selected from KPNO mosaic BVR imag-
ing (Rhode & Zepf 2003, in preparation). We obtained a sample of 585 candi-
dates with 19 < V < 21.5, after color cuts and image classification. In April
2002, we used the 2dF multi-fiber spectrograph on the AAT to obtain spectra
for 200 candidates, which yielded 56 confirmed GCs.

2. Globular Cluster Kinematics and Dark Matter in M104

The velocity dispersion of the total sample is ∼ 200 km/s, with no significant
difference between the blue and red GCs. A smoothed velocity dispersion profile
shows that σ decreases from ∼ 225 km/s near the galaxy center to ∼ 125 km/s
at 50 kpc radius.

The smoothed velocity profile shows rotation of ∼ 50 kpc; this is not sta-
tistically significant, however, and we place a 95% upper limit on rotation of
110 km/s for the total sample. We have looked for rotation amongst the blue
and red GCs separately, and also for GCs at small and large radius (separated
at 10′= 25 kpc). There is no significant rotation for any subsample. However,
there are hints that the blue GCs have higher rotation than the red GCs, and
that there is more rotation at large radius. Interestingly, the GCs at large radius
may be counter-rotating with respect to the GCs and stars at smaller radius,
but again this is not significant.

We have used the Projected Mass Estimator, assuming isotropic orbits, to
find a total mass of 1.2×1012 M¯ and a (M/L)B = 30 at 50 kpc radius. This is
strong evidence for a dark matter halo in M104.

A fuller account of this work may be found in Bridges et al. (2003).
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Abundances in LMC and SMC Globular Clusters

Jennifer A. Johnson

DAO/HIA/NRC, 5071 West Saanich Road, Victoria, BC, V9E 2E7,
Canada

Inese I. Ivans

California Institute of Technology, MS 105-24,,Pasadena, CA, 91125,
USA

Peter B. Stetson and James E. Hesser

DAO/HIA/NRC, 5071 West Saanich Road, Victoria, BC, V9E 2E7,
Canada

Michael Bolte

UCO/Lick Observatory, University of California, Santa Cruz, CA
95064, USA

Abstract. We present results for abundances in four old Magellanic Cloud
clusters based on high-resolution spectroscopy of individual giants.

1. Abundances

We present abundances for four old LMC and SMC clusters based on high-
resolution spectra of 2-3 red giants per cluster taken with the Magellan telescope.
We find that in the two clusters close to the LMC bar, NGC 1898 and NGC 2019,
the [Si/Fe] ratio is enhanced by ∼ 0.5 dex relative to solar, while [Ca/Fe] and
[Ti/Fe] are between 0 and 0.2 dex, similar to what is seen in the inner halo Milky
Way clusters. In contrast, [Ca/Fe] is 0.3 dex in the outer LMC cluster Hodge
11 and and the SMC cluster NGC 121, which is the canonical value for the old
outer halo Milky Way clusters. The [Fe/H] values found are in good agreement
with those previously derived from the slopes of the red giant branches. Finally,
the [Fe/H] and [α/Fe] ratios are compared to the results from integrated spectra
of these clusters.
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Perhaps They are not Globular Clusters After All

A. M. Karick

School of Physics, University of Melbourne, Victoria 3010, Australia

Abstract. Our 2dF Fornax Cluster Spectroscopic Survey (FCSS) and follow-
up work in the Virgo Cluster have shown that the cores of both galaxy clusters
contain a previously-unknown class of object, ultra-compact dwarf (UCD) galax-
ies. We present high resolution spectroscopy and deep multicolor imaging to
show that these enigmatic objects are dynamically distinct from both globular
clusters (GCs) and nucleated dwarf galaxies (dE,Ns). Our hypothesis for their
origin may explain the observed high “specific frequency” of GCs in central
cluster galaxies.

1. Dynamical Analysis and Stellar Populations

Internal velocity dispersions of the UCDs and a comparison dE,N (FCC303)
have been measured using the VLT and Keck Telescopes (Drinkwater et al.2003).
The velocity dispersions of the UCDs range from 24 to 37 km s−1, considerably
higher than those of Galactic GCs. The UCDs lie well off the globular cluster
L ∝ σ1.7 relation in a previously unoccupied region. This supports the “galaxy
threshing” model in which the UCDs are the remnant nuclei of infalling dE,Ns
which have been tidally disrupted by the cluster cD galaxy (Bekki et al. 2001).
Removing the halo of the dE,N galaxy reduces the total luminosity by about a
factor of 100 but barely changes the central velocity dispersion. We obtained
deep multicolour imaging (u,g,r,i) of the core of the Fornax Cluster taken with
the CTIO MOSAIC camera. The colours of the UCDs were compared with a
sample of NGC 1399 globulars (Mieske et al. 2003) and the nuclei of cluster
dE,Ns. Preliminary analysis suggests that the UCDs have colours similar to the
nuclei of the brightest dE,Ns and GCs.
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Self-Induced Formation of Metal-Rich Globulars in
Bulges?

Valery V. Kravtsov

Sternberg Astronomical Institute, Universitetski pr. 13, Moscow,
119992, Russia

Abstract. Taken together, the latest key observations assume that (i) old
metal-rich globular cluster populations (MRGCPs) in bulges were able to form
due to an increased self-induced star formation rate (SFR) in their host galaxies,
while galaxy merging played an additional role; (ii) massive star cluster popula-
tions (MSCPs) in irregulars may be young, less prominent counterparts of the
old MRGCPs in spheroids.

1. Formation of MRGCPs in sheroids and MSCPs in irregulars

Data on high redshift galaxies and QSOs, super-massive black holes, redshift
evolution of QSO emissivity, elemental abundances, etc. assume that more mas-
sive spheroids have shorter formation time scales (e.g., Granato et al. 2001).
The metallicity distribution functions (MDFs) for the disk stars of the LMC
and for the old red giants in the halos of the elliptical NGC 5128 and spiral
M31 are virtually identical (Harris & Harris 2001). Surprisingly, the most prob-
able metallicities of the MSCPs in the LMC and other irregulars lie between
0.004 < z < 0.008 (as do metallicities of MRGCPs and metal-rich components
of the MDFs), irrespective of the presence or absence of signs of interaction
(Billett et al. 2002; de Grijs et al. 2003, among others). In addition, for a
sample of BCD galaxies Hopkins et al. (2002) find a positive correlation be-
tween galaxy metallicity (oxygen abundance) and SFR. These findings imply
that the formation of both the MRGCPs in spheroids and MSCPs in irregu-
lars may be preferentially related to a certain stage of the host’s (chemical?)
evolution, during which there is an increase in the host galaxy SFR.

Acknowledgments. Many thanks are due to the organizers and the IAU
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The Spectra of Bright Near-IR Clusters in M82

A. Lançon(1), M. Mouhcine(1), E. Chané(1), L.J. Smith(2),
J.S. Gallagher(3), N. Förster Schreiber(4), W. Vacca(5), R. de Grijs(6),
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USA; (6) Sheffield University, UK; (7) University of Virginia, USA

Abstract. Based on new spectra spanning wavelengths from 0.8 to 2.4µm,
we study the properties of bright near-IR clusters in M82. We focus on age and
extinction, which are critical parameters when one uses dynamical masses to
constrain the stellar IMF. The modelling of red supergiant evolution by various
authors leads to very significant differences in synthetic cluster spectra. Near-
IR fluxes alone therefore do not rule out a normal IMF for cluster F, previously
found to be deficient in low mass stars. Combined optical and near-IR studies
are being undertaken.

The spectra of four bright near-IR clusters and of the nucleus of M82 were
obtained with SpeX on IRTF (NASA/Hawaii). Synthetic spectra of cluster pop-
ulations were constructed using the evolutionary tracks of the Padova group, a
standard IMF, and the BaSeL library of stellar spectra, into which new SpeX
supergiant spectra were inserted. Note that at solar metallicity the Teff distri-
bution of the red supergiants populating the Padova isochrones peaks around
3900 K (M stars contribute relatively little), while the predominant Teff is cooler
with the tracks of the Geneva group (at least for a range of ages). Tracks in-
cluding rotation are different again.

We built χ2-maps in age-extinction space for all targets and find that:
(1) all targets are dominated by red supergiants, including cluster F and the
previously overlooked cluster observed in the Eastern “fossil starburst” region;
(2) with the Padova tracks, age discrimination is strong between 5 and 10 Myr,
but weak between 12 and 60 Myr; for cluster F, our best fit is at 10 Myr with
AV =1.9, which would make the dynamical mass of Smith & Gallagher (2001,
MNRAS 326, 1027) consistent with a normal IMF; their age of ∼60 Myr is how-
ever not excluded;
(3) estimated ages depend strongly on the assumed metallicity and stellar rota-
tion; work with a variety of tracks is necessary.
More robust constraints on age, intrinsic luminosity and thus the IMF will be
obtained by using optical and near-IR spectra jointly. This will also constrain
red supergiant evolution models.
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Evolution of Globular Cluster Populations in Compact
Galaxy Groups
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Abstract. The redistribution of globular clusters within compact groups of
galaxies is followed through N-body simulations. Particular emphasis is given
to the globular clusters released in the Intra-Group Medium (IGM) and to the
final configuration of the evolution.

1. Simulations and Results

We follow the evolution of the GCs in compact groups with 5 Milky Way-like
galaxies. The simulations have been done on a PC cluster using the GADGET
code. The different runs have the same initial spatial distribution, and only the
individual galaxy velocities are changed with increasing virial (2T/V) parameter.
The GCs are distributed according to a radial density profile which fits the
Galactic population (Djorgovski & Meylan, 1994). Up to 50% of the initial GC
population is lost by the host galaxies after few Gyrs. The GCs loss is sensitive
to the initial GC concentration. The final radial distribution of GCs is flatter
than the initial one with a drop of the radial slope of 0.2-0.4 for the galaxies
that merge, whereas for interacting galaxies the radial distribution can become
slightly steeper. The specific frequency SN in most of the runs is decreasing
down by 20 % at the most. An important population of GCs is released in the
IGM: 200-550 GCs are populating the IGM, with an extension to 200-300 kpc
from the center of the group. The distribution of GCs is similar to what is
found in the particular case of HCG90, with tidal tails and following the diffuse
emission distribution.
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Globular Cluster Formation in Galaxy Mergers
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Abstract. We present preliminary results of a high resolution simulation of
globular cluster formation in a galaxy merger using GADGET (Springel et al.
2001). A barotropic equation of state (Li et al 2003) is implemented to include
effects of cooling and heating. After one orbital period, a dozen proto-globular
clusters are identified in the tidal tails.

1. Simulation

We simulate an equal-mass, head-on merger of two identical disk galaxies moving
on parabolic orbits. Each galaxy has a dark matter halo, a stellar disk, and a gas
disk (Springel 2000) . The mass of the galaxy is M200 = 3 × 1010M¯, of which
gas is 10%. The total particle number is Ntot = 1.4 × 105, the mass resolution
is 2.3× 106M¯, and the spatial resolution is 1 pc.
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Figure 1. Proto-globular clusters identified in tidal tails and bridges, and
their mass histogram derived with a clump-finding algorithm.
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Multicolor Photometry and Age Estimates of Globular
Clusters in M31
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Abstract. We present CCD multicolor photometry for 172 globular clusters
(GCs), taken from the Bologna catalog (Battistini et al. 1987), in the nearby
spiral galaxy M31. The observations were performed by using the National As-
tronomical Observatories 60/90 cm Schmidt Telescope in 13 intermediate-band
filters, which covered a range of wavelength from 3800 to 10000 Å. This provides
a multicolor map of M31 in pixels of 1.7 × 1.7 arcminutes. By aperture pho-
tometry, we obtain the spectral energy distributions (SEDs) for these GCs. Us-
ing the relationship between the Beijing-Arizona-Taiwan-Connecticut (BATC)
intermediate-band system used for the observations and the UBVRI broad-band
system, the magnitudes in the B and V bands are derived. The computed V
and B–V are in agreement with the values given by Battistini et al. (1987) and
Barmby et al. (2000). Finally, by comparing the photometry of each GC with
theoretical stellar population synthesis models of Bruzual & Charlot (1996, here-
after BC96), we estimate ages of the sample GCs for different metallicities. The
BC96 models provide the evolution in time of the spectrophotometric properties
of simple stellar populations for a wide range of stellar metallicity. The results
show that nearly all our sample GCs have ages more than 109 years, and most
of them are around 1010 years old. At the same time, we find that GCs fitted
by the metal-poor model are generally older than ones fitted by the metal-rich
model.
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Search for Formation Criteria of Globular Cluster Systems

S.N.Nuritdinov1,2, K.T.Mirtadjieva1,2 and I.U.Tadjibaev1

1National University of Uzbekistan, Tashkent 700174, Uzbekistan
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The research of early evolution stages and formation of galaxies requires cre-
ation of appropriate non-linear theory. The formation process of globular cluster
systems (GCS) covers the long period of time as probably one begins from a dark
matter state. So far it is difficult to simulate formation of GCS and galaxies ab
initio. That’s why it is necessary to construct exact analytically solvable models
of non-linear non-stationary early stages of evolution of self-gravitating systems
and revealing the instabilities on a background of non-equilibrium states. The
formation and evolution of GCS at early stage of collapsing dark matter (or
protogalaxy) can be explained by instability of the modes of the high oscilla-
tion degrees (Nuritdinov et al., 2000), which corresponds to rather small-scale
perturbations of the density of collapsing system. The mode degree defines on
the average the number of clusters. We study of the mode behavior of oscilla-
tions of high degrees, solving the non-stationary dispersion equation (NDE), for
example,

(1 + λcosψ)
d2γτ

dψ2
+ λ sinψ

dγτ

dψ
+ γτ = (1 + λcosψ)3(λ+ cosψ)N−τ · sinτ−1 ψA(ψ)

at N >> 1, where λ = 1− (2T/|U |)0, (2T/|U |)0 is the virial ratio at ψ = 0 and
A(ψ) is unknown function of time.

Searching for an exact formation criteria of the GCS demands finding an
exact asymptotic of the NDE. Using the asymptotic for the Legandre function
PN (e) at N >> 1 we found a numerical solution of the NDE.

We have concluded:
- GCS formation takes place in the background of collapsing dark matter

only for very special conditions of (2T/|U |)0 << 1.
- In spite of the fact that the modes of high degree are small- scale in

comparison of the ellipsoidal mode (2; 2), their maximal increments are close in
many cases.

- At very large values of N the instability increment is decreased.
- The analysis of special cases of the NDE shows that it is necessary to find

an exact asymptotic in the case N →∞ taking into account the rotation effect.
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Young Stellar Clusters in the ULIRG IRAS 17208-0014

Naveen A. Reddy, Shardha Jogee, & Nick Scoville
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Abstract. High resolution studies reveal that luminous young stellar clusters
and their associations are ubiquitous within 1 kpc of ULIRGs, and could be the
precursors to globular clusters. We have undertaken a study of the ages, masses,
extinction, and dust properties of the clusters found in the brightest ULIRG in
the extended IRAS BGS Sample, IRAS 17208−0014, using it as a unique system
in which to study the formation and evolution of clusters in gas-rich mergers.
Using NICMOS JHK and WFPC2 I−band images, we have compared the
near-IR colors of the clusters with those expected from a Bruzual & Charlot
model. There are a few clusters whose colors can be explained by moderate
values of extinction (1− 3 mag), but others require some contribution from hot
(400− 1000 K) dust. We derive ages of a few tens of Myr and masses from 106

to 107 M¯. These clusters may be supermassive compared to globular clusters,
or could be unresolved associations of clusters.
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Figure 1. Color-color diagram showing the cluster colors, those which can
be ascribed to extinction alone (prefixed by E), and those which may require
a contribution from hot dust (prefixed by H). Also shown are curves corre-
sponding to various dust temperatures, a reddening vector, and the Bruzual &
Charlot model colors for a stellar population evolving from an instantaneous
burst of star formation.

208



Highlights of Astronomy, Vol. 13
International Astronomical Union, 2003
O. Engvold, ed.

SUBARU/FOCAS Globular Clusters Survey around M82

Yoshihiko Saito, Masanori Iye, Nobunari Kashikawa, Koji S. Kawabata

National Astronomical Observatory Japan (NAOJ), 2-21-1, Osawa,
Mitaka, Tokyo, 181-8588 Japan

Michitoshi Yoshida

Okayama Astrophysical Observatory, NAOJ, Kamogata, Okayama,
719-0232 Japan

Youichi Ohyama, Toshiyuki Sasaki, Tadafumi Takata, George Kosugi,
Kentaro Aoki

Subaru Telescope, NAOJ, 650 North A’ohoku Place, Hilo, Hawaii,
96720 USA

1. Motivation

Recently, a number of possible young globular clusters (GCs) have been found in
some merging/interacting galaxies or starburst galaxies. On the other hand, it
is well known that GCs are numerous in giant elliptical galaxies many of which
are thought to be formed via major merger of galaxies. These facts lead us to
a thought that the formation process of GCs could accompany galaxy – galaxy
interaction followed by starburst. The archetypical starburst galaxy M82 is an
ideal target to study the relation between galaxy interaction, starburst, and GC
formation.

2. Summary

We carried out search of GCs in M82, by taking advantage of high-resolution
imaging and deep spectroscopic capabilities provided by FOCAS on the Sub-
aru telescope. We applied a scheme for searching for GCs in disk/irregular
galaxies that combines color selection, spectral analysis, and profile analysis
for identifying GCs. Especially, the profile analysis is a key method for this
scheme. We cannot identify GCs only from color selection and spectral analysis
around nearby galaxies having low receding velocity, because we cannot distin-
guish late-F – early-G type stars in our Galaxy from those GCs. In the central
6 arc-minutes diameter region of M82, we found two bona fide GCs and 8 young
GC candidates in our first attempt at searching for GCs in M82. The estimated
total number of bona fide GCs is about 10 corresponding to the expected num-
ber from the initial luminosity of M82. We conclude that M82 has a GC system
similar to our Galactic specific frequency before the interaction, and newly born
GCs should be formed by the tidal interaction with M81.
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Chemical Abundances in the Sagittarius Galaxy: Terzan 7

Gražina Tautvaǐsienė

Vilnius University Institute of Theoretical Physics and Astronomy,
Gostauto 12, Vilnius 2600, Lithuania

George Wallerstein

University of Washington, Box 351580, Seattle, WA 98195-1580

Doug Geisler

Universidad de Concepción, Casillo 160-C, Concepción, Chile

Guillermo Gonzalez

Iowa State University, Ames, IA 50011

Corinne Charbonnel

Geneva Observatory, CH-1290 Sauverny, Switzerland

Abstract. Abundances of 21 chemical elements have been determined in
three red giants in Terzan 7 using high-resolution spectra obtained with the
UVES spectrograph on the ESO 8.2 m Kueyen telescope. The mean [Fe/H]=
−0.61±0.07. The relative elemental abundance ratios indicate a close similarity
of Terzan 7 to its host galaxy.

1. Comparison of Terzan 7 with the Sagittarius system

We have found that 3 red giants in Terzan 7 (S16, S34 and S35) have a mean
[Fe/H]= −0.61± 0.07(s.d.) and a corresponding age of about 6 Gyr. At a given
metallicity the stars exhibit lower [α/Fe]= 0.08 ± 0.04 ratios than stars in the
Milky Way galaxy. The mean ratio [O/Fe]= 0.24 shows that the stars have not
suffered from the oxygen deficiency. The mean values of [Na/Fe]= −0.15 and
[Al/Fe]= −0.14 present no evidence for the Na and Al excesses. Within the iron-
group and for light s-process species Y and Zr we see no significant departures
from the solar ratios. The heavier s-process elements Ba, La, and Ce show an
excess of 0.32 dex while the almost pure r-process element Eu shows an excess
of 0.53 dex. The similarity of relative abundances in Terzan 7 and stars of the
same metallicity in its host galaxy indicates that this cluster could be a natural
product of galactic evolution. Obviously some galaxies are capable of forming
globular clusters after the initial burst of star cluster formation. The chemical
evolution of the Sagittarius dwarf spheroidal galaxy looks very similar to the
evolution of the Large Magellanic Cloud.
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JD 7: The Sun and the Heliosphere as an Integrated
System

Giannina Poletto

INAF - Arcetri Astrophysical Observatory, Largo Fermi, 5, 50125
Firenze, Italy

Steven T. Suess

NASA-MSFC, MS SD50, Huntsville, AL 35812, USA

Abstract. We summarize here the oral contributions given at the Joint
Discussion (JD) 7 The Sun and the Heliosphere as an Integrated System, held
on July 17, 2003, in Sydney, as part of IAU XXV and give a list of posters
presented at the JD.

1. Introduction

As knowledge of the Sun and the heliosphere grows, it is becoming not only
possible but preferable to view the global structure, the interaction with the
local interstellar medium, and changes over a solar cycle as the behavior of an
integrated system. This consideration motivated Joint Discussion 7, which was
meant both to summarize the state of art at the time of IAU XXV and to solicit
interest in this kind of approach. The Joint Discussion was arranged in four
sections, two on processes that, beginning from the Sun’s interior, model and
shape the heliosphere (From the Transition Region to the Corona and Beyond
and From the Sun to the Interstellar Medium), one on elemental abundances
and particles in the corona and the heliosphere (Energetic Particles, Energetic
Neutral Atoms and Composition) and one on forthcoming solar and heliospheric
space missions. In the following we give a brief summary of the contributions
presented at the JD in each section. An extended discussion of the topics cov-
ered by JD is expected to appear in a comprehensive book on the Sun and the
Heliosphere which will be edited by us and printed by Kluwer in year 2004.
Posters which were exhibited as part of the Joint Discussion are listed at the
end of this summary.
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2. Program

2.1. Scientific Program

Session I: From the Sun to the Interstellar Medium
Chair: H. Cane Invited Speaker
Ulysses at Solar Maximum: Selected Highlights R. Marsden
Hydrogen Walls: Mass Loss of Dwarf Stars and the J. L. Linsky,

Young Sun B. E. Wood,
and G. P. Zank

Radio Emission from the Outer Heliosphere and Beyond I. Cairns
MHD Turbulence in the Heliosphere B. Bavassano
Session II: From the Transition Region to the Corona

and beyond
Chair: G. Poletto Invited Speaker
The Magnetic Field from the Sun to the S. Solanki

Interstellar Medium
The 3D Solar Wind over the Solar Cycle M. Kojima

Observed by IPS M. Tokumaru,
K. Fujiki,

M. Hirano,
B. V. Jackson,

P. Hick, K. Hayashi,
and T. Ohmi

The Chromosphere-Corona Coupling and the Solar Wind O. Lie-Svendsen
The Bastille Day Event: from Solar Surface to the J. Zhang

Far Heliosphere
Session III: Energetic Particles, Energetic Neutral

Atoms, and Composition
Chair: B. Fleck Invited Speaker
Elemental Abundances in the Solar Corona J. Raymond
The Heliospheric Interface: Theory and Observations V. Izmodenov
Propagation of Energetic Particles to High Latitudes T. Sanderson
Particles in the Heliosphere: An Overview R. Wimmer

-Schweingruber
Session IV: New Missions
Chair: S. Suess Invited Speaker
Novel Solar and Heliospheric Research with E. Marsch

Solar Orbiter
The International Living With a Star Program H. Opgenoorth,

M. Guhathakurta,
and R. Marsden

2.2. Scientific Organizing Committee

The JD Scientific Organizing Committee included: I. Cairns (Local Liaison,
Australia), B. Fleck (The Netherlands), R. Forsyth (U.K.), G. Poletto (Co-
Chair, Italy), H. Cane (Australia), R. Lallement (France), S. T. Suess (Co-Chair,
U.S.A.), A. V. Usmanov (Russia), J. X. Wang (China), H. Washimi (Japan), T.
Zurbuchen (U.S.A.).
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3. From the Sun to the Interstellar Medium

3.1. Ulysses at Solar Maximum: Selected Highlights

The original objective of Ulysses was to “investigate for the first time as a
function of heliographic latitude the properties of the solar wind, the structure
of the Sun/wind interface, the heliospheric magnetic field, solar radio bursts and
plasma waves, solar X-rays, solar and galactic cosmic rays, and both interstellar
and interplanetary neutral gas and dust.” The 6.2 year orbit, inclined by 80
degrees to the heliographic equator, with an aphelion of 5.4 AU and perihelion
of 1.34 AU, has allowed Ulysses to meet this original objective and go on to
make fundamental contributions and discoveries related to the 3D heliosphere
and also to the Sun, Jupiter, the local interstellar medium, the Milky Way,
and the origins of gamma ray bursts. Orbit I was completed in 1998, covering
solar sunspot minimum, and Orbit II is nearing completion. Orbit III will then
provide coverage during the second half of the 22 year solar magnetic cycle.
R. Marsden (European Space Agency, Noordwijk, The Netherlands) reviewed
existing Ulysses’ results and what Ulysses will be doing over the coming 4 years.

Solar wind plasma measurements during Orbit II illustrate the difference
between the simple bimodal structure at solar minimum and the variable flows
seen at all latitudes around solar maximum. This is graphically displayed in
the solar wind speed “dial plot” shown in Figure 1. In spite of large differences
in solar wind statistics, if only the peaks in solar wind speed are considered
these peak speeds show the same latitudinal dependence as the peak speeds at
minimum, implying some rotation effect. The dynamic pressure at the recent
solar maximum was only 50%-75% that at the last maximum, implying a smaller
distance to the termination shock. Orbit II also expanded the determination of
the different compositions and ionization states that occur in different types
(slow, fast, transient) wind states.

Interplanetary magnetic field measurements in Orbit II go along with the
plasma measurements at solar maximum in exhibiting alternating polarities to
the highest latitudes, although the pattern is not random. A dipole-like charac-
ter still dominates even at solar maximum and the dipole axis appeared to be
approximately equatorial. Open flux was measured to be independent of latitude
at maximum, as it was at minimum, and approximately equal to the open flux
at the preceding sunspot minimum (Smith et al., 2003). This was discovered
by extrapolating the radial magnetic field measured during the two fast latitude
scans to a fixed radius and making the comparison.

Energetic particle events from the Sun, from interplanetary shocks, and
from Jupiter that are seen near Earth are also seen at Ulysses, regardless of the
position of Ulysses relative to the Earth. There is furthermore, to a greater or
lesser degree, a disappearance of latitudinal, longitudinal, and radial gradients in
particle fluxes near solar maximum. There is also virtually no latitudinal gradi-
ent in cosmic rays at solar maximum. This situation cannot be easily explained
by existing models of energetic particle motion in the heliosphere. The drifts of
charged particles is reversing in the second half of the solar magnetic cycle and
it is hoped that measurements made then will produce a better understanding
of what is leading to the easy latitudinal transport of particles.
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Figure 1. Polar plots of solar wind speed as a function of heliographic lati-
tude for Ulysses’ first two orbits. Sunspot number (bottom panel) shows that
the first orbit occurred through the solar cycle declining phase and minimum
while the second orbit spanned solar maximum. Both are plotted over solar
images characteristic of (left) solar minimum (8/17/96) and (right) maximum
(12/07/00); from the center outward images are from SOHO/EIT (Fe XII 195
Å), the Mauna Loa K-coronameter, and SOHO/LASCO/C2. (McComas et
al., 2003)
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Figure 2. Empirical Lyman-α profiles for Proxima Cen and Alpha Cen B.
The light-gray dashed line shows the interstellar absorption profiles of deu-
terium and metal lines. The extra absorption on the red side is heliospheric.
The extra absorption on the blue side (different for the two stars) is astro-
spheric. Also shown are predictions of models for different mass loss rates.
(from J. L. Linsky & B. E. Wood, Space Telescope Sci. Inst. Newsletter, in
press, December 2003)

3.2. Hydrogen Walls: Mass Loss of Dwarf Stars and the Young Sun

The collision of an ionized stellar wind with the partially-ionized warm gas in
the interstellar medium creates a population of hot decelerated neutral hydrogen
atoms. This “hydrogen wall” produces a blue-shifted absorption component in
the stellar Lyman-α emission line that has now been detected in HST spectra
of six dwarf stars. Figure 2 shows the Ly-α profiles for two of these stars. The
blue side of the Ly-α absorption (-70 to -50 km/s) is different for these two
nearby stars, leading to the estimates of the mass loss rates. The physics of
this interaction, its understanding, based on similar processes occurring around
the heliosphere, and progress in the observational program were reviewed by J.
Linsky (Joint Inst. for Laboratory Astrophysics, Colorado, USA). Comparisons
of the observed Lyman-α line profiles with theoretical models lead to the first
very sensitive measurements of mass loss rates, as small as 4× 10−15 M¯/year,
for solar-like dwarf stars. The range of mass loss rates determined so far is
0.2Ṁ¯ ≤ Ṁ ≤ 30Ṁ¯. The speed of the local interstellar plasma relative to the
stellar wind source has been 25 ≤ VISM ≤ 130 km/s, where the heliosphere is
moving at ∼25 km/s.
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Figure 3. The mass loss history of the Sun, based on empirical mass loss
rates for dwarf stars of different ages and X-ray surface fluxes. The upper
limits are based on radio nondetections of three solar-like stars (Gaidos et al.,
2000). (from J. L. Linsky & B. E. Wood, Sky & Telescope, in press, December
2003)

The observational program of Linsky and his colleagues provides the first
observational data (other than for the Sun) with which to test theories for winds
of solar-like dwarf stars. It shows an empirical correlation of stellar mass loss
rate with X-ray surface flux that allows prediction of the mass loss rates of
other stars and inference of the solar wind flux at earlier times, when the solar
wind may have been as much as 1000-fold more massive. The solar prediction
is shown in Figure 3. Important ramifications exist for the history of planetary
atmospheres in the solar system - that of Mars in particular, and for exoplanets
around stars.

In reference to the heliosphere, the volume of space dominated by the solar
wind and its magnetic field, the regions dominated by these stellar winds and
leading to their hydrogen walls, are called astrospheres. This naturally leads
to a full set of corresponding terminology, including astropauses which divide
stellar wind plasma from local interstellar plasma, bow and termination shocks,
and inner and outer astrosheaths between the astropauses and the associated
bow and termination shocks (Figure 2).

The models presently used to interpret the Lyman-α absorption normally
assume the simplest possible wind: spherical symmetry and a speed of 400
km/s (Wood et al., 2000). As data accumulates on astrospheres, it will become
possible to test these assumptions to examine, for example, whether the bimodal
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Figure 4. Plasma boundaries associated with the local interstellar medium -
solar wind interaction. Stippling shows where lower-hybrid drive is predicted
to occur, while the dashed line shows a GMIR shock moving toward the
heliopause (Cairns and Zank, 2002).

nature seen in the solar wind around solar minimum (Figure 1) is more typical
of dwarf star winds.

3.3. Radio Emission from the Outer Heliosphere and Beyond

The Voyager spacecraft have observed episodic bursts of radio emissions near 2-3
kHz that are generated beyond the inner heliosphere. These are believed to occur
when shock waves driven by global merged interaction regions (GMIRs) reach the
vicinity of the heliopause (see Gurnett et al., 1993). It is presently thought that
the heliopause, which divides solar wind plasma from local interstellar plasma,
lies roughly 150 AU from the Sun so that it takes a few years for GMIRs to pass
through the heliosheath and reach the heliopause (Figure 4).

The Voyagers are traveling in a direction which is within a few tens of
degrees of the upstream direction relative to motion of the heliosphere through
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Figure 5. Theoretical prediction for the dynamic radio spectrum (J.
Mitchell, I. Cairns, & P. A. Robinson, JD 07 Poster Paper).

the local interstellar medium and are expected to soon encounter the termination
shock. They are the only spacecraft that are far enough from the Sun to be
able to detect such low-frequency emission originating in the outer heliosphere
or beyond. Amplitude and time-of-flight measurements and use of occasional
spacecraft roll testing to study modulation of the signal, indicate the source is
in the vicinity of the nose of the heliosphere. More concisely, the source seems
to start at the nose and migrate away along a line lying near the galactic plane.

Voyager observations and theories for the source region, generation pro-
cesses, and propagation of the radiation were reviewed in this presentation by
I. Cairns (Univ. of Sydney, Australia). Special foci were the successes of the
current GMIR model for the radiation and a new theory which specifically ad-
dresses the turn-on and generation of the radiation in the outer heliosheath,
near the heliopause nose, and the propagation of the radiation into the inner
heliosphere.

The theoretical model (Cairns & Zank, 2002) predicts that the radiation is
generated in the fore-shock region. It turns on when a GMIR shock enters a
region primed with a supra-thermal electron tail beyond and near the heliopause
nose. The tail is produced by “lower hybrid-drive” associated with pick-up
ions. The model source mechanism explains how the supra-thermal electron tail
increases the emitted radio flux and predicts that emission is predominantly at
the fundamental plasma frequency (Figure 5). There is also a suggestion that
the local galactic magnetic field lies mainly near the galactic plane (Figure 6).
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Figure 6. The direction to the low frequency radio source locations and the
nose of the heliopause, suggesting the direction of the magnetic field in the
local interstellar medium (Kurth et al., 2003).

The hypothesized source mechanism depends on interstellar neutral atoms being
ionized in the vicinity of the heliospheric bow shock and then charge-exchanging
with shocked solar wind plasma. One of the posters (Mitchell et al.) for this JD
provided details on this source mechanism.

3.4. MHD Turbulence in the Heliosphere

The heliospheric plasma is an excellent laboratory to study the behavior of col-
lisionless MHD turbulence. This is a topic of fundamental importance for both
plasma physics and astrophysics and has been reviewed here by B. Bavassano
(CNR, Italy). In the 1970s and 1980s decades impressive advances were made
in the knowledge of turbulent phenomena in solar wind, although spacecraft
observations were confined within a small latitude belt near the solar equator.
In the 1990s, with the Ulysses mission, investigations have been extended to the
high-latitude heliosphere. This has allowed studies of how the MHD turbulence
evolves in polar solar wind, a plasma flow in which the effects of large-scale
inhomogeneities are considerably less important than in low-latitude wind, at
least near solar minimum when stable high speed wind dominates the polar he-
liosphere. With this new laboratory, important new results have been obtained.
In the review, observations of turbulence evolution in polar wind were discussed
and compared to those typical of the low-latitude solar wind.
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Equatorial solar wind turbulence appears to normally have a strongly
Alfvénic character, as determined by the coherence between solar wind plasma
flow vector and magnetic field vector fluctuations. The power density spec-
trum of the fluctuations displays a characteristic -5/3 power law above a well-
determined frequency which, in turn, moves downwards to lower frequencies
with increasing distance from the Sun. Alfvénic modes are commonly described
in terms of “Elsässer variables” (Marsch, 1991) z± describing outward (+) and
inward (-) waves.

It was realized very early that the solar wind is expanding at speeds in
excess of the local Alfvén speed beyond ∼ 5 − 30R¯. The radius at which
the Alfvén speed is exceeded is known as the Alfvén radius, rA. Outside rA
both the z+ and the z− modes originating inside rA are carried away from the
Sun. Any inward mode beyond rA must be of local origin, and therefore a
consequence of nonlinear interactions or interaction of outward modes with the
ambient gradients in the wind. Outward modes have been found to dominate in
all regions. However, the difference decreases with increasing distance to show
there are local sources of inward modes. These results all were gathered near
the heliographic equator in a region of mixed solar wind states.

Figure 1 shows that the polar wind around solar sunspot minimum is fast
and steady, as compared to wind near the heliographic equator. This presented
the opportunity to study how Alfvénic turbulence evolves under undisturbed
conditions. Power spectra in the solar minimum polar wind indicate a -5/3 spec-
trum similar to that measured in the equatorial wind, and that the spectrum
also evolves towards lower frequency with increasing distance. A specific differ-
ence is that this spectral evolution with distance is slower than in low-latitude
wind. A related result is that the predominance of outward modes continues to
greater distances at high latitudes.

It is concluded that solar wind turbulence, in addition to having solar
sources, is locally generated at velocity shear layers. Empirical results also show
that the presence of magnetic field reversals speeds up spectral evolution. This
process may have a relevant role in increasing the rate of turbulence evolution
in low-latitude solar wind where fast-slow stream structures and reversals of the
magnetic polarity are common. In the polar wind, where velocity gradients are
weak, other mechanisms have to exist and parametric decay has been proposed.
This is presently one of the main areas of investigation.

4. From the Transition Region to the Corona and Beyond

4.1. The Magnetic field from the Sun to the Interstellar Medium

The behavior of the magnetic field from the interior of the Sun out to the in-
terplanetary medium has been reviewed by S. Solanki (Max Planck Institute
for Aeronomy, Germany) who began by describing the recent observational evi-
dence about large scale flow fields and the internal rotation velocity of the Sun,
which supports an overshoot-layer dynamo scenario. Magnetic flux tubes in the
overshoot region reach the surface of the Sun when subject to undular insta-
bility and emerge with properties (tilt angle, latitude of emergence) that are
observed in active regions (Caligari et al. 1995). Numerical MHD simulations of
the magnetic field dynamics in plage regions are being developed and reproduce
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reasonably well the observed morphological patterns and measured quantities
(Vögler & Schüssler 2003).

Solanki proceeded then to discuss how the magnetic field acts as the cou-
pling agent between higher and lower solar layers, the latter being responsible
for the structure and energetics of the overlying levels. A beautiful example
of this is offered by 3-D numerical simulations that show how displacements of
the photospheric footpoints of magnetic loops result in a magnetic dissipation
strong enough to heat and maintain loops at coronal temperatures (Gudiksen
& Nordlund 2002). Observational evidence of electric current sheets at coronal
base have been obtained via He i 10830 Å line data.

At high coronal altitudes the magnetic field can be modeled by extrapolating
photospheric values under different assumptions: the reconstructed coronal field
is then compared with LASCO white light images. Far away from the Sun, the
interplanetary field configuration had been predicted by Parker. More recently,
Fisk extended Parker’s model taking into account the misalignment between the
magnetic and the rotation axis as well as the loop footpoint motions. The model
better reproduces the cosmic rays behavior (Fisk 1996).

A relevant question to ask is whether the changing magnetic fields at the
solar surface are the source of the variability of the solar irradiance and whether
this variability accounts for the earth climate changes. Solar variability can
be reconstructed by properly modeling the quiet sun, the sunspots and faculae
evolution over time. However, climate changes, as recorded by the temperature
increase measured after 1970, cannot be ascribed to changes in the solar irradi-
ance, which is at most responsible for a fraction of the order of ≈ 30% of the
observed behavior (Krivova et al. 2003, Solanki & Krivova 2003).

4.2. The 3D Solar Wind Over the Solar Cycle Observed by IPS

M. Kojima (STE Lab., Nagoya Univ., Japan), reported on the 3-D solar wind
properties over the solar cycle, as derived from interplanetary scintillation mea-
surements (IPS), in a review co-authored by M. Tokumaru, K. Fujiki and M.
Hirano (STE Lab., Nagoya Univ., Japan), B. V. Jackson and P. Hick (CASS,
Univ. of San Diego, USA), K. Hayashi (W.W. Hansen Experimental Physics
Lab., Stanford Univ., USA) and T. Ohmi (Science and Technology Dept., CTI
Co., Ltd.). Because interplanetary scintillation observations integrate along the
line-of-sight, data need to be analyzed with a tomographic technique in order to
retrieve the three dimensional wind parameters (see, e.g. Hayashi et al. 2003).
Kojima showed that the solar wind speeds derived from a recently developed IPS
tomographic technique compare well with in situ values measured by Ulysses.
Figure 7 illustrates IPS results over 14 Carrington rotations and gives corre-
sponding Ulysses values.

With this method, Kojima and collaborators have been able to study the
solar cycle dependence of the solar wind properties, such as the speed of the wind,
the asymmetry of fast wind, the origin of the slow wind, the bimodal character
of the wind. IPS studies show also that the Nolte et al. (1976) claim (later
supported by Neugebauer et al. 1998) that the smaller a coronal hole, the lower
the solar wind speed originating from the hole, is only a first approximation
to a more complex behavior. For instance, slow wind may emanate from a
small coronal hole close to an active region, at solar minimum, as well as it
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Figure 7. Solar wind speed measured over 7 Carrington rotation in years
2001 and 2002 as derived from IPS tomography are compared with speeds
measured in situ by Ulysses.

emanates from a small polar hole, at solar maximum (Ohmi et al. 2001, Ohmi
et al. 2003). Also, during the ascending phase of the solar cycle, wind streams
originating from holes that shrink from a large to a smaller area do not change
their speed. Obviously, the same behavior occurs in descending phases of the
solar cycle.

Impressive solar wind ”images”, giving the distribution of the solar wind
speed all over the solar surface, throughout the solar cycle, may be built from IPS
data. The solar cycle in solar wind may be compared with conventional images
of the solar cycle in magnetic fields or in solar X-rays, as directly observed by, for
instance, NAO and Yohkoh instrumentation, respectively. These maps provide
an immediate first-order answer to questions such as the sources of slow/fast
wind, the percentage of solar surface they occupy, and their dependence on the
solar activity distribution.

On the basis of the measured wind speed, it has been possible to reconstruct
the profile of the solar wind speed vs. latitude. Depending on the phase of the
solar cycle, the fast wind latitudinal velocity gradient dV/dθ varies between
zero and 4 kms−1deg−1. The bimodal character of the wind, already identified
in Ulysses observations, is reproduced quite well by IPS measurements. The
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bimodality holds in the ascending and descending phase of the solar activity
cycle and not only at minimum activity (Kojima et al. 2001).

It is well known that the wind speed seems to correlate well with the ex-
pansion factor of its source region f (see, e.g. Wang and Sheeley 1990) and/or
to its photospheric magnetic field B (see, e.g., Fisk 1996). On the basis of the
wind speeds measured by IPS, of the average magnetic field measured at pho-
tospheric levels over the wind originating region and of the flux expansion rate
calculated from potential extrapolations, Kojima showed that neither the Wang
and Sheeley, nor the Fisk assumption, are valid. The correlation factor between
the wind speed and the magnetic field is on the order of 0.4 — 0.5, while the
correlation factor between the speed and the 1/

√
f factor suggested by Wang

and Sheeley is ≈ 0.7. However, the correlation factor rises to 0.91 ± 0.1, when
the wind speed is compared to B/f values.

Also time—dependent phenomena, like coronal mass ejections (CMEs), can
be studied via IPS measurements, adopting the time-dependent tomography al-
gorithm developed to this purpose (see e.g. Jackson et al. 2003). This new
program will be applied also to the study of the evolution of co-rotating helio-
spheric structures. Preliminary results are very promising and will be used for
reconstructing in three dimensions the evolution and interaction of interplane-
tary structures.

4.3. The Energy Balance from the Chromosphere to the Corona and
its Effect on Solar Wind Properties

While Solanki’s talk focused on the role of magnetic fields from the Sun to the
interplanetary space, O. Lie-Svendsen (Norwegian Defencer Research Establish-
ment) showed how the flow of energy between the chromosphere and the corona
controls solar wind properties. That the solar atmosphere is the source of the
solar wind and the heliospheric plasma is obvious, but the coupling occurs via
processes which are not yet well known. In particular, one should understand
how energy is fed into the coronal and solar wind plasma and how the upper
chromosphere reacts to the downward energy flow from the hot corona.

Lie-Svendsen illustrated results from a solar wind model which has its lower
boundary in the chromosphere and its upper boundary at 1 AU. The model,
based on the 16—moment transport equations developed by Demars & Schunk
(1979), uses the gyrotropic approximation to these equations deriving densities,
the drift speed along the magnetic field, the temperatures and the heat flux den-
sities parallel and perpendicular to the magnetic field, for each particle species.
Details of the model characteristics (e.g., terms adopted in the description of
coronal and chromospheric heating) can be found in Lie-Svendsen, Hansteen, &
Leer (2002), Lie-Svendsen, Hansteen, Leer & Holzer (2002).

The study addresses the questions of how the energy transport between the
lower atmospheric levels and the corona, as well as the energy deposition in the
transition region, affect the solar wind characteristics out to 1 AU. Both a radial
and a super-radial geometry are considered and the properties of the resulting
two solar wind ”modes”, namely fast and slow solar wind, are illustrated in Fig-
ure 8. It should be pointed out that the use of higher order transport equations,
and the description of the collisionless plasma, has been crucial in establishing
the characteristics given in the figure, and also revealed how the altitude inter-
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Figure 8. Main properties of slow and fast wind as derived in the model
presented by Lie-Svendsen (see text).
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Figure 9. The Bastille day event scenario: (A), (B) TRACE images in,
respectively, 195 and 1600 Å (C) Hα filtergram about 20 minutes before
the X5.7 flare occurrence, (D) line of sight magnetogram of the Bastille event
region, from Huairou Solar Observing Station, (E) running difference of SOHO
EIT images at the time of flare maximum, (F) running difference of LASCO
C2 images at the time it first detection in C2 (Zhang et al., 2001).

val (somewhere in the transition region or low corona), where plasma changes
from being collisional to being collisionless, although fairly limited, has a large
influence on the solar wind mass flux: a good example of the solar-heliospheric
connection! However, additional work may be necessary to insure that the model
realistically describes the proton velocity distribution in the extended corona,
as the model assumes a not too large departure from a bi-Maxwellian function.

4.4. The Bastille Day Event: From Solar Surface to the Far Helio-
sphere

An example of a solar event whose effects have been detected and measured out
to ≈ 60 AU has been presented by J. Zhang (National Astronomical Observatory,
Chinese Academy of Sciences), who summarized the observations of the so called
Bastille Day Event, from the solar surface to the outer interplanetary space. This
event occurred on July 14, 2000, and his manifestations include a giant filament
eruption, a large flare (X5.7/3B) and an earth-directed coronal mass ejection.
Figure 9 shows pre and post flare images of the Bastille event region as imaged
by different experiments (Zhang et al. 2001).

Observations of the magnetic evolution of the active region (NOAA 9077)
where the flare occurred revealed multiple cancellation events (or slow recon-
nection events) in the vicinity of the filament bridging the region. These obser-
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vations provide evidence of the role played by slow reconnection in generating
the global instability responsible for the events seen in the region. Over a more
extended area, a large transequatorial filament, and loop arcade, appear to be
associated with the CME.

Yan et al. (2001) and Deng et al. (2001) have been able to reconstruct the
magnetic configuration of the region above the photosphere via a non linear force
free field extrapolation of the vector magnetic fields measured at the Huairou
Solar Observing Station (HSOS). From the evolution of the non-potentiality of
the region these authors conclude that energy gradually propagated from the
lower to the higher solar layers and the stored energy caused first the filament
eruption and then the flare occurrence. The temporal profile of the longitudinal
current, helicity and total energy stored in the region over a time interval of a
few days centered on July 14 is also given.

A variety of radio signatures were associated to the 14 July event. In
particular the flare event produced an intense, long duration Type III-like radio
emission, associated with electrons accelerated deeply in the corona (Reiner et
al. 2001). The CME was the source of Type II radio emission, whose frequency
drift indicated a significant CME deceleration, as it moved from the corona to
the interplanetary medium.

Near 1 AU the solar wind structure associated with the Bastille event con-
sisted of a large speed stream observed on July 15 and a few small streams. Over
a period of 6 days the wind speed increased from 400 to 1100 kms−1 and the field
from 10 nT to 60 nT. An interaction region, bounded between a pair of forward
and reverse shock has also been identified (Whang et al. 2001). The CME-driven
shock arrived at Voyager 2, at ≈ 63 AU on January 12, 2001, with a speed jump
of 60 kms−1. These observations provided a good opportunity to study the
shock propagation from the inner to the outer heliosphere: MHD simulations
showed that the CME shock changed dramatically in strength and propagation
speed as it moved outward (Wang et al. 2001). The leading forward shock has
decayed while all other shocks and discontinuities apparently dissipated by the
time they would have reached Voyager 2. The merged interaction region had
expanded to at least 10 days in length.

The response of the Earth’s inner magnetosphere to the Bastille CME has
been recorded by the IMAGE spacecraft, which made images in the Energetic
Neutral Atoms (ENA) produced by charge exchange between the hot magneto-
spheric ions and the cold geocoronal neutral hydrogen. These images showed
that as the Bz component of the interplanetary magnetic field became positive
the ring currents became closed and symmetric (Brandt et al. 2001). A large
polar cap absorption event, lasting about 3 days, has also been observed at the
Zhongshan station, in Antarctica (Liu et al., 2001) and large geopotentials had
been induced over oceanic distances (Lanzerotti et al. 2001).

Optically, the Bastille day event was the fourth event in solar cycle 23 that
had an optical importance of 3B. Although larger events had been observed in
other solar cycles, it was undoubtedly an extremely large event and it provided a
good opportunity to study the different manifestation of large events throughout
the solar atmosphere and the heliosphere. We point out also that the study of
the return period of such events is relevant for the prediction of natural hazards
in space weather.
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5. Energetic Particles, Energetic Neutral Atoms, and Composition

5.1. Elemental Abundances in the solar Corona

J. Raymond (Harvard-Smithsonian Center for Astrophysics, Cambridge, USA)
reviewed our present knowledge of elemental Abundances in the solar corona
and pointed out how many analyzes of astrophysical observations assume ”solar
elemental abundances” without recognizing the large variations of abundances
within the solar atmosphere. However, abundances in the solar corona are mod-
ified with respect to those in the photosphere in (at least) two systematic ways.
First, the abundances of elements whose neutral species have an ionization po-
tential below about 10 eV are enhanced relative to elements whose atoms have
higher ionization potentials. This First Ionization Potential (FIP) effect has
been studied for many years, and it is typically a factor of 3 or 4 enhance-
ment. The second effect is a reduction of the abundances of all elements relative
to hydrogen. It has been less well studied because hydrogen lines or contin-
uum are not found in the wavelength ranges of many instruments, or else the
lines are optically thick or formed at different temperatures. Recent studies of
line/continuum ratios in solar flares and of UV line intensities above the solar
limb have begun to remedy this problem, and depletions of order a factor of 3-10
are commonly observed. They are attributed to gravitational settling.

Abundances also have important physical consequences. The radiative cool-
ing rate is directly proportional to the abundances at temperatures up to about
107 K, where bremsstrahlung begins to dominate. The mean particle weight
can affect flow dynamics, and Hansteen et al (1998) have studied the effects of
helium on the fast solar wind. Moreover, preferential acceleration of oxygen is
observed in the fast solar wind and attributed to cyclotron damping of plasma
waves (Cranmer et al. 1999). While the oxygen abundance is too small to have
much of an effect on the overall dynamics of the wind, analogous preferential
heating of helium could have major consequences.

Most coronal abundance determinations rely upon ratios of collisionally ex-
cited emission lines. One can obtain the relative abundances of two elements
by choosing spectral lines such that the product of excitation rate and ionic
concentration has the same temperature dependence for both lines. A common
example is the Ne VI and Mg VI lines near 400 Å which has the additional
advantage that the wavelengths are so close that the instrumental radiomet-
ric calibration uncertainty also cancels out. In the X-ray range, O VIII Lyα
and the nearby lines of Fe XVII are formed at similar temperatures. There is
never a perfect match of temperature response, and time-dependent ionization
could distort the derived abundances, but in general these methods give reliable
relative abundances within the uncertainties in the atomic rates.

To carry the analysis a step further, one can obtain absolute abundances
if one of the elements being compared is hydrogen. This can be difficult, in
that there are no lines of hydrogen shortward of 912 Å. The bremsstrahlung
continuum is largely formed by hydrogen, and it can be measured shortward of
about 10 Å. Absolute abundances in solar flares can be derived by measuring
the equivalent widths of lines such as Ca XIX λ3.18, provided that that ion
dominates at the temperature of the flare plasma and that the continuum is not
contaminated by fluorescence due to X-rays at shorter wavelengths (Fludra &
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Schmelz 1999; Phillips et al. 2003). For observations of the corona above the
limb, the hydrogen Lyman lines can be compared with lines of other elements.
The analysis is somewhat different in the Lyman lines that include strong con-
tributions from radiative scattering, but results have been obtained for coronal
holes, active regions and streamers (Raymond et al. 1997; Feldman et al. 1998;
Laming & Feldman 2002; Ko et al. 2002; Bemporad et al. 2003)

Overall the observations show a FIP enhancement that varies not only from
one region to another, but also increases with time within individual active
regions as they evolve (Widing & Feldman 2001). The gravitational settling
effect seems to be observed in the closed field regions of active region streamers
and equatorial streamers at solar minimum.

Various explanations have been proposed for the FIP effect, but all agree
that it must occur in the chromosphere (see review by Henoux 1998). Models
include diffusion (Peter 1998), rising magnetic fields and injection of enriched
material by reconnection (Arge & Mullan 1998). Gravitational settling has a
characteristic time scale of about 1 day. In a steady state, gravitational settling
would predict much smaller abundances than observed (Lenz, Lou & Rosner
1998), suggesting continual mixing of fresh material.

5.2. The Heliospheric Interface: Theory and Observations

Sun is moving through warm (∼6500 K) and partly ionized local interstellar
cloud (LIC) with velocity ∼26 km/s. The charged component of interstellar
medium interacts with the solar wind (SW) forming the heliospheric interface,
the SW/LIC interaction region (Figures 4, 10). Both the solar wind and inter-
stellar gas have a multi-component nature that creates a complex behavior of
the interaction region. The current state of art in the modeling of the helio-
spheric interface was reviewed by V. Izmodenov (Moscow State University, Rus-
sia). Modern models of the interface take into account effects of the solar wind
and interstellar plasma components (protons, electrons, pickup ions, interstel-
lar helium ions and solar wind alpha particles), interstellar neutral component
(H atoms), interstellar and heliospheric magnetic fields, galactic and anomalous
cosmic rays, latitudinal and solar cycle variations of the solar wind. New results
of self-consistent time-dependent kinetic/gas-dynamic model of the heliospheric
interface were reported. Predictions of the theoretical models were compared
with available remote diagnostics of the heliospheric interface - backscattered
solar Lyman-α radiation, pickup ions, deceleration of the solar wind at large
heliocentric distances, heliospheric absorption of stellar light, anomalous cosmic
rays (ACRs) and heliospheric neutral atoms (ENAs).

Remote diagnostics of the interface region include observations of pickup
ions created from interstellar atoms, solar Lyman-α radiation that is backscat-
tered from interstellar neutral atoms, and the kilohertz radio emission discussed
above in §3.3, where models of the radio emission were described. Global inter-
actions are the focus here. The models are typically either multifluid or kinetic
hybrid, but not both, and are often not well determined in that they still make
somewhat different predictions. They are, however, uniform in predicting that
the effect of interstellar neutrals is large, reducing the radius of the termination
shock from 200 to ∼ 100 AU. These neutrals are also the source of the hydro-
gen wall (§3.2, Figure 10(b)). The models show that the heliotail extends far
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Figure 10. (a) Density and flow speed in the interstellar medium and far
down the heliotail, showing when the two finally merge. The velocities and
densities are normalized to their interstellar values (Izmodenov & Alexashov,
2003). (b) The two-dimensional density distribution of hydrogen atoms in
the heliospheric interface. At heliocentric distances ∼ 40, 000 AU, the atomic
density is close to its value in the unperturbed interstellar medium. The
hydrogen wall, the increase in the density of hydrogen atoms in front of the
heliopause, is clearly seen. The intensity of the hydrogen wall decreases with
increasing heliocentric distance.

out to ∼ 2000− 3000 AU where the heliopause finally disappears due to charge
exchange effects. The heliotail does not disappear, but extends indefinitely in
models without neutral interstellar hydrogen (Figure 10(a)).

Other model predictions are that the heliosphere, overall, breathes in and
out with the solar cycle, as the solar wind dynamic pressure changes (§3.1,
Figure 11). The distance to the termination shock varies by ∼ 20 % and shock
waves between the heliopause and bow shock can sometimes be induced in the
simulations.

The models are now being used to investigate modulation of galactic cosmic
rays (GCRs) in the inner and outer heliosheaths and their general access to the
heliosphere. GCRs are found to have only a minor effect on the termination
shock. Conversely, the models indicate that GCRs have an important effect
on the boundary region and, in turn, are strongly modulated in the boundary
region.

5.3. Propagation of Energetic Particles to High Latitudes

Trevor Sanderson (European Space Agency, Noordwijk, The Netherlands) illus-
trated how the Ulysses mission has taught us that the heliosphere can no longer
be considered as a uniform entity - that any study of the propagation and acceler-
ation of particles in the heliosphere must take into account the three-dimensional
structure. The starting point for this discussion was again the bimodal structure
of the solar wind around solar sunspot minimum, illustrated in Figure 1. The
propagation of energetic particles at low latitudes in low speed solar wind is
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Figure 11. (a) Mean, with 1-σ, of the termination shock distance (in astro-
nomic units) as a function of time, at 30◦ from the upwind direction (Izmode-
nov et al., 2003). (b) Probability of termination shock crossing for Voyager 1
and Voyager 2 as a function of time.
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Figure 12. Source surface maps of the coronal magnetic field strength and
direction.

influenced by the presence of small scale structures such as discontinuities and
large scale structures such as CIR’s, CME’s, and transient stream interaction
regions. High latitude wind near solar minimum differs considerably. It is high
speed, contains large amplitude Alfvén waves and a relative deficit of CIR’s and
CME’s. Low latitude energetic particle events interacting and originating from
these structures were then described (e.g., Lanzerotti & Sanderson, 2001). Based
on ISEE-3 35-1600 keV ion observations, typical behavior is for: (i) Upstream
ion flux to increase as a shock approaches. (ii) Upstream ions to resonate with
upstream waves. (iii) Ion flux to peak ∼ 6 hours after the shock. (iv) Ion flux
to drop within CMEs. (v) Ion distributions to be bi-directional within a CME.

Around solar sunspot maximum, solar wind conditions are considerably
different (Figure 1). The streamer belt is highly inclined, coronal holes are
small, and there is little high speed wind near the ecliptic plane (Figure 12).
During the second high latitude pass of Ulysses, near solar maximum, several
energetic particle events at high latitude and in high speed solar wind flow were
observed, with energies extending from ∼ 1 to ∼ 100 MeV. The high speed
wind arose from small coronal holes that were beginning to form just after
solar maximum. These particle events, observed for the first time under such
conditions, give us the opportunity to study particle propagation within the
substantially different conditions of the fast and slow solar wind. Sanderson
presented a detailed analysis of particle time-intensity profiles and anisotropies
in the relatively homogeneous plasma of the high speed flow. He compared
these events with events observed in the slow solar wind, and discussed this
in the context of current propagation models. These high latitude events, all
associated with CMEs in the high speed wind, presented a different character
than corresponding low latitude events: (i) The ion flux peaks at the leading
edge of the CME, not at the shock. (ii) The ion flux is higher within the CME.
(iii) There are no bi-directional ions within the CMEs. These high latitude
CMEs are usually ‘over-expanding’ and will be a target of study during the
third Ulysses orbit.
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5.4. Particles in the Heliosphere: An Overview

While J. Raymond’s talk focused on elemental abundances in the solar corona,
and gave estimates of the present solar abundances, R. Wimmer-Schweingruber
(Institut für experimentelle und angewandte Physik, Kiel, Germany) dealt with
an historical perspective of solar and heliospheric abundances. This is a fas-
cinating subject, which has the capability of creating cross-cultural exchanges
between “astronomers” and geophysicists. Solar abundances may vary during
the Sun lifetime: we know that the Sun formed from an interstellar medium,
≈ 4.5 109 years ago, and processes, like supernovae explosions, and events, like
embodying planets at an early stages of its life, have an impact on solar abun-
dances. Knowledge of solar abundances thus may provide us with information
about the composition of the primitive nebula - an essential issue for the under-
standing of planetary system formation and evolution.

Helioseismology data provide a means to get information about inhomo-
geneities in the composition of the interior of the Sun via a comparison be-
tween measured and predicted oscillation modes (we remind the reader that the
speed of sound depends, among various factors, on the mean molecular weight
of the plasma). These analysis suggested that the photopsheric abundance of
elements heavier than H decreased by ≈ 10 % over the sun lifetime, because of
the gravitational settling of heavier elements. This reduction is too small to be
tested by photospheric abundance measurements and Wimmer-Schweingruber
described an alternative way to check the predicted variation by a comparison
between abundances in meteorites and in the solar wind (Turcotte & Wimmer-
Schweingruber 2002).

Chondritic meteorites are assumed to keep a record of the composition of
the pre-solar nebula. Abundances in meteorites thus give a fairly accurate de-
scription of solar abundances and can be measured with a higher accuracy (3 -
10 %) than photospheric abundances (which are known with an uncertainty of
at least 25 - 30 % , this being the uncertainty of atomic parameters alone). A
comparison between meteoritic and photospheric abundances is given in Figure
13. Wimmer-Schweingruber then showed that abundances in fast wind, because
of their small First Ionization Potential (FIP) effect, are best suited for a com-
parison with meteoritic abundances and that the isotopic composition of fast
wind is best representative of the plasma feeding the wind.

Another means to test the predicted behavior of solar abundances with
time calls for an analysis of lunar soil. Heber et al. (2003) have analyzed lunar
samples of different solar wind antiquities, that is samples exposed to solar wind
in different epochs. Results from the Heber et al. work seem to indicate a
time evolution of the 3He/4He ratio in solar wind, which might be interpreted
as an effect of gravitational settling of the heavier 4He or of some mixing of
3He produced by incomplete H burning beneath the convection zone. However,
a more thorough analysis revealed the increase of the 3He/4He ratio to be
an artifact and the authors conclude that lunar samples point to a constant
3He/4He ratio in solar wind over the past ≈ 4 Gyr.

At a greater depth than used for measuring solar wind particles, lunar
soil shows the presence of particles more energetic than found in solar wind,
which, in spite of being dubbed SEP (Solar Energetic Particles) are much more
abundant than today’s solar energetic particles and cannot be ascribed to en-
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Figure 13. Comparison between meteoritic and photospheric abundances
normalized to Mg. Right panel: the logarithm of the abundance ratio X/Mg
in meteorites divided by its corresponding photospheric value is plotted vs.
1/2 the condensation temperature. Left panel: the same as the left panel
plotted as a histogram and fitted by a Gaussian with a standard deviation of
0.084 dex.

hanced solar activity in the past. This SEP component, according to Wimmer-
Schweingruber, has a non-solar origin and can be ascribed to interstellar pick-up
ions (PUI) ionized and accelerated in the heliopshere. This interpretation of the
SEP population opens up the possibility of using the lunar soil as an historical
record of the galactic environment the Sun has encountered during its lifetime
(Wimmer-Schweingruber & Bochsler 2001, 2003). New instruments that mea-
sure the composition of the solar wind and of supra-thermal and energetic parti-
cle populations have greatly increased our knowledge and understanding of PUI
sources and their evolution. Within the past few years, two important sources
of supra-thermal pick-up ions have been discovered, the inner and outer source,
which appear to be related to interstellar and interplanetary dust particles.

6. New Missions

6.1. Novel Solar and Heliospheric Research with Solar Orbiter

Solar Orbiter (SO) is an ESA mission that will be launched into a heliocen-
tric orbit in 2012. E. Marsch (Max-Planck-Institute for Aeronomy, Germany)
described the scientific rationale for and the experimental approach to SO.

SO will carry out both in situ and remote measurements. It will measure in-
situ the properties of fields and particles in the unexplored near-Sun heliosphere
in three dimensions. It will remotely investigate fine-scale structures and events
in the magnetically coupled layers of the Sun’s atmosphere. During portions
of the orbit, SO will effectively corotate with the Sun and identify through this
corotation links between activity on the Sun’s surface and the resulting evolution
of the inner heliosphere. During the high latitude portions of its orbit, SO will
observe the Sun’s polar regions and the equatorial projection corona. Finally, the
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Figure 14. Perihelion distance and helio latitude achieved by the Solar Or-
biter orbit over the lifetime of the mission, measured in days after launch.

unique virtue of the SO mission is that it will render possible the first close-up
observations made from a near-Sun platform.

The experiment complement of SO is designed to fully exploit the helio-
spheric location of the platform. At closest approach (0.2 AU perihelion, Figure
14) to the Sun, optical observations with 35 km pixels at all wavelengths and
radiance measurements resolving filling factors will be made. The out-of-ecliptic
(up to 38◦ helio latitude) orbits will allow the magnetic field and magnetoconvec-
tion in the Sun’s polar region to be observed directly and will provide synoptic
views of the equatorial streamer belt. Corotation of the spacecraft with the Sun
will enable us to disentangle spatial from temporal effects.

The fundamental questions addressed by the mission are: Why does the sun
vary and how does the solar dynamo work? What are the fundamental processes
at work in the solar atmosphere and heliosphere? What are the links between
the magnetic field dominated regime in the solar corona and the particle regime
in the heliosphere? Addressing these questions will further make SO a valuable
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addition to the International Living With a Star Program that is discussed in
§6.2.

6.2. The International Living With a Star Program

The International Living With a Star (ILWS) Program will provide an umbrella
for forging international coordination, cooperation, and bi-lateral and multi-
lateral agency collaborations in studies of: How and why does the Sun vary?
How does the Earth respond (and vary)? What are the impacts on human-
ity? The mission statement is to “Stimulate, strengthen, and coordinate space
research to understand the governing processes of the connected Sun-Earth sys-
tem as an integrated entity.” This will be achieved through a systems approach
that will quantify the physics, dynamics, and development of the Sun-Earth con-
nected system through the entire range of conditions occurring in the 11 year
solar cycle. To do this, it incorporates space missions, additional data sources,
data dissemination, and supporting theory and modeling. Membership presently
includes Canada, Europe, the USA, and Russia. R. Marsden (European Space
Agency, Noordwijk, The Netherlands), in collaboration with H. Opgenoorth
(European Space Agency, Noordwijk, The Netherlands) and L. Guhathakurta
(NASA, USA), presented ILWS for this consortium.

ILWS expects to accomplish the following:
• Delineate key processes involved in the generation and propagation

of solar and geomagnetic disturbances.
• Characterize & quantify the dynamics and evolution of the solar

interior, surface, and corona.
• Characterize and quantify the dynamics of the Earth’s upper

upper atmosphere and current systems, electric fields, and particle
populations in the near-Earth space.

• Characterize and quantify global dynamics that cause enhanced
magnetospheric radiation zones and satellites to transit these zones.

The missions included in ILWS are shown in Figure 15. These are selected
on the basis of the systems approach, instrumentation, and ability to comple-
ment measurements made on other missions. The time line at the bottom shows
the initiation of ILWS this year and its continuation past the middle of the next
decade.

The ILWS mission fleet is a consequence of circumstances rather than plan-
ning. Therefore, there are obvious shortfalls. Specifically,

• There is insufficient spacecraft coverage to sample simultaneously
all critical regions & phenomena of the complex, time-varying
geo-space environment.

• Solar wind is to be sampled at only a few points.
• There is inadequate measurement of solar high energy phenomena (e.g.

flares and energetic particles) currently planned for the next
solar maximum.

• There is a gap in the measurement of solar irradiance.
ILWS will address these shortfalls in planning for the Solar Orbiter, Solar

Sentinels, and long-range mission strategy. The planning will be designed to
continually clarify opportunities and possibilities and incorporate community
participation in ILWS planning and priority setting.
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Figure 15. Chart showing existing, planned, and proposed missions that
are part of the ILWS Mission.
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7. Poster Papers

Title Authors
Magnetic solar cycle related heliospheric S. Ananthakrishnan,

density anomalies P. Janardhan,
V. Balasubramanian

The solar flare myth H. V. Cane
Stereo observations of the Sun and inter- V. M. Grigoriev,

planetary medium, space triangulation, and P. G. Papushev,
the problems of creation of the long-life S. A. Chuprakov,
solar stereoscopic observatory - Russia M. S. Chubey,

G. I. Eroshkin,
V. N. L’vov,

and V. V. Pashkevich
Analysis of the Faraday rotation in the J. Dun and H. Zhang

measurement of transverse magnetic field
Tomography of heliospheric features developed B. V. Jackson, P. P. Hick,

for SMEI (Invited) and A. Buffington
Is the chromosphere heated by oscillations? W. Kalkofen

(Invited)
Type II bursts: dynamic spectra and source S. A. Knock, I. H. Cairns,

locations and P. A. Robinson
Radio emission from upstream of the Z. Kuncic, I. H. Cairns,

Earth’s bowshock S. Knock, and
P. A. Robinson

Nonlinear electrostatic decay of beam-driven B. Li, A. J. Willes,
Langmuir waves P. A. Robinson,

and I. H. Cairns
Dynamics and entry of small dust grains I. Mann and

near the heliosphere A. Czechowski
Dynamic spectra for 2-3 kHz radio emission J. Mitchell, I. Cairns,

and P. A. Robinson
Regimes of stochastic wave growth in P. A. Robinson, B. Li,

space plasmas and I Cairns
North-south offset of heliospheric current sheet P. Zhao,

and its causes J. T. Hoeksema,
and P. Scherrer

First steps to solar feature catalogues V. V. Zharkova
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Abstract. Very Large scale telescopes and virtual observatories have in com-
mon to be global facilities, which will enable entirely new types of sciences and
will require new technical and operational philosophies. Joint discussion 8 was
built with a series of invited reviews to set the long term vision and challenges,
and specific projects or technical topics were presented in the poster session
which was also a very important part of the meeting. To keep track of all
the contributions, these proceedings contain the abstracts of all papers, invited
reviews and accepted contributed posters, with a few extended abstracts.

1. Introduction

Joint Discussion 8, Large Telescopes and Virtual Observatories: Visions for the
future, was held on July 17 and 18, 2003, in Sydney during General Assem-
bly XXV. The Scientific Organizing Committee was J. Andersen (IAU), J.B.
Breckinridge (USA), R.D. Cannon (Australia), O.B. Dluzhnevskaia (Russia), F.
Genova (France, Co-Chair), R. Gilmozzi (ESO), R.J. Hanisch (USA), Iye M.
(Japan), A. Kembhavi (India), R.P. Norris (Australia), P.J. Quinn (ESO), L.M.
Stepp (USA), and Su D.-Q. (China, Co-Chair). A copy of the oral presentations
is available on-line at http://cdsweb.u-strasbg.fr/misc/jd 08.html.

2. Invited Review Papers

2.1. Large Telescopes

Science drivers for Ground-based Future Giant Telescope (FGT) and Next Gen-
eration Space Telescope (NGST)

245
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• Cosmology, Large-Scale Structure, and Galaxy Formation
R. Gilmozzi - European Southern Observatory

The next generation of future giant telescopes, with projects ranging from
30m to 100m and combining several-fold increases in sensitivity and reso-
lution, will provide a totally new view of the Universe in the optical and
near infrared, and will create important synergies with space observatories
(e.g. JWST, XEUS) and ALMA.

I will discuss possible science cases in cosmology, large scale structure and
galaxy formation, showing the potentialities of various FGT sizes as well
as the scientific requirements that the science cases put on the designs.

The scientific topics will include the re-ionization epoch, the distribution of
dark matter, the emergence of large scale structures, the supernova rate at
high redshift, the evolution of the cosmological parameters, the structure
and evolution of high redshift galaxies.

• Formation of Stars and Planetary Systems
S. Strom - National Optical Astronomy Observatory, and L.M. Stepp

We discuss the capabilities of next generation telescopes for addressing key
problems in star and planet formation and the characterization of mature
planets. Areas to be addressed include: (1) the formation of high mass
stars and the origin of the stellar initial mass function; (2) the search
for forming planets during the disk accretion phase; (3) new frontiers in
exo-planet study. In each case we describe key measurements needed to
enable major advances in understanding and the requirements they place
on instrumentation and telescope system performance.

Ground-based Future Giant Telescope (FGT)

• FGT Projects and Their Technological Challenges
L.M. Stepp - AURA New Initiative Office

Around the world more than a dozen optical/infrared telescopes of the 6-10
meter class have been constructed in the past fifteen years. Astronomers
and telescope designers are now focusing their attention on the design of
even more powerful facilities described as future giant telescopes (FGTs).
Many design concepts have been proposed; several of these concepts have
received a significant amount of planning and analysis. This paper de-
scribes the main FGT projects and discusses the differences among their
design concepts.

Construction of FGTs will be challenging because of their large size and
more demanding specifications for image quality, and because the afford-
ability of these telescopes depends on finding ways to build them at costs
significantly below the level predicted by conventional cost-scaling rela-
tions. This paper describes the key technological challenges faced by each
type of design, and shows that many of these challenges are common to
all of the concepts.
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• Progress in adaptive optics and multi-conjugated adaptive optics
R. Ragazzoni - INAF, Arcetri and MPIA, Heidelberg

As single Natural Guide Star Adaptive Optics for 8-10m class telescope
turned out recently to become reality and to produce astrophysical re-
sult, it is time to review which is the status of the matter, especially in
the framework of Extremely Large Telescopes. This will obviously lead
to the point of which is the progress status of Multi-Conjugated Adaptive
Optics, a technique that, employing more than one Deformable Mirror,
promises to achieve diffraction limited capabilities on a much larger Field
of View. Today there are several projects in this framework aiming to
produce images over a Field of View of about two arc min in size. I note
here just three: the MCAO for GEMINI that should employ five laser
guide stars that will generate artificial stars to be used as references; the
Multi-conjugated Adaptive optics Demonstrator by ESO that will employ
two different kind of wavefront sensors, both using three to eight natural
reference stars, and NIRVANA, that is a two stage MCAO on the Large
Binocular Telescope, used as an interferometer. All of these efforts has
clearly an eye on the possible extension of the adopted techniques to Ex-
tremely Large Telescopes where, thanks to the larger pupil, some of the
conceptual problems are easier to attack. The opinion of the writer is that
there is today a wide range of attacks to the problem of achieving AO on
ELTs and that in a couple of years, as some of the mentioned technique
will be tested on the sky, a more detailed and effective road-map will be
traced.

Future Giant Telescope in Space (NGST)

• The James Webb Space Telescope
J.P. Gardner - NASA’s Goddard Space Flight Center

The James Webb Space Telescope (JWST) will be a large (6m) cold (50K)
telescope launched to the second Earth-Sun Lagrange point. It is the
successor to the Hubble Space Telescope and is a partnership of NASA,
ESA and CSA. It’s science goals are to detect and identify the first galaxies
to form in the universe, to trace their assembly into the Hubble Sequence,
and to study stellar and planetary system formation. JWST will have
three instruments: The Near InfraRed Camera (NIRCam) and the Near
InfraRed multiobject Spectrometer (NIRSpec) will cover the wavelength
range 0.6 to 5 microns and the Mid InfraRed Instrument (MIRI) will do
both imaging and spectroscopy from 5 to 28 microns.

• Advanced technologies for future space telescopes and instru-
ments
P. Gondoin - European Space Agency

Astronomical space missions to be launched by the European Space Agency
(ESA) include the Planck mission to image the anisotropies of the cosmic
background radiation field, the Herschell sub-millimeter space observatory,
the Eddington asteroseismology and planet finding mission, the NIRSpec
multi-object spectrometer and the Gaia astrometry mission. A brief de-
scription of the scientific objectives and model payloads of some of these
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missions will be given. These provide guidelines for the technologies to
be developed within the next years in the field of astronomical optics for
space applications. The Darwin IR space interferometer and the XEUS
high energy astrophysics mission currently under study by ESA indicate
that future space observatories could consist of telescopes arrays operating
in interferometric modes and of very large telescopes assembled into orbit.
These future space observatories could make use of innovative technologies
such as integrated optics or super-conductive tunnel junctions detectors
with intrinsic spectral resolution.

Towards the Global Multi-wavelength Observatory

• Future giant radio telescopes
H. Butcher - ASTRON - No abstract

• International Collaboration in Astronomy
R.T. Schilizzi - Square Kilometre Array Projec)

A number of the current major ground-based telescopes are international
in funding and organisation, but most are not. Astronomical ambitions
concerning the next generation of ground-based instruments are so sub-
stantial, and the costs so high, that international collaboration and fund-
ing may be the only way to realize the goals. I will examine a number of
different models for international collaboration from astronomy and else-
where, and draw some conclusions about their applicability for the next
generation of telescopes.

• Conclusion: IAU and Commission 9 roles in FGT
Su D.-Q. - National Astronomical Observatories/NIAOT, Chinese Academy
of Sciences

Looking back, from 1609 Galileo inventing the astronomical telescope to
1993, in 384 years, there were only two astronomical telescopes with aper-
ture larger than 5m: the Russia 6m telescope and U.S.A. 5m Hale tele-
scope. But from 1993 to the present, in only ten years, ten telescopes
with aperture more than 8m have operated for astronomical observation.
How great progress this is! These telescopes are ground-based telescopes
and work in optical and IR waveband. Similar unprecedented achieve-
ments have also been obtained in radio telescopes and space missions. All
these telescopes and instrumentation enable astronomers to study celestial
bodies from the whole electromagnetic spectrum.

By using various existent telescopes and instrumentation some events in
the early universe have been observed. More than one hundred Jupiter-like
planets have been found. These stimulate the astronomers and popular
people strongly to hope to observe more events in the early universe in-
cluding the first generation of galaxies to be assembled and to shine in the
dark universe i.e. to see the dawn of modern universe, to research star and
planet formation, to study black hole, to explore the earth-like planets in
nearby stars. Telescopes much larger than existent 8-10m ground-based
telescopes and 2.4m HST, and various other telescopes are needed for these
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researches. The progress in technology creates the possibility to build var-
ious much larger telescopes. Here let me only cite ground-based telescope
as an example: the success of segmented- mirror Keck telescope created
a possibility to build much larger telescopes, and the progress of adap-
tive optics showed the diffraction-limited image could be obtained at least
in IR waveband. By using larger ground-based telescope not only more
light energy could be collected, but also the higher resolution can be ob-
tained. Many Future Giant Telescope projects have been put forward and
are being developed, such as ground-based 100m OWL, 30m GSMT and
CELT, Euro-50; space-based JWST, Herschel, Darwin, TPF, XEUS; radio
waveband ALMA, SKA, and many others.

Now every two years SPIE holds astronomical telescopes and instrumen-
tation conferences. This may be the main reason why for many years IAU
Commission 9 has had almost no science meeting in these areas. IAU is
the most important organization of the international astronomical commu-
nity. Telescopes, instrumentation, and techniques are an important part
of astronomy. New telescope projects are driven by astronomical goals. I
think IAU should also hold astronomical telescopes and instrumentation
conferences. These conferences should lean toward science goals, and they
could make astronomers understand the recent development of telescopes
and techniques. These meetings will be complementary with the SPIE
meetings. Now IAU leaders have taken a serious about this. Dr. Ander-
sen, the former IAU General Secretary, as a representative of IAU attend
the SOC of JD8 and Prof. Ekers, the President-Elect of IAU, will give the
closing talk for JD8 tomorrow. JD8 is a new beginning. I hope from now
on there will be more symposia or colloquia on telescopes and instrumen-
tation sponsored by IAU. And I hope IAU will achieve great successes in
promoting the international collaboration on Future Giant Telescopes.

2.2. Virtual Observatories

Rationale, organization and science highlights

• The Basis for the Virtual Observatory: History and Context
E.J. Schreier - Associated Universities, Inc. and STScI

The International Virtual Observatory has been a concept in the making
for several decades. Its realization depended on the convergence of several
different technologies. Astronomy has had the advantage of requiring -
and thus either driving or adapting - the state of the art in the relevant
technologies, and doing so in advance of many other disciplines. As a
result, the Virtual Observatory serves as a model for other disciplines.
This paper will review the developments - sociological as well as technical
- that made the Virtual Observatory first a possibility and then a reality
as the technologies matured. It will also discuss the synergism of the VO
concept currently being implemented with other forefront developments in
astronomy.

• The International Virtual Observatory Alliance
A. Kembhavi - Inter-University Centre for Astronomy and Astrophysics
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Over the last few years, Astronomical Virtual Observatory (VO) projects
have been initiated in several countries. The aim of these projects is to
make astronomical data, gathered in all ways and in all places, available
to every person who may need it, along with appropriate software for data
access, analysis visualization and interpretation. The VO projects largely
work in their own ways and with their own priorities, shaped by scientific
interests and available resources.

For the VO concept to be successful, these efforts have to be meshed
together seamlessly, through inter-operability standards, new data formats
which take into account emerging technology, and software developed in
forms which are largely independent of platforms and operating systems.
It is also necessary to develop computing grids, which will cross national
and project boundaries, and can be accessed by any researcher who wishes
to use the data mountains. This process of integration and assimilation is
to be fostered through international alliances spanning various VO efforts.
I will describe in my talk formal alliances, like the International Virtual
Observatory, as well as specific bilateral and multilateral collaborations
between individuals, institutions or projects, and the VO related products
that have been launched through these collaborations.

• Science highlights: Star clusters and ASTROVIRTEL
P. Anders - Universitäts-Sternwarte Göttingen, and R. de Grijs - Extended
abstract

We introduce the potential of star cluster astronomy as a robust tracer of
galaxy formation and evolution, and discuss the importance and relevance
of linked multi-passband data archives (e.g., through the Virtual Observa-
tory initiative) for its success. As an example, we present first results of a
study utilizing the tools provided by the ASTROVIRTEL project built as a
direct outcome of our approved proposal ’The Evolution and Environmen-
tal Dependence of Star Cluster Luminosity Functions’, and incorporated
in the QUERATOR data mining facility.

As a result of the wealth of available observational data in the Hubble
Space Telescope and ESO archives, the mining and retrieval of which were
facilitated by the ASTROVIRTEL project, considerable feedback onto our
stellar population models resulted in an iterative learning process: our
models needed to be extended to cover the full parameter space spanned
by our observed cluster parameters, and efficient tools to compare the
observations with our model grid were developed. Both are finished, and
the scientific phase of the project, i.e., the analysis of the large data volume,
has started. Essentially, our data analysis tools allow us to determine
the basic physical parameters (age, metallicity, extinction, mass) of each
individual cluster in a given galaxy. From this we derive the required
information about when and under which conditions the star clusters were
formed.

From the outset, this approach applied to our first example object, the
dwarf starburst galaxy NGC 1569, resulted in a number of surprises. While
the burst of star cluster formation in this galaxy appears to be shorter than
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the burst of general star formation in the field (as derived from the re-
solved stellar population), the average masses of the star clusters decrease
as the burst of star cluster formation proceeds. This burst temporally co-
incides with the close passage of an intergalactic HI cloud. This suggests,
therefore, that star cluster formation occurs predominantly during violent
episodes of star formation. The change in the star cluster mass function
is most likely related to the changing conditions of the interstellar matter
from which the clusters were built.

http://archive.eso.org/querator/

• Science highlights: Automated Classification of X-Ray Sources
R.J. Hanisch - Space Telescope Science Institute, and A.A. Suchkov, R.L.
White, T.A. McGlynn, E.L. Winter, M.F. Corcoran, W. Voges

ClassX is a Virtual Observatory prototype project aimed at the semi-
automated classification of unidentified X-ray sources. ClassX draws from
numerous on-line object catalogs using VO standard protocols to collect
multi-wavelength position, flux, and source extent information. These
data are used to train oblique decision tree classifiers. With ClassX we
find large candidate populations of massive stars and T-Tauri stars, more
than five times more numerous than the respective populations identified
in the ROSAT WGACAT catalog. Many O-F5 and K-M candidates are
found along sight lines to the LMC and SMC. A number of O-F5 and K-M
candidates are bright IR sources with J-K excesses of 2 magnitudes and
more, suggesting thermally emitting, hot circumstellar dust disks indica-
tive of a pre-main sequence population. ClassX finds about twice as many
new X-ray binary star candidates than in WGACAT, concentrated in the
direction of the LMC and SMC. Many of these likely XRBs have harder X-
ray spectra, suggesting a new class of previously unknown, extreme types
of these objects. We also see that among extra-galactic objects, quasars are
the most likely candidates for previously unidentified WGACAT sources,
exceeding the population of galaxies and AGNs by factors of two to three.

• The VO and Ground-Based Data
J. Huchra - Harvard-Smithsonian Center for Astrophysics

The era of extremely large, public databases in astronomy is upon us.
Such databases are opening the field to new research and new researchers.
However it is important to be sure the resources are available to properly
archive ground-based astronomical data, and include the necessary quality
checks and calibrations.

A Virtual Observatory without proper archives will have limited useful-
ness. This also implies that with limited resources, not all data can or
should be archived. NASA already has a very good handle on US space-
based astronomical data. Agencies and organizations that operate astro-
nomical facilities, particularly ground based observatories, need to plan
and budget for these activities now.

We should not underestimate the effort required to produce high quality
data products that will be useful for the broader community. Currently the
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best way to “fill” archives is with data from surveys. That will continue
to be the case for most ground based observatories.

• The Theoretical Virtual Observatory
S. White - Max Planck Institute for Astrophysics

A functioning virtual observatory will require easy and transparent access
not only to diverse observational databases, but also to the tools needed to
analyze, visualize and interpret them. For the large statistical datasets pro-
duced by modern, multi-wavelength surveys, this almost always requires
the use of equally large, artificially generated “mock” surveys. These are
used to calibrate observational biases introduced, for example, by flux or
resolution limits, and to study how differing physical effects are mani-
fest in the observational plane (for example how the observable clustering
of galaxies is affected by merging, by collision-induced starbursts, by ha-
rassment, etc). Such mock catalogues are almost always produced from
large-scale supercomputer simulations, so the “virtual observer” of the fu-
ture will need access to such theoretical datasets or to the computer codes
and resources needed to create them. At the MPA and within the Virgo
Super-computing Consortium we have for several years publically released
both supercomputer code and large, simulated datasets. I will review how
this experience can help in the design of the theoretical component of a
virtual observatory.

• Science highlights: Discovery of Brown Dwarfs with Virtual Ob-
servatories
J.D. Kirkpatrick, presented by G.B. Berriman - Infrared Processing and
Analysis Center, R.J. Hanisch, A. Szalay, R. Williams

We describe how to use cross-matching between the 2MASS and SDSS
source catalogs to find brown dwarf candidates that are cooler and more
distant than those discovered to date in the individual surveys. Our even-
tual goal is use the cross-matching to discover brown dwarf candidates from
the large numbers of usually spurious single-band detections in each survey.
A pilot study conducted for the NVO illustrates the power and promise
of the method. This study searched for brown dwarf candidates that were
detected only in the z-band in SDSS and in the J band in 2MASS. In our
first trial we cross-matched all 2MASS Second Incremental Data Release
(IDR2) sources falling within 3 arc sec of an SDSS Early Data Release
(EDR) source. The cross-match covered an area of roughly 150 square
degrees and contains 326020 matches. Further filtering through a conser-
vative z-J color cut recovered the known brown dwarfs in that area - a T
dwarf (SDSS 1346-0031) and a late-L dwarf (SDSS 1326-0038) while also
uncovering three more excellent brown dwarf candidates. One of these
(2MASSI J0104075-005328) has been spectroscopically identified as an L5
dwarf.

• Science Highlights: Science from the AVO 1ST Light: the High
Redshift Universe
N.A. Walton - Institute of Astronomy, University of Cambridge, and M.G.
Allen
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The Astrophysical Virtual Observatory science working group defined a
number of key science drivers for which the AVO should develop capabili-
ties. At the AVO’s Jan 2003 ‘First Light’ event, the AVO prototype data
access and manipulation tool was demonstrated. In particular its use in
enabling discovery in deep multi wavelength data sets was highlighted. In
this presentation I will describe how the AVO demonstrator has enabled
investigation into the high redshift universe, and in particular its use in
discovering rare populations of high redshift galaxies from deep Hubble
and ground based imaging data obtained through the Great Observatories
Origins Deep Survey (GOODS) programme.

Round table Discussion
The round table discussion was chaired by O. Malkov and Ohishi M.. Ohishi

M. introduced the discussion, and then several papers were presented, dealing
with different aspects of the VO. Two talks presented emerging VO projects
in Australia (D. Barnes, abstract in the Poster section) and in South Africa (P.
Woudt). T. Dorokhova discussed the important topic of Thesaurus is astronomy
(paper presented by F. Genova, abstract in the Poster section). Tatematsu K.
presented a user point of view on the “VO for diverse interests”. G.T. Rixon
discussed the GRID paradigm.

Conclusions

• How Will the VO Affect Astronomy?
G. Gilmore - Institute of Astronomy, University of Cambridge

The Virtual Observatory is in that optimistic yet dangerous phase of de-
velopment where everyone believes it will solve all problems, but not re-
ally force any involuntary changes on the way astronomy is done. The
same statements were made about the Internet a few years ago... Progress
in astronomy has depended on individual insight, and has also typically
been led by small groups with the best technology and greatest resources.
More commonly today, multi-partner collaborations with at least signif-
icant public funding develop the largest projects, with rapid public data
access an obligation. The/a/one goal of the astrophysical virtual obser-
vatory is to provide the analysis tools and practical access to those data
to a very wide community. When this is achieved, as it will be, given the
excellence and enthusiasm of those involved, astronomy will be one step
towards solving its people-problem: the whole community will be able to
think about the best data. This threatens PIs, imposes huge strains on
funding, makes it harder for groups to do well by resource control, will
potentially restructure the present link between excellence and place of
research, and will force all of us to try harder. Excellent.

• Summary: Commission 5 role in the VO
F. Genova - Centre de Données astronomiques de Strasbourg

Astronomy is a small discipline, with few commercial constraints and a
long tradition of data conservation and of partnership to define standards,
with FITS as a figurehead. Information networking is already an everyday
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tool for astronomers, which can for instance access bibliographic informa-
tion from ADS, SIMBAD, NED, from the electronic journals, from the
VizieR catalogue and table database, and from observatory archives, and
can also surf easily from one information service to the other. The next
step is now to integrate information, including large surveys, theory, ...
The Virtual Observatory is an enabling and coordinating entity to foster
the development of tools, protocols, and collaborations necessary to realize
the full scientific potential of astronomical databases in the coming decade
(NVO White Paper, June 2000). It is science driven, not technology driven
(although it aims at making the best usage of Information Technologies for
building tools for astronomers). VO projects arose from active and expe-
rienced groups, which cooperated at the international level from the very
beginning. The Virtual Observatory is one of the very few truly global
endeavors of astronomy. Each project pursues its own goals (as accepted
by its financing agencies), with a common goal, giving transparent access
to data and tools for users from all around the world - which should bridge
gaps in data and information access and accessibility. They all work to-
gether to define inter-operability standards. New teams (even small teams)
from other countries are welcome to participate, publish their data, create
new tools to be used in the general frame, join the IVOA inter-operability
working groups, etc

IAU Commission 5 (Documentation and Astronomical Data) has been ea-
ger to take into account the rapid evolution of data dissemination since the
advent of the Internet, by implementing a dedicated Working Group, first
called Data Centres and Networks, which became Data Centres, Networks
and Virtual Observatories in 2000, and will be Virtual Observatory from
the General Assembly on.

2.3. Closing talk: Big telescopes, big data, more science (R.D. Ekers
- UAI, ATNF)

R. Ekers, IAU President, agreed to present Joint Discussion 8 concluding re-
marks. He explained that the IAU executive combined the requests for a meet-
ing on large telescopes with a request from the Virtual Observatory community
into this single Joint Discussion. He commented on the differences in approach
between these two groups, but also the need for both to work closely together,
and on his hope that IAU can facilitate this interaction.

He illustrated the following points from his experience in radio-astronomy:
both hardware and software developments are needed to exploit the potential of
new facilities; one needs to include projection of new capabilities when designing
instruments; different approaches are used in the management of hardware and
software projects in astronomy, which in part lead to the very different issues
and approaches which have been discussed in the two halves of the JD8 meeting.
He listed important topics pleading for diminishing the separation between the
IVO and the telescope building communities: learning from each other; the
need for the IVO to understand the impact of new hardware technologies, and
for technology developers to understand the IVO since this new paradigm might
effect optimum hardware design. This is a difficult challenge because of the
need to extrapolate expected performances into the future to build the optimum
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strategy. Difference in times scales also have to be taken into account with
complex software taking longer to develop than the time scales for computer
hardware developments.

IVO developments can play a key role in the broader applications of shared
databases. Fortunately for astronomers the stars and galaxies have no privacy
requirements and so we can develop tools to link and explore multi-wavelength
databases in a much easier environment than for example in epidemiological
studies where databases have to be linked through peoples names. Developments
in IVO can be used to help solve the far more difficult epidemiology problems.

R. Ekers reminded us that the IAU mission is to promote the science of
astronomy worldwide. The IVO is a visionary project which has to be interna-
tional to succeed and has a natural and supportive home in the IAU.

3. Poster papers

3.1. Large Telescopes

Future Giant Large Telescopes and Sites

• Status of the Southern African Large Telescope (SALT)
D.A. Buckley - Southern African Large Telescope

SALT is well over half way to completion. By the end of 2003, all major
subsystems, including the commissioning instrument, will be in place and
the commissioning of them begun. Tests of a subset of the mirror array, in-
cluding the Shack-Hartmann alignment instrument, the mirror actuators,
capacitive edge sensors and active control system will also have started.
Finally, the first on-sky tests involving the complete light path, from object
to detector, will be completed.

This paper describes the status of the SALT project, due for completion by
the end of 2004, including the major science drivers and first-generation
instruments. These are confined to the visible spectrum, but optimized
for UV performance, with capability from 3̃20-900 nm. Instruments will
have access to an 8 arcmin diameter science field and will be seeing lim-
ited. The telescope design necessitates queue-scheduled observing, ideal
for survey science and time resolved studies of astrophysical phenomena,
an important aspect of the overall SALT science drivers. Special efforts
are being made to ensure such a capability by employing frame trans-
fer CCDs. Initial instrument capabilities include broad and narrow band
imaging, long-slit and multi-object spectroscopy, polarimetry, Fabry-Perot
imaging spectroscopy and high resolution fibre-fed spectroscopy.

• Two Chinese Telescope Projects Based on Active Optics
Su D.-Q. - National Astronomical Observatories/NIAOT, Chinese Academy
of Sciences, and Nan R.

Two special telescopes are being developed in China, which cannot be re-
alized in traditional ways. One is the Large Sky Area Multi-object Fiber
Spectroscopic Telescope (LAMOST). It has a 4m aperture and 5 degree
FOV, with a reflecting Schmidt optical system. Three main parts: the
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reflecting correcting plate, the focal surface and the spherical mirror lie on
the ground along north to south. During observation only the alt-azimuth
mounting of reflecting plate and the focal surface do the tracking rota-
tions. In this situation the shape of correcting plate should be changed
with the change of sky area. LAMOST has been approved by Chinese
Government. Another is the radio telescope FAST, Five Hundred Meter
Aperture Spherical Telescope. It will be sited in a Karst hole like Arecibo
305m telescope. The main difference between FAST and Arecibo is: dur-
ing the observation the illuminated area (300m diameter) of FAST will be
changed from spherical surface into a paraboloid. Thus spherical aberra-
tion correcting system is unnecessary and a simple feed can be put in its
focus. It extremely reduces the weight and complexity on the cable. The
feasibility study has been financed by the Chinese Academy of Sciences
and completed successfully in 2002.

• A Configuration for Chinese Future Giant Telescope (CFGT)
Cui X. - National Astronomical Observatories/NIAOT, Chinese Academy
of Sciences, and Su D.-Q., Wang, Y.-N.

In this paper a preliminary configuration for Chinese Future Giant Tele-
scope (CFGT) is proposed. It is a 30m telescope using segmented primary
mirror alt-azimuth mounting. The primary mirror is aspherical f-ratio 1.2
and it consists of 1095 submirrors. This telescope includes Nasmyth coude
and a wide field of view optical systems. There are some characteristics
in CFGT: (1) Partial annular submirrors are used;(2) One of coude planar
mirrors is aspherical and the better image quality is obtained for such a
coude system. (3) A pair of lens-prism is used in wide field of view sys-
tem. The better image quality is obtained and atmospheric dispersion is
corrected.

We believe China has got the potential to build a 30m telescope even if
China has not build 8-10m telescope, because:(1) The economics has been
developing very fast in recent 25 years; (2) We are obtaining experiences
and technologies from national project LAMOST;(3) A glass factory in
Shanghai has got experience to manufacture the zero thermal expansion
mirror blank VO2 for about 25 years; (4) We have specially bought an an-
nular polishing machine for the large number of submirrors’ polishing; (5)
Site exploration on Qinghai-Tibet Plateau for future giant optical/infrared
telescope has started.

• Canadian Efforts Towards a Future Large Telescope
D. Crabtree - National Research Council Canada, and S. Roberts, R. Carl-
berg, D. Halliday

A Very Large Optical Telescope (VLOT) was identified as a high priority
project in the Canadian Long Range Plan for Astronomy that was pub-
lished in early 2000. The VLOT concept is for a 20-m segmented mirror
telescope that could replace the CFHT on Mauna Kea. Technical stud-
ies and some design work have been undertaken by both NRC-HIA and
AMEC Dyanamic Structures over the past two years. VLOT effort is now
funded at the $1M (Cdn) per year level. This presentation will describe
the Canadian work to date.
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• Next Generation CFHT: Concepts and Optical Performance
F. Zamkotsian - Laboratoire d’Astrophysique de Marseille, and K. Dohlen,
D. Burgarella, M. Ferrari

The Canada-France-Hawaii Telescope (CFHT) community is engaged in
studies for the replacement of the present 3.6m telescope, until recently
considered one of the best telescopes in the world, by a world-class research
facility at the beginning of next decade. The motivation to design and
build a new telescope is driven by the astronomers need to observe fainter
sources. The basis of the next generation CFHT (NG-CFHT) is therefore
to increase the size of the primary mirror up to 20-30m. Beyond this
photon quest the way we use the photons is also very important.

We propose to develop a NG-CFHT which is able to handle and take
advantage of parallel observing with several instruments simultaneously.
New technologies e.g. active and adaptive wavefront control Micro Opto
Electro Mechanical Systems (MOEMS) will permit an optimization of the
telescope performance. We present different optical concepts based on a
segmented primary with 8 large 8m-class aspheric petals. Optical perfor-
mance is evaluated through PSF calculation for the different concepts.

• The Case for Small Telescopes in the Age of Giants
T.D. Oswalt - Florida Institute of Technology

The closures of 1-4m telescopes at several international facilities over the
past decade have been cause for lament in the astronomical community.
However the future of small telescopes in the dawning era of giants should
be quite bright if creative steps are taken. This paper will address some of
the scientific and productivity issues that argue persuasively that a strong
partnership between small efficient telescopes and the new generation of gi-
ant telescopes is essential. For example, among a host of functions that can
best be performed by small telescopes are the development of innovative
approaches to operations instrumentation, and unique research projects.
To accomplish these, it will be essential to improve the operational effi-
ciency of existing small facilities via more frequent use of standard off-the-
shelf technology, optimization of individual telescopes for special projects,
increased use of active and adaptive optics, automation, and remote ac-
cess. A selection of scientific initiatives will be presented that are ideally
suited for new (or renovated) small telescopes.

• Magdalena Ridge Observatory Project Overview
B.E. Laubscher - Los Alamos National Laboratory, and D. Buscher, M.J.
Chang, M.L. Cobb, C.A. Haniff, R.F. Horton, A.M. Jorgensen, D. Klin-
glesmith, G. Loos, G., R.J. Nemzek, S. Restaino, V. Romero, E. Ryan, W.
Ryan, S. Teare, L. Trusdell, D. Voelz, D. Westfahl

The Magdalena Ridge Observatory (MRO) is a project with the goal of
building a state of the art observatory on Magdalena Ridge, west of So-
corro, New Mexico. This observatory will be sited above 3700 meters and
will consist of a 10-element, 400-meter baseline optical/infrared imaging
interferometer and a separate, 2.4-meter telescope with fast response ca-
pability. The MRO consortium members include New Mexico Institute of
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Mining and Technology, University of Puerto Rico, Mew Mexico Highlands
University, New Mexico State University and the Los Alamos National
Laboratory. The University of Cambridge is a joint participant in the
current design phase of the interferometer and expects to join the consor-
tium. We will present an overview of the optical interferometer and single
telescope designs and review their instrumentation and science programs.

• Mt. Maidanak and Plateau Suffa as a Candidate Sites for FGT
S. Egamberdiev - Ulugh Beg Astronomical Institute of the Uzbek Academy
of Sciences, and S. Ilyasov

The astroclimate studies at Mt. Maidanak, located at a distance of about
120 km south of Samarkand, Uzbekistan, carried out in co-operation with
ESO, Universities of Nice and Moscow in 1996-2002 indicated that it is one
of the most favorable sites world-wide for astronomical observations. Not
only this fact but also an exceptional geographical location, very comple-
mentary to the main international facilities of Chile, Canaries and Hawaii,
makes Mt.Maidanak very attractive for observational programs requiring
continuous monitoring of astronomical objects. Recent results of site test-
ing at Mt. Maidanak as well as summary of results obtained in frame
of collaborative programs with advanced western institutions will be pre-
sented. In the 80s the Suffa plateau located at a distance of about 200
km south-west of Tashkent was selected for construction of observatory
with 70m radiotelescope (RT-70) for submm range as a main instrument.
Just before the end of the SU, about 60% of facilities including 105 m
high pillar of the RT-70 were constructed. Now an Uzbek-Russian inter-
government Agreement on constructing the radio observatory has been
signed and at present both governments show increasing interest on final-
izing this project.

• Mt. Dushak-Erekdag Observatory as a potential site for the Fu-
ture International Observatory
T.N. Dorokhova - Astronomical Observatory of Odessa National Univer-
sity, and N.I. Dorokhov

The Mt. Dushak-Erekdag Observatory (Central Asia, Turkmenistan, the
longitude 58◦ E, the latitude +38◦) is located just in the ”longitudes’ gap”
of asteroseismological networks. Our observations during many years have
shown that the sky seeing at the site is one of the best in Central Asia:
a low light pollution, high and stable sky transparency, over 200 usable
nights per year. The altitude is above 2000 m. Characteristics of the
locality have such fortunate combination of the features which makes this
site unique for building of FGTs. We present the project of the Future
International Observatory at the Mt. Dushak-Erekdag.

New Techniques and Methods

• LAMA - a Novel Concept for a Very-Large Optical Telescope
P. Hickson - University of British Columbia, and K.M. Lanzetta, A. Crotts,
M. Shara, B. Truax, B., J.K. Webb
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We report preliminary results of a conceptual design study for a next-
generation ground-based telescope. The Large-Aperture Mirror Array
(LAMA) would be a multi-aperture telescope employing rotating liquid-
metal primary mirrors. Tracking systems, comprised of articulating as-
pheric mirrors traversing the focus of each primary mirror, would allow
this telescope to point and track within an 8-degree diameter region. Light
from all primary mirrors would be combined at a common focus. Adaptive
optics, in conjunction with phase-tracking and a Fizeau beam combiner,
would allow the telescope to achieve milli-arcsecond resolution in fields
surrounding natural guide stars. With an effective area equivalent to that
of a 50-meter telescope, LAMA could reach sub-nanoJansky flux levels in
targeted areas. Equipped with a multi-band optical-infrared camera and
a high-resolution spectrograph, it would be a powerful tool for exploring
the distant and local universe, stellar systems and extra-solar planets.

• Status of Active Optics Methods and Applications to FGTs
G. Lemaitre - Laboratoire d’Astrophysique de Marseille, and M. Ferrari,
K. Døhlen, F. Zamkotsian

A short review of today state of the art in active optics techniques will
be presented. The two mains topics addressed by these techniques will
be considered and detailed. Active optics processes applied during optical
manufacturing have many advantages for the realization of aspherics or
extreme optics (stress polishing techniques). Examples of realization will
be given. The high potential of active techniques for in-situ control of large
mirrors shape has been fully demonstrated with the results obtained with
the VLT project. Another example of this clever solution for mirror shape
control is the original LAMOST project. Considering the technological
challenges raised by the future generation of giant telescopes FGTs ranging
from 20 to 100m, the active optics techniques can be a solution to many of
the foreseen difficulties. The advantages of active optics will be emphasized
in the perspective of the realization of FGTs and improvement of their
performances.

• Active Optics Concept for Hyper Telescopes
K. Dohlen - Laboratoire d’Astrophysique de Marseille, and P. Dargent, M.
Ferrari, G. Lemaitre

The Hyper Telescope (HT) based on densified sparse pupils is one of the
instrumental concepts under study for future large-baseline interferom-
eters. Its compatibility with stellar coronography makes it interesting
for exo-planet search and characterization. Baselines considered for first-
generation HTs are of the order of 100 m but one can envisage kilometric
arrays capable of unprecedented angular resolution. The focal plane instru-
mentation, including aberration correction and pupil densification optics,
is included in an instrument space craft (ISC) located in the primary focus.

In this paper we present optical and mechanical concepts for combined
aberration correction and pupil densification using multi-mode deformable
mirror (MDM) and mechanically amplified piezo actuator technologies.
Among the advantages of such a system over large monolithic corrector
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optics is the relaxation of piston alignment requirements between primary
segments.

• MOEMS, Micro-Optics for Future Astronomical
Instrumentation
F. Zamkotsian - Laboratoire d’Astrophysique de Marseille, and P. Lanzoni,
A. Liotard, K. Dohlen

Scientific breakthroughs often follow technological breakthroughs permit-
ting to make significant steps forward. Astronomical research of the next
decade is related to the quest for our Origins: How did Galaxies form?
How did Stars and Planetary Systems form? Can we detect Life in other
Planets? The science requirements provided by those topics are very con-
straining for future astronomical instrumentation calling for multiplexing
capabilities and high spatial and spectral resolutions.

In Laboratoire d’Astrophysique de Marseille we are engaged since several
years in the development of micro-optical components so called Micro-
Opto-Electro-Mechanical Systems (MOEMS). Based on the micro-electronics
fabrication process the major advantages of these components are their
compactness scalability and specific task customization using elementary
building blocks. We are studying programmable slit masks for Multi-
Object Spectroscopy (MOS) and micro-deformable mirrors for next gen-
eration Adaptive Optics (AO) systems.

We will present our work on modeling and characterization of the micro-
mirror array (MMA) for generating reflective slits and the micro-shutter
array (MSA) for generating transmissive slits for MOS application. We will
also discuss our recent developments of micro-deformable mirrors in our
collaboration with micro-opto-electronics laboratories. We are involved in
JWST VLT2 NG-CFHT and OWL studies.

• Mach-Zehnder Phasing Sensor for ELTs
K. Dohlen - Laboratoire d’Astrophysique de Marseille, and L. Montoya-
Martinez

Segmented mirror technology has been successfully applied to 10m class
telescopes (Keck, HET, GTC) and its application to future extremely large
telescopes (20m NG-CFHT, 30m CELT, 50m EURO50, 100m OWL) is
required. Extensive use of adaptive optics in these telescopes puts strin-
gent specifications on wavefront error allowing typically of the order of
lambda/20 to segmentation errors. Several phasing metrology schemes
adaptable to these giant telescopes are under development.

We investigate a novel technique based on the Mach-Zehnder interferom-
eter with a spatial filter in one arm. Atmospheric turbulence is tolerated
in this setup if the spatial filter has the size similar to that of the seeing
disk. The resulting interference pattern only contains the high-frequency
spatial information including information about the piston step height.

We describe the theoretical analysis of this system and show simulated
and experimental results. Different error sources are analyzed in order to
provide a preliminary idea of the merits of this technique compared with
other phasing techniques.
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• New Method for Stellar CCD Photometry
A. El-Bassuny Alawy - National Research Institute of Astronomy and Geo-
physics

The ALAWY stellar CCD photometry method (Alawy 2001 Ap&SS 277
473) is outlined. Further development has been done to handle the case
of uneven background brightness employing simple numerical technique.
Several CCD frames of different specifications have been adopted to test
the method. The result obtained is excellent in view of the accordance
between magnitudes derived and the published ones.

• Simulating Interferograms for Testing Big Dimensions Optics
A. Rodriguez-Hernandez - INAOE, and J. Castro-Ramos

Based on two interferometric modern techniques, Electronic Speckle Pat-
tern Interferometry and Fringe Projection Technique, we have realized
simulations of interferograms for both rough aspherics surfaces around
five microns and five meters in diameter up. Experimental interferometric
setup is proposed and developed software with which we reached our goal
is explained.

• The Limit Magnitude for the Next Extremely Large Telescopes
Z. Benkhaldoun - LPHEA Cadi Ayyad University, and T. El Halkouj, R.G.
Petrov, M. Lazrek, Y. El Azhari

This work consists in determining the limit magnitude of co-phasing for an
interferometer made of N telescopes simultaneously co-phased on a natural
star, then to compare it with that for a mono-pupil of the same collecting
surface. We showed that the simultaneous co-phasing telescopes made an
interferometer less powerful than if its surface is divided into a greater
number of pupils. The configuration of cophasing in which the groups
of pupil are organized in hierarchical structure are studied to decrease
this disadvantage. The limit magnitudes are founded on an estimate of
the signal to noise ratio (SNR) of (or for) sensor of fringes taking into
account the noise of photons, thermal noise and detector noise reading,
for conditions of seeing given, supposing all bases are larger than external
scale of optical turbulence.

• 2-CLEAN DSA Method for Simulation and New Systems
Projecting
M. Agafonov - Radiophysical Research Institute, NIRFI

In [1,2,and 3] we have presented the 2-CLEAN DSA Method for tomo-
graphic and astronomical image reconstruction. This technology can help
simulate and create new systems. The basic principles in modern tomog-
raphy and in astronomy are the necessity to take into account the physical
character of the problem and the demand to start the instrument pro-
jecting after the algorithm has been created and examined. The latter,
unfortunately, was not used in medicine earlier and because of great num-
ber of projections the radiation dose was sufficient. Radioastronomy has
made a considerable contribution to the solution of some important prob-
lems that are the same for radioastronomy and tomography [4], which, as



262 Genova and Xiangqun

it seems to us, it can be proud of. We present the technology of simulation
for creating of tomographical or astronomical systems by few projections
of knife beams, for optical slits systems with having the opportunity to
investigate in a wide space frequency range. 1. Agafonov M.I. ASP Conf.
Ser. v.125 ADASS VI p.202, 2. ASP Conf. Ser. v.145 ADASS VII p.58 3.
Agafonov M.I. Few Projections Astrotomography: 2-CLEAN DSA Recon-
struction, 4. IAU00446 & Radioastronomical approach to Few Projections
Tomography. IAU00450. See also abstracts IAU GA 2003, JD09.

• New Solutions, Innovative Materials for Giant Telescopes
G. Marchiori - European Industrial Engineering, and F. Rampini, L. Ghedin,
S. de Lorenzi, A. Zanon, L. Giagomel

The VLT 8-m ground-base telescopes, successfully realized and commis-
sioned, are now producing science.

The European Prototype for ALMA project is manufactured and now
under erection.

Based on these experiences, EIE will present his status of the new solutions
for mirror cell structures and for telescope buildings.

• The Impact of Radio Interference on Future Radio Telescopes
D.A. Mitchell - The University of Sydney, School of Physics, and G.J.
Robertson, R.J. Sault

While future radio telescopes will require technological advances from the
communications industry, interference from sources such as satellites and
mobile phones is a serious concern. In addition to the fact that the level of
interference is growing constantly, the increased capabilities of next gener-
ation instruments make them more prone to harmful interference. These
facilities must have mechanisms to allow operation in a crowded spectrum.
In this report some of the factors which may limit the effectiveness of these
mechanisms are investigated. Radio astronomy is unique among other ob-
serving wavelengths in that the radiation can be fully sampled at a rate
which completely specifies the electromagnetic environment. Knowledge
of phases and antennae gain factors affords one the opportunity to at-
tempt to mitigate interference from the astronomical data. At present
several interference mitigation techniques have been demonstrated to be
extremely effective. However the observational scales of the new facilities
will push the techniques to their limits. Processes such as signal decor-
relation, varying antenna gain and instabilities in the primary beam will
have a serious effect on some of the algorithms. In addition the sheer vol-
ume of data produced will render some techniques computationally and
financially impossible.

• Feed Designs for the Lovell and MKII/Defford Telescopes
Su Y. - National Astronomical Observatories, Chinese Academy of Sciences

In order to remain competitive with, eMERLIN requires the development
of four new feed designs to cover the 4 to 8 GHz band, for the Lovell
Telescope, MkII and Defford, Cambridge, and the E-Systems Telescopes.
The need, in each case, for good return loss and constant beam width
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across an octave band presents a set of difficult challenges. The prototype
Lovell and MKII/Defford feeds have been designed, manufactured and
tested, both in the laboratory and on the telescopes.

• Multi-Band Film Lens Antennas for Radio Telescope Satellites
Ujihara H. - National Astronomical Observatory in Japan, and Chikada
Y., Nakahira K.T.

Large reflector antenna is a conventional way to achieve high sensitivity of
radio telescopes, but keeping accurate reflector surface becomes more diffi-
cult in higher frequency or larger antenna aperture. Radio telescopes with
lens antenna would be less sensitive to surface errors and pointing accu-
racy than with reflector antennas, however, no practical studies have ever
been done about large lens antennas. We developed Film Lens Antenna
(FLA), which has very low insertion loss and mass. This is fundamentally
Fresnel lens antennas with unique phase shifter films which were newly de-
veloped and which cause FLA to have a simple plane structure with a few
films. Therefore it is especially useful for a main antenna of a satellite like
“HALCA” which is a radio astronomical satellite for the first Space-VLBI
mission.

We can design transparent phase shifter films with arbitrary phase shifts
to ± 180 degrees to make efficient lens. We made 90-cm FLAs for 22GHz
based on our previous numerical works and measured its efficiency as 40%.
This is a satisfactory result as a first step of FLA to gigantic aperture radio
telescopes. Also we designed and measured multi-band films toward more
practical FLA which can simultaneously receive 86GHz, 43GHz, 22GHz
for example.

• Spherical Dish Huge Array from Radio to IR
Sawano A. - Waseda University, Institute for astrophysics, and Okubo R.,
Takefuzi K., Yoshimura N., Ichikawa H., Matsumura N., Kuniyoshi M.,
Takeuchi H., Asuma K., Daishido T.

Eight element 20m spherical dish array was constructed as a digital inter-
ferometer for searching radio transient sources and pulsars. Wavelength
ratio to IR is 10000. We investigate the possibility in extending wavelength
to IR. In spherical dish all segment mirrors have identical iso-curvature,
which makes it possible to use mass-produced system. In our spherical
dish array, 36x2x8 = 576 segment mirrors are used. Present surface ac-
curacy of 2mm rms must be reduced to 0.01 mm in IR, which requires
smaller segment mirrors. Aberration correcting asymmetrical Gregorian
sub-reflector is used in the present radio observation watching to five de-
grees from zenith and focus is at bottom in each dish. Thus the sky from
+32 deg to +42 deg zone in declinations is observable. Only Az rotation
of sub-reflector and feed horn are required. Four box PCs reading sixteen
Az rotary encoder outputs of the sub-reflectors and the feed horns control
them to rotate. Main PC watching all system is connected with the box
PCs by RS485 cables. Total construction cost of the present eight element
array in radio waves was $1.2M. Present digital phase correction system
might be useful in future digital adaptive optics system in IR Spherical
Dish Huge Array.
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3.2. Virtual Observatories

Status reports of Virtual Observatory projects

• The Australian Virtual Observatory Project: 2003 and Beyond
D.G. Barnes, The University of Melbourne

The Australian Virtual Observatory is funded in 2003 to bring a number of
premiere Australian astronomy archives on-line and to begin prototyping
virtual observatory tools and processing pipelines relevant to Australian
astronomers. We are exploring the use of a commercial database to publish
source catalogs such as HIPASS and SUMSS, both with VOTable export
capabilities. Meanwhile, the catalog of quasars from the 2dF galaxy red-
shift survey will be published using the Canadian Virtual Observatory
resources, and the CSIRO is hosting a cross-divisional project to place the
entire archive of observations with the AT Compact Array on-line with
a sophisticated search interface honoring data providence and proprietary
periods. In terms of virtual observatory tools, a joint project is underway
with AstroGrid to grid-enable an existing high-performance volume ren-
dering application, making it available to users without requiring special
hardware or software, and the ATNF is building on its expertise in vi-
sualization to develop a Java-based interface to existing AIPS++ display
tools.

• Science and the Virtual Observatory
D. Schade - National Research Council Canada, and P. Dowler

The Canadian Virtual Observatory (CVO) is the cornerstone of a budding
international partnership that delivers high quality scientific content and
capabilities to the astronomical community. We have developed a uniform
astronomical data model to characterize all types of observational data
across the entire electromagnetic spectrum; this model enables users to
find archive data based on the content and the quality without letting
the technology get in the way. We have also developed general purpose
source and object catalogs to store information extracted from the data
using standard techniques and algorithms. These catalogs are explorable
with a variety of scientific tools, from a web interface for simple tasks to
a programmatic interface for sophisticated analysis involving client and
server side processing. Finally, all of the data processing and analysis
tasks we have executed or will execute are viewable via our processing
catalog; links between object and source catalogs, processing catalogs, and
observation catalogs allow users to examine the complete pedigree of every
single derived value. Thus, the entire system is open to peer review which
is the cornerstone of science.

• Grid Based Chinese Virtual Observatory System Design
Cui C. - National Astronomical Observatory of China, and Zhao Y.

Chinese Virtual Observatory (China-VO) project is a consortium initiated
by Chinese National Astronomical Observatory and Large Sky Area Multi-
Object Fiber Spectroscopic Telescope project. A three-layer architecture
of the China-VO is described, which depends upon the Open Grid Services
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Architecture being developed by the Global Grid Forum. The fabric layer
mainly consists of astronomical datasets with corresponding metadata and
data access services. The resource layer includes a large scale of services
for grid resource management, data interoperation, data mining, security,
logical name space, and so on. The application layer consists of user inter-
faces and other client services. In the China-VO system, all the functional
components are SOAP Grid service implementations.

Chinese National Grid (CNGrid) will be the testbed for the China-VO.
How to interact with other CNGrid components is also discussed.

• LAMOST Project and the Chinese Virtual Observatory.
Zhao Y. - National Astronomical Observatories, and Cui C.

Chinese Virtual Observatory (China-VO) is a consortium initiated by Na-
tional Astronomical Observatories of China and Large Sky Area Multi-
Object Fiber Spectroscopic Telescope (LAMOST) project. The LAMOST
project will survey more than ten million galaxies and stars to get their
spectra after the telescope constructed. The huge volume of data set from
LAMOST spectroscopic sky survey is very valuable for researches on wide
field and large sample astronomy. An important task for China-VO is to
make LAMOST scientific data services as VO-enabled. The input catalogs
for the LAMOST spectroscopic survey will benefit from the abundant in-
ternational astronomical archives interconnected through China-VO. The
progress and roadmap of China-VO project will be introduced.

• VO and Chinese Current Status, Developments
Lin, G.

VO will produce huge and deep affect on astronomy. Chinese astronomer is
facing to VO’s chance and challenge. In this paper, the author discusses re-
lationships between Chinese current status, development in network, large
telescopes, data and computer equipments and VO from macroscopical
point of view. The author thinks CVO (China VO) will not only make
contribution to Chinese astronomers but also to world astronomers.

• Introduction of the Korean Virtual Observatory (KVO)
Kim S. C. - Korea Astronomy Observatory, and Sung H.-I., Kim B.G.,
Chun M.-Y., Park J.-H., Cho S.-H., Byun Y.-I., Koo B.-C.

The Korean Astronomical Data Center (KADC) in Korea Astronomy Ob-
servatory (KAO), the national observatory of the Republic of Korea, has
started its mission in 2002 and performed the principal axis in giving birth
to the Korean Virtual Observatory (KVO) in February 2003. We have
commenced building the KVO. About twenty members of astronomers
and computer scientists took part in the KVO and we have annual fund of
100,000 USD till 2005. As a first mission of the KVO, we are constructing
an initial version of KVO using data produced by telescopes in Korea, such
as those from Taeduk 14m radio telescope, Bohyunsan Optical Astronomy
Observatory 1.8m telescope, YSTAR (Yonsei Survey Telescopes for As-
tronomical Research)-NEOPAT (Near Earth Object PATrol) project, and
Galactic plane CO survey (l=60-180) project using the Seoul National Uni-
versity 6m radio telescope. Data from telescopes that will be built in the
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near future (e.g., Korean VLBI Network; KVN) and data from satellites
being launched by international cooperation (e.g., Far-ultraviolet IMag-
ing Spectrograph - FIMS - or Galaxy Evolution Explorer - GALEX) will
also be used. We will show and discuss key aspects in building the KVO,
including general plans and technical issues.

• The Astrophysical Virtual Observatory AVO
P.J. Quinn - European Southern Observatory, and P. Benvenuti, P. Dia-
mond, M. Dolensky, F. Genova, A. Lawrence, Y. Mellier

The Astrophysical Virtual Observatory Project (AVO) is conducting a re-
search and demonstration programme on the scientific and requirements
and technologies necessary to build a VO for European astronomy. The
Phase A program focuses its effort in three areas: First, a detailed de-
scription of the science requirements for the AVO is constructed following
the experience gained in a smaller-scale science demonstration program
called ASTROVIRTEL. Second, the difficult issue of data and archive
inter-operability is addressed by new standards definitions for astronomi-
cal data and trial programmes of “joins” between specific target archives
within the project team. Finally, the necessary GRID and database tech-
nologies are assessed and tested for use within a full AVO implementa-
tion. This already resulted in an AVO prototype system displayed at the
common demo booth of the International Virtual Observatory Alliance
(IVOA).

• The German Astrophysical Virtual Observatory.
W. Voges - Max-Planck-Institut für extraterrestrische Physic, and M.
Steinmetz, H.-M. Adorf, H. Enke, G. Lemson

The German Astrophysical Virtual Observatory (GAVO; www.g-vo.org)
is a project led by the Max-Planck-Institut für extraterrestrische Physik,
Garching, and the Astronomisches Institut Potsdam with the aim of trig-
gering and coordinating Virtual Observatory activities in Germany. The
long-term goal of GAVO consists in establishing a technologically advanced
platform that supports astronomical research. GAVO pursues this goal by
facilitating the exploitation of heterogeneous, distributed data archives
from astronomical observations and from large-scale astrophysical simula-
tions.

A pilot project was proposed to the German Bundesministerium für Bil-
dung und Forschung and, in October 2002, received funding for an initial
period of 18 months. The main objectives of the GAVO pilot project
are: (1) the federation of distributed, heterogeneous public astronomical
archives; (2) the exploitation of GRID-computing for the next generation
of large astrophysical simulations and as a platform independent system
for distributed data analysis and cross-correlation; (3) the implementation
of an advanced classification, tool called the “Next Generation Search En-
gine”. Additionally GAVO supports database curators in the process of
publishing their data in a VO-compliant form. GAVO participates in the
activities of the IVOA, and actively cooperates with other virtual obser-
vatory projects as well as industrial partners.
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• Japanese Virtual Observatory Project
Ohishi M. - National Astronomical Observatory of Japan, and Mizumoto
Y., Yasuda N., Shirasaki Y., Tanaka M., Masunaga Y.

The Japanese Virtual Observatory (JVO) project has been commenced as
an observatory’s project since April 2002. The JVO aims to provide feder-
ated astronomical databases (especially SUBARU, Nobeyama and ALMA)
and data analysis environment through the Grid technology. The project
has been performed under collaboration with the NAOJ, the Ochanomizu
University and Fujitsu Ltd. Furthermore we have been collaborating with
many information scientists in Japan, whose research interests are on the
Grid technology. We already defined a unified query language to access
astronomical databases the JVO QL, and constructed a prototype of the
JVO to confirm if the JVOQL really works on a federated database through
Grid technology. In the near future JVO will be connected with other VOs
in the world through the International Virtual Observatory Alliance. We
plan to demonstrate the JVO prototype at the IVOA demo booth.

• Current Status of the Russian Virtual Observatory
O.Y. Malkov - Institute of Astronomy, and O.B. Dluzhnevskaya, E.Y. Kil-
pio, A.A. Kilpio, D.A. Kovaleva

The Russian Virtual Observatory (RVO) has been officially recognized
as one of the key projects of the Scientific Council on Astronomy of the
Russian Academy of Sciences since December 2001.

The ultimate goal of the RVO initiative is to integrate resources of astro-
nomical data accumulated in Russian observatories and institutions, and
to provide Russian data to the rest of the world.

One of the principal goals of the project is to provide Russian researchers
with on-line access to the rich volumes of data and metadata that have
been and will continue to be produced by astronomical survey projects.

RVO architecture, main tasks and roadmap are discussed in the presenta-
tion.

• Astrogrid, the Virtual Observatory, and what it Isn’t
A. Lawrence - Institute for Astronomy, University of Edinburgh

The Virtual Observatory should do for astronomical databases what the
WWW did for documents - to make them transparently available from
your desktop, and easy to manipulate with a standard set of tools. The
UK AstroGrid project aims at an early working implementation of this
idea. The analogy with the Web is actually quite close. Our philosophy is
that the VO should not be a software monolith or a bureaucratic structure,
but simply an enabling framework. First and foremost this means a set of
standards - not just for data, but for metadata, data exchange protocols,
provenance, and so on. The programme of standards is developing inter-
nationally. AstroGrid itself aims to build a set of open source software
components, analogous to Apache in the web world. We will build a first
concrete working example, but the intention is actually that anybody can
customize and adapt these components to build their own system. I will
describe progress on building these components so far.
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• AstroGrid - Constructing the UK’s Virtual Observatory
N.A. Walton - Institute of Astronomy, University of Cambridge, and A.
Lawrence, A.E. Linde

The UK AstroGrid Project ( http://www.astrogrid.org) is one of three
major world-wide projects (along with the European AVO and US-VO
projects) which are creating an astronomical Virtual Observatory. This
will be a set of co-operating and inter-operable software systems that:

– allow users to interrogate multiple data centers in a seamless and
transparent way;

– provide powerful new analysis and visualization tools;

– give data centers and providers a standard framework for publishing
and delivering services using their data.

AstroGrid’s long term vision is not one of a single software package, but
rather of a framework which enables data centers to provide competing
and co-operating data services, and software providers to offer compati-
ble analysis and visualization tools. Our presentation will describe (and
illustrate with live demonstrations) how AstroGrid is developing a stan-
dardized framework to allow such creative diversity, which will:

– improve the quality, efficiency, ease, speed, and cost-effectiveness of
on-line astronomical research

– make comparison and integration of data from diverse sources seam-
less and transparent

– remove data analysis barriers to interdisciplinary research

– to make science involving manipulation of large datasets as easy and
as powerful as possible.

• The U.S. National Virtual Observatory
R.J. Hanisch - Space Telescope Science Institute

The U.S. National Virtual Observatory project is a development effort
aimed at implementing the framework for an eventual Virtual Observatory
facility. Project activities include the development of metadata standards,
resource and service registries, table and image access protocols, interfaces
to the computational grid, and access to VO resources for education and
public outreach. Select science prototypes are used to guide technical
development and demonstrate the capabilities of the VO framework for
enhancing research. The US NVO project works closely with international
VO partners through the International Virtual Observatory Alliance.

The US NVO project is funded by the National Science Foundation under
Cooperative Agreement AST0122449 with The Johns Hopkins University.

New projects, ideas, techniques and standards

• Report of ALMA-Japan Activities for Virtual Observatory
Tatematsu K. - National Astronomical Observatory of Japan, and Nakan-
ishi K., Sawada T., Kandori R., Morita K., Sunada K.
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The Japanese side of the Atacama Larger Millimeter/submillimeter Array
(ALMA-Japan) is making its efforts for Virtual Observatory, which will
be one of the key functionalities of the ALMA Regional Support Center
in Japan. We summarized our science requirements and science cases
with priority ranking for VO from our expertise in radio astronomy at
Nobeyama Radio Observatory, NAOJ. We are working on development of
pipelines for the existing radio telescopes and near-infrared telescope to
assess the data qualities which are suitable for pipeline data retrieval for
Virtual Observatory. Because the average ALMA data rate is as high as
380 TB/yr, the data abstraction (i.e. making catalogue) of 3 dimensional
data including diffuse line emission will be a key technology for efficient
Virtual-Observatory astronomy with ALMA. We like to report the status
report of our activity. The program is being carried out in collaboration
with Astronomical Data Analysis Center, NAOJ.

• Architecture of the AVO Prototype
M. Dolensky - European Southern Observatory, and M.G. Allen, K. An-
drews, T. Boch, F. Bonnarel, S. Derriere, P. Fernique, M. Hill, M. Leoni,
A.E. Linde, A. Micol, B. Pirenne, A.M.S.R. Richards, A. Schaaff, G.
Tissier, N.A. Walton, A. Wicenec

Europe’s Astrophysical Virtual Observatory (AVO) developed a prototype
system and continues to improve it. A board of 50 scientists - the AVO
science working group - is advising the project team with the goal of max-
imizing the scientific return.

In order to implement their recommendations a number of VO key tech-
nologies come into play. Each of the software components of the AVO
prototype is developed and maintained by a different team in a different
country. All modules work stand-alone, but can be integrated as shown at
the IVOA demo booth. The AVO prototype consists of a browser backed
by image and catalogue servers, a web service for the extraction of source
catalogues and a utility for analyzing the spectral energy distribution of
selected objects. The three components communicate in VOTable format
- an XML dialect for Astronomy. Parameters (meta data) are mapped to
Unified Content Descriptors (UCD). UCDs are about to become the stan-
dard way for expressing meta data in a VO. Finally, the integrated meta
data browser is based on the IDHA data model.

• Collaborative Astrophysical Research in AIRE
Zhou J. - Center for Astrophysics, Tsinghua University, and Qi R., Yang
Y., Nie J.

To study the complex universe effectively, collaboration among astrophysi-
cists is necessary. The proposed AIRE (Astrophysical Integrated Research
Environment) is to help astrophysicists do collaborative research efficiently.
The AIRE consists of three main parts: a Data Archive Center (DAC)
which collects and manages public astrophysical data; a web-based Data
Processing Center (DPC) which enables astrophysicists to process the data
in a central server at any place and anytime; and a Collaborative Astro-
physical Research Project System (CARPS) with which astrophysicists in



270 Genova and Xiangqun

different fields can exchange their ideas and organize international virtual
research groups. A few examples will be demonstrated in this talk.

• Design of the W.M. Keck Observatory Single Dish Archive
B. Berriman - California Institute of Technology, and N. Tahir-Kheli, T.
Bida, A. Conrad, P. Kurpis, H. Tran

The W. M. Keck Observatory will deploy an archive of observations made
with the telescope operating in Single Aperture mode. When complete,
the archive will enable scientific discovery through fusion of data from
multiple instruments, and will enable detailed performance analysis of the
Keck instruments. The archive will provide access to observations made on
multiple instruments that meet complex criteria based on position in the
sky and the attributes of the data (wavelength range, spectral resolution,
etc). Its design takes advantage of emerging or proposed standards for de-
scribing and distributing complex data sets. By late 2004, the archive will
serve observations made with the High Resolution Echelle Spectrometer
(HIRES). The archive leverages a highly modular design implemented at
the NASA/IPAC Infrared Science Archive (IRSA), in which thin front-end
interfaces sit on top of an component based infrastructure.

• Space-Time Coordinate Metadata for the Virtual Observatory
A.H. Rots - Smithsonian Astrophysical Observatory

Space-time coordinate metadata is at the very core of understanding as-
tronomical data and information. This aspect of data description requires
very careful consideration. The design needs to be sufficiently general
that it can adequately represent the many coordinate systems and con-
ventions that are in use in the community. On the other hand the most
basic requirement is that the space-time metadata for queries, for resource
descriptions, and for data be complete and self-consistent. Among other
things, it is important to keep space and time coordinates together - not
only to account for relativistic effects but also to allow transformations
and accommodate ephemerides information; to provide information, not
only on the observation’s coordinates, but also those of the telescope; to
handle celestial as well as solar system coordinates; and to support the
description of regions. The development of a complete description has
been underway for about a year. At this point we are ready to present
the definitive description of this metadata structure expressed as an XML
schema.

This work has been supported by NASA contract NAS 8-39073 (CXC) and
by the University of Strasbourg.

• Organisation of Datasets in Virtual Observatories
M.G. Allen - CDS, Observatoire de Strasbourg, and F. Bonnarel, T. Boch,
P. Fernique, M. Louys, AVO Team

Browsing and providing access to large local and distributed datasets is
an important aspect of enabling Virtual Observatories. We present an
example implementation of a meta-data tree in the Astrophysical Virtual
Observatory prototype tool. This is a dynamically built “meta-data tree”
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containing information on image datasets, based on the IDHA data model.
This meta-data representation of the GOODS dataset in the AVO demo,
allows efficient data browsing and selection. This capability is being de-
veloped in the framework of the CDS Aladin image browser, and AVO
prototypes.

• The unique classification systems UDC52 and Astronomy The-
saurus
T.N. Dorokhova - Astronomical Observatory of Odessa National Univer-
sity, and N.I. Dorokhov, O.B. Dluzhnevskaya

Two systems for arrangement and ranking of an astronomical information
are presented for discussion.

1. UDC52 as class for astronomy of the Universal Decimal Classification.
The UDC is one of the oldest and well-arranged language-independent
classification scheme The Russian agency VINITI took an active part in
the UDC development during almost half of century. As a result of this
work every astronomical publication in the Russia, Ukraine and some other
Former Soviet Union countries connects traditionally with definite classes
and subclasses of UDC52 till present time. The revision of UDC52 was
undertaken by G.Wilkins for the task of IAU Commission 5 but this project
does not progress now.

2. The Astronomy Thesaurus Project with the Multi-Lingual Supplement
which was realized by R.M. and R.R. Shobbrook in cooperation with the
librarians of different countries on the instructions of the IAU, Commis-
sion 5. We are presently carrying out the translation of the Astronomy
Thesaurus into Russian and also into Ukrainian as an addition to the
Multi-Lingual Supplement. This advisable list of terms with the definite
hierarchy and relationship have demonstrated its usability for building
and development of the NASA ADS retrieval service and for the revision
of UDC52.

Unfortunately, recently both of these perfectly arranged systems are not
updated. The situation can be corrected with the attention and efforts
of the World astronomical community. Both systems can be useful and
advantageous for the Project of Virtual Observatory providing the reliable
storage and retrieval of the information. Hopefully, that such project will
promote involving a bulk of Russian and Ukrainian astronomical publica-
tions and data archives into existing World Data Networks.

• XML in the Virtual Observatory
R.G. Mann - Institute for Astronomy, University of Edinburgh, and R.
Baxter, P. Buneman, D. Byrne, R. Hutchison, C. Koch, T. Wen, M. West-
head

XML is the lingua franca in the Web (and Grid) services world and so
will play a major role in the construction of the Virtual Observatory. Its
great advantages are its flexibility, platform-independence, ease of trans-
formation and the wide variety of existing software that can process it.
An obvious disadvantage in its use as an astronomical data format is its
verbosity; the number of bytes taken up writing the XML tags can easily
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outnumber those constituting the actual astronomical data. This becomes
prohibitively inefficient when large amounts of data are stored in XML,
and the developers of VOTable sought to circumvent this, by allowing for
the use of binary data, either in the VOTable document itself or in an
external file linked from it. The verbosity of XML in this regard is a prob-
lem in many other disciplines, and computer scientists are developing more
generic solutions to that found in the VOTable specification. In this pa-
per we describe several of these projects currently underway in Edinburgh,
which focus on the compression and querying of XML, and a technology
for representing the structure of a binary file in XML, enabling it to be
read as if it were XML.

• COSMO.LAB: Software for Stereographic Viewing
H.R. de Ruiter - Osservatorio Astronomico di Bologna

A Virtual Observatory will have to deal with the problem of easy and
quick data display. Most astronomical catalogs contain multi-dimensional
data, but the common visualization packages only allow for displaying two
dimensions at a time. This is now a severe and unnecessary limitation:
modern day computer technology permits true 3D visualization at very low
cost. A new software package (Cosmo.Lab) which can run under different
operating systems (Linux, MSWindows) has been developed that makes
stereographic vision easy, fast and user-friendly. The project, funded by
the European Union, is at present in an advanced stage of completion. The
software is able to handle very large data sets and manipulate the data
(zooming, rotation, etc.) in real time. It can read gridded data as well
as object lists extracted from astronomical catalogs. One of the strong
points is the portability of the package on many different computer plat-
forms ranging from (costly) virtual 3D theaters to (very cheap) personal
computers. Finally we should mention that Cosmo.Lab is free ware, i.e. it
can be freely down loaded from the Web page of CINECA. At request a
CD-ROM is also available.

• Automated Online Data Analysis by Artificial Neural Networks
H.P. Singh - Department of Physics, Sri Ventkateswara College, and R.
Gupta

Artificial neural networks (ANN) have been successfully used recently for
automated stellar spectral classification of the UV, visible and the IR spec-
tral databases. We propose to build an ANN based online data analysis
pipeline in collaboration with VO India for the new INDO-US stellar spec-
tral library of nearly 1300 stars from 3500-9500Åobserved from the KPNO
Coude feed by Valdes et al. (2003). The paper discusses important ingre-
dients of such a pipeline.

• Object Classification with GAIA and Virtual Observatories
C.A. Bailer-Jones - Max-Planck-Institut für Astronomie

The GAIA Galactic Survey Mission will be launched in 2010 by the Eu-
ropean Space Agency to obtain microarcsecond precision astrometry and
radial velocities of stars across the entire Galaxy. The resulting six di-
mensional phase space database (3 spatial, 3 velocity co-ordinates) will
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be supplemented by 15 band optical photometry at many tens of epochs.
This large complex database - comprising all one billion objects in the sky
brighter than 20th magnitude - will be the basis for numerous scientific
projects - such as investigating the merger history and chemical evolu-
tion of our Galaxy mapping its star formation history and searching for
extra-solar planets - to significantly improve our understanding of stellar
and galactic astrophysics. But to achieve this, an accurate classification
of everything in the database (including QSOs, galaxies and solar system
objects) will be required, as will a detailed determination of stellar pa-
rameters (effective temperatures, radii, metallicities etc.). I shall discuss
various multidimensional data techniques which are being developed to
address these problems. A number of the challenges we face are common
to those faced by the Virtual Observatory projects, including combination
of inhomogeneous data, object matching, efficient mining for objects types
and variable criteria for object selection.

• AstroGrid and the VOs: Science and Use in the ELT ERA
N.A. Walton - Institute of Astronomy, University of Cambridge

In the new era of Extremely Large Telescope’s (ELT), new science discov-
eries will come from the linkage of multi-wavelength data sets from a wide
range of the ‘best in class’ facilities, e.g. James Webb Space Telescope
(JWST), ALMA, ESO’s OWL, etc. AstroGrid and the Virtual Observa-
tory (VO) initiatives are providing the technical infrastructure to enable
the seamless integration, mining and dissemination of these data.

This presentation will highlight how major science programmes, such as
the hunt and investigation of earth like planets, will be facilitated by the
use of Virtual Observatory systems in linking these, large, distributed,
multi-sourced information and data streams.

VO’s will also impact on instrument design and use. By obtaining data
from a multitude of sources, simultaneously through integrated VO-Observ-
atory operations, specific ELT instruments could be designed to be much
more specific in which data they acquire. A future operating model could
see data acquisition programmes routinely delivering simultaneous data
streams (e.g. rapid, multi facility observations of Gamma Ray Bursters)
from instruments on e.g. ELT, ALMA, JWST, via the VO.

• ASTROVIRTEL - a Precursor of the Virtual Observatory
P. Benvenuti - ESA/ESO, and A. Micol, F. Pierfederici, B. Pirenne

ASTROVIRTEL, a small support programme for the utilization of large
astronomical archives, is completing its 3rd Cycle. The experience in sup-
porting a number of selected science projects has been very useful for
deriving scientific requirements for the Virtual Observatory. A summary
of the lessons learned is presented.

• VO and KP for Massive Planetary Data Sets
P.A. Yanamandra-Fisher - Jet Propulsion Laboratory

The concept for a National Virtual Observatory (NVO) is being realized for
astrophysical data sets. A similar need exists for massive large planetary
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data sets from planetary missions and ground-based observations. Data re-
turned from missions are organized into information data repositories such
as the Planetary Data System (PDS) for NASA mission data; Space Tele-
scope Science Institute (STScI) for Hubble Space Telescope (HST) data;
SIRTF Science Center (SSC) for SIRTF, and other similar sites. How-
ever no such dedicated repository exists for the terabits of data collected
by ground-based observers in support of various missions. Coordination
of these data sets and providing analysis tools is necessary to allow the
planetary astronomy community access for research and cross-correlative
analysis. Towards this goal, we are developing a prototype suite of algo-
rithms for ground-based data collected by our team in support of NASA’s
GALILEO and CASSINI missions to integrate multi-spectral and multi-
instrument data. We have an end-to-end data pipeline from initial data
processing to absolute calibration and products in between. Our goal is to
develop a knowledge portal for content and an ancillary virtual observatory
in support of established planetary data warehouses.

• Adding Theory to the Virtual Observatory
S.T. Maddison - Swinburne University, and G.F. Lewis

The Virtual Observatory is an ambitious plan to bring the world of as-
tronomical data to everyone within a few simple keystrokes. There is
significant international interest and funding for this project for which the
observational component is very well established. The inclusion of the-
oretical data and models has yet to be tackled, and it is clear from the
breadth of theoretical research that the Theory VO faces a lot of chal-
lenges. A unique component of the VO may be the provision of virtual
telescopes, allowing mock observations of a synthetic universe. On be-
half of the Australian National Institute for Theoretical Astrophysics, we
present the current ideas and views of the Australian theoretical commu-
nity concerning the implementation of theory as an integral part of the
international virtual observatory.

• Extending the Time Dimension of the IVO
R.E.M. Griffin - Dominion Astrophysical Observatory, Herzberg Institute
for Astrophysics

Most of the scientific visions for the International Virtual Observatory are
focusing on digital datasets from major surveys, current or planned. Here
we urge the inclusion of astrometric and spectroscopic datasets of historic
observations.

Despite their unprecedented high quality, modern observations are tele-
scoped into brief time intervals that cannot contain the information on
slow changes that is vital for refining orbits, proper motions or evolution
studies. Whether we research supernova precursors, NEO orbits, post-
helium-flash stars or long-period binaries, access to historic observations
is of paramount importance. Such observations exist, but they are pho-
tographic and are presently not easily accessible. Digitizing projects, now
fully feasible, can bring their information into the public domain and into
the IVO. Re-working the past does not imply re-doing the science of the
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day; observations can be re-used for science never contemplated by the
original observers.

The inclusion of data from 30-100+ years ago will furnish an important
extra dimension to the new 3D research of the cosmos promised by the
IVO. Some plate-scanning has already commenced. The creation of acces-
sible digital datasets from historic observations is a minuscule operation
compared to the IVO which they will undoubtedly enhance. It deserves
and seeks the IVO’s support.

• The Contribution of the Wide-Field Plate Database to the In-
ternational Virtual Observatory
M. Tsvetkov - Sofia Sky Arcive Data Center, Institute of Astronomiy,
Bulgarian Academy of Sciences

The development for the period 2000-2003 of the Wide-Field Plate Database
(WFPDB, http://www.skyarchive.org) as an initiative of the IAU Work-
ing Group on Sky Surveys, hosted by Commission 9, is presented. The
new version of the Catalogue of the Wide-Field Plate Archives contains
descriptive information for practically all existing professional wide-field
photographic observations stored in 365 archives around the world. The
total number of plates, made since the end of the 19th century by the help
of more than 200 telescopes, is over 2 000 000. Currently the WFPDB
provides access to the information for about 640 000 plates from 117 plate
archives, i.e. about 30% of the estimated archive total number. Follow-
ing the directions of the Centre de Données Astronomiques de Strasbourg
(CDS) and International Virtual Observatory (IVO) the WFPDB contains
the digitized plate preview images, as well as digitized plate row data ob-
tained by the new generation of the flatbed scanners. The WFPDB team
continues to enlarge the database with submitted or retrieved information
from the photographic plates, which enable the astronomical community
to complement “the digital sky” with data going more than 100 years back
in time.

• Bamberg Southern Photographic Patrol Survey: Incorporation
in the WFPDB
M. Tsvetkov - Sofia Sky Archive Data Center, Institute of Astronomy, Bul-
garian Academy of Sciences, and K. Tsvetkova, A. Borisova, D. Kalaglarski,
R. Bogdanovski, U. Heber, I. Bues, H. Drechsel, R. Knigge

The description, cataloging and incorporation into the Wide Field Plate
Database (WFPDB, http://www.skyarchive.org) of the Dr. Remeis-
Observatory Bamberg Southern Photographic Patrol Survey (22 000 plates)
is presented. The survey was carried out with 22 cameras (each with d=10
cm), Zeiss camera (d=7cm), and the Harvard telescopes Metcalf (10=94)
and Ross B (3=93). The plates were obtained in the period 1963-1976 in
Boyden Observatory (South Africa), Mount John University Observatory
-Lake Tekapo (New Zealand) and San Miguel Observatory (Argentina) and
are stored at present in the Observatory stacks. The observational pro-
gramme was supported by the Deutsche Forschungsgemeinschaft (DFG)
and carried out under the supervision of W. Strohmeier (1965, Kleine
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Veroeff. der Remeis-Sternwarte Bamberg, Bd. IV, No. 40, p. 302).
Digital CCD preview images of the plates by observational zones are, for
the first time, included into the WFPDB providing access to them for
the worldwide astronomical community. Special attention is paid to the
sub-survey in the LMC region. The digitization of plates at the Bamberg
Observatory will become possible soon with the installation of an EPSON
Expression 1640XL flatbed scanner granted by DFG.

• Digitization of Archives of Astronomical Plates
A. Omizzolo - Vatican Observatory Research Group, and B. Cesare, C.
Blanco, B. Bucciarelli, A. di Paola, R. Nesci

The photographic plate archives of telescopes around the world contain
a veritable treasury of astronomical data. Unfortunately the emulsion is
a volatile support and full exploitation of the scientific content is more
and more difficult. A large-scale two-year project to digitize the archive of
plates of the Italian Astronomical Observatories and of the Specola Vati-
cana has been started in 2002 with funds from the Ministry of the Univer-
sity and Research, following a pilot program funded by the University of
Padova in 2001. Identical systems, composed by a high quality commer-
cial scanner plus dedicated personal computers and acquisition software
(developed initially at DLR Berlin) have been installed in all participating
Institutes. Three main goals make up the total project: to provide high
quality photometric sequences with the Campo Imperatore telescopes to
be used on the scanned plates, to perform astrometric measures taking ad-
vantage of the large span of time covered by the plates, and to distribute
the digitized information to all interested researchers via the international
Web. This paper presents some of the activities carried out and results
obtained so far.
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Abstract. Even in the new millenium, many astronomical objects cannot be
resolved spatially with any available telescope. Most stars are too small and
galaxies are too far away to be imaged directly or in detail in the foreseeable
future. However, advances in data-analysis techniques allow us now to create
detailed indirect images using tomographic methods. These images provide un-
precedented insights into fundamental processes that drive the evolution of stars
and galaxies, such as accretion and magnetic-field generation, on length scales
that are of great physical importance but which are otherwise inaccessible.

Joint Discussion 09 was held on two half-days during the General Assembly.
The main proceedings will be published in full in a special issue of Astronomische
Nachrichten, to which the reader is referred, early in 2004. Here we give only a
brief listing of subjects addressed and the titles of talks presented at the meeting.

2. Introductory talks and general principles

Astrotomography is a generic term for indirect mapping techniques that can
be applied to a huge variety of astrophysical systems, ranging from planets via
single stars and binaries to active galactic nuclei. These techniques use the
temporal variability and velocity structure of continuum and line emission from
astrophysical objects, to infer the spatial distribution of emitting material.

Astrotomography takes advantage of the fact that we can observe a rotating
object from different angles, and exploit light travel-time effects across structures
of finite size. A series of n-dimensional images of a full cycle can be fed into
a computer in order to yield a(n + 1)-dimensional picture of the object. These
methods allow us to obtain for the first time micro-arcsecond resolution images
of surfaces of accretion discs and stellar objects. Overview talks covering both
the range of science that can be addressed with these techniques, and ways of
maximizing the information return from a minimal set of observations, included:

Micro-arcsecond astrotomography (K. Horne)
Few-projections astrotomography (M. Agafonov)
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3. Cataclysmic variables and X-ray binaries

Tomographic studies of cataclysmic variables (CVs) adopt four methodically dif-
ferent strategies to discern structure within the accretion disc, along the stream
or on the surface of the white dwarf or the red dwarf star. The first, Eclipse
Mapping, uses the cool secondary star as an occulting mask, to deduce the spec-
tral emission of the accretion disc at various locations from spectrophotomet-
ric variations recorded as the eclipse proceeds. The second approach, Doppler
Tomography, entails taking densely-sampled sequences of intermediate- to high-
resolution spectra covering one or more full orbital cycles, in order to pin down
the locations of individual emitting structures in velocity space. The third tech-
nique, Stokes Imaging, maps the cyclotron emission on the surface of the white
dwarf by modeling polarimetric observation. Finally, Roche Tomography, mod-
els the emissivity on the surface of the red companion, similar to stellar surface
mapping (see Section 3.).

Eclipse Mapping studies of CVs have verified the presence of accretion discs
and streams, establishing models for the accretion physics. Doppler Tomography
has revealed the location of accretion streams and the existence of tidally in-
duced spiral shock waves in accretion discs. Stokes Imaging revealed the shape,
size and location of the accretion spots on the white dwarf’s surface. And finally,
Roche Tomography confirmed thick disc rims shielding the donor star surface
from irradiation by the hot inner disc. Talks given in this subject area included:

Eclipse mapping (R. Baptista)
Doppler tomography, including modulated tomography (D. Steeghs)
Roche tomography of CV secondaries (C. Watson)
Doppler mapping of CVs (L. Morales Rueda)
Indirect Imaging of polars (A. Schwope)
Stokes imaging of magnetic CVs (S. Potter)
Selected magnetic CVs (G. Tovmassian)
Mapping the accretion disk of Her X-1 (D. Leahy)
Tomography of X-ray binaries (S. Vrtilek)

4. Stellar surface imaging

Doppler tomography has been in use for two decades to discern the distribu-
tions of surface brightness, elemental abundances and magnetic polarities. In
any star rotating fast enough that the rotational Doppler effect is the dominant
line-broadening mechanism, surface inhomogeneities produce bump-like irregu-
larities in the profiles of spectral lines. As the star rotates, these bumps migrate
through the profile, following sinusoidal paths through a trailed spectrogram.
The amplitude, phase and modulation of the sinusoid reveals the location of
the feature on or (in the case of prominences and accretion streams) above the
stellar surface.

The analysis of cool stars has revealed not only that their surface are cov-
ered with large cool spots but also with changing magnetic field patterns, and
that both are affected by surface differential rotation similar to what we see on
the Sun. Eclipse mapping and Doppler tomography of Algols has also provided



Contributions of Joint Discussion Session 9 281

detailed insights into the trajectories of the accretion streams, and their emitting
properties. Topics covered by talks in this area included:

Stellar surface imaging, including magnetic imaging (G. Hussain)
Differential rotation of stars (P. Petit)
Eclipse mapping of Algols (G. Peters)
Doppler tomography of Algols (M. Richards)
Surface images of the short-period contact binary, AE Phe (J. R. Barnes)
Tomography of stellar non-radial pulsations (S. Berdyugina)
The atmosphere of V471 Tau (F. Walter)

5. Echo-mapping of active galactic nuclei, X-ray binaries and exo-
planets

Echo mapping, or reverberation mapping, was developed to analyze the struc-
ture and velocity field of the microarcsecond-scale emission-line regions in active
galactic nuclei or quasars via time delays between continuum and emission-line
variations caused by reflection and re-processing of radiation. In both X-ray
binaries and active galactic nuclei, a compact irradiating source varies in bright-
ness on time scales that are short compared to the light-travel time across the
region in which line-emitting gas responds to the variations in the central engine.
By monitoring changes in both the brightness and velocity structure of emission
lines formed in AGN and XRBs, it is possible to measure both the location and
velocity field of the emitting gas. A related tomographic technique, used for
searching for starlight reflected from extra-solar planets, relies on the orbital
Doppler shift of the planet.

Echo-mapping is beginning to yield information on accretion-disc structure.
To date, application of this technique has yielded sizes of the emission-line re-
gions and demonstrated radial ionization stratification, and has led to measure-
ments of the masses of the super-massive black holes that power these sources.
The next generation of reverberation mapping experiments, using dedicated fa-
cilities, will resolve finer-scale structures, such as temperature-radius profiles,
and settle definitively the origin of the emission-line gas and clarify how quasars
are fueled. The three talks given on echo-mapping and related techniques were:

Echo mapping of active galactic nuclei (B. Peterson)
Echo mapping of X-ray binaries (K. Horne)
Tomographic studies of exoplanet atmospheres (A. Collier Cameron)
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As the largest virialized systems in the universe, clusters of galaxies are as-
trophysical laboratories for studying a wide variety of phenomena. These range
from the properties of individual galaxies, to the intra-cluster medium through
which they move and the violent events that accompany cluster mergers. Ob-
servational data span the entire electromagnetic spectrum from X-ray through
UV to optical, infrared and radio. Each wavelength region reveals a different
facet of the underlying astrophysics that governs the gas and galaxies.

In this context, we felt it was timely to schedule a Joint Discussion about
clusters and their evolution within the IAU General Assembly in Sydney. The
multi-wavelength theme emphasized the above mentioned synergies, and linked
the exciting new observational data from ground-based and space observatories
to the most recent analytical and numerical simulations.

Joint Discussion 10 focused on some recent highlights of cluster research: (i)
cluster formation, with discussion of the optical and X-ray data, substructure,
mergers and accretion; (ii) cluster galaxies, with emphasis on the star-formation
histories and radio galaxy populations; and (iii) the intra-cluster medium, with
the recent results on the gas cavities, cooling flows, non-thermal processes and
the interaction between thermal and relativistic plasma. Since it was only a
1.5-day meeting, the number of oral contributions was limited to 10 invited and
12 contributed talks. Other contributions were presented as Posters, and a short
presentation of each poster was given during the oral session.

In the following sections we present an abbreviated version of the program,
followed by the texts of 8 of the 10 invited talks, the abstracts of the contributed
talks, and the list of posters.

We thank all the participants for their contributions to a productive and
successful meeting.

Dick Hunstead
Luigina Feretti
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Clusters in the Optical

Lori M. Lubin
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Davis, CA 95616

Abstract.
I present a brief review of studies of galaxy clusters in the optical. Clusters

of galaxies were historically detected in the optical, and this selection provided
the first large, statistical samples of clusters. I describe how these samples have
been instrumental in characterizing the properties of the local cluster population,
tracing large scale structure, and constraining cosmology. More sophisticated
cluster detection techniques in the optical have now made it possible to detect
large numbers of clusters up to z ∼ 1.4. I describe these advances and discuss
how large-area and deep surveys are being used to determine the evolution in
the global cluster properties and the properties of cluster galaxy populations.

1. The Historical Selection

1.1. Original Catalogs

Clusters of galaxies were historically detected in the optical pass bands. G.O.
Abell and F. Zwicky compiled the first catalogs of galaxy clusters at redshifts of
z <∼ 0.2 by searching by eye for surface density enhancements in the Palomar Sky
Survey plates (Abell 1958; Zwicky et al. 1961). The Abell and Zwicky catalogs
contained over 2700 and 9000 clusters, respectively. Further improvements on
the surface density enhancement technique utilized automatic detection in dig-
itized sky plates, for example the Edinburgh-Durham Cluster Catalog (EDCC;
Lumsden et al. 1992) and the Automated Plate Measuring Survey (APM; Dal-
ton et al. 1994a). These surveys provided statistical samples of poor to the
richest clusters in the nearby universe and have been used to determine the
properties of the cluster population. Typical cluster properties include Abell
richness (30–300 galaxies), radius (1–2 h−1 Mpc), velocity dispersion (400–1400
km s−1), mass within an Abell radius (0.1–3 ×1015 h−1 M¯), blue luminosity
(0.6–6 ×1012 h−2 L¯), mass-to-blue light ratio (∼ 300 h M¯/L¯), and number
density of richness class 1 and above clusters (∼ 6× 10−6 h3 Mpc−3).

Rich clusters are also efficient tracers of the large scale structure of the
Universe. Consequently, the large-area cluster catalogs provided one of the first
means to quantify the clustering of clusters. This clustering was expressed in
terms of superclusters (e.g., Bahcall & Soneira 1984) or the cluster-cluster cor-
relation function which stays positive out to ∼ 100 h−1 Mpc (e.g., Dalton et al.
1994b; Bahcall et al. 2003a).
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1.2. Cosmological Constraints

Because clusters are the most massive systems in the universe, their global prop-
erties place strong constraints on cosmology – specifically the mass density of the
universe, Ωm, and the normalization of the power spectrum, σ8. Many different
measurements of cluster optical properties can be used to constrain these cosmo-
logical parameters, including the mass-to-light ratio on large scales, the cluster
mass function, and the cluster-cluster correlation function. As been known for
many years, all of these cluster observations suggest that Ωm = 0.1 − 0.4 (e.g.,
Bahcall & Cen 1993; Bahcall, Lubin & Dorman 1995; Bahcall et al. 2003a).

Figure 1. (Top) Color of the red sequence (relative to the rest-frame color
of the Coma) versus cluster redshift. Solid line indicates the expected color
evolution from the 1995 version of the Bruzual & Charlot (1993) evolving
model of a single burst of star-formation at zf = 4. (Bottom) Color scatter
in the red sequence versus cluster redshift. Dashed line indicates intrinsic
scatter in the Coma cluster. This figure is taken from Dickinson (1996).

2. Modern Cluster Finding Techniques

Detection of galaxy clusters in the optical has significantly improved with the in-
troduction of large-area imaging surveys which employ sophisticated, automated
techniques whose contamination and completion rates can be easily quantified.
Improving on the EDCC and APM surveys, adaptive-kernel density mapping
and automatic detection of surface brightness fluctuations of cluster overdensi-
ties are being used in the Northern Sky Optical Cluster Survey (Gal et al. 2003;
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5800 deg2; z < 0.3) and the Las Campanas Distant Clusters Survey (Gonza-
lez et al. 2001; 69 deg2; 0.3 < z < 1). The Palomar Distant Cluster Survey
(Postman et al. 1996; 5 deg2; 0.2 ≤ z ≤ 1.2) was the first survey to employ a
matched filter algorithm that used both galaxy position and brightness to detect
objectively clusters up to z ∼ 1.2. This algorithm and its derivatives have been
used for cluster detection in the Sloan Digital Sky Survey (Bahcall et al. 2003b;
400 deg2; 0.05 ≤ z ≤ 0.3), the ESO Imaging Survey (Scodeggio et al. 1999; 17
deg2; 0.2 ≤ z ≤ 1.2), and the Deep Range Survey (Postman et al. 2002; 16 deg2;
0.2 ≤ z ≤ 1.2).

Another technique exploits the fact that the early-type galaxy population
in clusters forms a distinct locus in the color-magnitude (CM) diagram. This
sequence is distinguished by extremely red colors and a tight CM relation. So
far, all massive clusters up to redshifts of z ∼ 1.3 exhibit a reasonably-strong
red sequence in the CM diagram (e.g., Stanford, Eisenhardt & Dickinson 1995,
1997; Lubin et al. 1998, 2003; van Dokkum et al. 2000, 2001; Blakeslee et al.
2003). As such, the Red-Sequence Cluster Survey (RCS; Gladders & Yee 2000)
utilizes the form and color of this distinct feature to optimize cluster detection
over the blue field population. The RCS covers 100 deg2 and expects to detect
over 1000 clusters at redshifts of 0.1 < z < 1.4.

3. Cluster Evolution

Using the increasing numbers of high-redshift clusters, it is now possible to study
the evolution of massive clusters and their galaxy populations.

One of the obvious global properties to measure as a function of time is the
number of clusters. In a low-Ω universe, density fluctuations evolve and freeze
out at early times, producing little evolution at recent times, i.e. redshifts of z <
1. In a flat (Ω = 1) universe, fluctuations start growing only recently, thereby
producing strong evolution at recent times. Optical surveys have revealed only
a mild decline in the co-moving volume density of rich (Abell richness class 1
and above) clusters out to z ∼ 1. The existence of massive clusters at these
redshifts again favors a low Ωm Universe (Postman et al. 1996, 2002; Carlberg
et al. 1997; Bahcall & Fan 1998).

By charting the change in the color of the red sequence (see §2), it is possi-
ble to determine how the stellar populations in early-type galaxies have evolved
from z ∼ 1 to the present day. Figure 1 shows the evolution in the color and
color scatter of the red sequence for 15 clusters between z ∼ 0.3 and z ∼ 0.9.
The broad-band color distribution of the early-type galaxy population shows
significant bluing; the observed trend is consistent with passive stellar evolution
of a relatively well synchronized initial starburst occurring at z >∼ 2 (e.g. Stan-
ford, Eisenhardt & Dickinson 1995, 1997), although continuing star-formation
in a fraction of the galaxies is not strongly constrained (van Dokkum & Franx
2001).

Even though clusters of galaxies at high redshift still contain a large num-
ber of early-type galaxies, the fraction of early-type galaxies is evolving with
time. This trend was first observed as the progressive bluing of cluster’s galaxy
population with redshift (Butcher & Oemler 1984). Butcher & Oemler found
that the fraction of blue galaxies in a cluster is an increasing function of redshift
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(see Figure 2), indicating that clusters at redshifts of z ∼ 0.5 are significantly
bluer than their low–redshift counterparts. At redshifts of z ∼ 0.4, the fraction
of blue galaxies is ∼ 20%, compared to < 5% locally. High-angular-resolution
HST images have revealed that most of these blue galaxies are either “normal”
spirals or have peculiar morphologies, resulting in late-type fractions which are
3 to 5 times higher than the average current epoch cluster (e.g., Dressler et al.
1994, 1997; Couch et al. 1994).

This trend continues to z ∼ 1.3 (Lubin et al. 1998, 2002, 2003; van Dokkum
et al. 2000, 2001; Blakeslee et al. 2003). Figure 2 shows the evolution of the
early-type fraction with cluster redshift. At z ∼ 1, this fraction is lower by a
factor of 1.5 – 2.0, compared to local clusters. Consequently, the fraction of
late-type (spiral, irregular, and peculiar) galaxies increases with redshift. This
evolution implies that early-type galaxies are forming out of the excess of late-
type galaxies over this ∼ 7 Gyr time scale. The key question now is what
physical process associated with the cluster environment is responsible for the
observed evolution.

Figure 2. (Left) Cluster blue fraction versus redshift. Different symbols rep-
resent clusters of different concentrations. This figure is taken from Butcher
& Oemler (1984). (Right) Early-type fraction versus cluster redshift. Data
points are taken from Dressler (1980a); Dressler et al. (1997); Andreon 1998,
Lubin et al. (1998, 2002, 2003); Fabricant, Franx & van Dokkum (2000); and
van Dokkum et al. (2000, 2001). The dashed line indicates best-fit least-
squares line. This figure is taken from Lubin et al. (2003).

4. Conclusions

Detecting and examining clusters of galaxies in the optical has provided a wealth
of information over the last 40+ years. Optical selection provided the first large,
statistical samples of galaxy clusters. These samples have been used to define
the local cluster population, study structure on scales up to ∼ 100 Mpc, and
to constrain the cosmological world model. Sophisticated, automated cluster
finding techniques are now extending cluster catalogs up to redshifts of z ∼ 1.4.
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Optical observations of the ever-increasing numbers of moderate-to-high redshift
clusters have been critical in studying in detail how clusters and their galaxy
populations have evolved with time.
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Abstract. Clusters of galaxies generally form by the gravitational merger of
smaller clusters and groups. Mergers drive shocks in the intra-cluster gas which
heat the intra-cluster gas. Mergers disrupt cluster cooling cores. Mergers pro-
duce large, temporary increases in the X-ray luminosities and temperatures of
cluster; such merger boost may bias estimates of cosmological parameters from
clusters. Chandra observations of the X-ray signatures of mergers, particularly
“cold fronts,” will be discussed. X-ray observations of shocks can be used to
determine the kinematics of the merger. As a result of particle acceleration in
shocks and turbulent acceleration following mergers, clusters of galaxies should
contain very large populations of relativistic electrons and ions. Observations
and models for the radio, extreme ultraviolet, hard X-ray, and gamma-ray emis-
sion from non-thermal particles accelerated in these shocks are described.

1. Introduction

Major cluster mergers are the most energetic events in the Universe since the
Big Bang. In these mergers, the subclusters collide at velocities of ∼2000 km/s,
releasing gravitational binding energies of as much as >∼1064 erg. Figure 1a shows
the Chandra image of the merging cluster Abell 85, which has two subclusters
merging with the main cluster (Kempner, Sarazin, & Ricker 2002). The relative
motions in mergers are moderately supersonic, and shocks are driven into the
intracluster medium. In major mergers, these hydrodynamical shocks dissipate
energies of ∼ 3× 1063 erg; such shocks are the major heating source for the X-
ray emitting intracluster medium. Merger shocks heat and compress the X-ray
emitting intracluster gas, and increase its entropy. We also expect that particle
acceleration by these shocks will produce nonthermal electrons and ions, and
these can produce synchrotron radio, inverse Compton (IC) EUV and hard X-
ray, and gamma-ray emission.

2. Thermal Effects of Mergers

Mergers heat and compress the intracluster medium. Shocks associated with
mergers also increase the entropy of the gas. Mergers can help to mix the intra-
cluster gas, possibly removing abundance gradients. Mergers appear to disrupt
the cooling cores found in many clusters; there is an anticorrelation between
cooling core clusters and clusters with evidence for strong ongoing mergers (e.g.,
Buote & Tsai 1996). The specific mechanism by which cooling cores are dis-
rupted is not completely understood at this time (e.g., Ricker & Sarazin 2001).
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Figure 1. (a) The Chandra X-ray image of the merging cluster Abell 85
(Kempner et al. 2002). Two subclusters to the south and southwest are merg-
ing with the main cluster. (b) The X-ray emission-averaged temperature in
a pair of equal mass clusters undergoing a merger (Ricker & Sarazin 2001;
Randall et al. 2002)

The heating and compression associated with mergers can produce a large,
temporary increase in the X-ray luminosity (up to a factor of ∼10) and the
X-ray temperature (up to a factor of ∼3) of the merging clusters (Figure 1b;
Ricker & Sarazin 2001; Randall, Sarazin, & Ricker 2002). Very luminous hot
clusters are very rare objects in the Universe. Although major mergers are also
rare events, merger boosts can cause mergers to strongly affect the statistics
of the most luminous, hottest clusters. Simulations predict that many of the
most luminous, hottest clusters are actually merging systems, with lower total
masses than would be inferred from their X-ray luminosities and temperatures
(Randall et al. 2002). Since the most massive clusters give the greatest leverage
in determining ΩM and σ8, these values can be biased by merger boosts.

One of the most dramatic results on clusters of galaxies to come from the
Chandra X-ray observatory was the discovery of sharp surface brightness dis-
continuities in the images of merging clusters (Figure 1a). These were first seen
in Abell 2142 (Markevitch et al. 2000) and Abell 3667 (Vikhlinin, Markevitch, &
Murray 2001b). Initially, one might have suspected these features were merger
shocks, but X-ray spectral measurements showed that the dense, X-ray bright
“post-shock” gas was cooler, had lower entropy, and was at the same pressure
as the lower density “pre-shock” gas. This would be impossible for a shock.
Instead, these “cold fronts” are apparently contact discontinuities between gas
which was in the cool core of one of the merging subclusters and surrounding
shocked intracluster gas (Vikhlinin et al. 2001b). The cool cores are plowing
rapidly through the shocked cluster gas, and ram pressure sweeps back the gas
at the front edge of the cold front. In a few cases (e.g., 1E0657−56; Markevitch
et al. 2003), bow shocks are seen ahead of the cold fronts.

Cold fronts and merger shocks provide a number of classical hydrodynam-
ical diagnostics which can be used to determine the kinematics of the merger
(Vikhlinin et al. 2001b; Sarazin 2002). Most of these diagnostics give the merger
Mach number M. The standard Rankine-Hugoniot shock jump conditions can
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Figure 2. (a) The lifetimes of relativistic electrons in a typical cluster as
a function of their Lorentz factor γ (Sarazin 1999a). (b) The gamma-ray
emission spectrum from a model for relativistic particles in the Coma cluster
(Sarazin 1999b). Emission from electrons (Brems.) and ions (due to πo

decays) are shown separately.

be applied to merger shocks; for example, the pressure discontinuity is
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where P1 and P2 are the pre- and post-shock pressure, and γ = 5/3 is the
adiabatic index of the gas. For bow shocks in front of cold front, the shock may
be conical at the Mach angle, θm = csc−1(M1). The ratio of the pressure at the
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If the motion of the cold front is supersonic, the stand-off distance between
the cold front and the bow shock varies inversely with M. For major mergers,
these kinematic diagnostics generally indicate that mergers are mildly transonic
M≈ 2, corresponding to merger velocities of ∼2000 km/s.

Mergers also provide a useful environment for testing the role of various
physical processes in clusters. For example, the very steep temperature gra-
dients at cold fronts imply that thermal conduction is suppressed by a large
factor (∼102; Ettori & Fabian 2000; Vikhlinin, Markevitch, & Murray 2001a),
presumably by magnetic fields. The smooth front surfaces of some cold fronts
suggest that Kelvin-Helmholtz instabilities are being suppressed, also probably
by magnetic fields. Recently, Markevitch et al. (2003) have used the relative
distributions of dark matter, galaxies, and gas in the dramatic merging clus-
ter 1E0657−56 (Figure 1b) to argue that the collision cross-section per unit
mass of the dark matter must be low, σ/m <∼ 1 cm2/g, which excludes most of
the self-interacting dark matter models invoked to explain the mass profiles of
galaxies.
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Figure 3. (a) The energy spectrum of relativistic electrons in a model for a
merging cluster (Sarazin 1999a). The large population at γ ∼ 300 are due to
many previous mergers, while the tail to high energies is due to the current
merger. (b) The IC spectrum produced by the model in (a). For reference,
the dashed line is thermal bremsstrahlung at a typical cluster luminosity.

3. Non-Thermal Effects of Mergers

High speed astrophysical shocks in diffuse gas generally lead to significant accel-
eration of relativistic electrons. For example, typical supernova remnants have
blast wave shock velocities of a few thousand km/s, which are comparable to
the speeds in merger shocks. (However, the Mach numbers in merger shocks are
much lower.) The ubiquity of radio emission from Galactic supernova remnants
implies that at least a few percent of the shock energy goes into accelerating
relativistic electrons, with more probably going into ions. If these numbers are
applied to strong merger shocks in clusters, one would expect that relativistic
electrons with a total energy of Erel,e ∼ 1062 erg would be accelerated, with even
more energy in the relativistic ions. Thus, merging clusters should have huge
populations of relativistic particles.

Clusters should also retain some of these particles for very long times. The
cosmic rays gyrate around magnetic field lines, which are frozen-in to the gas,
which is held in by the strong gravitational fields of clusters. Because clusters are
large, the timescales for diffusion are generally longer than the Hubble time. The
low gas and radiation densities in the intracluster medium imply that losses by
relativistic ions are very slow, and those by relativistic electrons are fairly slow.
Figure 2a shows the loss timescale for electrons under typical cluster conditions;
electrons with Lorentz factors γ ≈ 300 and energies of ≈150 MeV have lifetimes
which approach the Hubble time, as long as cluster magnetic fields are not too
large (B <∼ 3 µG). As a result, clusters should contain two populations of primary
relativistic electrons (Figure 3a): those at γ ∼ 300 which have been produced by
mergers over the lifetime of the clusters; and a tail to higher energies produced
by any current merger.

The lower energy electrons will mainly be visible in the EUV/soft X-ray
range (Figure 3b). Such emission has been seen in clusters, although its origin is
uncertain and may well be thermal, as Jonathan Mittaz described in this session.
More energetic electrons, with energies of many GeV, produce hard X-ray IC
emission and radio synchrotron emission. Diffuse radio sources, not associated
with radio galaxies, have been observed for many years in merging clusters.
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Centrally located, unpolarized, regular sources are called “radio halos”, while
peripheral, irregular, polarized sources are called “radio relics”. Recent Chandra
observations seem to show a direct connection between radio halos and merger
shocks in clusters (Markevitch & Vikhlinin 2001). The same higher energy
electrons will produce hard X-ray IC emission. Recently, such emission appears
to have been detected with BeppoSAX and RXTE, although the detections are
relatively weak and controversial [see Rossetti & Molendi (2003) and the poster
by Fusco-Femiano et al. in this session].

I believe one of the most exciting possibilities for the future is the detection
of clusters in hard gamma-ray radiation (Figure 2b). Essentially, all models for
the nonthermal populations in clusters predict that they should be very lumi-
nous gamma-ray sources, particularly at photon energies of ∼100 MeV (Sarazin
1999b; Blasi & Gabici 2003). The emission at these energies is partly due to
electrons with energies of 150 MeV, which should be ubiquitous in clusters.
One nice feature of this spectral region is that emission is produced both by
relativistic electrons (bremsstrahlung and IC) and relativistic ions (through the
production of πo particles which decay into gamma-ray photons; see Figure
2b). Thus, one can determine both population is clusters. Models suggest that
GLAST and AGILE will detect ∼40 nearby clusters.
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Abstract. In this brief overview of the stellar populations of galaxies in
clusters I highlight some of the most recent results, including the downsizing of
the k+a population and the star formation–local density relation. I conclude
discussing some open questions regarding the interpretation of the observational
results, and speculating on the current meaning of the words “primordial” and
“environmental”.

1. Introduction

Studying the evolutionary histories of galaxies in clusters has always been an
endeavor to understand how galaxies (all galaxies) came to be as we observe
them. In recent years, this quest can be better described as an effort to com-
prehend how galaxies formed and evolved in a “changing” environment. In fact,
the common framework for these studies is now a hierarchical universe, in which
galaxies can and often do change environment during their evolution. When a
galaxy infalls into a cluster, it can do so as a single isolated galaxy, as a pair,
as part of a group or as a member of another merging cluster. A galaxy can
experience very different environmental conditions throughout its evolution. A
major challenge for today’s research is to identify the effects produced by the
various environments on the observable properties of galaxies. It is especially
hard to discriminate between minor and major influences. If all environments
are potentially expected to have some impact on their galaxies, we would like to
discern secondary effects (“cosmetics”) from the primary causes that determine
how galaxies are.

In this search we can rely on some objective and measurable properties,
such as mass in stars and gas, their chemical content, their motion within the
galaxy and the structures they design. The star formation activity is one of the
most outstanding characteristics. Though a precise measurement of the current
and past star formation activity is no easy task for any galaxy, star formation
affects the accessible observables, such as colors and spectra, in such a manifest
way that is often the most immediate evidence for evolution.

In this contribution I focus on the build-up of the stellar populations in clus-
ter galaxies and on the evolution with redshift of their star formation activity.
The subject has been very rich in results and papers published during the past 25
years, and it is impossible to give an exhaustive summary in a short text. I will
therefore only touch upon some of the issues, and highlight just a couple of the
most recent results. Overviews on the evolution of the stellar populations in clus-
ter galaxies can be found in Ellingson (2003), Poggianti (2003a) and several re-
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views in the 3rd volume of the Carnegie Observatories Astrophysics Series: Clus-
ters of Galaxies: Probes of Cosmological Structure and Galaxy Evolution (eds.
J.S. Mulchaey, A. Dressler, and A. Oemler (Pasadena: Carnegie Observatories,
http://www.ociw.edu/ociw/symposia/series/symposium3/proceedings.html).

2. Where it all started....and where we are

The Butcher-Oemler effect is the excess of galaxies bluer than the color-magnitude
red sequence in clusters at z > 0.1− 0.2 as compared to the richest nearby clus-
ters (Butcher & Oemler 1984).

The origin of the scatter in the fraction of blue galaxies from cluster to clus-
ter at any given redshift, and the consequent search for correlations between the
blue fraction fB and the global cluster properties (Smail et al. 1998, Margoniner
et al. 2001, Metevier et al. 2000); the trend with redshift of fB in optical and X-
ray selected cluster samples and the dependence on cluster selection (Andreon &
Ettori 1999, Ellingson et al. 2001, Kodama & Bower 2001, Fairley et al. 2002);
the change in galaxy colors with cluster-centric distance (Pimbblet et al. 2002);
the nature of the galaxies giving rise to the Butcher-Oemler effect (De Propris
et al. 2003); these are some of the aspects related to the Butcher-Oemler effect
that are still subject of ongoing investigation, witnessing the interest in fully
understanding the consequences and the cause of the seminal Butcher & Oemler
findings.

Put in a slightly different way, the Butcher-Oemler effect is the presence of
large numbers of blue galaxies in rich clusters more distant than those in the local
universe. This higher average level of activity in the past has been confirmed
and greatly clarified by spectroscopic surveys and by Hubble Space Telescope
morphological studies of galaxies in distant clusters (Couch et al. 1994, 1998,
Dressler et al. 1997, Balogh et al. 1997, 1998, 1999, Poggianti et al. 1999, van
Dokkum et al. 1999, 2000, Fabricant et al. 2000, Ellingson et al. 2001, Postman
et al. 2001, Smail et al. 2001, Lubin et al. 2002).

No matter how the evolution in the populations of cluster galaxies is ob-
served, if using the blue colors, the spectral features or the proportion of spiral
versus early-type galaxies: all the three types of observations contribute to de-
lineate a picture in which the evolution of galaxies in clusters is strong, given
that a large fraction of them at z = 0 have evolved from star-forming, late-type
galaxies to passively evolving, early-type galaxies within a relatively short period
of time (Kodama & Smail 2001, van Dokkum & Franx 2001).

At least three phenomena likely play a role in this evolution (Poggianti et
al. 1999, Ellingson et al. 2001, Kodama & Bower 2001): the declining infall
rate of galaxies onto clusters at lower z predicted by hierarchical cosmological
models (Bower 1991, Kauffmann 1995); the evolution with z of the average
star formation rate (SFR) in the “field” galaxies that infall into clusters; and
the decline of star formation in the cluster galaxies likely due to some physical
process (or processes) that acts when galaxies infall in the denser environment.
In fact, though the universe as a whole seems to evolve towards a progressively
lower star formation activity in the Madau plot, such a trend appears to be
accelerated in clusters (Kodama & Bower 2001).
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The past star formation activity as seen from the absorption lines The most
cited result obtained from spectra of galaxies in distant clusters is the presence
of “k+a” spectra, with no emission lines and strong Balmer lines in absorption
indicating a vigorous star formation activity that was terminated at some point
during the last 1–1.5 Gyr (Dressler & Gunn 1983, Couch & Sharples 1987). Since
such spectra unequivocally identify post-starburst or post-starforming galaxies,
their excess in distant clusters as compared to the field at similar redshifts is
strong, if not the strongest, evidence that star formation is truncated by the
dense environment (Dressler et al. 1999, but see Balogh et al. 1999 for a different
view). K+a galaxies have been thoroughly discussed elsewhere (e.g. Poggianti
2003b and references therein), but it is worth highlighting here a very recent re-
sult from Tran et al. (2003). On the basis of the galaxy velocity dispersions and
radii, these authors find that the descendants of the k+a’s observed at z ∼ 0.8
must be among the most massive early-type galaxies in clusters today, while
the maximum luminosity and galaxy velocity dispersion of cluster k+a galaxies
decrease towards lower redshifts. Another result pointing in the same direction
is presented in Poggianti et al. (2003), where we analyzed the luminosity dis-
tribution of k+a galaxies in the Coma cluster: no k+a as luminous as in the
distant clusters is observed, while k+a’s are found to be a significant fraction of
the dwarf galaxy population.

The ongoing star formation activity as seen from the emission lines In the
absence of a significant AGN ionizing radiation, emission lines are present in a
spectrum only when there is ongoing star formation activity.

In agreement with the other photometric and spectroscopic signs of current
activity, a significant fraction of even the most luminous galaxies in distant
clusters have been observed to have emission lines indicating they are actively
forming stars (Dressler et al. 1999, Postman et al. 2001), though the fraction of
emission line galaxies remains lower in clusters than in the field at all redshifts.

Whether the star formation activity in clusters is enhanced in some of the
infalling galaxies, and how relevant this is for the global cluster populations
is still debated. Besides considerations based on optical observations in favor
and against cluster-triggered starbursts, a striking result comes from dust-free
wavelengths: the large numbers of Luminous Infrared starburst galaxies detected
by ISOCAM in distant clusters seem to be too high to be consistent with simple
accretion of starburst galaxies from the field (Duc et al. submitted, Coia et al.
submitted).

Finally, several works have been recently devoted to the study of the emis-
sion line trend with clustercentric radius. Balogh et al. (1997, 1998) have shown
how the mean equivalent width of [O ii] increases radially in distant clusters,
failing to reach the mean field value even as far out as several Mpc from the
cluster centre. An extension of these radial studies has been carried out using
the large datasets of the 2dF (Lewis et al. 2002) and Sloan (Gomez et al. 2003)
spectroscopic surveys. As shown in Fig. 1, the mean EW(Hα) increases at lower
projected local surface density of galaxies (and, correspondingly, larger distance
from cluster centre) down to a density of ∼ 1 galaxy per Mpc2, and approaches
the field value at ∼ 3 times the virial radius of the cluster.

The mean EW, or SFR, used in these studies is the mean over all galaxies
(with and without emission lines, of any morphological type), including the pas-
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Figure 1. Left - From Lewis et al. 2002 (2dF): µ∗, the star formation rate
normalized to L∗, is proportional to the EW(Hα). Its trend as a function
of the local galaxy density is shown for all clusters (solid points) and for
clusters with σ greater than or less than 800 km s−1 (triangles and crosses,
respectively). The horizontal solid line represents the field value. Right -
From Gomez et al. 2003 (Sloan): the shaded area represents the distribution
of star formation rates, corrected for extinction. The median is shown as a
solid line. The top of the shaded area is the 75th percentile, while the bottom
is the 25th percentile.

sive early-type galaxies that dominate the cluster cores and the highest density
regions. A mean total EW decreasing with density and towards the cluster cen-
tre is therefore not surprising in this respect. Whether the trend of mean EW
simply reflects a different morphological mix as a function of local density, and
whether it can be fully explained by the morphology-density relation (Dressler
et al. 1997) is still unclear (Lewis et al. 2002, Gomez et al. 2003).

The origin of the observed EW trend remains in my opinion one of the most
interesting questions to be answered, together with the origin of the morphology-
density relation and the relation between the two. A systematic variation of
galaxy properties with the environment does not necessarily imply a “transfor-
mation” due to an environmental process beginning to act on a galaxy when
this enters an environment for the first time. In principle, one cannot exclude
that the correlation of star formation with local density can be partly or fully
explained as an “imprinting” on the galaxy star formation history established in
the early universe as a function of the local density. For example, the most mas-
sive ellipticals in the densest regions today (the cluster cores), that formed most
of their stars at very high redshifts, were in the densest regions also at z > 3 and
it is then, by those conditions, that their star formation history was decided.
These galaxies contribute to the shape of the EW-density relation today as some
of the galaxies with EW=0 (devoid of SF), and it is therefore logical to conclude
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that at least part of the SF-density relation has been established very early on.
Similarly, the morphology-density (MD) relation must have a “primordial” com-
ponent, since at all redshifts the most massive early-type galaxies are found in
the highest density regions. However, the MD relation as we observe it today is
not fully established at high redshift, because we observe how it evolves in clus-
ters, with late type spirals being transformed into early-type galaxies (Dressler
et al. 1997, Lubin et al. 2002).

It is probably time for the astronomical community working on clusters
to reconsider the meaning of words such as “primordial” and “environmental”.
By “primordial”, do we mean anything that took place at z > 3, or anything
that was already engraved in the galaxy “destiny” by the early conditions in
the location where they formed their first stars? And by “environmental”, do
we mean any physical process that affects galaxies once they enter a “new”
environment, implying that their evolution would have been different if they
did not become part of it? Or do we consider an effect environmental any
time it has to do with something external to the galaxy itself? In this case,
what do we consider as the “galaxy itself”? Anything that will be part of
that galaxy by z = 0? Can a process be considered an environmental effect
even if it only affected the galaxy at z > 3? Re-thinking the definition of the
words “primordial” and “environmental” is not just a semantic exercise, it is
probably useful to make progress in an era in which we believe galaxies can
change environment, but today’s environment is not necessarily unrelated with
the environments of yesterday.

Acknowledgments. I thank the IAU and the organizers of this Joint Dis-
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participation with a IAU travel grant.
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Abstract. Powerful radio sources are efficient probes of dense regions through-
out the universe, including clusters of galaxies. The status of cluster searches
around radio sources is reviewed, including new evidence that cluster environ-
ments affect radio morphology.

1. Introduction

Powerful active galactic nuclei (AGN) — including radio sources — are efficient
tracers of dense regions in the universe. The massive ellipticals that host them
should be sited in high-density peaks in the galaxy distribution, including clus-
ters. Galaxy mergers in dense environments may also explain the triggering and
fueling of the AGN.

Visible out to the highest redshifts, luminous AGN signpost the first forming
structures. Counting distant clusters constrains the amount of matter in the
universe, Ωm, that ultimately controls the rate at which massive systems collapse
(Bahcall & Fan 1998). Detecting even small numbers of massive clusters at high
redshift implies Ωm is low, less than one.

It is much more efficient to use AGN to locate distant clusters than to
carry out a blind survey, although both ways have different biases. Galaxies and
intra-cluster gas rapidly become faint at great distances, and are swamped by
foreground objects. So blind surveys are difficult beyond z ∼ 1.

Although both types may live in clusters, radio-loud AGN have many dis-
tinct advantages over radio-quiet ones. Dust does not dim the radio emission,
whose intrinsic jet power and orientation can be inferred directly. Extended
radio lobes also sample the surrounding gas, and intra-cluster medium (ICM)
(e.g. Blanton et al. 2003).

McLure & Dunlop (2001) argue that powerful radio sources at high redshift
trace the progenitors of rich clusters today. This follows from the similar space
density of powerful radio sources at z ∼ 2.5 and Abell clusters locally, implying
virtually all nearby clusters hosted a powerful radio galaxy in the past. In ad-
dition to having massive hosts, powerful (Jy) radio sources have massive central
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black holes (Mbh ∼ 109M¯), and so are key targets for investigating galaxy and
black hole formation and evolution.

More numerous weak (mJy) radio sources can also be mapped on the sky to
reveal large galaxy structures, including clusters and superclusters (e.g. Cotter
et al. 2002; Brand et al. 2003).

To date, many clusters have been identified around radio sources, including
systems at the highest redshifts (z > 4). But the wider question of how cluster
environments affect AGN and their elliptical hosts remains. Also, it is not
obvious how to link the z > 2 ‘protoclusters’ with lower redshift clusters and
AGN environments.

2. Clusters around radio sources at z > 2

Galaxy overdensities have been reported around a handful of high-redshift radio
galaxies, at z = 2−5. These so-called ‘protoclusters’ comprise mainly overdensi-
ties of tens of star-forming galaxies, visible in Lyα emission (e.g. Venemans et al.
2002), ultraviolet spectral breaks (e.g. Lacy & Rawlings 1996), or sub-millimeter
emission (e.g. Ivison et al. 1999; Smail et al. 2003).

An excess of X-ray sources, but no diffuse cluster gas component, has been
seen in one z = 2.2 field (Carilli et al. 2002).

Typically, the high-redshift radio galaxies found in clusters have unusually
clumpy hosts and small, asymmetric radio sources (e.g. Pentericci et al. 1997;
1998).

3. Clusters around radio sources at z < 2

AGN environments have been surveyed systematically out to z = 0.7, but less
so beyond this. Most cluster searches around moderate redshift AGN simply
count galaxies within some radius of the AGN. Large studies have characterized
AGN environments in this way (Yee & Green 1987; Ellingson et al. 1991; Hill
& Lilly 1991; Wold et al. 2000; Hall et al. 1998, 2001), and individual rich fields
have been identified out to z ∼ 2 (Sanchez & Gonzalez-Serrano 1999; Chapman,
McCarthy & Persson 2000).

Incorporating simple color information — selecting extremely red objects
around AGN — is one way to alleviate foreground confusion in fields at z ∼ 1
(e.g. Stern et al. 2003).

Diffuse cluster ICM is detectable around powerful radio sources out to z ∼ 1
(e.g. Crawford & Fabian 2003; but see Donahue, Daly & Horner 2003) but
is generally too faint to see at higher redshifts, where microwave background
photons scattered by the radio lobes may dominate (e.g. Fabian et al. 2003)

In summary, AGN inhabit a range of environments, mostly of moderate
richness (Abell class 0) but sometimes very rich (Abell class 2 or 3). Relatively
few of these clusters have had their masses established by X-ray detections of
ICM and/or weak lensing measurements (e.g. Wold et al. 2002; Crawford &
Fabian 2003).

Although early studies proposed evolution in quasar environments from
z = 0.7 to the present day (Yee & Green 1987; Ellingson et al. 1991; Hill &
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Figure 1. Bar chart showing numbers of radio sources in clusters (c), groups
(g) and field (f) environments as a function of radio linear size (D) split at
200 kpc. See Barr et al. (2003).

Lilly), evidence that environment correlates strongly with AGN properties is
weak (Wold et al. 2000).

There is a clear need for systematic studies at z > 0.7 to push into the
epoch where clusters are still coalescing from sub-clumps.

4. A new survey of quasars at z ∼ 1

Barr et al. (2003) imaged the fields of 21 steep-spectrum powerful radio quasars
with 0.6 < z < 1.1, drawn from a complete redshift-limited subset of the Molon-
glo Quasar Sample (Kapahi et al. 1998). The fields were imaged in at least two
optical filters chosen to straddle the redshifted 4000Å break feature, selecting
the passively-evolving elliptical galaxies that populate cluster cores.
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Some fields were also targeted with narrow-band (FWHM 7Å) imaging
around the wavelength of redshifted [O II] emission line with the TAURUS
Tunable Filter (TTF) at the AAT. This traces strongly star-forming galaxies at
the quasar redshift.

Galaxy clustering was measured in two ways (i) by counting galaxies around
the quasar, in the same way as previous z < 0.7 studies, and (ii) counting
only red galaxies with the colors expected for passively-evolving, old stellar
populations at the quasar redshift.

Red galaxy overdensities were seen in 8/21 fields. Foreground systems (over-
densities with the wrong colors) were spotted in two cases, illustrating the weak-
ness of single filter counting statistics. The overdensity centroids lay typically
within 10′′ − 20′′ of the quasar — but not on it — and extended over typically
100′′, being frequently elongated.

Looking at the radio morphologies, small (linear size D < 200 kpc), and
asymmetric, radio sources were most often located in clusters (5/8 small sources
compared with 1/8 larger sources in clusters).

In the 6 fields targeted with TTF, 47 emission-line galaxy candidates were
detected, with star formation rates 1–100 M¯ yr−1 and very faint (I(AB) > 23)
continua. Emission-line galaxy candidates cluster around the quasars, but less
strongly than the red galaxies, suggesting the morphology-density relation is in
place at z ∼ 1.

5. Conclusion

Powerful radio sources — especially small, asymmetric ones — are often located
in clusters of galaxies that are seen out to the highest redshifts.

At redshifts z > 0.7, they are best located using multicolor and/or narrow-
band techniques, along with X-ray and sub-millimeter observations.

More work is needed on a systematic basis to measure the masses of these
systems (e.g. diffuse X-rays, spectroscopy and weak lensing techniques) and to
understand links between AGN and their environments.

Acknowledgments. JCB acknowledges support from a Royal Society Uni-
versity Research Fellowship.
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Abstract. Recent data have radically altered the X-ray perspective on cool-
ing flow clusters. X-ray spectra show that very little of the hot intra-cluster
medium is cooler than about 1 keV, despite having short cooling times. In an
increasing number of cooling flow clusters, the lobes of a central radio source
are found to have created cavities in the hot gas. Generally, the cavities are
not overpressured relative to the intra-cluster gas, but act as buoyant bubbles
of radio emitting plasma that drive circulation as they rise, mixing and heating
the intra-cluster gas. All this points to the radio source, i.e., an active galactic
nucleus, as the heat source that prevents gas from cooling to low temperatures.
However, heating due to bubbles alone seems to be insufficient, so the ener-
getics of cooling flows remain obscure. We briefly review the data and theory
supporting this view and discuss the energetics of cooling flows.

1. Introduction

The radiative cooling time of the hot intergalactic gas close to the centers of
about 70 percent of rich clusters of galaxies is significantly shorter than the
Hubble time. These systems are known as cooling flows (Fabian 1994). Over
the lifetime of a cooling flow cluster, radiative losses have a significant impact on
the gas unless the radiated heat is replaced. Cooling gas is compressed in order
to maintain hydrostatic equilibrium, causing inflow near to the cluster center
and the deposition of large quantities of cool gas. X-ray data from Chandra
and XMM-Newton confirm central cooling times as short as 108–109 y in many
clusters (e.g. David et al. 2001), highlighting the significance of radiative losses.
However, 100–1000 M¯ y−1 of cold gas should be deposited by cooling flows
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(e.g. White, Jones & Forman 1997) and very little evidence is found of this gas.
Many forms of cool gas (e.g. Crawford et al. 1999; Edge 2001) and recent star
formation (e.g. Mittaz et al. 2001) have been found at the centers of cooling flow
clusters, but the amounts fall well short of those expected. Cooling flows also
occur in groups and isolated elliptical galaxies (Mathews & Brighenti 2003).

X-ray spectra from the Reflection Grating Spectrograph (RGS) on XMM-
Newton show that there is very little gas cooler than about 1 keV in cluster
cooling flows. If the late stages of cooling are isobaric as expected, then the

luminosity in a line is Lline = Ṁ(5k/(2µmH)
∫ Tmax
0 Λline(T )/Λ(T ) dT , where Ṁ

is the deposition rate of cooled gas, Λ is the cooling function and Λline the part
of the cooling function due to the line. This prediction is quite robust for low
temperature lines, but RGS data show that some low energy lines are at least
an order of magnitude weaker than expected (e.g. Peterson et al. 2003).

2. Radio Lobe Cavities in Cooling Flows

Burns (1990) found that 70 percent of cD galaxies in cooling flow clusters are
radio loud, compared to 25 percent overall. Observations with Chandra reveal
a growing list of clusters where radio lobes at the cluster center have created
cavities in the hot intra-cluster gas. Some examples are Perseus (Böhringer et
al. 1993; Fabian et al. 2000), Hydra A (McNamara et al. 2000), Abell 2052
(Blanton et al. 2001), RBS797 (Schindler et al. 2001), MKW3S (Mazzotta et
al. 2002) and Abell 4059 (Heinz et al. 2002).

Contrary to expectation, there is little evidence of shocks driven by ex-
panding radio lobes in most systems (but see Kraft et al. 2003; Fabian et al.
2003). Furthermore, the coolest X-ray emitting gas surrounds the cavities in
many systems (e.g. Nulsen et al. 2002). It would be very surprising to find the
lowest entropy gas close to the origin of a strong shock. Lastly, the equipartition
pressure of the radio lobes is typically about one tenth of the surrounding gas
pressure. All this argues that the radio lobes are at nearly the same pressure as
the surrounding gas.

The cool gas around the cavities is surprising. Nulsen et al. (2002) argued
that this is not due to shock induced cooling or magneto-hydrodynamic shocks
in Hydra A. However, in a temperature map, they found a plume of cool gas
extending from the center to beyond the radio lobe cavities in Hydra A. This
suggests that repeated radio outbursts have produced buoyant bubbles (cavities)
that drive outflow along the radio axis, lifting some low entropy gas from the
cluster center. Numerical simulations support this model (Brüggen et al. 2002).

3. Energetics

The question of what prevents gas from cooling to low temperatures in cooling
flows remains a major issue. The heat required to make up for radiative losses
from the region where the cooling time is shorter than the age of a cluster is
typically 1044–1045 erg s−1. Also, a significant amount of gas at the cluster
center must be maintained with cooling times of 108–109 y. This is very difficult
to achieve without a process that involves feedback.
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Radio lobes are powered by an AGN, which is likely fueled by cooled and
cooling gas. If the mechanical energy input due to the cavities is appreciable, this
provides a feedback mechanism linking cooling and AGN heating. We consider
the energy input by the bubbles, using Hydra A for illustration (David et al.
2001). The work of creating a bubble in local pressure equilibrium is pV '
2.8× 1059 erg for the SW cavity of Hydra A. The free energy of a bubble is the
sum of this and its thermal energy, giving the enthalpy γpV/(γ − 1), where γ
is the ratio of specific heats. We double this again to allow for the NE bubble.
If the cavity is dominated by relativistic plasma, then γ = 4/3 and the total
free energy of the two cavities in Hydra A ' 2.2 × 1060 erg. If all of this is
thermalized within the cooling flow region of Hydra A, then it can prevent gas
from cooling for 2.3× 108 y.

Churazov et al. (2002) argue that the enthalpy of a rising adiabatic bubble
decreases with pressure, and the loss goes into heating the gas. A bubble rises
as the ICM falls in around it, converting potential energy to kinetic energy,
which is then dissipated in the bubble’s wake. The potential energy released
when a bubble of volume V rises a distance δR is δE = ρV g δR, where ρ is the
density of the ICM and g the acceleration due to gravity. From the equation
of hydrostatic equilibrium, ρg = −dp/dr, so that δE = −V dp/dr δR = −V δp.
For an adiabatic bubble, pV γ = constant, and this result is readily integrated,
giving the energy dissipated over a finite length of wake, ∆E = H0 −H, where
the enthalpy depends on the pressure through H = H0(p/p0)(γ−1)/γ . For Hydra
A, with γ = 4/3, about half of the free energy is dissipated in the cooling flow
region. If the bubble is non-adiabatic, more energy is deposited in the core.

While Hydra A is a very powerful FRI radio source, its cavities are not
exceptional. Indeed, the existence of “ghost” cavities (e.g. McNamara et al.
2001) tells us that radio lifetime can be shorter than bubble lifetime and we
should not expect a strong correlation between bubble energy and radio power.
There may also be other energy inputs from an AGN, including direct injection
of relativistic particles, uncollimated outflows, or Compton heating.

It is generally difficult to heat from the center of a cluster without creating
a well mixed, isentropic core (Fabian et al. 2001; Brighenti & Mathews 2003).
Slow heating drives steady convection. Fast heating drives a shock, causing
entropy inversion, then convection and mixing. Mixing is less thorough if energy
is deposited off center, forming bubbles. However, to prevent the bulk of the
lowest entropy gas from cooling to low temperatures, most gas must be heated
substantially at some stage and so take part in large-scale convection, tending
to disrupt observed abundance gradients (e.g. David et al. 2001).

Zakamska & Narayan (2003) have shown that thermal conduction can bal-
ance radiative losses in some, but not all, cooling flows. However, since it in-
volves no feedback, maintaining cool gas by thermal conduction requires very
fine tuning (e.g. Bregman & David 1988). Also, thermal conductivity must be
suppressed to explain observed structures in several clusters. It has been ar-
gued that these are special cases, but this is harder to accept for the large scale
suppression found by Markevitch et al. (2003).

Even when suppressed by a factor of 10 or more, thermal conduction can
balance radiative losses in the outer parts of cluster cooling flows. Thus, thermal
conduction may augment AGN heating in clusters. In that case, AGN heating
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need only account for radiative losses from near to the cluster center. Thermal
conduction falls rapidly with temperature, and so is less likely to be significant
in groups and isolated elliptical galaxies. On the other hand, their energetics
are less demanding, since a single AGN outburst can disrupt the hot interstellar
medium of an isolated elliptical (e.g. Finoguenov & Jones 2001).

It has long been argued that major mergers can completely disrupt a cooling
flow (McGlynn & Fabian 1984) and a variety of mechanisms have been proposed
to tap the energy of mergers to prevent gas from cooling (e.g. Motl et al. 2003).
However, in minor mergers and infall, most energy is deposited in the outer parts
of clusters. Stable stratification, and the huge density and pressure contrast from
center to edge are obstacles to getting energy from the outer regions deposited
in the cluster core. Furthermore, without feedback it is very difficult for such
a process to maintain short cooling times in the cluster core. As for thermal
conduction, these effects may augment AGN heating.

4. Discussion and Conclusions

There is good evidence of AGN heating in cooling flows, but it remains unclear
whether it is significant for cooling flows as a whole. Since AGN heating is
linked to cooling by feedback, this process can plausibly explain how gas can
be maintained with short cooling times in cooling flows. AGN heating probably
needs to be augmented in order to account for global energetics of cooling flows.
Many details of the heating process remain obscure. In particular, it is unclear
how a cluster can be heated from its center without producing a constant entropy
core and mixing out observed abundance gradients.

To end on a speculative note, AGN outbursts also occur in isolated elliptical
galaxies, where they can prevent the cooling of hot gas more readily than in
clusters. If so, AGN feedback inhibits cooling, hence star formation, in almost
any system dominated by hot gas. In that case, the effect of AGN feeback is
imprinted on the galaxy luminosity function.

Acknowledgments. This work was partly supported by the Australian
Research Council and by NASA grant NAS8-01130.

References

Blanton, E. L., Sarazin, C. L., McNamara, B. R., & Wise, M. W., 2001, ApJ, 558, L15
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Crawford, C. S., Allen, S. W., Ebeling, H., Edge, A. C., & Fabian, A. C. 1999, MNRAS,
306, 857

David, L. P., Nulsen, P. E. J., McNamara, B. R., Forman, W. R., Jones, C., Ponman,
T., & Robertson, B., Wise, M. 2001, ApJ, 557, 546



X-ray Cavities and Cooling Flows 311

Edge, A. C. 2001, MNRAS, 328, 762

Fabian, A. C. 1994, ARA&A, 32, 277

Fabian, A. C. et al. 2000, MNRAS, 318, L65

Fabian, A. C., Mushotzky, R. F., Nulsen, P. E. J., Peterson, J. R. 2001, MNRAS, 321,
20P

Fabian, A. C. et al. 2003, MNRAS, in press (astro-ph/0306036)

Finoguenov, A., & Jones, C. 2001, ApJ, 547, L107

Heinz, S., Choi, Y.-Y., Reynolds, C. S., & Begelman, M. C. 2002, ApJ, 569, L79

Kraft, R. P., Vázquez, S. E., Forman, W. R., Jones, C., Murray, S. S., Hardcastle, M.
J., Worrall, D. M., & Churazov, E. 2003, ApJ, 592, 129

Markevitch, M. et al. 2003, ApJ, 586, L19

Mathews, W. G., & Brighenti, F. 2003, ARA&A, 41, 191

Mazzotta, P., Kaastra, J. S., Paerels, F. B., Ferrigno, C., Colafrancesco, S., Mewe, R.,
& Forman, W. R. 2002, ApJ, 567, L37

McGlynn, T. A., & Fabian, A. C. 1984, MNRAS, 208, 709

McNamara, B. R. et al. 2000, ApJ, 534, L135

McNamara, B. R. et al. 2001, ApJ, 562, L149

Mittaz, J. P. D. et al. 2001, A&A, 365, L98

Motl, P. M., Burns, J. O., Loken, C., Norman, M. L., & Bryan, G. 2003, ApJ, in press
(astro-ph/0302427)

Nulsen, P. E. J., David, L. P., McNamara, B. R., Jones, C., Forman, W. R., Wise, M.
2002, ApJ, 568, 163

Peterson, J. R., Kahn, S. M., Paerels, F. B. S., Kaastra, J. S., Tamura, T., Bleeker, J.
A. M., Ferrigno, Jernigan, J. G. 2003, ApJ, 590, 207

Peres, C. B., Fabian, A. C., Edge, A. C., Allen, S. W., Johnstone, R. M., White, D. A.
1998, MNRAS, 298, 416

Schindler, S., Castillo-Morales, A., De Filippis, E., Schwope, A., Wambsganss, J. 2001,
A&A, 376, L27

White, D. A., Jones, C., Forman, W.R. 1997, MNRAS, 292, 419

Zakamska, N. L., & Narayan, R. 2003, ApJ, 582, 162



Highlights of Astronomy, Vol. 13
International Astronomical Union, 2003
O. Engvold, ed.

Radio Halo and Relic Sources in Galaxy Clusters

Kinwah Wu

Mullard Space Science Laboratory, University College London,
Holmbury St Mary, Surrey RH5 6NT, United Kingdom

Melanie Johnston-Hollitt

Leiden Observatory, P.O. Box 9513, NL-2300 RA, Leiden, The
Netherlands

Richard Hunstead

School of Physics, University of Sydney, NSW 2006, Australia

Abstract. We review briefly the general properties of halo and relic sources
in galaxy clusters. We also present a polarized radiative transfer algorithm which
is useful for calculations of polarized radio emission from halos, relics and active
galaxies in a magnetized intra-cluster medium.

1. Introduction

Radio halos and relics are diffuse sources which appear to be peculiar to galaxy
clusters. They are generally believed to be associated with the clusters them-
selves rather than with individual active galaxies. Typically they have low sur-
face brightness and steep radio spectra, indicating the emission is non-thermal
and optically thin. Halos are spatially extended, with sizes of ∼ 500 kpc, compa-
rable with the cores of galaxy clusters. They tend to have a round morphology,
show little or no polarization, and permeate the cluster centers. Relics are also
spatially extended, but they are elongated and are usually located at the cluster
periphery. In contrast to halos, emission from relic sources is strongly polarized.
(For a review of radio halos and relics, see e.g. Giovannini & Feretti 2002a).
Both radio halos and relics are rare, currently being detected in only about 5%
of clusters. However, the detection rate increases with cluster mass and among
the clusters with X-ray luminosity of 1045 erg s−1 or above, 1/3 show radio halos
or relics (Giovannini & Feretti 2002b).

Several important aspects of these cluster radio sources were found recently.
First, there is a linear relation in the point-to-point spatial distribution of radio
and X-ray emission of halos (Govoni et al. 2001). Second, the radio power of
relic sources at 1.4 GHz increases with the X-ray temperature of the cluster
(Colafrancesco 1999; Liang et al. 2000). Third, the radio power of halos at 1.4
GHz is correlated with the cluster dipole power ratio (Buote 2001). The first two
findings indicate a close connection between the non-thermal electrons for radio
synchrotron radiation and the thermal electrons that emit keV X-rays. They
also suggest that more massive clusters are more powerful radio sources. The
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dipole power ratio, which is a measure of the degree of departure of a cluster
from its virial state, can be caused by core disruption when a violent merging
event occurs. The third finding thus implies that the formation of radio halos is
a consequence of cluster merging.

A possible scenario is that cluster merging leads to the formation of shocks
and turbulence, which in turn accelerate (and/or reaccelerate) electrons to ultra-
high energies, and result in radio synchrotron emission. (See e.g. Sarazin 2001,
for a review of merger shocks and non-thermal emission from clusters.) The
details of this mechanism, such as how halos and relics are induced by merging
and how to accelerate the pool of non-thermal charged particles, are unclear.
Nevertheless, observations continue to accumulate data, and our understanding
of these sources also grows with the data base. Many interesting phenomena as-
sociated with individual sources have been found in newer observations. Among
these are the imaging observations of the Mpc-scaled relics such as those found
in A3667 (Röttgering et al. 1997) and A2256 (Miller et al. 2003, and references
therein).

To understand how the polarized radiation interacts with intra-cluster me-
dia, we have developed a polarized radiative transfer algorithm which calculates
the emission from the halos, relics or active galaxies in the clusters. We now
briefly discuss the algorithm and show some results of our calculations.

2. Polarized Radiative Transfer in Cluster Environments

Radio sources in galaxy clusters could be halos, relics or resident active galaxies.
The clusters have very tangled magnetic fields (e.g. Dolag 2001; Carilli & Taylor
2002) which may alter the properties of the radio radiation from these sources
significantly. In particular, de-polarization and Faraday rotation/mixing are im-
portant (Burn 1966; Tribble 1991), and we need to take into account these effects
when we interpret the fine features in spectral-polarization imaging observations
(such as that seen in clusters like A3667 and A2256).

The polarized radiative transfer equation reads

D̂Iα = −καβIβ + εα ,

where Iα = (I,Q, U, V ) are the four Stokes parameters, D̂ = c−1(∂/∂t) + k̂ ·∇ is
the time and spatial differential operator, εα are emission coefficients and καβ is

the transfer matrix. (Here c is the speed of light and k̂ is the unit propagation
vector of the light ray.) The anti-Hermitian part of καβ contains the absorp-
tion coefficients, and the Hermitian part contains the Faraday rotation/mixing
coefficients (see Pacholczyk 1977).

In our calculations, we divide the cluster into many small cells with constant
density, constant magnetic field and an homogeneous electron energy distribu-
tion. The radiative transport in each cell is determined by the equation above.
We use a ray-tracing algorithm, which solves the transfer equation in the cells
in succession along the rays. The resulting Stokes parameters are then used to
construct the spectral-polarization images of the cluster.

For the study of the intra-cluster medium with random magnetic fields
(such as those with a power-law spectrum in their distribution) or with em-
bedded sources with complex structures on different scales, very fine cell sizes
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are needed in order to achieve good accuracy. This demands a computational
algorithm which can solve efficiently the transfer equation, in which the four
Stokes parameters are coupled. Instead of directly integrating the equation we
seek a semi-analytic approach. By means of the transformations I ′α = ΛασIσ,
ε′α = Λασεσ and κ′αβ = (ΛασκστΛ−1

τβ ) we obtain another radiative transfer equa-
tion

D̂I ′α = −κ′αβI
′
β + ε′α .

We diagonalize κ′αβ by choosing a suitable Λασ and obtain four decoupled

differential equations, each corresponding to a component in I ′α. These equations
have analytic solutions. We now just need to solve for I ′ using a set of complex
algebraic equations. After carrying out an inverse transform of I ′α we obtain the
four Stokes parameters that describe the polarization and the spectrum of the
radiation.

Figure 1. Surface brightness (left) and linear polarization (right) profiles of
a model cluster at 843 MHz and 1.4 GHz. The cluster parameters are β = 0.7
for the density profile and core radius of 400 kpc. The energy spectral index
of the electrons is 0.7. The absorption and Faraday coefficients are adopted
from Jones and O’Dell (1977).

Figure 1 shows an example of a surface brightness profile and a polarization
profile of a model cluster at 843 MHz and 1.4 GHz obtained from the calculations.
The model cluster has a β density profile and it is permeated by a random
magnetic field with a flat (approximately white noise) distribution. We note that
existing calculations of polarized radiation from magnetized intra-cluster media
simply sum the local contribution of the four Stokes parameters, which is a good
approximation when the medium is optically thin to absorption and Faraday
rotation/mixing. The algorithm that we use takes full account of transfer effects,
thus allowing us to calculate emission from a clumpy medium with embedded
sources, which could have opacities many orders of magnitude greater than the
medium.

3. Mpc-scaled Relics: A3667, a well studied case

As mentioned in Section 1, relics and halos are generally rare; to date some 30 to
40 cases are known. Unfortunately, most of these diffuse radio sources have not
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been studied in the detail required to obtain a deep insight into their structure
and origin. Present generation telescope arrays do not have the surface bright-
ness sensitivity to record accurately their full extent and polarization structure.
An exception is A3667 which is both bright and highly polarized and has been
studied in some detail.

A3667 is a rich, X-ray luminous galaxy cluster at z = 0.055 (Sodré et
al. 1992). The ROSAT X-ray image reveals that it has a slightly elongated
shape (see Röttgering et al. 1997). The cold gas front at the center (Vikhlinin
et al. 2001) suggests that the cluster was disturbed quite recently. The NW
region of the cluster was mosaic imaged at 1.4 and 2.4 GHz using the Australia
Telescope Compact Array (ATCA) by Röttgering et al. (1997), and the rest
of the region by Johnston-Hollitt (2003). The cluster was also imaged at 843
MHz with the Molonglo Observatory Synthesis Telescope (MOST) of Sydney
University. In both the MOST and ATCA images for the entire cluster region,
two remarkable arc-like diffuse radio regions are clearly visible. In addition, low
resolution images reveal that there might also be a small central halo (Johnston-
Hollitt 2003).

The average spectral index of the northern radio arc is α = −1.0±0.2, where
Sν ∝ να. There is a moderate spectral-index gradient across the arc, with the
flattest spectrum appearing toward the very north where the emission is most
diffuse. The southern arc shows a more prominent spectral-index gradient along
the major axis of A3667, with the flattest spectra at the outermost parts of the
arc.

The emission from the arcs is strongly linear polarized at both 1.4 and 2.4
GHz. The percentage polarization of the northern arc varies from 10 to 40%,
and the polarization appears correlated with the brightest filaments. The per-
centage polarization of the southern arc is at the 30–50% level. The polarization
angles show complex spatial patterns, but there is no obvious correlation with
the spatial distribution of the intensity. More detailed discussions of the ob-
servations, analysis, results and interpretation can be found in Johnston-Hollitt
(2003) and Johnston-Hollitt et al. (2003, in preparation).

The combination of these detailed data, particularly the radio polarimetry,
make A3667 an ideal platform for exploring polarized radiative transfer and
testing the new code described in Section 2.
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Abstract. Evidence for non-thermal activity in clusters of galaxies is well
established from radio observations of synchrotron emission by relativistic elec-
trons, and new windows (in EUV and Hard X-ray ranges) have provided more
powerful tools for its investigation. The hard X-ray observations, notably from
Coma, are summarized and results of a new RXTE observations of a high red-
shift cluster are presented. It is shown that the most likely emission mechanism
for these radiations is the inverse Compton scattering of the cosmic microwave
background photons by the same electrons responsible for the radio radiation.
Various scenarios for acceleration of the electrons are considered and it is shown
that the most likely model is episodic acceleration by shocks or turbulence, pre-
sumably induced by merger activity, of high energy electrons injected into the
inter-cluster medium by galaxies or active galactic nuclei.

1. Introduction

The intra-cluster media (ICM) of several clusters of galaxies, in addition to
the well studied thermal bremssstrahlung (TB) emission in the 2 to 10 keV
soft X-ray (SXR) region, show growing evidence for non-thermal activity, first
observed in the form of diffuse radio radiation (classified either as relic or halo
sources) and more recently, at extreme ultraviolet (0.07–0.4 keV; EUV) and
hard X-ray (20–80 keV; HXR) regions. In the next section I will give a brief
review of the status of these observations and present new yet unpublished HXR
observation of another cluster, and in §3 I will compare the merits of different
emission mechanisms proposed for their production. Even though the presence
of non-thermal electrons in the ICM was established decades ago, very little
theoretical treatment of the acceleration mechanism was carried out (see e.g.
Schlickeiser, Siervers & Thiemann 1987) until the discovery of the EUV and
HXR radiations. Given the meager amount of data, detailed calculations of the
energy sources and the exact mechanisms of the acceleration may be premature.
Consequently, I will emphasize the general physical characteristics and not the
numerical details of the problem. It turns out that one can put significant and
meaningful constraints on the general aspects of the acceleration mechanism. I
will describe these in §4.

2. Observations

The first cluster observed to have diffuse radio emission was the Coma cluster
and recent systematic searches have identified more than 30 clusters with halo
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or relic sources. The rate of occurrence of these sources increases with cluster
redshift z, SXR luminosity or temperature T (Giovannini & Feretti 2000). There
is little doubt that this radiation is due to synchrotron emission in a magnetic
field of strength B ∼ µG by a population of relativistic electrons of Lorentz
factor γ ∼ 104. In the case of Coma the electron spectra may be represented by
a broken power law (Rephaeli 1979) or a power law with an exponential cutoff
(Schlickeiser et al. 1987).

Extreme UV (0.07–0.4 keV) radiation was detected by the Extreme Ul-
traviolet Explorer from Coma (Liu et al. 1966) and some other clusters. A cooler
(kT ∼ 2 keV) component and inverse Compton (IC) scattering of cosmic mi-
crowave background (CMB) photons by relativistic (γ ∼ 103) electrons are two
possible ways of producing this excess radiation. Some of the observations and
the emission process are still controversial (Bowyer & Hwang 2003). I will not
discuss this emission any further here.

The third evidence for non-thermal activity comes from the observations of
excess HXR emission in the 20 to 80 keV range by instruments on board the
BeppoSAX and RXTE satellites. Each of these observatories has detected HXR
excess from Abell 2256 once and Coma twice, although the second BeppoSAX
observation shows a weaker signal (Fusco-Femiano et al. 1999 and Rephaeli et al.
1999, 2002). HXR detections have also been reported in Abell clusters 754, 2199,
2319 and 3667 all in the redshift range 0.023 < z < 0.056. Most of these excesses
can be best fitted with a fairly hard spectrum (photon power-law index α ∼ 2).
Recently, detection of non-thermal X-rays (albeit at lower energies) have been
reported from a poor cluster IC 1262 (Hudson et al. 2003). In Figure 1 I show
the HXR spectrum and its characteristics for the cluster RXJ0658−5557 with a
considerably higher redshift (z = 0.296) obtained by RXTE. These observations
encompass a wide range of temperature, redshift and luminosity, indicating that
HXR emission may be a common property of all clusters with significant diffuse
radio emission.

Figure 2 (left panel) shows the photon flux at all wavelengths from Coma,
where in addition to the above mentioned radiations, we show the gamma-ray
upper limit from EGRET on board CGRO (Sreekumar et al. 1996), and the
equivalent flux for the CMB and optical radiation density present in the cluster.
(To these should be added the contribution from Far IR background radiation.)
Similarly, an equivalent flux has been indicated for the static magnetic field of
∼ 1µG, which is the size of the field strength deduced in several clusters (Eilek
1999, Clarke et al. 2001). The observed Faraday rotation of the Coma cluster
can be interpreted as indicating a uniform magnetic field along the line of sight
of ∼ 0.3µG. However, the field lines are most likely chaotic. Kim et al (1990)
and Clarke et al. (2003) estimate a mean magnetic field of ∼ 2− 3µG. It should
be noted, however, that the interpretation of these observations is controversial
(see Rudnick & Blundell 2002).

3. Radiation Mechanisms

The HXR emission could be produced via IC scattering of CMB photons by the
same population of relativistic electrons responsible for the radio emission (see
e.g. Sarazin & Lieu 1998) shown by the solid lines in Figure 2 (right panel).
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Figure 1. Left panel: Thermal plus a power law fit to 300ks RXTE and
ASCA+SMM observations of the cluster RXJ0658−5557, and the 68, 90 and 99%
confidence levels of the photon power-law index vs. 20–100 keV flux and temperature
vs hydrogen column density. From Petrosian, Madejski and Luli, in preparation.

Figure 2. Left Panel: Schematic presentation of the νf(ν) flux of the electro-
magnetic fields in the ICM of Coma cluster including the B field. The two short
dashed lines show two different fits to the radio data. Right Panel: Schematic
spectra of the thermal (T = 108 K) and two non-thermal electrons responsible for
the radio emission (solid lines). The dashed lines show maximal extrapolations of
spectra so that one avoids unacceptably high rate of heating of the ICM plasma.
The dotted line is the electron spectrum for the NTB model. This clearly exceeds
the heating limit.
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However, simple arguments show that this scenario requires a field strength
B⊥ < 0.2µG, which is much smaller than values of several µG deduced from
Faraday rotation mentioned above and equipartition arguments. Consequently,
several workers have proposed non-thermal bremsstrahlung (NTB) for the HXR
emissions (Enßlin et al. 1999, Sarazin & Kempner 2000, Blasi 2000). The dotted
line in Figure 2 (right panel) shows the spectrum of the required electrons.
However, as shown by Petrosian (2001, P01), the NTB process faces a serious
difficulty, which is hard to circumvent. This is because compared to Coulomb
losses the bremsstrahlung yield is very small: Ybr ∼ 3× 10−6(E/25keV)3/2 (see
Petrosian 1973). Thus, for a HXR luminosity of 4× 1043 erg s−1 (for Coma), a
power of LHXR/Ybr ∼ 1049 erg s−1 is fed into the ICM, increasing its temperature
to T ∼ 108 K after 3 × 107 yr or to 1010 K in a Hubble time! Therefore, the
NTB emission phase, if any, must be very short lived.

This inefficiency of the NTB appears more serious than the inefficiency of
the IC relative to the synchrotron process. There are several arguments which
indicate that a higher B field can be tolerated in the IC model (see P01). Briefly,
this discrepancy can be alleviated by i) a more realistic electron spectral distribu-
tion (e.g. Exponential spectral break beyond γ ∼ 104); ii) a non-isotropic pitch
angle distribution (Epstein 1973); and iii) spatial inhomogeneities (Goldschmidt
& Rephaeli 1993, Govoni et al. 2003). Finally, the Faraday rotation measures
may give a somewhat biased view of the B field by selecting clusters with the
highest values of B while the EUV or HXR observations favor clusters with low
values of B. The cluster RXJ 0658−5557 was chosen for observations because it
was estimated that it should have relatively high IC flux of ∼ 7×10−12 erg cm−2

s−1 which is what is observed. This increases our confidence in the validity of
the IC model.

4. Acceleration Mechanism

It turns out that the acceleration mechanism of electrons can also be constrained
significantly, even though we have very limited data. This mechanism should
produce the relativistic electron spectra shown in Figure 2 (right panel). The
lifetimes of these electrons are longer than their crossing time, Ttr ∼ 3 × 106

yr. Therefore, these electrons will escape the cluster and radiate most of their
energy outside it unless there exists some scattering agent with a mean free
path λscat ∼ 1 kpc to trap the electrons in the ICM for at least a time scale of
Tesc = (R/λscat)Ttr ∼ 3 × 109 yr, for cluster size R ∼ 1Mpc. Turbulence can
be this agent and can play a role in stochastic acceleration directly, or indirectly
in acceleration by shocks. Both shocks and turbulence can presumably be
produced during merger events. Several lines of argument point to an ICM
which is highly turbulent. The possible scenarios of acceleration by turbulence
and/or shocks are explored in P01 leading to the following conclusions: i) The
seed electrons cannot be the ICM thermal electrons for the same reason that the
NTB fails as a source of HXRs, namely because it will lead to excessive heating
of the ICM. Therefore, we require injection of high energy (> 50 MeV) electrons
into the ICM, presumably from galaxies or AGNs. ii) The short lifetimes of the
relevant electrons with respect to Tesc and the small λscat imply a continuous and
in situ acceleration process. iii) A steady state model seems natural but it leads
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to a flatter spectrum than required unless the turbulence has an unreasonably
steep spectrum. iv) Time Dependent Models can produced the desired spectra
but only for a short period (∼ 3×108 to 109 yr) implying an episodic acceleration
process induced by merger activity.

Acknowledgment: This work is partially supported by the NASA grant
NAG5 13031. I would like to thank my collaborators G. Madejski and K. Luli
for permission to present our unpublished data here and note that many authors
have contributed significantly to the subject of this paper whose work I could
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Abstract. Magnetic fields in galaxy clusters can be investigated using a
variety of techniques. Recent studies including radio halos, Inverse Compton
hard X-ray emissions and Faraday rotation measure, are briefly outlined. A nu-
merical approach for investigating cluster magnetic fields strength and structure
is presented. It consists of producing simulated rotation measure, radio halo
images, and radio halo polarization, obtained from 3-dimensional multi-scale
cluster magnetic field models, and comparing with observations.

1. Magnetic Field Measures

A complete description of the astrophysical processes in cluster of galaxies re-
quires knowledge of magnetic fields. The most detailed evidence for this com-
ponent comes from the radio observations:
• Some clusters of galaxies exhibit diffuse non-thermal synchrotron radio ha-
los, associated with the intra-cluster medium, which extend up to Mega-parsec
scales. Using minimum energy assumptions, it is possible to estimate an equipar-
tition magnetic field strength averaged over the entire halo volume. These esti-
mates give equipartition magnetic field strengths of '0.1 to 1 µG (e.g. Bacchi
et al. 2003).
• In a few cases, clusters containing a radio halo show an excess emission. This
emission could be interpreted in terms of Inverse Compton scattering of the cos-
mic microwave background photons with the relativistic electrons responsible
for the radio halo emission. In this case, the measurements of the magnetic field
strength (e.g. Fusco-Femiano et al. 1999, Rephaeli et al. 1999) inferred from
the ratio of the radio to X-ray luminosities are consistent with the equipartition
estimates.
• Indirect measurements of the magnetic field intensity can also be determined
in conjunction with X-ray observations of the hot gas, through the study of
the Faraday Rotation Measure (RM) of radio sources located inside or behind
clusters. By using a simple analytical approach, magnetic fields of ∼5− 30 µG,
have been found in cooling flow clusters (e.g. Allen et al. 2001; Taylor & Perley
1993) where extremely high RMs have been revealed. On the other hand, signif-
icant magnetic fields have also been detected in clusters without cooling flows:
the RM measurements of polarized radio sources through the hot intra-cluster
medium leads to a magnetic field of 2−8 µG which fluctuates on scales as small
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as 2 − 15 kpc. (e.g. Feretti et al. 1995, Feretti et al. 1999, Clarke et al. 2001,
Govoni et al. 2001, Taylor et al. 2001, Eilek & Owen 2002).

The magnetic field strength obtained by RM studies is therefore higher
than the value derived from the radio halo data and from Inverse-Compton X-
ray studies. However, as pointed out by Carilli & Taylor (2002) and references
therein, all the aforementioned techniques are based on several assumptions.
For example, the observed RMs have been interpreted, until now, in terms of
simple analytical models which consider single-scale magnetic fields. On the
other hand, magneto-hydrodynamic cosmological simulations (Dolag et al. 2002)
suggest that cluster magnetic fields may span a wide range of spatial scales with
a strength that decreases with distance from the cluster center.

We developed a numerical approach for investigating the strength and struc-
ture of cluster magnetic fields. It consists of comparing simulated rotation mea-
sure, radio halo images, and radio halo polarization, obtained from 3-dimensional
multi-scale cluster magnetic field models, with observations (Murgia et al. 2003,
submitted).

2. Simulated Rotation Measures

The RM is related to the thermal electron density, ne, and magnetic field along
the line-of-sight, B‖, through the cluster by the equation:

RM = 812

L
∫

0

neB‖dl rad m−2 (1)

where B‖ is measured in µG, ne in cm−3 and L is the depth of the screen in kpc.
We consider a multi-scale magnetic field model with a three-dimensional

power spectrum: |Bk|2 ∝ k−n. Different power spectrum index will generate
different magnetic field configurations and therefore will give rise to very different
simulated RM images.

Fig. 1 (top) shows simulated RM images with different values of the index n
for a typical cluster of galaxies (see caption for more details). RM images, such
as those we simulate, cannot be observed for real clusters of galaxies. However,
it is relatively easy to measure the RM dispersion and mean (σRM and 〈RM〉)
in limited regions by observing radio sources located at different projected dis-
tances from the cluster center. Fig. 1 (bottom) shows the simulated profiles of
σRM (left), |〈RM〉| (center), and |〈RM〉|/σRM (right), as a function of the dis-
tance from the cluster center. While both σRM and |〈RM〉| increase linearly with
the cluster magnetic field strength, the ratio |〈RM〉|/σRM depends only on the
magnetic field power spectrum slope for a given range of fluctuation scales. This
means that the comparison of RM data of radiogalaxies embedded in a cluster of
galaxies with simulated profiles, can infer the strength and the power spectrum
slope of the cluster magnetic field. The comparison of our simulations with data
(Murgia et al. 2003, submitted), indicates magnetic field strengths a factor of
∼2 lower than that predicted by the single-scale magnetic field approximation
widely used in the literature, and a rather flat spectral index n ' 2.
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Figure 1. Top: simulated RM images for magnetic field power spectrum
spectral index n = 2, 3, 4. The electron gas density of the cluster follow a
standard β-model with a core radius rc=400 kpc (indicated by a circle in
the figure) a central density ne(0)=10−3 cm−3 and β=0.6. The three power
spectra are normalized to have the same total magnetic field energy which is
distributed over the range of spatial scales from 6 kpc up to 770 kpc. The field
at the cluster center is 〈B〉0 = 1 µG and its energy density decreases from
the cluster center according to B2 ∝ ne(r). Bottom: radial profiles (σRM,
|〈RM〉| and |〈RM〉|/σRM respectively) obtained from the RM simulations
described above. The profiles have been obtained by averaging the simulated
RM images in regions of 50 × 50 kpc2, which is a typical size for radio galaxies.
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Figure 2. Simulated halo brightness and polarization for cluster at a dis-
tance of z = 0.05 as it would be observed with a beam of 45′′ (H0 =
50 km s−1Mpc−1). Top: simulated halo images at 1.4 GHz for different values
of the magnetic field power spectrum slope n and 〈B〉0 =1 µG; the vectors
lengths are proportional to the degree of polarization, with 100 percent cor-
responding to 100 kpc on the sky. Field directions are those of the E-vector.
Bottom: radially averaged profiles of the polarization percentage at 327 MHz
and 1.4 GHz for three values of the magnetic field strength, namely 〈B〉0 =0.5,
1 and 5 µG.

3. Simulated Radio Halo Images and Radio Halo Polarization

Radio halo observations may provides important information about the cluster
magnetic field structure since different values of the power spectrum spectral
index will generate very different total intensity and polarization brightness dis-
tributions for the radio halo emission.

So far, polarization emission from radio halos has not been detected. The
current upper limits to the polarization at 1.4 GHz, for beams of about 45′′, are
a few percent (3− 4%).

We simulated the expected total intensity and polarization brightness dis-
tribution at 1.4 GHz and 327 MHz, as it would be observed with a beam of 45′′,
for different values of the magnetic field strength and power spectrum index,
by introducing in the 3-dimensional magnetic field an isotropic population of
relativistic electrons.

Fig. 2 (top) shows simulated radio halo brightness and polarization per-
centage distributions at 1.4 GHz (see caption for more details). Fig. 2 (bottom)
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shows the expected fractional polarization profiles at 1.4 GHz and 327 MHz
for the different values of the average magnetic field strength and power spec-
trum spectral index. Our results indicate that a power spectrum slope steeper
than n = 3 and a magnetic field strength lower than ∼ 1µG result in a radio
halo polarization percentage at a frequency of 1.4 GHz that is far in excess of
the current observational upper limits at 45′′ resolution. This means that, in
agreement with the RM simulations, either the power spectrum spectral index
is flatter than n = 3 or the magnetic field strength is significantly higher than
∼ 1µG. The halo depolarization at 327 MHz is particularly severe and the ex-
pected polarization percentage at this frequency is always below 1%. Moreover
we also found that the magnetic field power spectrum slope has a significant ef-
fect in shaping the radio halo. In particular, flat power spectrum indexes (n < 3)
give rise to very smooth radio brightness images (under the assumption that the
radiating electrons are uniformly distributed).

4. Conclusions

The numerical approach presented here demonstrates how the dispersion and
mean of the RM measured in radio galaxies embedded in a cluster of galaxies
can be used to constrain not only the strength but also the power spectrum
slope of the intra-cluster magnetic fields. Moreover, the study of the polariza-
tion properties of a large scale radio halo, if it is present in a cluster, can be
used to improve the estimates based on the RM analysis.

Acknowledgment. We thank L. Feretti, G. Giovannini, D. Dallacasa, R. Fanti,
G.B. Taylor and K. Dolag for their collaboration.
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Clarke T.E., Kronberg P.P., Böhringer H., 2001, ApJ 547, L111

Dolag K., Bartelmann M., Lesch H., 2002, A&A 387, 383

Eilek J.A., Owen F.N., 2002, ApJ, 567, 2002

Feretti L., Dallacasa D., Giovannini G., Tagliani A., 1995, A&A 302, 680

Feretti L., Dallacasa D., Govoni F., et al., 1999, A&A 344, 472

Fusco-Femiano R., dal Fiume D., Feretti L., et al., 1999, ApJ 513, L21

Govoni F., Taylor G.B., Dallacasa D., et al., 2001b, A&A 379, 807

Rephaeli Y., Gruber D., Blanco P., 1999, ApJ 511, L21

Taylor G.B., Perley R.A., 1993, ApJ, 416, 554

Taylor G.B., Govoni F., Allen S., Fabian A.C., 2001, MNRAS 326, 2



Highlights of Astronomy, Vol. 13
International Astronomical Union, 2003
O. Engvold, ed.

Contributed Papers for JD10: Abstracts

A Detailed Study of the Massive Lensing Cluster Cl 0024+16
R. S. Ellis (Caltech), T. Treu (Caltech), J-P. Kneib (OMP)

Abstract. We present a comprehensive study of galaxies and dark matter to
the turn-around radius (5 Mpc) in the lensing cluster Cl 0024+16 (z = 0.40). We
directly study the transformation of field galaxies as they fall into the potential
determined quantitatively from weak lensing signals. Our analysis exploits a
mosaic of 38 WFPC2 images and ground-based imaging and spectroscopy using
CFHT, Keck and Palomar. Correlations between morphology, star formation
rate and environmental location are interpreted using known infall time scales.
The dark matter distribution, revealed for the first time over such a wide dy-
namical range in density, is compared directly with the numerical simulations
and with that observed for the stellar light. In-depth studies of more clusters,
sampling a wide range in environmental density, will yield valuable insights into
the origin of the morphology-density relation observed today.

Galaxy Groups: New Insights from Chandra and XMM
J. M. Vrtilek (CFA), E. J. O’Sullivan (CFA), L. P. David (CFA), T. J. Ponman
(Birmingham), W. R. Ponman (CFA), C. Jones-Forman (CFA), D. E. Harris
(CFA)

Abstract. Groups and poor clusters are the locus of most galaxies in the
present-day Universe and the building blocks from which clusters form. They
accordingly occupy a significant place in the continuum of structure between
isolated galaxies and rich clusters. Owing to the lower temperature of their intra-
cluster gas, X-ray emission from groups produces strong lines from a broader
range of elements than do hotter clusters. Here, we employ Chandra and XMM
images of several X-ray bright groups (including HCG 62, NGC 741, and MKW
4) to examine issues of current interest in the study of both groups and clusters:
the distribution of heavy elements, the presence and nature of X-ray cavities
and their relation to radio observations, the presence of cooling cores, and X-ray
signatures of recent galaxy interactions. This work has been supported in part
by NASA grants GO0-1037X, GO1-2138X, and GO2-3186X.

Cluster Properties via Sunyaev-Zel’dovich Effect
Asantha Cooray (Caltech) California Instiute of Technology

Abstract. We will discuss the role played by the Sunyaev-Zel’dovich (SZ) ef-
fect in understanding the physical properties of the intra-cluster medium. While
the SZ effect has been considered widely for its cosmological purposes, when
combined with multi-wavelength observations, the SZ effect data can also be
used to understand the nature and evolution of the ICM including its thermal
structure and the presence of non-thermal plasma. We also discuss future op-
portunities on this aspect involving observations from the planned South Pole
Telescope, Planck mission, and various other attempts to image the SZ effect in
galaxy clusters using wide-field bolometer arrays and other techniques. We will
also explore the connection between gas in clusters and the general intergalactic

327



328 Contributed Papers for JD10

medium and how one can use detailed wide-field SZ maps, beyond those towards
individual clusters, to study such possibilities.

ACS Observations of Three Rich Galaxy Clusters at High Redshift
J. P. Blakeslee (JHU), M. Postman (STScI), P. Rosati (ESO), H. Ford (JHU), G.
Illingworth (UCSC), M. Franx (Leiden), C. Gronwall (PSU), B. Holden (UCSC)

Abstract. Our Advanced Camera for Surveys (ACS) cluster survey aims to
establish new and detailed constraints on the formation and evolution of clusters
and their member galaxies. We have used the ACS Wide Field Camera to obtain
multi-band imaging of several X-ray selected clusters near z ∼ 1. These clusters
include MS1054−0321 and CL0152−1357, both at z = 0.83, and CL1252−2927
at z = 1.24. Each was observed in a mosaic of 4 partially overlapping pointings,
with the central 1 arc min imaged to the greatest depth. CL1252−2927 is one
of the most distant clusters known, yet it appears to be a relaxed, centrally
concentrated system with a well-defined red sequence of evolved galaxies in the
color-magnitude (CM) diagram. Monte Carlo simulations with the latest pop-
ulation models suggest an age scatter of about 30% for the ellipticals, with a
mean age of at least 2.5 Gyr, for a formation epoch z > 2.7. The slope and
scatter in the elliptical CM relation show little or no evidence for evolution out
to z = 1.2. However, the clusters at z = 0.83 show signs of ongoing dynamical
evolution, including irregular structure and significant merging, although they
also show prominent red sequences.

The Role of Dwarf Galaxies in Galaxy Cluster Evolution
Christopher Conselice (Caltech)

Abstract. Although they are the faintest galaxies in clusters, dwarf galaxies,
especially dwarf ellipticals, are a key component for understanding the evolu-
tion of cluster galaxies, as well as clusters themselves. These dwarfs dominate
clusters in number, and potentially contain a significant fraction of the clus-
ter’s dark matter. They are also potentially the remnants of larger infalling
Butcher-Oemler galaxies stripped of their mass through dynamical cluster pro-
cesses. We will present observational results that show that dwarfs in nearby
clusters could be the remnants of much of early galaxy formation in clusters and
discuss how these objects can account for many observed properties of clusters
such as intergalactic light.

Ultra-compact Dwarf Galaxies: New Constituents of Clusters
M. J. Drinkwater (U Queensland), M. D. Gregg (UCD), M. Hilker (Bonn), W.
J. Couch (UNSW), H. C. Ferguson (STScI), B. Jones (Nottingham), S. Phillipps
(Bristol)

Abstract. In the course of our all-object Fornax Cluster Spectroscopic Sur-
vey, using the Anglo-Australian Telescope’s 2dF spectrograph, we discovered a
new population of physically small ultra-compact dwarf (UCD) galaxies. Unre-
solved from the ground, these objects have been overlooked by previous galaxy
surveys although clearly visible on 30-year-old sky survey plates. We present
high-resolution imaging (HST) and spectroscopy (VLT and Keck) of the Fornax
UCDs. They are qualitatively different from both globular star clusters and all
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known galaxy types: we have discovered an entirely new class of galaxy. The
data are consistent with our hypothesis that UCDs are the remnant nuclei of
nucleated dwarf galaxies which have been tidally stripped by the central galaxy
of the cluster. We suggest that part of the huge globular clusters populations
around central cluster galaxies are really UCDs and not globular clusters at all.
Based on our UCD formation hypothesis, we predicted that a similar population
would exist in the Virgo Cluster. In just 3 hours of 2dF service time we measured
redshifts of 900 objects towards the Virgo Cluster and identified 9 UCDs. UCDs
appear to be a common product of galaxy evolution in the cluster environment.

The Evolution of Active Galaxies in Clusters
Philip Best (IfA Edinburgh)

Abstract. Recent deep studies at radio, sub-mm and X-ray wavelengths of
both low and high (z ∼ 1) redshift clusters are reviewed, to investigate the ac-
tive galaxy content of these clusters. These results show that clusters, especially
at intermediate and high redshifts, contain a significant population of powerful
active galaxies, which would not be identified as such by either imaging or spec-
troscopy at optical wavelengths. Studies of this active galaxy population are
on-going, and offer the opportunity to shed light on the triggering, fueling and
suppression of active and star–forming galaxies, as well as on the evolutionary
status of the high redshift clusters themselves.

Chandra X-ray Observations of 5 Radio Galaxies with z = 2–2.6
D. E. Harris (SAO), R. Overzier (Leiden), C. L. Carilli (NRAO), J. Kurk (Lei-
den), G. K. Miley (Leiden), L. Pentericci (MPIA Heidelberg), H. Rottgering
(Leiden), and W. van Breugel (LLNL)

Abstract. We report on Chandra observations of 20 ks each on the high red-
shift radio galaxies 0156−252, 0406−244, 0828+193, 2036−254, and 2048−272.
These data were obtained to evaluate the amount of hot gas around the ra-
dio galaxies (none was found, M < few × 1012 M¯); to determine if there is
an over-density of AGN in the fields surrounding the radio galaxies (prelimi-
nary results are negative); and to ascertain if some of the X-ray emission could
be non-thermal (we detected emission consistent with the IC/CMB process for
hotspots/lobes in 4 of the 5 targets). In 4 cases the nucleus of the host galaxy
is detected, and for 3 targets there is off-nuclear emission aligned with the ra-
dio axes. One extended X-ray source was detected adjacent to a radio galaxy.
If it were at the same redshift, it would be of order 100 kpc in diameter with
LX = 1044 erg s−1. The work at SAO was partially supported by NASA grant
GO2-3139B and contract NAS8-39073.

Cooling Cores and Radio Mini-Halos
M. Gitti (Innsbruck; IRA-CNR Bologna), G. Brunetti (IRA-CNR Bologna), G.
Setti (Bologna), L. Feretti (IRA-CNR Bologna)

Abstract. We have recently developed a model for the origin of radio mini-
halos, observed in some cooling flow clusters, as due to synchrotron emission
from relativistic electrons re-accelerated by MHD turbulence. The MHD turbu-
lence, naturally present in the ICM, is assumed to be frozen into the compressed
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thermal ICM and thus amplified in the cooling region. Here we present the appli-
cation of this model to the mini-halo candidates observed in the Perseus cluster
and in A2626. A very good agreement between the model and observations is
found for the three observables: surface brightness profile, integrated spectrum
and radial spectral steepening. Our results showed that a relic population of
relativistic electrons can be efficiently re-accelerated by MHD turbulence, with
the necessary power being only a small fraction of the maximum power that can
be extracted by the cooling flow. Observationally, we notice that the strongest
radio mini-halos are found in association with the most powerful cooling flows,
and that cooling flow powers are orders of magnitude larger than the integrated
radio power.

Abell 754: Low Frequency Observations of a Merging Cluster
T. E. Clarke (U Virginia), N. Kassim (NRL), T. Ensslin (MPIA Garching), D.
Neumann (CEA Saclay)

Abstract. In the hierarchical model of structure formation, discrete sources
form from the collapse of initial density enhancements and subsequently grow
through gravitational effects. Clusters of galaxies are thought to form at the
intersection of large scale filaments and are expected to undergo a number of
merger events. These mergers are highly energetic (1063–1064 erg) and provide
significant energy input into the intra-cluster medium (ICM) through shocks and
turbulence which can lead to amplification of magnetic fields and acceleration
of relativistic particles, thus triggering synchrotron emission in the ICM. We
present results from a low frequency VLA study of the merging cluster Abell
754. Optical and X-ray data reveal that this cluster has undergone a major
merger event. The radio data reveal two clear regions of diffuse synchrotron
emission, one concentrated in the cluster center and the other located on the
edge of a bar-like structure found in the X-rays. We discuss the spectral index
of the relativistic particles and compare the radio and X-ray emission of Abell
754. Comparing the spatial and spectral distribution of the relativistic particles
to the X-ray temperature maps provides additional information on the nature
of the complex merger within this cluster.

Cluster Soft Excess Emission in the XMM/Newton Era
Richard Lieu (Alabama), Jonathan Mittaz (Alabama)

Abstract. In the XMM Newton era, research on the topic of cluster soft
excess takes a sharp upward turn. The phenomenon is clearly confirmed for
many clusters, moreover its thermal warm gas origin is established for the outer
parts of five clusters through the detection of O VII emission at the cluster
redshift. Since this line is not present in the inner soft excess spectra, the warm
gas may reside in filaments projecting from a cluster and accounting in total
for a lot of ‘missing baryons’. Nonetheless, the mystery of the inner soft excess,
which is bright enough to remain clearly visible even in the cooling flow regions
where the hot intra-cluster medium is very luminous, can only be explained as
inverse Compton emission. By using the clusters A1795 and AS1101 as test
cases, we modeled the central soft excesses with a power law and in this way
evaluated the observed cosmic rays pressure. In each case the parameter values
indicate that the pressure is at least sufficient for equipartition between cosmic
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rays and gas. Thus there is compelling evidence that the soft excess emission in
clusters centers and the cooling flow riddle are really one and the same problem.

Deep WSRT 0.35–1.4 GHz Imaging of the Perseus Cluster
Ger de Bruyn (ASTRON) & Michiel A. Brentjens (Gröningen)

Abstract. We present new radio observations at 0.35 GHz of the Perseus
cluster taken in Dec 2002 with the new wide-band correlator at the WSRT. The
data have been combined with existing, extremely high dynamic range observa-
tions at 1.4 GHz, to analyze the diffuse synchrotron emission from the existing
radio galaxy population, the halo from NGC1275 and its cooling flow and the
intra-cluster medium extending to 1 Mpc radius. The relation between the ra-
dio and X-ray morphologies can be compared in detail. We have also detected
widespread polarized emission which we interpret as due to a combination of
Galactic foreground emission and Thomson scattered emission from the central
radio source off the hot cluster gas. Our wide-band data furthermore allow us
to study the radial dependence of the cluster and foreground Rotation Measure.
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MODEST: Modeling Stellar Evolution and
(Hydro)dynamics

Piet Hut

Institute for Advanced Study, Princeton, NJ 08540, USA

Abstract. Simulations of dense stellar systems currently face two major
hurdles, one astrophysical and one computational. The astrophysical problem
lies in the fact that several major stages in binary evolution, such as common
envelope evolution, are still poorly understood. The best we can do in these
cases is to parameterize our ignorance, in a way that is reminiscent of the intro-
duction of a mixing length to describe convection in a single star, or an alpha
parameter in modeling an accretion disk. The hope is that by modeling a whole
star cluster in great detail, and comparing the results to the wealth of obser-
vational data currently available, we will be able to constrain the parameters
that capture the unknown physics. The computational problem is one of com-
position: while we have accurate computer codes for modeling stellar dynamics,
stellar hydrodynamics, and stellar evolution, we currently have no good way to
put all this knowledge together in a single software environment. A year ago,
a loosely-knit organization was founded to address these problems, MODEST
for MOdeling DEnse STellar systems, with nine working groups and a series
of meetings that are held every half year. This report reviews the first year
of this initiative. Much more detail can be found on the MODEST web site
http://www.manybody.org/modest.html .

1. Introduction

Large-scale computer simulations in astrophysics require teamwork. Gone are
the days that an individual graduate student could write from scratch all the
software needed to model a complex astrophysical system. Whether a simulation
requires a state-of-the-art stellar evolution code, hydrodynamics code or stellar
dynamics code, it has become standard practice to use a ‘legacy code’. One may
write some modifications and additions, but it is hard to compete with the tens
of person-years that have gone into some of the standard codes.

As a result, codes have steadily grown in complexity within separate disci-
plines in astrophysics, but until recently little effort has been invested to make
these legacy codes compatible across different areas of astrophysics. In the area
of dense stellar systems, the topic of this meeting, the result has been that we
have access to very detailed codes that can model the evolution of individual
stars, other codes that can handle collisions between stars, and yet other codes
that can follow the motion of the whole ensemble of stars. However, none of
these codes come even close to being able to talk with each other.

To let different codes talk together, similar requirements hold as for humans
trying to communicate between cultures and across language barriers: each
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person needs to adapt to some extent to the customs of the other culture, and
there needs to be a dictionary to translate between the languages.

The first requirement reads like a medical oath: first of all, do no harm, i.e.
do not cause the combined codes to halt. It is better that a large-scale simulation
is allowed to come to completion, with messages in a log file indicating where
serious errors may have been made, than to have the simulation halt at each
bend of the road, when one of the modules is not optimally happy.

The second requirement boils down to the definition of specific interfaces,
and a willingness in the community to adopt a standard definition. Producing
such a definition requires a fair amount of care, flexibility and vision, to avoid
the danger of saddling a field with a standard that can hinder future progress.

In the next few pages, I summary recent efforts to let codes cross the bound-
aries of stellar evolution, stellar dynamics and stellar hydrodynamics, in order
to enable next-generation large-scale simulations of dense stellar systems.

2. MODEST-1: New York

It was the goal of the MODEST-1 meeting to begin addressing this problem
of letting codes talk to each other. The workshop was held at the Hayden
Planetarium in the Museum for Natural History in New York City, in June
2002. The MODEST acronym was coined during this meeting, and it can stand
not only for MOdeling DEnse STellar systems, but also for MODifying Existing
STellar codes. The latter description stresses the desirability to start with what
is already available, and to find ways to put it all together, rather than to try
to write a kitchen-sink type over-arching super code from scratch.

The format of the meeting was unconventional. The organizers, Piet Hut
and Mike Shara, polled whether there was enough interest to warrant a work-
shop, and then sent out an email with the following note: “this will be a work-
workshop, not a lectures-workshop. Believe it or not, we have not a single sched-
uled lecture! We are curious to see how this format will work out. Hopefully we
will actually get a lot of work done, together as well as in smaller groups.”

We did. The 34 participants met for five days, splitting up in topical groups
and reporting their results back to the group on a daily basis. Major progress
was made in defining and starting to tackle the two main requirements listed
above, that of culture and translation. Within a few weeks of the meeting, 10 of
the participants had written a review paper, in lieu of proceedings, which was
posted on astro-ph, and subsequently published (Hut et al. 2003).

Also immediately following the workshop a web site was established at
http://www.manybody.org/modest.html , as a place to accumulate general in-
formation, demos, toy models, links to more detailed models and simulation
software, etc. At the same time an email list was started, with occasional
announcements of major events and progress reports. The web site contains
instructions for subscribing to this email list.

As a result of the great enthusiasm displayed during the first workshop, it
was decided to hold similar meetings frequently enough so as to enable ongoing
projects to be critiqued at each meeting. Such peer-review feedback is essential
for the health of any really large-scale project, and therefore a frequency of
two meetings per year was chosen as an optimal compromise. While individual
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projects could of course use more frequent reviews, getting the main players
together every half year was already seen as quite a challenge. It was a challenge
that was met, it turns out, judging from the attendance of each of the following
two workshops, between 30 and 40 people, comparable to that of MODEST-1.

3. MODEST-2: Amsterdam

MODEST-2 was organized by Simon Portegies Zwart en Piet Hut, at the Uni-
versity of Amsterdam, Holland, in December 2002. This workshop followed a
similar format: there were no scheduled talks. Instead, individual participants
sometimes showed a couple view graphs, to illustrate a particular point. Also,
during the first day a number of specific topics of interest were formulated, and
speakers were invited to give an impromptu brief introduction to each topic. In
this way, eight short talks were delivered by participants outlining how their own
work was fitting into the MODEST framework, what they wanted to get out of
participation in MODEST, what the most relevant questions were for their area,
and what they had accomplished since MODEST-1.

During the previous workshop in New York, a broad discussion had been
started concerning the question when to use full-blown stellar evolution codes
and when to use approximate recipes. This discussion was continued in Amster-
dam. The conclusions reached were similar, but more refined in detail: to use
recipes for single stars; a mix of recipes and codes for interacting binaries; and
‘life’ stellar evolution codes for merger products. Given the very many ways that
stars can form from single or even repeated mergers, there is just no way that
we can expect to construct a grid of model tracks to anticipate the specific needs
for evolving such merger products. Not only will the chemical compositions be
different from standard values, but incomplete mixing of the progenitor stars
will add a full functional amount of degrees of freedom.

Another outcome of this workshop was the organization of eight working
groups, listed below (the ninth working group was added during MODEST-3).
The main MODEST web site now contains pointers to these working groups.
While Steve McMillan is the webmaster for the main web site, the following
people are the contact persons for the web sites of the individual working groups:

Working Group Contact Person

Star Formation Ralf Klessen
Stellar Evolution Onno Pols
Stellar Dynamics Rainer Spurzem
Stellar Collisions Marc Freitag
Simulating Observations of Simulations Simon Portegies Zwart
Data Structures Peter Teuben
Validation Douglas Heggie
Literature Melvyn Davies
Observations Giampaolo Piotto

The highlights of the workshop appeared on astro-ph within a few weeks after
concluding the meeting, and were published as a review (Sills et al. 2003).
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4. MODEST-3: Melbourne

The third workshop was held at Monash University in Melbourne, Australia,
and was organized by Rosemary Mardling and Piet Hut. The meeting was held
in early July 2003, in the three days before the General Assembly assembled
in Sydney. In contrast to the previous two workshops, we experimented with a
more traditional style of scheduled presentations (For the detailed program with
speakers, titles, and abstracts, see the MODEST-3 web site
http://www.manybody.org/modest/Workshops/modest-3.html).

These talks filled the first two days of the meeting. In the morning of the
third day, each of the working groups reported about their progress, and a ninth
working group was added to focus on observations. The afternoon featured an
open discussion. One of the outcomes was a series of proposals for extending the
web site, by including a page for job opportunities and another page for project
proposals. Examples of the latter can be notes from people who have observa-
tional data sets, for which they invite theoreticians to join them in simulations
of the systems observed; or simulators who have large data sets for which they
invite students to join them in analyzing the results.

After all the informal discussions during the first two workshops, this meet-
ing with more formal talks played a complementary role, as a one-time occasion
to inform people from all three fields (evolution, dynamics, hydrodynamics)
about the main activities in the other fields. Subsequent workshops will return
to the old format of more free-wheeling discussions, starting with MODEST-4,
in January 2004 at Geneva Observatory, located between Geneva and Lausanne
in Switzerland.

5. Future Meetings and Activities

The MODEST initiative has grown in one year from an initial informal meeting
into a broad framework to facilitate collaborations across boundaries between
various disciplines within computational astrophysics. So far, these collabo-
rations have taken on the form of sharing codes, defining and building code
interfaces, developing demos, writing review papers, applying for joint grants,
and starting joint research projects. Future workshops may coincide with the
organization of MODEST summer schools and other teaching activities, as well
as outreach projects aimed at the general public. MODEST is an open forum:
we invite anyone interested in simulations of dense stellar systems to join us.
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Black Hole Binary Mergers

Junichiro Makino

Department of Astronomy, School of Science, The University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

Abstract.
I overview the current understanding of the evolution of massive black

hole (MBH) binaries in the center of the host stellar system. One of the main
questions is whether the stellar dynamical effect can make the MBH binary
hard enough that they can merge through gravitational wave radiation. So far,
theories and numerical simulations suggested otherwise, since the hardening time
scale becomes very long once ”loss cone” is depleted. I’ll present the result of
recent simulations on this hardening time scale, and discuss its implication on
the formation history of massive black holes.

1. Introduction

There are now plenty of evidences that many, if not most, of giant ellipticals con-
tain massive central black holes (Magorrian et al. 1998). Also, it has been sug-
gested that the black hole mass MBH shows tight correlation with the spheroidal
mass and the central velocity dispersion (Gebhardt et al. 2000; Ferrarese &
Merritt 2000). The most straightforward explanation of such correlation is that
massive galaxies are formed by merging of less massive galaxies, and that the
central black hole also grows through merging (Kauffmann & Haehnelt 2000).
This merging scenario naturally explains the observed correlations.

This merging scenario has additional important characteristic that it nicely
explains the observed structure of the central region of massive elliptical galax-
ies. High-resolution observations by HST revealed that the “cores” of the giant
elliptical galaxies are not really cores with flat volume density, but very shallow
cusps expressed as ρ ∝ r−α, where ρ is the volume luminosity density and r is
the distance from the center, with power index α = 0.5 ∼ 1 Gebhardt et al.
(1996), Byun et al. (1996). Makino & Ebisuzaki (1996) performed the simula-
tion of repeated mergers of galaxies with central black holes. They found that
the structure of the merger converges to one profile. The merger product has a
central cusp around the black hole with slope approximately −0.5, and the total
mass of the stars in the cusp region is around the mass of the black hole binary.
Nakano & Makino (1999b), Nakano & Makino (1999a) showed, by combination
of simple N -body simulation and an analytic argument, that this shallow cusp
is explained by the fact that distribution function of stars has a lower cutoff
energy E0. Their analytic argument naturally explains the observed correlation
between the cusp radius and the black hole mass.

One remaining problem is what will happen to the binary black hole. Begel-
man et al, (1980) [hereafter BBR] predicted that the hardening of the BH binary

339



340 Makino

would be halted once it ejected all the stars in its “loss cone”. Early numerical
simulations Makino et al. (199), Mikkola & Valtonen (1992) could not cover
the range of the number of particles (relaxation time) wide enough to see the
change in the time scale. Recent studies Makino (1997), Quinlan & Hernquist
(1997), Chatterjee et al. (2003), Milosavljevic & Merritt (2001) reported the
results, which are not only mutually inconsistent but also inconsistent with the
theoretical prediction. BBR predicted that after the stars in the loss cone is
depleted, the hardening time scale would be the relaxation time scale of the
parent galaxy, since in the relaxation time scale stars would diffuse into the loss
cone. The results of numerical simulation ranges from no dependence on the
relaxation time scale (Milosavljevic & Merritt 2001), to some dependence with
upper limit in the time scale (Quinlan & Hernquist 1997; Chatterjee et al. 2003),
and finally to weaker-than-linear dependence (Makino 1997).

Thus, it has been an open question whether or not the loss-cone depletion
occurs. Some even argued that numerical simulations would not help in deter-
mining the fate of a BH binary. Here, we present the result of our resent N -body
simulations with up to 1M particles, where we saw a clear sign of the loss-cone
depletion.

2. Numerical method and Initial Models

The details of the model is given elsewhere (Makino & Funato 2003). We
performed N -body simulations using direct summation method on GRAPE-6
(Makino et al 2002). Gravitational interaction between field particles is soft-
ened, while that involves BH particles is not.

The initial galaxy model is a King model with non-dimensional central
potential of W0 = 7. We use the Heggie unit, where the mass M and the virial
radius Rv of the initial galaxy model and gravitational constant G are all unity.
The mass of black hole particles is MBH = 0.01. They are initially placed at
(±0.5, 0, 0) with velocity (0,±0.1, 0).

The largest calculation (1 million particles and up to t = 400) took about
one month, on a single-host, 4-processor-board GRAPE-6 system with the peak
speed of 4 Tflops.

3. Results

Figure 1 shows the time evolution of the specific binding energy (per reduced
mass) Eb of the black hole binary. It is clear that the hardening time scale
becomes longer as we increase N (and thereby the relaxation time).

To quantitatively evaluate the dependence of the hardening rate on the
number of particles, we calculated the hardening rate β (see figure 1). When
Eb = −1, the hardening rate is almost independent of N . However, as the binary
becomes harder, β decreases, and the decrease is larger for larger N . Thus, the
hardening rate β for large values of |Eb| shows strong dependence on the number
of particles N . For Eb = −7, the hardening rate β is almost proportional to 1/N .
In other words, we obtained the result which is consistent with the theory. The
hardening time scale is proportional to the relaxation time scale of the parent
galaxy.
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Figure 1. (Left) the evolution of the specific binding energy Eb of the binary
black hole. Curves are result with N = 10K, 20K, 50K, 100K, 200K, 500K
and 1M (left to right). For all calculations, the softening length is ε = 0.01.
(Right) the hardening rate β = |∆Eb/∆t| plotted as a function of the number
of particles N . Dotted, dash-dotted, dashed and solid curves denote the values
measured from the time at which |Eb| reached 1, 3, 5 and 7, respectively. The
end time is the time at which |Eb| reached initial value +0.5.

4. Discussions

Our present result is consistent with the theory of loss-cone depletion and its
refilling in thermal time scale, while previous numerical results are not. What
caused this difference?

Makino (1997) obtained the dependence much weaker than linear from sim-
ulations with N = 2, 048 to 266,144. If we compare his figure 1 and our figure 1,
the reason is obvious. The value of the binding energy at which the dependence
is measured was rather small. In other words, Makino (1997) did not cover long
enough time.

Quinlan & Hernquist (1997) performed simulations very similar to the ones
presented here. They found that the hardening rate was practically the same
for N = 105 and N = 2× 105. We do not really understand why they obtained
this result. They used the SCF method by Hernquist & Ostriker (1992) and
they varied the masses of particles depending on their initial angular momenta.
We suspect this combination might have complicated the dependence of the
hardening time scale on the number of particles. Chatterjee et al (2003) might
have similar problem.

Milosavljevic & Merritt (2001) performed three runs with 8K, 16K and
32K stars, and found that the hardening rate was independent of the number
of particles. As suggested in their paper, this result is simply because the loss
cone was not depleted in their simulation, primarily because N was too small.
So their result is not inconsistent with ours.

As first suggested by BBR and confirmed by a number of followup works, if
the hardening time scale of the black hole binary is proportional to the relaxation
time scale of the parent galaxy, the evolution time scale of a typical binary
black hole in an elliptical galaxy exceeds the Hubble time by many orders of



342 Makino

magnitude. In other words, the binary is unlikely to merge through encounters
with field stars and gravitational wave radiation.

Our result strongly suggests that the hardening time scale is indeed deter-
mined by the relaxation time scale, for large enough N and after the binary
becomes sufficiently hard. Thus, our result imply that gravitational interaction
with field stars is insufficient to let the binary merge.

If the binary black hole has long lifetime, it is quite natural to assume that
some of the host galaxies which contain binary black holes would further merge
with another galaxy with a central massive black hole or a binary. Simple esti-
mate assuming the thermal distribution of the eccentricity Makino & Ebisuzaki
(1994) suggests that, during repeated three body interactions, the eccentricity of
the binary can reach a very high value, resulting in quick merging through grav-
itational wave radiation. Thus, strong triple interaction of three super-massive
black holes may be common.
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Can Bars be Destroyed by Central Mass Concentrations?
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Abstract. We use N -body simulations to follow the evolution of bars in the
presence of a central mass concentration (CMC). We find that the bar amplitude
decreases in response to the CMC, but the bar is not totally destroyed unless the
CMC mass is several percent of that of the disc. More centrally concentrated
CMCs are more efficient. The bar evolution does not stop after the CMC has
fully grown, but continues well after that time.

1. Introduction

Both strong bars and CMCs can be found in a large fraction of disc galaxies.
Examples of the latter can be black holes or central concentrations of molecular
gas. It is thus necessary to study the dynamics of cases where both bars and
CMCs are present in the same disc. Initially this was attempted by studying the
orbits of individual particles in rigid potentials which have both a CMC and a bar
component (Hasan & Norman 1990, Hasan, Pfenniger & Norman 1993). Such
studies aim towards an understanding of the stability of the individual periodic
orbits, which is necessary in order to assess the possible building blocks from
which a bar can be built. They can not, however, give quantitative information
on how a bar will evolve in the presence of a black hole. Thus these works were
followed by N -body simulations, either 2D (Norman, Sellwood & Hasan 1996,
Hozumi & Hernquist 1998), or 3D but with mainly rigid haloes (Norman et al
1996, Shen & Sellwood 2003). Here we will present results of N -body simulations
in which both the disc and the halo are live, i.e. composed of particles.

2. Results

The initial conditions for our simulations were taken from one of the simulations
of Athanassoula (2003). These started with an exponential disc of unit mass and
scale length. This sets the units of mass and length. For the model described
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here we chose a halo with a core radius half the disc scale length and a mass
five times that of the disc. A bar grows spontaneously in this simulation and
evolves by emitting angular momentum, which is absorbed by the outer disc and
the halo (Athanassoula 2003). For the simulations we present here we use as
initial conditions a time at which the bar has grown quite strong. At that time
we introduce gradually a CMC, which for simplicity is modeled by a Plummer
sphere. We have tried a number of growth times (Tgrow), of final CMC masses
(MCMC), and of CMC scale lengths (RCMC). In this section we will discuss
some results obtained with Tgrow = 100, RCMC = 0.01 and MCMC = 0.1 or
0.05, all measured in computer units. Results for other parameter values will be
very briefly mentioned in the next section and a complete account of our results
will be given elsewhere. The evolution was followed with a treecode (Dehnen
2000, 2002).

Figure 1. The left panel shows the three orthogonal views of the disc com-
ponent at the time the CMC is introduced. The right panel shows the bar
strength for the two simulations discussed in section 2, as a function of time.

The left panel of Fig. 1 shows the three orthogonal views of the disc com-
ponent at the time the CMC is introduced. Seen face-on, the bar is reminiscent
of the strong bars observed in real galaxies. It is long and thin and its isodensi-
ties have a rectangular-like shape in the outer parts (Athanassoula & Misiriotis
2002). Seen edge-on and side-on, i.e. with the line of sight along the bar minor
axis, it displays a characteristic peanut shape.

Fig. 2 shows the disc component 440 computer time units after the CMC has
been initially introduced. Note that in the calibration introduced by Athanas-
soula (2003) the unit of time is 1.4 ×107 yrs, so that 440 computer units cor-
respond roughly to 6 Gyrs. In the simulation with MCMC = 0.05 the bar is
still present, but is considerably shorter and less thin. Its isodensities are more
elliptical-like and in the innermost parts they are near-circular. Seen side-on, it
is now boxy. For MCMC = 0.1 the bar has nearly disappeared (indeed it does so
even more at later times of that simulation) and seen edge-on it has an oblate
shape.
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Figure 2. Three orthogonal views of the disc component towards the end
of the simulations. The left panel corresponds to the simulation with MCMC

= 0.05 and the right one to the simulation with MCMC = 0.1.

The strength of the two bars (here simply defined as the maximum of the
m=2 Fourier component of the density in arbitrary units) is compared as a
function of time in the left panel of Fig. 1. The time is given in computer
units. We note that in the first 20 to 30 time units the bar strength stays
roughly constant. This is followed by a phase of sharp decrease, which lasts
roughly 100 time units. This is followed by a third phase, where the bar still
decreases, but now considerably less fast. This plot, and many similar ones for
other simulations, shows clearly that the decrease of the bar amplitude does not
stop after the CMC has reached its maximum mass, but continues well after
that time.

Fig. 3 shows the amplitude of the m = 2 component of the density as
a function of radius and of time. At the time when the CMC is introduced
the m = 2 component is small in the innermost regions and grows outwards to
reach a maximum, and then decreases. At later times the amplitude of the m
= 2 decreases. This is achieved from the centermost and the outermost parts
simultaneously. This is consistent with what was seen in Fig. 2, which showed
that the innermost contours become rounder and the length of the bar decreases
considerably. All this is much clearer for the case with MCMC = 0.1, but can
also be seen for MCMC = 0.05. Similar plots (not shown here) for the m = 4
component show that this component decays much faster than the m = 2 one.
As a result, the isodensities become elliptical-like before the bar disappears.

3. Summary and Discussion

The main results from a number of simulations (not shown here) are that :

• CMCs with larger masses and/or smaller scale lengths are more efficient
in destroying the bar.
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Figure 3. Amplitude of the m = 2 component of the density as a function of
radius and of time. The left panel corresponds to the simulation with MCMC

= 0.05 and the right one to the simulation with MCMC = 0.1.

• The mass and the scale length of the CMC necessary to destroy the bar
depend on the bar model.

• For all models we tried, a CMC mass of at least several percent of the disc
mass is necessary in order to destroy the bar.

• The final result does not depend much on the CMC growth time

• The evolution does not stop after the CMC has reached its maximum mass.

These and further results will be discussed further elsewhere, where we will
present also comparisons with previous analysis and with observations.
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Abstract. This paper addresses the questions of what we have learned about
how and when dense star clusters form, and what studies of star clusters have
revealed about galaxy formation and evolution. One important observation is
that globular clusters are observed to form in galaxy mergers and starbursts
in the local universe, which both provides constraints on models of globular
cluster formation, and suggests that similar physical conditions existed when
most early-type galaxies and their globular clusters formed in the past. A second
important observation is that globular cluster systems typically have bimodal
color distributions. This was predicted by merger models, and indicates an
episodic formation history for elliptical galaxies. A third and very recent result
is the discovery of large populations of intermediate age globular clusters in
several elliptical galaxies through the use of optical to near-infrared colors. These
provide an important link between young cluster systems observed in starbursts
and mergers and old cluster systems. This continuum of ages of the metal-rich
globular cluster systems also indicates that there is no special age or epoch for
the formation of the metal-rich globular clusters, which comprise about half of
the cluster population. The paper concludes with a brief discussion of recent
results on the globular cluster - low-mass X-ray binary connection.

1. Globular Cluster Formation

A natural starting point for the discussion of galaxies and globular cluster sys-
tems is the formation of globular clusters (GCs). Any model of the formation of
globular cluster systems and their host galaxies that does not include a consid-
eration of how the globular clusters themselves form is necessarily incomplete.
Fortunately, nature has provided us nearby examples of GC formation, most
dramatically revealed in HST images (e.g. Whitmore et al. 1999, Zepf et al.
1999). The formation of globular clusters in galaxy mergers was predicted by
Ashman & Zepf (1992) and Schweizer (1987) and then confirmed by many sub-
sequent HST observations. Moreover, as discussed at this meeting by Bruce
Elmegreen, these observations are providing an important testing ground for
theoretical work on GC formation (e.g. Elmegreen 2002, Ashman & Zepf 2001).

2. Key Properties of Globular Cluster Systems

A second key point is the bimodality typical of the color distributions of early-
type galaxies. The bimodality of early-type galaxy globular cluster systems was
first discovered about ten years ago (Zepf & Ashman 1993), and has now been
confirmed to be typical by extensive studies of archival HST data (Kundu &
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Whitmore 2001, Larsen et al. 2001). The data show that roughly half of the
GCs are blue (metal-poor) and half are red (metal-rich, i.e. very roughly solar
or somewhat less). There is little or no trend of the red/blue ratio with galaxy
luminosity or globular cluster number (e.g. Rhode & Zepf 2003).

The observed bimodality in the cluster systems of elliptical galaxies has im-
portant implications for the formation of globular clusters and galaxies. Firstly,
bimodality was predicted by Ashman & Zepf (1992) to result from elliptical
galaxy formation by mergers of disk galaxies, mostly at z >∼ 1, and so the ob-
servation was in agreement with an earlier theoretical prediction. Moreover,
regardless of the specific model, bimodality requires an episodic formation his-
tory for elliptical galaxies, and not a single formation event. Secondly, most of
these events also have to occur at least ∼ 8 Gyr ago in order for the metal-rich
GCs to become red enough to produce the color bimodality from the metallicity
bimodality. However, even if most of the major formation events take place at
z >∼ 1, some will take place more recently, and to make the picture complete,
we should be able to identify and characterize these. This has recently been
achieved, as discussed in the following section.

3. Intermediate Age Globular Cluster Systems

The discovery of intermediate age globular cluster systems in elliptical galax-
ies is important because it links the young systems observed in mergers to the
traditional old GC systems. A key observational advance has been the use of
optical to near-infrared colors to break the age-metallicity degeneracy to iden-
tify intermediate age, ∼ solar metallicity globular clusters (which are effectively
indistinguishable from lower metallicity, older clusters in optical colors alone).

The breakthrough in identifying intermediate age clusters came in two ways.
Puzia et al. (2002) discovered a large population of intermediate age globular
clusters in the otherwise fairly normal elliptical galaxy NGC 4365. Subsequent
spectroscopy of a subset of the Puzia et al. clusters confirmed the effectiveness of
their optical to near-infrared technique (Larsen et al. 2003). While Puzia et al.
(2002) demonstrated that some quiescent ellipticals had a major formation event
in their not so distant past, Goudfrooij et al. used similar techniques to identify
a major intermediate-age globular cluster population in the disturbed galaxy
NGC 1316. More recently, Hempel et al. (2003) found a significant intermediate-
age cluster population in NGC 5846. Both Puzia et al. and Hempel et al. also find
galaxies without intermediate age populations, as expected since the common
bimodal systems are probably not intermediate-age. However, the presence of
intermediate age systems shows that the age distribution of cluster systems is
continuous from very young to very old, with all ages present. The formation
of these clusters traces out the starburst histories of their host ellipticals, which
appears to be complex and to occur over a significant range of times.

4. Globular Cluster - Low-Mass X-Ray Binary Connection

Since this is a dynamics session, and GCs are fertile ground for the study of
stellar dynamics, it is relevant to note that the dynamical interactions between
stars play an important role in understanding X-ray emission from elliptical
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galaxies. This is because roughly half of all X-ray binaries seen in Chandra
images are located in GCs (see upcoming review by Verbunt & Lewin 2003 and
references therein). Moreover, the dynamical formation of X-ray binaries in
GCs may be the dominant process in early-type galaxies, since sources not now
in GCs may have been formed there and ejected or been in clusters that were
disrupted (e.g. Maccarone, Kundu, & Zepf 2003). The study of the GCs hosting
low-mass X-ray binaries also provides constraints on the physics of X-ray binary
formation and evolution. In particular, there is a strong metallicity dependence
and no strong age dependence (Kundu et al. 2003 and references therein).
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Abstract. We present results of N -body simulations on the formation of
massive black holes by run-away merging in young star clusters and the later
dynamical evolution of star clusters containing massive black holes. We deter-
mine the initial conditions necessary for run-away merging to form a massive
black hole and study the equilibrium profile that is established in the cluster
center as a result of the interaction of stars with the central black hole. Our
results show that star clusters which contain black holes have projected lumi-
nosity profiles that can be fitted by standard King models. The presence of
massive black holes in (post-)core collapse clusters is therefore ruled out by our
simulations.

1. Introduction

It has long been suspected that black holes with masses of a few hundred to a
few thousand solar masses exist in the centers of some star clusters. Nevertheless
observational evidence for their presence has been slow to accumulate. One of
the best candidates to harbor a black hole is MGG-11, a young star cluster in
the star-burst galaxy M82. Matsumoto et al. (2001) and Kaaret et al. (2001)
have performed X-ray imaging of the central kpc of M82 and found an ultra-
luminous X-ray source with a luminosity that corresponds to a mass of more
than 700 M¯ if the object is accreting at the Eddington rate. Optical follow-up
observations have shown that the position of the X-ray source coincides with
that of MGG-11. McCrady et al. (2003) have obtained surface photometry and
spectroscopy for a sample of star clusters in M82 and found that MGG-11 is
deficient in low-mass stars. In addition, the cluster also had the smallest half-
mass radius of all clusters in their study. Both findings imply that MGG-11 has
a short relaxation time, so it seems possible that runaway collision of the most
massive cluster stars could have formed a black hole.
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Figure 1. Mass of the most massive star for three clusters starting from
King models with different central concentrations. Clusters with central con-
centrations W0 ≥ 9.0 go into core-collapse quickly enough so that runaway
merging leads to the formation of a star with several thousand solar masses.
Asterisks mark the time of collapse of the runaway star to a black hole.

2. Simulations of run-away merging

In order to test if run-away merging can happen in MGG-11, we simulated the
cluster evolution by N -body simulations. Our clusters contained N = 131.072
stars which initially followed a Salpeter IMF between 1.0 and 100 M¯. This leads
to a total cluster mass and mass-to-light ratio which is in agreement with the
observations. Since the density profile is not well known, we simulated clusters
starting from King profiles with central concentrations in the range 7.0 ≤W0 ≤
12.0. The simulations were run for T = 12 Myrs, which is compatible with the
age of MGG-11 as found by McCrady et al. (2003). The initial half-mass radii of
our clusters were adjusted such to match the observed cluster radius rhp = 1.2
pc after T = 12 Myrs.

Fig. 1 shows the mass of the most massive star as a function of time for
three different clusters. For a W0 = 7.0 King model, the merger rate remains low
throughout the simulation since the central density is low initially and the core
collapse time is longer than the lifetime of the most massive cluster stars (about
3 Myrs). Hence the cluster starts expanding due to stellar evolution mass-loss
before it can go into core-collapse and no run-away merging occurs.

King W0 = 9.0 and W0 = 12.0 models go into core-collapse quickly enough
to concentrate a large fraction of their heavy mass stars in the center. Due
to their large radii and masses collisions happen predominantly between the
massive stars and lead to the formation of a super-massive star with a mass
of more than 2000 M¯ before going supernova. After the star is turned into a
black hole, the merging activity declines. We conclude that an intermediate-mass
black hole could have formed in MGG-11 if the initial cluster concentration was
larger than W0 ≈ 9.0. Since this is a typical concentration for globular clusters,
it seems entirely possible that an intermediate mass black hole has formed in
MGG-11.
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Figure 2. Density profile after T=12 Gyrs of a star cluster containing N =
131.072 stars and a central massive black hole of 1000 M¯. In the center, a
power-law profile with slope α = 1.45 is established in three dimensions (Fig.
2a). This leads to an almost flat luminosity profile in projection (Fig. 2b).

3. Dynamical evolution of star clusters with massive central black
holes

After its formation, a massive black hole is likely to stay in the center of its
parent cluster because it is too heavy to be expelled through close three-body
interactions with other cluster stars. One might therefore expect that some
galactic globular clusters contain massive black holes. Possible ways to detect
them include the emission of gravitational waves if the black hole is in a tight
binary with another black hole or neutron star, or the comparison of the central
light and velocity profile with kinematical models. In order to study how star
clusters with massive black holes evolve, we simulated the evolution of multi-
mass clusters containing a 1000 M¯ black hole in their center. The studied
clusters started with a Kroupa (2001) IMF between 0.1 and 30M¯ and contained
between 16.384 and 131.072 cluster stars. The simulations were performed for a
duration of 12 Gyrs. Fig. 2 shows the final density profile for the cluster which
started with N = 131.072 stars.
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In three dimensions, the central density profile follows a power-law distri-
bution ρ ∼ r−α with slope α = 1.45. This is slightly flatter than the results
obtained from Fokker-Plank and Monte Carlo simulations: α = 1.75 (Bahcall
& Wolf 1976, Cohn & Kulsrud 1978). One reason is that in the Fokker-Plank
and Monte Carlo simulations the black hole was assumed to be at rest in the
cluster center while in a real globular cluster it moves around in the center as
a result of encounters with passing unbound stars. This leads to a flattening of
the central profile. The projected distribution of bright stars is shown in Fig.
2b. It can be seen that the bright stars have a more or less constant density
core. A cluster with a massive black hole in its center would therefore appear
as a standard King profile cluster to an observer. We obtain the same results
for clusters with other particle numbers.

4. Conclusions

We have performed simulations of the formation of massive black holes in star
clusters and the later dynamical evolution of such systems. The ultra-luminous
X-ray source in M82 might be an intermediate mass black hole formed through
runaway merging of stars in a star cluster during the first 3 million years after
cluster formation. We expect that star clusters with massive black holes will
develop power-law cusps with relatively shallow slopes. It seems unlikely that
massive black holes can be present in core-collapse clusters like M15, since in
such clusters the central luminosity profile increases too steeply. Clusters with
high central densities which appear to have a near constant density core might
however be good places to look for massive black holes. A more detailed discus-
sion of our results will be published in forthcoming papers (Portegies Zwart et
al. 2003, Baumgardt et al. 2003).
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Abstract. I argue that the widely adopted framework of stellar dynamics
survived since 1940s, is not fitting the current knowledge on non-linear systems.
Borrowed from plasma physics when several fundamental features of perturbed
non-linear systems were unknown, that framework ignores the difference in the
role of perturbations in two different classes of systems, in plasma with Debye
screening and gravitating systems with no screening. Now, when the revolution-
ary role of chaotic effects is revealed even in planetary dynamics i.e. for nearly
integrable systems, one would expect that for stellar systems, i.e. non-integrable
systems, their role have to be far more crucial. Indeed, ergodic theory tools al-
ready enabled to prove that spherical stellar systems are exponentially instable
due to N-body interactions, while the two-body encounters, contrary to existing
belief, are not the dominating mechanism of their relaxation. Chaotic effects
distinguish morphological and other properties of galaxies. Using the Ricci cur-
vature criterion, one can also show that a central massive object (nucleus) makes
the N-body gravitating system more instable (chaotic), while systems with dou-
ble nuclei are even more instable than those with a single one.

1. On the current framework of stellar dynamics

Since this is a Joint Discussion at IAU General Assembly, I allow myself to
start from some general but also provocative remarks; for detailed refs see (Al-
lahverdyan, Gurzadyan 2002). The current framework of stellar dynamics is
the one summarized in Chandrasekhar’s book of 1942. That framework was
borrowed earlier from the plasma physics when many features of perturbed non-
linear systems were unknown. This resulted in the ignorance of the drastic dif-
ference in the role of perturbations for two different classes of systems, plasma
and gravitating systems: with Debye screening and justified cutoff of perturba-
tions for the former, and long range interaction and no screening for the latter.
Correspondingly, the two-body (Rutherford) scatterings, i.e. neglecting the per-
turbations of other particles of the system, were a priori assumed as the universal
mechanism of relaxation of stellar systems,3 even though it failed to explain even
elliptical galaxies, the most well-mixed systems in the Universe, predicting time
scales exceeding their age (Zwicky paradox).

Does the framework of stellar dynamics fit the current knowledge of the non-
linear systems? To address this question maximally briefly, I will concentrate

3The two-body relaxation is postulated also in kinetic (diffusion coefficients) and other ap-
proaches to stellar dynamics.
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only on nearly integrable systems, linked with planetary dynamics and on non-
integrable ones, i.e. on the class of systems, the stellar systems belong to.

Nearly integrable systems. I will illustrate the scale of changes occurred
since 1940s mentioning two works, the Kolmogorov theorem (1954) and Fermi-
Pasta-Ulama (FPU, 1955) experiment.

Done practically at the same time, at the different sides of the iron curtain,
in Moscow and Los Alamos, both works came to contradict the views held almost
during half a century, since Poincare’s theorem on the perturbed Hamiltonian
systems. Kolmogorov theorem (now the main theorem of Kolmogorov-Arnold-
Moser (KAM) theory) had tremendous impact on the study of dynamical sys-
tems, including the dynamics of the Solar system. FPU has inspired numerous
studies (including the discovery of solitons), however in spite of much efforts,
the dynamics of that 64-particle nonlinearly interacting one-dimensional system
remains not completely understood up to now. Maybe this lesson has to be
taken into account also for stellar dynamics.

Non-integrable systems. After the discovery of the metric invariant by
Kolmogorov (1958), KS-entropy, and introduction of K-systems (Kolmogorov,
1959), ’an unexpected discovery’ (to quote Arnold) was made in 1960s (Anosov,
Sinai, Smale) on the structural stability of exponentially instable systems. The
emerged ergodic theory provided the classification of non-integrable systems by
their statistical properties, with corresponding criteria and tools, though the
latter not always were easy to apply for a given physical system. Those achieve-
ments enabled to attack several long standing problems such as the relaxation
of Boltzmann gas, and served as the framework for the study of chaos during
the following decades.

KAM theory ideas when applied in planetary dynamics by Laskar, Tremaine
and others revealed the fundamental role of chaos in the evolution of the Solar
system, predicting the possible escape of Mercury from its orbit due to chaotic
variations of the eccentricity, chaotic variations of the obliquity of Mars and the
stabilization of the same effect by the Moon in the case of Earth (Laskar). So,
if already for planetary systems i.e. for nearly integrable systems, the chaotic
effects due to small perturbations of planets lead to such unexpected results,
how can stellar systems, i.e. non-integrable many-dimensional systems avoid
the influence of chaos due to the perturbations of N particles?

Ergodic theory tools were applied in stellar dynamics in (Gurzadyan, Savvidy
1984, below GS), where the spherical systems were shown to be exponentially
instable systems and the time scale of tending to micro-canonical state (the re-
laxation time) was estimated using the standard Maupertuis re-parameterization
for the geodesic flow, as follows from the theorems of ergodic theory.4

More important, the results in GS and in (Pfenniger 1986) (using the Lya-
pounov formalism) came to reveal that, the plasma analogy in the linear (!) sum
of scattering angles at subsequent two-body scatterings is irrelevant for a long-

4The Maupertuis re-parameterization of the affine parameter (time) of the geodesics corresponds
to the conservation of total energy of the system. Numerical experiments without such re-
parameterization performed first by Miller in 1964, repeated later by Heggie, Hut, Kandrup
and others, therefore violate the energy conservation condition and have no link with the
mentioned statistical properties and relaxation of the system.
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range non-linear system’s dynamics, and N-body scatterings do contribute to the
statistical properties and hence in the relaxation of stellar systems. Particularly,
the formula derived in GS for the relaxation time scale due to non-linear effects
provided enough time for the relaxation of elliptical galaxies. By now that for-
mula is supported by numerical simulations, alternative theoretical derivation,
observational data on globular clusters and elliptical galaxies; see refs in (Al-
lahverdyan, Gurzadyan 2002).

There are preliminary indications from deep surveys on the existence of
elliptical galaxies at redshifts z > 4, i.e. of 10 per cent of their present age. If
confirmed, this fact would moreover require more rapid mechanism of relaxation
than the two-body one. The chaotic effects are not only responsible for the
relaxation and evolution of globular clusters and elliptical galaxies, but also they
are indicators of the morphological type and other properties of galaxies. How
many decades are needed to realize the necessity of replacement of the ’plasma’
framework of stellar dynamics and abandoning of the two-body relaxation myth?

2. Relative instability of stellar systems

I will now briefly discuss the problem of relative instability of stellar systems,
concentrating particularly on the role of central massive objects, in view of recent
progress in their studies in the cores of galaxies and globular clusters. The results
are obtained by means of the above mentioned ergodic theory formalism.

In accord to the criterion introduced in (Gurzadyan, Kocharyan 1988)
among two systems the one with smaller negative Ricci curvature ru has to be
considered as more instable. For N-body gravitating systems the Ricci curvature
equals

ru(s) = −(3N − 2)
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mi denote the masses, u is the velocity of geodesics with affine parameter s
in the configuration space. The minimal values of the Ricci curvature have to
be compared within given interval of the affine parameter. The contribution of
direct impacts of stars, i.e. when two stars get the same coordinates, is neglected
in Eq.(1), as they are rare events for real stellar systems.

The idea is based on the average description of the exponential deviation
of geodesics in the configuration space with sign-indefinite curvature tensor.
The latter condition appears to be fulfilled for N-body gravitating systems thus
indicating the diversity of possible configurations with very different properties,
from semi-regular planetary systems to mixing spherical systems. The ru(s) is
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related with the Ricci tensor Ric by the following expression

ru(s) =
Ric(u, u)

u2
.

This criterion has a principal difference from that of Lyapounov exponents, since
provides local in time characteristics of the system and hence does not require
’infinite’ iterated computations.

Numerical experiments using this criterion have been performed for various
N-body configurations by Bekarian, El-Zant, Melkonian, Kocharyan and oth-
ers. It is natural to see that, for example, disk configurations with rotational
momentum are more regular than spherical ones. More rigorous consideration
based on Arnold’s theorem (1966) on one-parametric groups of manifolds with
right-invariant Riemannian metric enables one to conclude that the Galactic disk
does not possess the property of mixing (and hence the corresponding relaxation
time scale), as spherical stellar systems do.

The following classification for the systems of our interest by the increase
of statistical properties is emerging from numerical experiments:

1. Spherical systems;
2. Systems with a massive central object (nucleus);
3. Systems with double nuclei.
The role of a massive center, with similar conclusions, has been studied

using other methods by van Albada, Norman, Rauch, Tremaine and others. We
now see that double (or binary) massive objects, like those apparently observed
in galaxies Markarian 273, Arp 220, have to make the system even more chaotic,
i.e. with further increase in the rate of evolution driving effects (Bekarian,
Melkonian 2000).

The topics mentioned above on the role of non-linear effects in stellar dy-
namics gain more importance in view of ever increasing possibilities of numerical
experiments (Makino 2003).
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Abstract. Turbulence, self-gravity, and cooling convert most of the inter-
stellar medium into cloudy structures that form stars. Turbulence compresses
the gas into clouds directly and it moves pre-existing clouds around passively
when there are multiple phases of temperature. Self-gravity also partitions the
gas into clouds, forming giant regular complexes in spiral arms and in resonance
rings and contributing to the scale-free motions generated by turbulence. Dense
clusters form in the most strongly self-gravitating cores of these clouds, often
triggered by compression from local stars. Pre-star formation processes inside
clusters are not well observed, but the high formation rates and high densities of
pre-stellar objects, and their power law mass functions suggest that turbulence,
self-gravity, and energy dissipation are involved there too.

1. Many Scales of Star Formation

Star formation has many scales. Giant star complexes extend for ∼ 500 pc along
spiral arms and disperse in the inter-arm regions. The clouds that form them
are usually visible in HI surveys, and their cores are visible in CO surveys (Gra-
belsky et al. 1987). These clouds are mildly self-bound by gravity (Elmegreen
& Elmegreen 1987; Rand 1993), so they are like any other star-forming clouds:
virialized, supersonically turbulent, and producing stars in perhaps several gen-
erations with an efficiency of ∼ 10%. The star formation process is confined to
the densest cores of these clouds, where gravity is strong and thermal pressure
is weak. Between these extremes of scale, the gas temperature decreases and the
molecular content increases, but the physical processes that cause stars to form
in aggregates do not change much. These processes are a combination of multi-
scale and repetitive compressions from supersonic turbulence and self-gravity,
energy dissipation through shocks and magnetic diffusion, and collapse from
overwhelming gravitational forces. Some of the complexity of star-formation
dynamics is shown in the simulations by Bate, Bonnell, & Bromm (2003).

2. Scale-dependent Morphologies

Corresponding to the many scales of star formation, self-gravitating clouds have
a wide range of masses, from ∼ 107 M¯ to less than 1 M¯ in our Galaxy. What
a cloud produces is called a star cluster only if its mass exceeds ∼ 100 M¯ (Lada
& Lada 2003). Other than this, there is no characteristic or dominant mass for
clouds or clusters, only power law distributions, so most star-forming regions
are similar except for size. Size determines velocity dispersion and density for a
common background pressure, and density variations lead to important morpho-
logical differences through two dimensionless ratios: the dynamical time divided
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by the evolution time of stars, and the dynamical time divided by the shear
time in the local galaxy. The largest clouds take a short time, in relative terms,
to form most of their stars: just 1 or 2 dynamical times like nearly every other
cloud. But these largest clouds take a long time, in absolute terms, to do this,
∼ 40 My in the case of Gould’s Belt, and by then the oldest populations have
lost their most massive members to stellar evolution, making the complexes look
relatively dull (Efremov 1995). The largest clouds are also the most severely af-
fected by shear, making them look like flocculent spiral arms or spiral arm spurs
(Kim & Ostriker 2002). These morphological differences disguise the fact that
the physical processes of star and cluster formation are very similar on all scales.

Galactic-scale stellar dynamical processes can lead to the collection of gas
into spiral density waves and resonance rings. Then the largest clouds are some-
what uniformly distributed along the length of the stellar structure with a char-
acteristic separation equal to ∼ 3 times the arm or ring thickness. What hap-
pens here is that clouds form by asymmetric gravitational instabilities with a
converging flow along the length of the structure. Typically shear and galactic
tidal forces are low in these regions, allowing the clouds to form in gas that
would otherwise be stable (Rand 1993; Elmegreen 1994). -1.0cm

3. Power Spectra

When there are no galactic-scale structures, the gas appears completely scale-
free, as in the Large and Small Magellanic Clouds (Stanimirovic et al. 1999;
Elmegreen, Kim, & Staveley-Smith 2001). Power spectra of the emission or
absorption from this gas have power laws with a slope similar to that for velocity
power spectra in incompressible turbulence, namely ∼ −2.8 in two-dimensions
(Stützki et al. 1998; Dickey et al. 2001). Incompressible turbulence has the
Kolmogorov spectrum with a slope of −8/3. Why the column density structure
in a medium that is supersonically turbulent should have about the same power
spectrum as the velocity structure in incompressible turbulence is somewhat
of a mystery, unless it is partly coincidence. The power spectrum of turbulent
velocities varies by only a small amount, from −8/3 to −3 (in 2D), as the motion
varies from incompressible to shock-dominated. Thus even the most extreme
cloud formation scenarios, where all clouds are shock fronts, would have a power
spectrum similar to incompressible turbulence. In addition, some of the gas
structure could result from entrainment of many tiny clouds in the larger-scale
turbulent velocity field (Goldman 2000). Entrainment means density is a passive
scalar, and then density power spectra are the same as velocity power spectra.
Third, expanding shells make dense gas, and these introduce a −3 component
to the power spectrum because of their sharp edges. The result is a mixture of
processes and innate power spectra. This is why widely diverse morphologies
ranging from flocculent dust spirals in galactic nuclei (Elmegreen, Elmegreen,
& Eberwein 2002) to shells and holes in the LMC or SMC (Kim et al. 1999;
Stanimirovic et al. 1999; Elmegreen et al. 2001; Lazarian, Pogosyan, & Esquivel
2002) all have about the same overall power spectrum.
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4. Stars Follow the Gas

Stellar structures, such as clusters and flocculent spiral arms, have hierarchi-
cal geometries (Feitzinger & Galinski 1987; Gomez et al. 1993; Elmegreen &
Elmegreen 2001; Zhang, Fall, & Whitmore 2001) and power-law power spectra
(Elmegreen, Elmegreen, & Leitner 2003; Elmegreen et al. 2003) that are nearly
identical to those of the gas. Star formation also has a duration that scales
with the region size in the same way as the turbulent crossing time scales with
size (Efremov & Elmegreen 1998). These similarities between star formation
and turbulent gas imply that star formation follows the gas to first order, i.e.,
that turbulence controls the star formation density, rate, and morphology. This
control apparently extends to small scales too, perhaps down to individual bi-
nary stars (Larson 1995), as the protostars in clusters sometimes have their own
hierarchical structure (Motte, André, & Neri 1998; Testi et al. 2000). The large
formation rates and high densities of embedded protostars also suggest that tur-
bulence compresses the gas in which they form (Elmegreen & Shadmehri 2003).

5. Triggering

Closer examination shows a second-order effect: a fairly high fraction of star
formation is triggered inside pre-existing clouds by external pressures unrelated
to the clouds and to the pressures of the current generation. These processes are
revealed by the wind-swept appearance of many cluster-forming clouds (e.g., de
Geus 1992; Bally et al. 1987) and by the proximity of cluster-forming cores to
external HII regions (Yamaguchi et al. 1999; Walborn et al. 1999; Heydari et
al. 2001; Yamaguchi et al. 2001a,b; Deharveng et al. 2003). Probably super-
sonic turbulence and entrainment in a multi-phase ISM produce the basic cloudy
structure, and then pressure fluctuations in the environment trigger star forma-
tion in these structures (Elmegreen 2002). There would still be star formation
without the triggers, but with a smaller rate per cloud because of the lower cloud
densities, and a higher number of active clouds because of the more dispersed
nature of the dense sub-regions. The influence of pressurized triggering on the
star formation rate in a galaxy is not known, but the universal scaling of star
formation rate with average column density (Kennicutt 1998) suggests that any
direct influence is weak. Star formation is probably saturated to the maximum
rate allowed in a compressibly turbulent medium (Elmegreen 2002).

6. Size of Sample Effects

The stochastic nature of turbulence is also reflected in the formation of star
clusters, which show a random size-of-sample effect with regard to maximum
mass. This appears in several ways: the most massive stars in a cluster increase
with the cluster mass (Elmegreen 1983), the most massive clusters in a galaxy
increase with the number of clusters (Whitmore 2003; Billett et al. 2002; Larsen
2002), and the most massive clusters in a logarithmic age interval increase with
age (Hunter et al. 2003). In all cases, the slopes of these increases are determined
exclusively by the mass function through the size of sample effect: bigger regions
sample further out in the tail of the distribution and have more massive most-
massive members. There is apparently no physical effect that has yet been
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found to determine the most massive member of a population. This is true
even for individual stars (Massey & Hunter 1998; Selman et al. 1999) although
stellar radiation pressure and winds could limit the stellar mass once it gets large
enough (Yorke & Sonnhalter 2002; but see McKee & Tan 2003).

Similarly, the ISM pressure should limit the cluster mass, considering that a
cluster is recognized only if its density exceeds a certain value (depending on the
sensitivity of the observation), and the density, mass and pressure are related
by the virial theorem with a boundary condition. Nevertheless, this pressure
limit for massive clusters has not been seen yet. It would appear as a drop-off at
the upper end of the cluster mass function in a very large galaxy (sampling lots
of clusters) with a low pressure (such as a giant low-surface brightness galaxy).
Most galaxies have their sample-limiting mass comparable to or less than their
pressure-limiting mass. Dwarf star-burst galaxies are an extreme example of this
because they have very few clusters overall and yet some high pressure regions.
Dwarf galaxies do indeed have an erratic presence of massive clusters, some of
which may be related to galaxy interactions (Billett et al. 2002).

7. Summary

Most stars form in clusters (Carpenter 2000; Lada & Lada 2003) and many
of these clusters are close enough to high-pressure regions to look triggered.
Triggering seems necessary because the dynamical pressures inside clusters are
several orders of magnitude larger than the ambient interstellar pressure. The
high pressure state of a cluster is an obvious remnant of its birth, but clues to
the origin of the pressure are lost once the gas disperses and the stellar orbits
mix. The primary distinction between the formation of standard “open clusters”
and the mere aggregation of stars in a compressibly turbulent medium is probably
this last step of triggering. HII regions did not compress gas to make Gould’s
Belt, but they did compress gas to make the Trapezium cluster in Orion.

The masses and positions of the clouds that are compressed into clusters
seem to be the result of interstellar turbulence and shell formation. Turbulence
structures the gas in two ways: by direct compression through random large-
scale flows, and by moving pre-existing clouds around passively. This duality of
processes follows from the multi-phase nature of the ISM and from the presence
of self-gravity. Combine these with pervasive pressure bursts from massive stars
and the result is a mode of star formation dominated by dense clusters.
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Abstract. The production of “super star clusters” (SSCs; luminous, compact
star clusters) seems to be a hallmark of intense star formation, particularly in
interacting and star-burst galaxies. Their sizes, luminosities, and mass estimates
are entirely consistent with what is expected for young Milky Way-type globular
clusters (GCs). SSCs are important because of what they can tell us about GC
formation and evolution (e.g., initial characteristics and early survival rates).
They are also of prime importance as probes of the formation and (chemical)
evolution of their host galaxies, and of the initial mass function in the extreme
environments required for cluster formation. Recent evidence lends support to
the scenario that Milky Way-type GCs (although more metal rich), which were
once thought to be the oldest building blocks of galaxies, are still forming today.

1. “Super” or normal?

One of the main contributions to date of the Hubble Space Telescope (HST)
to the field of stellar populations in nearby galaxies has been the discovery of
numerous dense stellar objects resembling star clusters with properties similar to
those predicted for the progenitors of the old globular cluster (GC) population
in the Milky Way and other nearby galaxies.

These objects are often confusingly referred to as “super star clusters”
(SSCs), by virtue of their high luminosities and compact sizes. They have
been found in a wide variety of galactic environments, ranging from quiescent
dwarf and irregular or amorphous galaxies to large, gas-rich spiral galaxies in-
volved in large-scale gravitational interactions and mergers, and in the star-burst
events associated with them (see de Grijs, O’Connell, & Gallagher 2001 for an
overview). However, the question arises of whether these objects are indeed
“super” star clusters, in terms of either their integrated luminosity or their total
mass. If they are indeed the progenitors of Milky Way-type GCs, assuming that
they have the potential to survive for a Hubble time, then their high luminosities
at their correspondingly young ages (of up to ∼ 1 Gyr, in general) are simply
conform the expectations of any modern flavor of simple stellar population the-
ory.

Indeed, the mass distributions of most of these young star cluster popula-
tions do not extend significantly beyond that of the Milky Way GC population
(which is generally used as a benchmark), with a few exceptions (e.g., NGC
7252-W3: Schweizer & Seitzer 1998, Maraston et al. 2001; NGC 6745: de Grijs
et al. 2003c; some of the Antennae clusters, e.g., Mengel et al. 2002), although
their existence might simply be due to stochastic effects. Nevertheless, the lat-
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ter objects may therefore truly be supermassive objects. With the exception of
these few clusters, one should perhaps not consider the overall mass distribution
of a given cluster population compared to that of the almost universal GC mass
function in a wide variety of galaxies hosting such old objects, but instead con-
sider these remarkable clusters in the context of their own parent population.
This exercise leads us to realize that in a number of (predominantly) dwarf and
irregular galaxies the overall cluster population is host to a few clusters that
are significantly more massive than any of the other clusters (although not nec-
essarily more massive than the high-mass wing of the Milky Way GC system),
such as observed in NGC 1705 (NGC 1705-I, Ho & Filippenko 1996), NGC 1569
(SSCs A and B; see, e.g., Hunter et al. 2000, and Anders et al 2003 for com-
parative analysis in the context of the galaxy’s overall cluster population), and
M82 (M82-F; e.g., Smith & Gallagher 2001). Therefore, the assignation “super”
appears to be merely a relative qualification.

In view of the confusing nomenclature, I will henceforth refer to these ob-
jects as Young Massive Star Clusters (YMCs).

2. Survival to old age?

Although YMC populations are often assumed to be GC-type progenitors, their
survival for a Hubble time is by no means guaranteed. In fact, this depends
crucially on the slope of the stellar initial mass function (IMF) governing these
clusters. High-resolution spectroscopy can – for the nearest YMC systems –
be utilized to derive dynamical mass estimates and, combined with integrated
luminosity measurements from e.g. HST imaging, one can derive mass-to-light
(M/L) ratios for a small number of clusters at a time. In their comparison of
the M/L ratios at the corresponding ages for a handful of the brightest YMCs,
Smith & Gallagher (2001) and Mengel et al. (2002) showed convincingly that a
number of them appear to have IMF slopes that are significantly too shallow for
the clusters to survive for any longer than roughly the next Gyr. Thus, these
objects are unlikely to become GC analogues.

Instead of going through the cumbersome exercise of measuring individual
M/L ratios, one can approach this problem statistically, by analyzing the po-
tential of a given cluster population to survive for a Hubble time. The currently
most popular models for the dynamical evolution of star clusters predict that
the power-law Cluster Luminosity Functions (CLFs) characteristic of YMC sys-
tems will be transformed rapidly into the universal Gaussian CLFs of old Milky
Way-type GC systems. In a recent paper (de Grijs, Bastian, & Lamers 2003a;
see also de Grijs, Bastian, & Lamers 2003b), we provided the first evidence for
a turn-over in the intermediate-age, approximately 1 Gyr-old CLF in the center
of the nearby star-burst galaxy M82, which very closely matches the universal
CLFs of old Milky Way-type GC systems. This is likely to remain virtually
unchanged for a Hubble time. We also showed that with the very short charac-
teristic cluster disruption time-scale governing the center of M82 (de Grijs et al.
2003b), its cluster mass distribution will evolve towards a higher characteristic
mass scale than for the Galactic GCs by the time it reaches a similar age. We
argue, therefore, that this evidence, combined with the similar cluster sizes (de
Grijs et al. 2001), lends strong support to a scenario in which the current cen-
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tral M82 cluster population will eventually evolve into a significantly depleted
old Milky Way-type GC system dominated by a small number of high-mass
clusters. This implies that GC progenitors, which were once thought to be the
oldest building blocks of galaxies, are still forming today in galaxy interactions
and mergers. However, they will likely be more metal-rich than the present-day
old GC systems. This connection between young or intermediate-age star cluster
systems and old GCs lends strong support to the hierarchical galaxy formation
scenario.

M82’s proximity, its shortest known cluster disruption time-scale of any
galaxy, and its well-defined peak of cluster formation make it an ideal candidate
to probe the evolution of its star cluster system to fainter luminosities, and thus
lower masses, than has been possible for any galaxy before.

Acknowledgments. I acknowledge invaluable collaborations with Peter
Anders, Nate Bastian, Uta Fritze–v. Alvensleben, Jay Gallagher, and Henny
Lamers.
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Abstract. Star cluster formation is a major mode of star formation in the
extreme conditions of interacting galaxies and violent starbursts. Young clusters
are observed to form in a variety of such galaxies, a substantial number resem-
bling the progenitors of globular clusters in mass and size, but with significantly
enhanced metallicity. From studies of the metal-poor and metal-rich star cluster
populations of galaxies, we can therefore learn about the violent star formation
history of these galaxies, and eventually about galaxy formation and evolution.
We present a new set of evolutionary synthesis models of our GALEV code, with
special emphasis on the gaseous emission of presently forming star clusters, and
a new tool to compare extensive model grids with multi-color broad-band obser-
vations to determine individual cluster masses, metallicities, ages and extinction
values independently. First results for young star clusters in the dwarf star-
burst galaxy NGC 1569 are presented. The mass distributions determined for
the young clusters give valuable input to dynamical star cluster system evolution
models, regarding survival and destruction of clusters. We plan to investigate an
age sequence of galaxy mergers to see dynamical destruction effects in process.

1. Models & tests

We use our evolutionary synthesis code to study the basic physical parameters of
star clusters in interacting galaxies and violent starbursts. The main ingredients
are: stellar isochrones from the Padova group for metallicities in the range -1.7
≤ [Fe/H] ≤ +0.4, a stellar initial mass function (usually assumed to be Salpeter-
like), the library of stellar spectra by Lejeune et al. (1997, 1998), and gaseous
emission (both lines and continuum). From the integrated spectrum we derive
magnitudes in a large number of filter systems. The gaseous emission contributes
significantly to the integrated light of stellar populations younger than 3×107 yr
both in terms of absolute magnitudes and derived colors (see Fig. 1 and Anders
& Fritze - v. Alvensleben 2003). The updated models are available from
http://www.uni-sw.gwdg.de/∼galev/panders/

While star clusters can easily be approximated as simple stellar popula-
tions (SSPs; with all stars having the same age, metallicity and extinction),
more complicated star formation / metallicity evolution histories of galaxies can
be studied by superimposing appropriate SSPs.

We developed a tool to compare our evolutionary synthesis models with
observed cluster SEDs to determine the cluster parameters age, metallicity, in-
ternal extinction and mass independently. Using artificial clusters with various
input parameters (with SEDs taken directly from the evolutionary synthesis
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Figure 1. Contribution of gaseous emission to various standard Johnson
magnitudes for metallicity Z = 0.0004 as a function of time.
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Figure 2. Dispersion of recovered properties of artificial clusters, assuming
availability of UBVRIJH and using passband combinations consisting of 6 out
of the available 7 pass bands for the analysis, as indicated in the legend. Input
parameters for the artificial clusters are: solar metallicity, E(B-V) = 0.1 mag,
ages = 8, 60, 200 Myr, 1, 10 Gyr.
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models) we systematically studied the impact of the choice of pass bands, of
finite observational photometric uncertainties, and a priori assumptions on our
analysis results. One example of these tests is shown in Fig. 2. Additional tests
were performed using broad-band observations for star clusters in NGC 3310
(de Grijs et al. 2003a,b), confirming the results from the artificial cluster tests.
Due to the young age of this cluster system these additional tests are restricted
to ages younger than approx. 200 Myr. From our tests we conclude that:

1. At least 4 pass bands are necessary to determine the 3 free parameters
age, metallicity and extinction, and the mass by scaling the SED, inde-
pendently.

2. The most important pass bands are the U and B bands; for systems older
than roughly 1 Gyr the V band is equally important.

3. NIR bands significantly improve the results by constraining the metallicity
efficiently.

4. A wavelength coverage as long as possible is desirable. Best is UV through
NIR, thus tracing the pronounced kink/hook in the SEDs around the B
band.

5. Large observational errors and/or wrong a priori assumptions may lead to
completely wrong results.

2. The case of NGC 1569

As a first application the dwarf starburst galaxy NGC 1569 was chosen. Our
sample enlarges the number of observed star clusters in this galaxy by a factor of
3. Our results for the physical parameters are in agreement with previous results
of the starburst history in NGC 1569 in general, and of the two prominent “super
star clusters” in particular, regarding age, mass and metallicity. In addition, we
find a surprising change in the cluster mass function with age: The clusters
formed during the onset of the burst (approx. 25 Myr ago) seem to exhibit an
excess of massive clusters as compared to clusters formed more recently. Using
various statistical methods we show the robustness of this result (Anders et al.
2003b).
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Abstract. A new scenario is proposed, in which the continuous creation of
stars results into a highly concentrated massive (globular cluster-like) stellar
system. We assume that the collapse of a massive cloud leads to the formation
of first stars. Their winds and terminal supernova explosions create a standing,
small radius, cold and dense shell, where the next stars form. The shell is in
steady state location, which is due to a detailed balance established between the
ram pressure from the collapsing cloud, the gravitational force exerted on the
shell and the ram pressure of the stellar wind from the forming cluster. In this
contribution we show that the standing shell remains stable against Rayleigh -
Taylor instability, and discuss future prospects of this work.

1. Introduction

Our model invokes pressure-bounded, self-gravitating, isothermal cloud, which
may become gravitationally unstable if sufficiently compressed (Ebert 1955; Bon-
ner 1956) during galaxy versus galaxy collision, when the interstellar pressure
increases by several orders of magnitude above its average value. The gravita-
tional instability allows a large cloud (Mc ∼ 104−106 M¯) to enter its isothermal
(Tc ∼ 100 K) collapse phase (Larson 1969), thereby developing a density and
velocity structure with the following characteristics:

1. A central region of constant density (the plateau), where the infall velocity
increases linearly from zero at the center, to a maximum value vmax at the
boundary.
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2. A region of increasing size and constant maximum infall velocity, vmax,
where the density falls off as R−2 (the skirt).

As the collapse proceeds and the density in region 1 becomes larger, the knee
region in the density distribution, that separates zones 1 and 2, moves closer
to the center of the configuration with an increasing speed. As the density in
the plateau region increases, unstable fragments begin to form, and the first
stellar generation is created in the 3D converging. From then onwards, stellar
winds and supernova explosions will begin to have an important impact on
the collapsing cloud. For this to happen however, massive stars ought to form
in sufficient numbers as to jointly stop the infall at least in the most central
regions of the plateau. Otherwise, individual stars, despite their mechanical
energy input rate, will unavoidably be buried by the in-falling cloud, delaying
the impact of feedback until more massive stars form.

2. The Factory

We assume that the first generation of massive stars is able to regulate itself
by displacing and storing the high-density matter left over from star formation
into a cool expanding shell, thereby limiting the number of sources in the first
generation of stars. The shell will be driven by the momentum injected by
the central wind sources and the stellar winds and radiation, which have been
considered to interrupt the star formation, are trapped inside of the shell. The
energy deposited by the first generation of massive stars causes the accumulation
of the in-falling cloud into the standing shell, which becomes gravitationally
unstable, creating the star forming factory. This model is described in greater
details by Tenorio-Tagle et al. (2003).

In order to keep the shell at its standing location, the ram pressure exerted
by the wind sources has to balance the in-falling gas ram pressure and the
gravitational force exerted on the shell by the increasing mass of the central star
cluster (see Fig. 1):

4πR2
kρwv

2
w = 4πR2

kρkv
2
max +

GMshMsc

R2
k

, (1)

where Rk, ρk are the radius and the density at the knee and ρw, vw are the
density and velocity of the stellar wind. The central star cluster mass is

Msc = 4πR2
kρkvmaxt, (2)

and the mass of the shell is

Msh = 4πR2
kΣsh, (3)

where Σsh is the shell surface density and t is the evolutionary time. Inserting
(2) and (3) into eq. (1) we get

ρwv
2
w = ρkv

2
max + 4πGρkΣkvmaxt. (4)
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Figure 1. The standing shell inside of a collapsing cloud
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The first and the second terms on the right-hand side of Eq. (4) show that after

t ≥ vmax/(4πGΣsh) ≈ 104 − 105yr (5)

the infall ram pressure becomes negligible compared to the gravitational pull
provided by the forming cluster. Thus the shell becomes gravitationally bound
with its mechanical equilibrium simply given by the equation

4πR2
kρwv

2
w =

GMshMsc

R2
k

. (6)

The density of the shocked wind is larger than that of the shocked in-falling
cloud, which shows that the shell remains stable against Rayleigh - Taylor modes.

3. Future prospects

The influence of the density and the velocity perturbations from spherically
symmetric infall of the collapsing cloud is one issue to be solved in the future.
Another important issue to be addressed is the rotation and angular momen-
tum distribution in the collapsing cloud leading to large scale deviations from
the spherical symmetry, and how this asymmetry influences the forming stellar
cluster.
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Abstract. The youngest super star clusters (SSCs) in the merging Antennae
Galaxies (NGC 4038/39) drive supersonic mass-loaded outflows from the HII
regions in which they are embedded. High-resolution K-band Keck/NIRSPEC
spectroscopy reveals broad, spatially extended Brγ emission in 16 targets. Sim-
ple wind models for the line profiles provide good fits and imply cluster mass-loss
rates of up to 1.5 M¯/year and terminal velocities of up to 205 km s−1. The
emission-line clusters (ELCs) that drive these outflows constitute at least 15% of
the star formation rate in the Antennae, and their high star formation efficien-
cies imply that they will probably evolve into bound SSCs. The youngest ELC
outflows, which are driven primarily by stellar winds, very efficiently entrain
ambient matter. The cluster winds transfer or dissipate a large fraction of their
energy and momentum in a hot or cool medium that does not emit Brγ. ELCs
are the individual engines that power galactic-scale superwinds, viewed in their
earliest evolutionary stage.

1. Emission-Line Clusters in the Antennae

Star formation in starbursts creates massive young super star clusters (SSCs)
that are not often found in more quiescent environments. Their high masses and
stellar densities resemble those of globular clusters (GCs), though their ages are
measured in Myr rather than Gyr. This suggests an evolutionary sequence in
massive star-forming regions: GCs may evolve from SSCs, whose precursors
are ultra-dense compact H ii regions detected in radio surveys (e.g. Johnson
et al. 2003 and references therein). In order to study their nebular kinemat-
ics, we conducted a K-band spectroscopic survey of a sample of the youngest
SSCs in the nearby merger NGC 4038/39, the Antennae Galaxies, whose large
SSC population is well-studied (e.g. Whitmore & Zhang 2002). We discovered
broad, supersonic Brγ lines in Keck/NIRSPEC echelle spectra of 16 of 17 tar-
gets (Gilbert 2002). The Brγ profiles are well resolved (spectral resolution was
12 km s−1), have widths of 60–105 km s−1 FWHM, and exhibit high-velocity
non-Gaussian wings (Fig. 1) We refer to these broad-line SSCs as emission-line
clusters (ELCs). Turner et al. (2003) also found an ELC in NGC 5253.

Giant extra-galactic H ii regions (GHIIRs) are characterized by supersonic
line widths as large as the lowest ELC widths (Smith & Weedman 1970) as well
as large sizes (d > 100 pc) and Lyman continuum fluxes of order Q = 1051

s−1. ELCs are typically more compact (d ∼ 40 − 80 pc) and brighter, with Q
= 1051 − 1053 s−1. GHIIR recombination line fluxes are positively correlated
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Figure 1. Left: K-band mosaic of the central region of the Antennae iden-
tifies ELCs and positions of Chandra sources (Zezas et al. 2002). Right:
Supersonic Brγ profiles of four ELCs with over-plotted wind models and fit
residuals.

with their line widths (e.g. Fuentes-Masip et al. 2000), and ELCs display the
same correlation, extending it to larger line fluxes and widths (Gilbert 2002).
GHIIRs and ELCs excite similar quantities of gas (105− 106 M¯) but the mean
emissivity-weighted gas density in an ELC is several orders of magnitude higher
than that in GHIIRs (Gilbert 2002). This may be due to higher pressure in the
interstellar medium (ISM) of a merger than in a typical galactic disk.

Brγ line fluxes and K magnitudes imply ELC ages of 3–8 Myr and masses
of 105 − 107 M¯ with the help of Starburst99 models (Leitherer et al. 1999).
IR spectroscopy and radio recombination line fluxes yield AK = 0.2 − 1.1 mag
for some ELCs (Gilbert 2002 and references therein). Comparing the virial line
widths (from ELC masses and sizes) with observed ones suggests that much of
the gas in ELC outflows is unbound.

A massive stellar cluster produces X-rays due to colliding stellar winds and
X-ray binaries (XRBs). A model for the X-ray emission of an ELC produces
values comparable with Chandra fluxes near Eddington for ELCs with likely X-
ray counterparts (Fig. 1; Zezas et al. 2002), but not for the ULX that appears
coincident with ELC B and thus must be a more exotic object, e.g. beamed
XRB or intermediate-mass black hole (Gilbert 2002).

2. Mass-Loaded Outflows from Emission-Line Clusters

In order to determine the mass-loss rates of ELCs, we model their supersonic
Brγ profiles with a semi-empirical β-wind law. This velocity law is predicted and
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Figure 2. Mass-loss rates (left) and kinetic energy (right) measured for ELC
outflows (points, normalized to a 106 M¯ cluster). Curves are predictions
from Starburst99 models (Leitherer et al. 1999) for a cluster’s stellar winds
(dotted), SNe (dashed), and their sum (solid). ELC outflows display much

higher ṀHII and lower KEs than models predict, suggesting efficient mass
loading and thermalization of KE.

observed for radiation-driven wind lines of hot stars (Kudritzki & Puls 2000),
but we find that it also provides an excellent semi-empirical model for our data.
We parameterized the line profile models with six unknowns: inner and outer
wind radii r0 and r1, mass-loss rate ṀHII, the power-law slope β for the velocity

law v(r) = v∞
(

1− b r0
r

)β
where b ≡ 1 − [v(r0)/v∞]

1
β , adopted for the line-

emitting gas, and the terminal velocity of the wind v∞. The Doppler broadening
parameter of the gas for a Gaussian line profile, vD =

√
2σ =

√

2kT/µ = 16.3
km s−1, is fixed at that of a 104 K plasma. We fixed the wind velocity at r0,
v0, equal to vD, since it tends to be comparable with vD and has little effect
on the profile (Kudritzki & Puls 2000). Assuming a constant mass-loss rate

(ṀHII = 4πr2ρv), the velocity law and ṀHII prescribe a density law ρ(r) for
the emitting gas. With this recipe we can compute the Brγ flux from the flow
as a function of radial velocity, and compare the resulting line profile with the
observed one. The predicted line profiles have broad non-Gaussian wings and
provide excellent fits to the observed line profiles (Fig. 1).

The mass loss rates values derived from the β model range over 0.006− 1.5
M¯ yr−1. The most powerful ELC outflow has an observed mass-loss rate that
is equivalent to the combined winds of about 106 O stars or 104 WR stars. At
an age of 3 Myr a 106 M¯ cluster has about 350 WR stars and 4500 O stars for a
Salpeter IMF (1−100 M¯, Starburst99 model), which provide a total mass-loss
rate in wind ejecta that is nearly two orders of magnitude lower than inferred
from our Brγ profile models. We detect much more out-flowing photoionized gas
than is ejected directly from stars; thus ELC outflows efficiently entrain matter.
This effect is also observed in starburst superwinds (e.g. NGC 1569, Martin,
Kobulnicky, & Heckman 2002), which are powered by the joint energy input
from many clusters into the ISM.
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The terminal velocities of ELC outflows range from a few times the sound
speed up to 200 km s−1, significantly less than terminal velocity of a single O
star wind, a few 1000 km s−1. This provides another indication that we are not
directly observing mass loss from hot stars. The low terminal velocities may
be due to the interaction in close quarters of many individual winds, photo-
evaporative flows, (in older clusters) supernova explosions, and ultimately the
collision with ambient neutral gas that the outflow encounters and entrains.

The discrepancy between observed ṀHII and predicted stellar mass loss due
to winds and supernovae (SNe) decreases with increasing cluster age, shown in
Fig. 2 for all ELCs (normalized to a mass of 106 M¯). Either older ELCs entrain
matter less efficiently, or they have swept away most of their reservoir of neutral
gas. Fig. 2 also displays the measured and predicted kinetic energies (KEs)
of the outflows. In Brγ we detect only a small fraction of the KE available
from winds and SNe; the rest must reside in a hotter and/or cooler medium.
Stellar wind shocks generate X-rays, and Chandra observations reveal possible
counterparts for some ELCs (e.g. Zezas et al. 2002). Efficient thermalization
of mechanical energy in a starburst is a necessary condition for generating a
large-scale superwind, the earliest phase of which may be taking place in the
Antennae.

The star-formation rate (SFR) in our small sample of ELCs is 4 M¯ yr−1

(nearly half of this in a single ELC), so ELCs comprise at least 15% of the total
SFR in the Antennae. A simple estimate of ELC star-formation efficiencies gives
values of 30–70%, suggesting that they stand a good chance of becoming bound
SSCs, which in turn may evolve into GCs (Gilbert 2002).
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The Dynamical Evolution of Globular Clusters in the Galaxy
Wu, Zhen-yu & Shu, Cheng-gang (National Astronomical Observatories, Chinese
Academy of Sciences)

Abstract. Given various initial conditions, the dynamical evolution of glob-
ular clusters in our Galaxy is investigated in detail by means of Monte Carlo
simulations. Four dynamic mechanisms in the present paper are considered.
They are the stellar evaporation in the tidal field, the stellar evolution during
the early evolutionary stage, the tidal shocks due to clusters passing through the
bulge and disk, and the dynamical friction. Comparing with the current obser-
vations, which include the number density distribution in space, mass function,
etc., the so-called standard modes for both the power law and Gaussian clus-
ter initial mass functions are selected among many runs of simulations. The
deviation from the standard modes, which is resulted from the change of the
parameter for the initial conditions, is discussed in detail. The discussion of the
model parameters is also presented although they are adopted as the typical
values based on previous work. Based on our simulations, some relevant discus-
sions about the mass contributions to the Galactic central region and stars in
the halo due to the dynamic evolution of globular clusters are also qualitatively
presented.

A Hybrid Monte Carlo Tool to Simulate Dense Stellar Systems
Giersz, Mirek; Spurzem, Rainer & Lin, Doug (Nicolaus Copernicus Astronomical
Center, Polish Academy of Sciences)

Abstract. Spherically symmetric star clusters containing a large amount
of primordial binaries or planetary systems are studied using a hybrid method,
consisting of a gas dynamical model for the single stars and a Monte Carlo treat-
ment for relaxation of binaries and their interactions with other stars and bina-
ries. Each binary encounter is investigated by means of a highly accurate direct
few-body integrator (adopted from NBODY6++). The evolution of individual
binary and planetary orbital parameters can be directly followed and the cross
sections for interesting physical processes involved binaries can be computed.
Cross sections are obtained from a sampling of several hundred thousands of
scattering events as they occur in a real cluster evolution including mass segre-
gation of binaries, gravothermal collapse and re-expansion, binary burning phase
and gravothermal oscillations. For the first time we are able to present empirical
cross sections for eccentricity variation of binaries in close three- and four-body
encounters. It is found that a large fraction of four-body encounters results in
merging. We are also able, for the first time, to follow the changes of orbital
parameters of primordial planetary systems in the course of cluster evolution.

General Solution for Hydrodynamical Equations
Otarod, Saeed & Ghanbari, Jamshid (Razi University)

Abstract. We will apply a new mathematical method ( introduced by the
authors) to solve the nonlinear hydrodynamical equations Governing the opti-
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cally thin interstellar media in one dimension. Although a simple example have
been chosen, But it is very instructive. In this simple example we will discuss
about cases that we way substitute an ordinary equation for continuity equation.
we also will prove that the same can be done to equation of motion and energy
equation. As a conclusion we will show that the results of this research can have
a wide application in all areas of Physics and nonlinear mathematics. It seems
that in many cases we are not obliged to make use of numerical calculations
and a great number of nonlinear important physical equations can be solved
analytically in their most general form.

Dynamical Friction on Star Clusters Near the Galactic Center
Kim, Sungsoo & Morris, Mark (Kyung Hee University, Korea)

Abstract. Numerical simulations of the dynamical friction suffered by a
star cluster near the Galactic center have been performed with a parallelized
tree code. Gerhard (2001) has suggested that dynamical friction, which causes
a cluster to lose orbital energy and spiral in towards the galactic center, may
explain the presence of a cluster of very young stars in the central parsec, where
star formation might be prohibitively difficult owing to strong tidal forces. The
clusters modeled in our simulations have an initial total mass of 105-106 Msun
and initial galacto-centric radii of 2.5-30 pc. We have identified a few simulations
in which dynamical friction indeed brings a cluster to the central parsec, although
this is only possible if the cluster is either very massive ( 106 Msun), or is
formed near the central parsec (¿ 5 pc). In both cases, the cluster should have
an initially very dense core (106 Msun pc−3). The initial segregation of massive
stars into the cluster core can help achieve the requisite density, and can help
account for the observed distribution of HeI stars in the central parsec.

Distribution, Orbits and Dynamics of Globular Clusters
Zhou, Hongnan & Huang, Keliang (Physics Dept. of Nanjing Normal University,
Nanjing, China)

Abstract. We have compiled the samples of the 29 F globular clusters from
Harris?s ?Catalog of parameters for Milky Way globular clusters? (1999) and
other sources. According to the azimuth coordinates, distances from Sun, ra-
dial velocities and proper motions of the sample clusters, we have integrated
orbits assuming three different galactic potential models and have calculated or-
bital parameters. The uncertainties associated with the orbital parameters are
produced by Monte Carlo simulation, the relationship between the distributive
morphologies of the orbital parameters and the initial observational errors as
well as the different galactic potential models are discussed. We investigate the
effect of the orbital motion on the internal dynamics of clusters samples, the re-
sults of our investigation show that the two-body relaxation is more important
than tidal shocking.

Diagnostics of Accretion Disc in AGN
Borah, Surendra Nath & Duorah, Hira Lal (DKD College & Dergaon)

Abstract. The active galactic nuclei (AGN) are the most luminous objects
in the universe. Total power radiated by an AGN is greater than the total
power emitted by all the stars in the host galaxy.The direct diagnostics of the
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conditions within AGNs come from radiations produced by a wide variety of
mechanisms including high energy gamma ray processes, atmospheric re pro-
cessing, dust emissions, and synchrotron radiation. In addition to optical and
X-ray photons,the emission includes MeV, GeV and also TeV gamma rays. We
have considered that AGNs are powered by an accretion disc around a super-
massive black hole of 1008 solar mass. The structure and heights from the central
plane of an accretion disc around such a black hole depends on the composition
of disc material,accretion rate, self gravity,and magnetic field in the accreting
material. We have considered three types of composition of the disc material:
1. X= 0.600; Y= 0.380; Z= 0.020, 2. X= 0.700; Y= 0.280; Z= 0.020, 3. X=
0..800; Y= 0.199; Z= 0.001, X,Y,and Z represent hydrogen,helium and metal
abundances respectively and the three accretion rates are 0.01,0.001, 0.005 solar
mass per year respectively. The result shows that the disc height decreases as
the accretion rate decreases.

Towards the Formation Problem of Dense Stellar Systems
Nuritdinov, S. & Mirtadjieva, K. (Astron. Department, National University of
Uzbekistan)

Abstract. Two possible formation models of dense stellar systems (DSS) are
considered. According to one of these models cold initial conditions can stimulate
a collapse and bring to the DSS at least in central region of the system. The
stability problem of the collapse is also studied. New asymptotic unknown in
cosmology is found. In the frame of other model it is revealed the regions on
the diagram ”virial ratio - rotation parameter”, which are connected with the
formation of the DSS.

Close Encounters and a Black Hole in the Globular Clusters
Ashurov, Abdikul (Ulugh Beg Astronomical Institute of the Uzbek Academy of
Sciences)

Abstract. It is known that the presence of a black hole in the globular cluster
(GC) affects the stellar density profile and the central stellar dynamics. In this
paper a problem of the dynamical evolution under close encounters in the GC,
where a black hole is present, is considered. Since the evolution temp depends
on the rate of the stellar encounters, an exact expression for the probability of
encounters with given changes of energy integral and angular momentum per
unit mass is determined assuming an anisotropic field star distribution function.
It is used as a core of the collisional term of the Boltzman’s equation. A behavior
of the probability density in a globular cluster with and without a black hole
has been studied for Plummer and King-Michie models in the isotropic and
anisotropic cases. Because of this method takes weak as well as close encounters
into account, it is more general method than Fokker-Planck one.

Massive Star Cluster Birth and the Morphology of Galaxies
Kroupa, Pavel (University of Kiel)

Abstract. Most stars form in embedded star clusters with low star formation
efficiencies. When the gas is expelled a large fraction of the stellar population
expands outwards into the field of the host galaxy. The implications this process
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has on the morphological appearance of galaxies will be addressed using the
example of thickened galactic disks.

The Masses and Stellar Content of Nuclear Star Clusters
Ho, Luis (Carnegie Observatories)

Abstract. Central nuclear star clusters are very common in late-type spiral
galaxies; approximately80contain such clusters. Central star clusters may be
related to the formation of seed massive black holes and the secular build up of
bulges. However, very little is known about their physical properties, including
their ages, chemical composition, and mass. We present deep high-resolution
spectra of nuclear star clusters to determine their internal velocity dispersions
and virial masses, and medium-resolution spectra to determine their stellar ages
and metallicities. These fundamental parameters will help elucidate the nature
of these objects and their relation to the global evolution of galaxies.

The Initial Mass Function of Star Cluster Systems
Fritze - v. Alvensleben, Uta; De Grijs, Richard & Anders, Peter (Universi-
taetssternwarte Gö ttingen, Germany)

Abstract. It is well-established that the Globular Cluster (GC) System of
the Milky Way has lost about 50population over a Hubble time. Details about
the initial distributions of GC masses, concentrations, metallicities, positions
and orbits are difficult to reconstruct. Since star cluster formation appears to
be the dominant mode of star formation in massive interacting gas-rich star-
burst galaxies, this allows us to at least assess the initial Mass Function (MF) of
such star cluster systems ”observationally”. Luminosity functions are strongly
distorted with respect to MFs due to age-spread effects in combination with
strongly age-dependent M/L-ratios for young star clusters. Hence, we developed
techniques to independently determine individual cluster ages, metallicities, and
extinctions from a UV-optical-NIR comparison of model and observed spectral
energy distributions, from our ASTROVIRTEL-project (European HST archive
research). Initial star cluster MFs and MFs for cluster systems of older ages
are presented. We anticipate that our results will provide valuable input and
boundary conditions for dynamical GC evolution and destruction models.

Radiation-Hydrodynamic Formation of Massive Black Hole
Kawakatu, Nozomu & Umemura, Masayuki (Center for Computational Physics,
University of Tsukuba)

Abstract. A novel mechanism to build up a massive black hole is proposed
based on the relativistic radiation-hydrodynamic model. In the present scenario,
the mass of a black hole is predicted to be in proportion to the bulge mass, and it
is found that the BH-to-Bulge mass ratio is basically determined by the nuclear
energy conversion efficiency from hydrogen to helium(=0.007). Also, we find that
the radiation drag works effectively in forming a BH even in a small spheroidal
system, but the mass of BH in globular cluster is closely related to its star
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formation history. In addition, we reveal relationship between the morphology
of galaxy and the mass of black hole.

Morphology of Galactic Open Clusters
Chen, Chin-wei & Chen, Wen-ping (Graduate institute of Astronomy, National
Central University)

Abstract. Thirty six open clusters were selected from the 2MASS database
on the basis of the latest open cluster catalogue (Dias et al 2002). The morpho-
logical parameters such as eccentricity, orientation were obtained via isodensity
elliptic fitting. Most star clusters are elongated, and the eccentricity is correlated
with z as an indication of the influence of the Galactic disk. The morphology
shows clear evidence of competing internal dynamics and external Galactic dis-
turbances when a cluster becomes 10 Myr old.

The Initial Violent Dynamics of Globular Clusters
Miocchi, Paolo & Capuzzo Dolcetta, Roberto (Universita’ di Roma, Diparti-
mento di Fisica)

Abstract. In order to investigate some relevant aspects of globular clusters
formation, we studied numerically the dynamics of a self-gravitating stellar sys-
tem of the size of a typical globular cluster, starting from non-equilibrium and
’cold’ initial conditions. Such conditions are, indeed, those expected after the
formation of the stellar system, i.e. after the complete exhaustion of primordial
gas through the gas-star phase transition which occurred on the star-formation
time scale. Our (preliminary) results allow to draw some meaningful conclusions
about the evolution of the distribution function toward a meta-stable state, by
mean of the quick ’violent relaxation’ of the whole system (core formation, mass
segregation, anisotropy...). To this virialized state follows the, well known, fur-
ther evolution caused by star-star encounters. We underline that the initial
’violent’ dynamics can be well investigated by mean of codes (like our own tree-
code) which are efficient in the representation of the time evolution driven by
the quick mean-field variations, even if the individual 2-body close interactions
(which are not really relevant in this phase) are not followed in detail.

Globular Cluster Merging in the Inner Galactic Region
Capuzzo-Dolcetta, Roberto A; Di matteo, Paola and Paolini Stefano (Dep. of
Physics, University of Roma La Sapienza)

Abstract. The dynamics of the encounter of two globular clusters, made
up of 105 stars each, in the bulge of an elliptical galaxy, has been followed
up to 15 orbital periods (1.7*107 years) by mean of a direct summation code.
Aim of these simulations is to understand whether the merging of a group of
globular clusters in a unique stellar system is possible in the central regions of
galaxies, before the strong coupled bulge-nucleus [Image] tidal actions destroy
them. As a matter of fact, three dynamical mechanisms act in competition
during the merging of two globular clusters. The galactic tidal action tends, on
one side, to break up clusters before they form a unique self-gravitating system;
on the other side, the same tidal force has also the effect to convert translational
kinetic energy into internal random motion, thus leading, slowly, clusters to inner
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galactic regions. Additionally, the dynamical friction caused by the stellar field
decelerates significantly the cluster orbital decay. Due to the non-linearity of
the interactions among these mechanisms, reliable results can be achieved just
via detailed numerical simulations, as those we present here.

Statistical Study of Blue Straggler Properties in GGC
De Angeli, Francesca & Piotto, Giampaolo (Astronomy Department of Padova
University)

Abstract. In this poster we report on the most significant results from a
statistical analysis of the main properties of globular cluster blue straggler stars
(BSS) extracted from the HST snapshot database of photometrically homoge-
neous color-magnitude diagrams (Piotto et al. 2002). The BSS relative fre-
quency presents a significant anticorrelation with the collisional rate and with
the cluster total absolute luminosity.

Dynamical Friction Acting on a Dissolving Globular Cluster
Fellhauer, Michael (Institut für Theoretische Physik und Astrophysik)

Abstract. We want to investigate with high-resolution N-body calculations
the strength of the dynamical friction acting on a globular cluster sinking into
the dense center of the Milky Way. On its way to the center of the Galaxy the
cluster looses mass efficiently due to tidal forces and it is still unclear how this
mass-loss affects the time-scale of dynamical friction. The ultimate aim of this
study is to investigate if and how quickly globular clusters sink to the center of
the Milky Way and deposit their stars there.

Blue Stragglers in M67: Evidence of Primordial Triples?
Kiseleva-Eggleton, Ludmila & Eggleton, Peter (St. Mary’s College of California)

Abstract. At present there are between 18 and 40 (depending on the criteria
used) identified blue stragglers (BS hereafter) in M67. Among these BSs are
single stars, single-lined (SB1 hereafter) and double-lined spectroscopic binaries,
eclipsing binaries and even a triple system S1082. There are three main channels
that allow binaries to produce BSs: (i) very close binaries → semi-detached
binaries → contact binaries → merger into a single star; (ii) moderately close
binaries → semi-detached binaries (Algols) → post-Algols; (iii) collision of the
components of a close binary, when perturbed dynamically by another star or
binary. The first and second can produce binary BSs, and the first and third
can produce single BSs. EV Cnc (S1036) - a BS eclipse - looks like a good
example of channel (i), part-way through the contact phase and heading for a
merger. Unfortunately the eclipses are shallow, and so it is hard to analyze
definitively, e.g. whether it is in contact, semi-detached or even detached. The
same mechanism might account for some single BSs as well. We should probably
expect comparable numbers, as the merger time scale is roughly the magnetic-
braking time scale, and this appears to be comparable to the nuclear time scale at
these low masses. S1284 (a sort-period SB1 with P = 4.2d, e = 0.26) is a possible
candidate for channel (ii), although the eccentricity is remarkable. Perhaps it
suffered a moderate dynamical encounter that de-cirularized the orbit once mass
transfer was finished. Four known SB1s have P ∼ 850 − 5000d. It is hard to
believe that these wider SB1s are the remains of mass transfer. We expect very
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non-conservative Roche-lobe overflow (RLOF) in the wider binaries, so that the
gainer is not able to become very much bluer than the loser was originally. At
P ∼ 3000 − 5000d we expect little or no mass transfer. The mechanism of
dynamically-forced collisions with mergers seems the most promising (or least
unpromising) for such systems. But it means presumably that the BSs which
are now wide SB1s were previously triple. One BS (S1082) is currently triple;
not only that but two of the three components are BSs! Perhaps what we need
in this case is a collision between two triples. The close pair in each was forced
into collision, one star was ejected, and one of the two third bodies remained
in a fairly close orbit around one of the merged pairs. Although triples can
be produced in a cluster by dynamical interactions, such triples usually are
destroyed again later. We need a population of primordial triples, where the
outer orbit is sufficiently small (∼ 1 − 30yr) that the triple can survive a long
time. Such systems constitute 1− 3% of the solar neighborhood. This does not
seem enough to have much influence in producing BSs. But triples ought to tend
to migrate towards the center of a cluster and so should be particularly prone
to interact with binaries and with each other. They also have larger interaction
cross-sections.

An N-Body Model of the Hyades
Madsen, Søren (Lund Observatory)

Abstract. The three-dimensional structure and kinematics of the Hyades
cluster as seen by Hipparcos are compared with realistic N-body simulations
using the NBODY6 code. Stars are selected from the model in a way that
resembles the Hipparcos observations of the cluster. Attempts to detect a cor-
relation between the velocity dispersion and cluster radius or stellar mass using
observational data from the Hipparcos and Tycho-2 Catalogues are inconclusive,
but the fit of the N-body model to the observations of the cluster structure in-
dicates that the current cluster velocity dispersion decreases from 0.35 km/s at
the cluster center to a minimum of 0.20 km/s at 8 pc radius (2-3 core radii),
from where it slightly increases outwards. A clear negative correlation between
dispersion and stellar mass is seen in the central part of the cluster but is almost
absent beyond a radius of 3 pc. With GAIA astrometry it will be possible to
investigate the structure, velocity field, IMF, binary properties etc. of the entire
entire Hyades (excluding sub-stellar objects). This detailed dynamical knowl-
edge suggests that the Hyades can be used as a calibrator for N-body models in
the future.

An Overview (Introductory Notes on Dense Stellar Systems)
Spurzem, Rainer (Astronomisches Rechen-Institut)

Abstract. An Overview on Dense Stellar Systems is given - relevant time
scales for young massive or old globular star clusters are reviewed and compared
to the different conditions in dense galactic nuclei, possibly with one or more
massive black holes. It is discussed, how our physical knowledge depends on
the advancement of computing and simulation techniques and the underlying
physical methods. Different methods, such as direct N -body, gaseous or Fokker-
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Planck models are discussed and compared and recent theoretical developments
are highlighted.

The Wake of a Body Moving Through a Stellar Distribution
Sweatman, Winston L & Heggie, Douglas C. (Massey University)

Abstract. We calculate the change in density within a uniform distribution
of field stars which is caused by a dense body plunging through with a constant
velocity. Starting with the simplest case in which the field stars are initially
stationary this leads to an infinite density along the axis of the wake. Introducing
a small thermalisation within the field stars removes this infinity whilst leading
to similar results off the path of the dense body. Results are in good agreement
with those previously derived. A uniform approximation can be made for the
density in the thermalized case and this can be used to deduce the force exerted
on the moving star due to the drag caused by the accretion wake.

The Mass Function of Galactic Clusters and its Evolution
De Marchi, Guido (European Space Agency)

Abstract. We show that we can obtain a good fit to the main sequence mass
functions of a large sample of Galactic clusters (young and old) with a tapered
Salpeter power law distribution function with an exponential truncation. The
average value of the power-law index is very close to Salpeter ( 2.3), whereas
the peak mass is in the range 0.1-0.5 Msolar and does not seem to vary in a
systematic way with the present cluster parameters such as metal abundance
and central concentration. A remarkable correlation with age, however, is seen
in that older disc clusters have higher peak mass, although this trend does
not extend to globular clusters, whose peak mass is lower than that of old disc
clusters. We attribute this trend to the onset of mass segregation following early
dynamical interactions in the loose cluster cores. Differences between globular
and younger clusters may depend on the initial environment of star formation,
which in turn affects their total mass. Mass functions of field populations such
as the solar neighborhood and Galactic bulge are consistent with the hypothesis
that they were built up over time by contributions from many functions of this
type with different peak masses.

Density Waves in Gaseous Mini-Disks of NGC 4501 and NGC6951
Orlova, Natalia; Korchagin, Vladimir; Moiseev, Aleksei & Theis, Christian (In-
stitute of Physics, Rostov State University)

Abstract. We studied the gaseous mini-disks of the central regions of NGC
4501 and NGC 6951. Taking into account the observed properties of the molecu-
lar gas in the central region we built equilibrium models for both galaxies. These
models are characterized by a gas-rich, self-gravitating central region which is
close to marginal stability measured by the Toomre parameter Q. The minimum
Q-values are 1.2 and 0.8 for NGC 4501 and NGC 6951, respectively. In agree-
ment with the expectation from linear analysis, our hydrodynamical simulations
showed that both mini-disks are gravitationally unstable. Moreover, different
to extended galactic disks multi-armed modes are dominant instead of low-m
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modes. This yields in a flocculent morphology which is in good agreement with
the observed structures for both galaxies.

The Survival of Substructure in Clumpy Clusters
Goodwin, Simon & Whitworth, Anthony (Cardiff University)

Abstract. Initially fractal star clusters undergo a dramatic phase of dynam-
ical evolution. Significant amount of substructure can remain in the clusters,
especially if the initial velocity field is correlated with the density structures.
As observations show that many star clusters are born clumpy, simulations with
smooth initial conditions may be missing an important phase of cluster evolu-
tion.

The Distribution of Stars in the Outer Part of Clusters
Lee, Kang Hwan & Lee, Hyung Mok (Astronomy Program, SEES, Seoul Na-
tional University)

Abstract. We have performed N-body simulations to study the tidal tails
of the Galactic globular clusters. The Galactic potential in our model is con-
tributed by central bulge, outer halo, and exponential disk. These components
are assumed to be invariant in time in the frame. We investigate the cluster
of multi-mass models with a power-law initial mass functions starting with dif-
ferent initial masses, initial number of particles, and different galacto-centric
distances as well as ellipticities of orbit. We have examined the general evo-
lution of the clusters, the shape of outer parts of the clusters, density profiles
and the direction of tidal tails. We also have performed the wide field CCD
photometry of two Galactic globular clusters (M92 and NGC 7492) to examine
the dynamical status of the clusters. The observations were made with the 3.6
m Canada-France-Hawaii Telescope (CFHT), using CFH12K camera. The ef-
fects of the dynamical evolution of the cluster have been investigated by means
of a completeness-corrected luminosity function and mass function and radial
density profile and surface density map.

Case C Mass Transfer in the Evolution of Black Hole Binaries
Lee, Chang-Hwan & Brown, Gerald E. (Pusan National University, Korea)

Abstract. Earlier works have shown that if the Fe core in a pre-supernova
star is to be sufficiently massive to collapse into a black hole, earlier in the evo-
lution of the star the He core must be covered (clothed) by a hydrogen envelope
during He core burning and removed only following this, in, e.g. common enve-
lope evolution. This is classified as Case C mass transfer. In this work we argue
for Case C mass transfer on the basis of binary evolution. The giant progenitor
of the black hole will have a large radius about 1000 solar radius at the end of
its super-giant stage. Its lifetime at that point will be short, about 1000 yrs, so
it will not expand much further. Thus, the initial giant radius for Case C mass
transfer will be constrained to a narrow band about 1000 solar radius. This have
the consequence that the final separation following common envelope evolution
will depend nearly linearly on the mass of the companion which becomes the
donor after the He core of the giant has collapsed into the black hole. We show
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that the reconstructed pre-explosion separation of the black hole binaries fit well
the linear relationship.

Nuclear Starbursts and AGN Evolution
Dopita, Michael (Research School of Astronomy and Astrophysics, Aust. Nat.
University)

Abstract. The environments of Active Galactic Nuclei (AGN) are often
also the regions of greatest gas concentration and star formation in galaxies.
The symbiotic relationship between the circum-nuclear gas, the associated star
formation and the inflow, jets and photoionization associated with the AGN
provides for very rich gas-phase physics. I will discuss some of these aspects
insofar as they relate to the temporal evolution of both the nuclear star formation
region and of the AGN.

Formation of Massive Black Holes Via IMBHs
Funato, Yoko (University of Tokyo)

Abstract. We propose a possible way of forming massive black holes (MBHs)
from stellar mass black holes (SBHs) through intermediate mass black holes
(IMBHs). We assume that the SBHs can be formed from massive stars. Al-
though this is possible, it was thought to be difficult that SBHs merge into
massive black holes. When SBHs have to be born in a star cluster, they concen-
trate in the center of the cluster. After concentration, they cannot grow through
merging since they are ejected the from the cluster due to sling shots. When
the star cluster is enough large and the potential of the center of the cluster
is enough deep to enclose SBHs, the SBHs cannot concentrate into the center
for the largeness of the cluster. The situation seems a dead end for SBHs born
in star clusters. However, the discovery of an IMBH in a star cluster in M82
suggests that there is a possible way to form a MBH from SBHs through IMBHs.
Here we show that it is possible for the IMBHs born in star clusters to merge and
to form a MBH from the point of view of dynamical evolution of star clusters in
a host galaxy.

Evolution of Dense Star Clusters Near the Galactic Center
McMillan, Steve & Portegies Zwart, Simon (Drexel University)

Abstract. We use direct N-body simulations to study the internal evolution
and orbital decay of dense star clusters near the Galactic center. These clusters
sink toward the center due to dynamical friction with the stellar background,
and may go into core collapse before being disrupted by the Galactic tidal field.
Collisions in the collapsed cluster core may lead to the formation of a single
super-massive star. When the cluster eventually dissolves, it may deposit the
remnant of this super-massive star, as well as a disproportionately large number
of other massive stars, within the innermost parsec of the Galactic nucleus.
Comparing the results of N-body models to the observed spatial distribution
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and kinematics of IRS16, a group of young He I stars near the Galactic center,
we argue that this association may have formed in this way.

An Intermediate-Mass Black Hole in the Dwarf Galaxy Pox 52
Barth, Aaron (California Institute of Technology)

Abstract. Do dwarf elliptical and dwarf spiral galaxies contain central black
holes with masses below 106 solar masses? Beyond the Local Group, dynamical
searches for black holes in this mass range are very difficult, but the detection
of accretion-powered nuclear activity could be used to infer the presence of a
black hole. The nearby dwarf spiral galaxy NGC 4395 hosts a faint Seyfert 1
nucleus with a likely black hole mass in the range 104-105 solar masses, and for
more than a decade it has been the only known example of a Seyfert 1 nucleus
in a dwarf galaxy. I will present new Keck spectra of the dwarf galaxy POX
52, which demonstrate that it has a Seyfert 1 spectrum nearly identical to that
of NGC 4395. Its velocity dispersion is 37 km/s, suggesting a possible black
hole mass of order 105 solar masses. I will discuss the prospects for systematic
searches for nuclear activity in dwarf galaxies and the implications for black hole
demographics.

Stellar Disc Near SgrA*-A Remnant of a Dense Accretion Disc
Levin, Yuri & Beloborodov, Andrei (CITA)

Abstract. We analyze recently measured 3-D velocities of massive stars in
the Galactic center. We show that a thin disc of massive stars revolves around
SgrA*, and we argue that these stars are a remnant of a dense accretion disc
which existed a few million years ago.
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Asteroseismology: From Dream to Reality

D. W. Kurtz

Centre for Astrophysics, University of Central Lancashire, Preston
PR1 2HE, UK

Abstract. With the resounding success of Helioseismology in determining the
interior structure and rotation of the Sun, and in providing unprecedented stud-
ies of the interaction of pulsation and magnetic fields in the solar atmosphere,
astronomers have been delighted, after decades of disappointing attempts, with
the recent discovery of solar-like oscillations in ξHya, βHyi, αCen, ηBoo and
ν Ind. There is now true seismology of a variety of solar-like stars. Asteroseis-
mology also studies stars with a wide variety of interior and surface conditions.
For two decades asteroseismic techniques have been applied to many pulsating
stars across the HR Diagram. This review describes for non-specialists pulsa-
tion modes in stars and discusses a selection of some of the successes already
accomplished in asteroseismology.

1. Introduction to asteroseismology

In 1926 in the opening paragraph of his now-classic book, The Internal Consti-
tution of the Stars, Sir Arthur Eddington lamented, “What appliance can pierce
through the outer layers of a star and test the conditions within?” While he
considered theory to be the proper answer to that question, there is now an
observational answer: asteroseismology.

Asteroseismology uses the normal oscillation eigenmodes of a star to probe
its interior conditions. In the simplest case, where the star can be approximated
as spherically symmetric, these modes are described by spherical harmonics. The
two main driving forces that cause stellar pulsations are stochastic excitation
and the κ-mechanism. Stochastic excitation occurs when the star’s eigenmodes
resonate with the time scales of the convective motions; this is the case in the
Sun and solar-like oscillators. All other known pulsating stars are driven by
variable opacity in H, He and sometimes metals, primarily Fe.

There are two main sets of solutions to the equations of motion for a pulsat-
ing star, and these lead to two types of pulsations modes: p modes and g modes.
For the p modes, or pressure modes, pressure is the primary restoring force for a
star perturbed from equilibrium by one of the above driving mechanisms. These
p modes are acoustic waves and have gas motions that are primarily vertical.
For the g modes, or gravity modes, buoyancy is the restoring force and the gas
motions are primarily horizontal.

For the spherically symmetric case, the spherical harmonics that describe
the pulsation have three quantum numbers: n, the radial overtone, is the number
of radial nodes, each of which is a concentric shell inside the star; `, the degree,
gives the number of surface nodes for the mode; m, the azimuthal order, specifies
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how many of the surface nodes are lines of longitude; for ` > |m| the rest of the
surface nodes are lines of latitude (−` ≤ m ≤ +`).

Modes with ` = 0 are called radial modes. The star pulsates spherically
symmetrically. For known types of pulsating stars these are p modes; e.g.
Cepheids and RR Lyrae stars pulsate in radial modes. Modes with ` > 0 are
called non-radial modes and may be either p modes or g modes. It is easiest
to picture how asteroseismology probes the interiors of stars by imagining a
non-radial p mode: A sound wave travels from the surface down into the star
along a ray path that is not directed at the center of the star; the wave has an
increasing sound speed as it goes deeper, mostly because of increasing temper-
ature and density, hence is refracted back towards the surface of the star where
almost all of the energy of the mode is reflected. Modes of different ` penetrate
to different depths in the star – each mode measuring the integral of the sound
speed over its path. The volume of the star that each p mode samples is called
the acoustic cavity. With enough modes, as in the Sun, it is possible to invert
the observational data to derive the interior sound speed distribution. That can
then constrain tightly temperature, density, chemical composition, and rotation
as a function of depth.

There are two other important properties of p modes and g modes: 1) as
n, the radial overtone increases the frequencies of the p modes increase, but
the frequencies of the g modes decrease; 2) the p modes are most sensitive to
conditions in the outer part of the star, whereas g modes are most sensitive to
the core conditions.

The prime goal of asteroseismology is to study pulsating stars with rich
enough frequency spectra to allow inversion of the observations to derive the
atmospheric and interior physics of the stars. Thus there is great interest in the
study of the newly-discovered solar-like oscillators (the subject of JD12) for this
purpose. Other types of pulsating stars have far fewer pulsation modes than the
Sun, but the physical conditions in those stars are, in many cases, very different
from the Sun and asteroseismology is leading to new, broad understanding of
stellar structure.

Some types of stars of interest to asteroseismology are discussed in the fol-
lowing sections to give a flavor of asteroseismic discoveries being made. The
solar-like oscillators are discussed in detail by Bedding & Kjeldsen (2003) and
Bouchy & Carrier (2003). A basic introduction to the theory of stellar pulsa-
tion can be found in the monograph by Cox (1980) and non-radial pulsation is
discussed in detail in the monograph by Unno et al. (1989).

2. roAp stars

The roAp stars have been observed photometrically since their discovery over 20
years ago. Frequency analysis of their light curves have yielded rich asteroseismic
information on the degrees of the pulsation modes, distortion of the modes from
normal modes, magnetic geometries, and luminosities. The latter, in particular,
are derived asteroseismically and have been shown to agree well with Hipparcos
luminosities (Matthews et al. 1999). New theoretical work on the interaction
of pulsation with both rotation and the magnetic field by Bigot & Dziembowski
(2002) has presented an entirely new look at the oblique pulsator model of these
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stars: They find that the pulsation axis is inclined to both the magnetic and
rotation axes, and the pulsation modes are complex combinations of spherical
harmonics that result in modes that, in many cases, can be traveling waves
looking similar to (but are not exactly) sectoral (meaning |m| = `) m modes.
This unique geometry of the pulsation modes in roAp stars allows us to examine
their non-radial pulsation modes from varying aspect as can be done with no
other type of star.

High-resolution spectra of the roAp stars γ Equ, αCir and HR 3831 (Ryab-
chikova et al. 2002; Kochukhov & Ryabchikova 2001) show the extreme strati-
fication effects of abundances and the short vertical wavelength of the pulsation
modes in these stars. Lines of Pr and Nd show significant radial velocity varia-
tions, while most other lines in the spectrum show none. A plausible interpre-
tation of this phenomenon is that those ions are concentrated in a thin layer by
the effects of radiative diffusion, and that this layer lies high in the atmosphere
near a vertical anti-node of the pulsation mode. This is consistent with previous
observations of strong line-depth dependence (atmospheric height dependence)
of the pulsation amplitude in the Hα line (Baldry et al. 1999; Baldry & Bed-
ding 2000), and the strong drop-off of photometric amplitude with increasing
wavelength explained by Medupe & Kurtz (1998).

Kurtz, Elkin & Mathys (2003) have resolved the pulsation modes in the
roAp star HD 166473 into standing waves and overlying evanescent traveling
waves. They have shown for this star that the pulsation modes are standing
waves of constant phase in the layers in which the core of the Hα line forms,
while they are traveling waves moving outward through the layers above that
where the Pr lines form. This is first direct view of outwardly traveling waves
in the magneto-acoustic reflective boundary layer in any pulsating star other
than the Sun. They also provide the first detailed observational evidence to test
new theories of Cunha & Gough (2000) and Bigot et al. (2000) of the complex
behavior of the magneto-acoustic modes of the roAp stars in this important
boundary layer. Cunha (2001), on the basis of this theory, predicted a solution
to a long-standing problem in understanding the asteroseismology of the roAp
star HR 1217 that was later observationally confirmed using the Whole Earth
Telescope (Kurtz et al. 2002). The time is now ripe for substantial new theoret-
ical developments based on the new kinds of observations being made on roAp
stars.

3. White dwarf variables

White dwarfs are g-mode pulsators and are the current champions of asteroseis-
mology. They have more frequencies detected than any other type of pulsating
star, other than the Sun, and theory has been more successful in extracting as-
trophysical information for them than for any other kind of pulsator. There are
three main regions of white dwarf pulsation: The DOV, DBV and DAV stars,
where the nomenclature is D = white dwarf; V = pulsating variable; and O, B
and A refer to spectra that resemble O, B and A stars in the presence of He and
H lines.

The best studies of pulsating white dwarfs have been carried out by the
Whole Earth Telescope (WET). The WET web site contains a wealth of infor-
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mation and references to published papers from many extended coverage (Xcov)
campaigns. An outstanding example is their study of the DOV star PG 1159-
035 (Winget et al. 1991) where they found 101 independent pulsations modes.
Models yielded a mass of M = 0.586 ± 0.003 M¯; independent tests using dis-
tances determined from parallaxes and the mass-radius relation indicate that
the quoted precision is probably correct. The periods in PG 1159 are in the
range 385 ≤ P ≤ 1000 s; they are high-overtone (n À `) g-mode pulsations, as
is the case for other pulsating white dwarfs. Asymptotic theory gives a clear
prediction of period spacing for such stars, and deviations from that are used to
derive the compositional stratification in their atmospheres, i.e. the mass of the
surface He and/or H layers – possibly even resolving He3 and He4 layers (Wolff
et al. 2002). PG 1159 clearly shows ` = 1 and 2 modes, but not ` = 3. The
magnetic field strength is less than 6000 G – a very small value for a white dwarf
star where field strengths are often MG. Clearly asteroseismology of white dwarf
stars is highly successful in extracting astrophysically interesting information.

One of the more striking properties of white dwarfs being studied by astero-
seismology now is the C/O interior composition and the potential crystallization
of the core in the most massive of the DAV stars in stars such as BPM 37093
(Montgomery et al. 1999) into earth-sized “diamonds”. Metcalfe (2003) has even
used seismic models of two white dwarfs to measure the 12C (α, γ) 16O reaction
rates, finding a value consistent with laboratory reaction rates.

4. Sub-dwarf B variables

It has been only 7 years since the discovery the EC 14026 stars, the sdBV stars.
This group was discovered observationally (Stobie et al. 1997) at the same time
that its existence was predicted theoretically (Charpinet et al. 1996). The sdBV
stars are low-`, non-radial p-mode pulsators with 65 s ≤ P ≤ 500 s, and ampli-
tudes from 1 mmag up to 0.3 mag. They are all multiperiodic with 2 to 50
modes. Driving is caused by the κ-mechanism operating on a metal line opac-
ity bump in a layer where Fe has been radiatively levitated and concentrated.
They are Extreme Horizontal Branch stars that have been stripped of their H
envelopes, leaving behind an approximately 0.5–M¯ He star wrapped in a minis-
cule H-rich atmosphere with a mass no greater than 10−4 M¯. They are all in
binary systems. Now there is a second group of sdBV stars that pulsate with
periods around one hour (Green et al. 2003); these are g-mode pulsators that
are slightly separated from the p-mode EC 14026 stars in the HR Diagram.

One of the most exciting of the EC 14026 stars is PG 1336-035. It is an
sdBV star in an eclipsing binary with an orbital period of 2.4 hr and with an
M dwarf companion of similar radius to the sdBV star. WET devoted two
campaigns to this star. During primary eclipse as the M star passes in front
of the sdBV star, the pulsation amplitude changes as parts of the non-radial
modes are selectively covered. Removal of the eclipse light curve to study these
amplitude changes suggests that the pulsation axis may be the tidal axis between
the two stars. While there is a wealth of theoretical discussion of tidally induced
and modulated stellar pulsation, there have been few observations to test the
theory, giving PG 1336 great promise for that.
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Another exciting sdBV star, the subject of WET Xcov23 is KPD 1930+2752,
an ellipsoidal variable with over 44 periods, and an orbital period of 2.28 hr. The
companion is unseen and exceeds the mass of KPD 1930+2752. In fact, the pro-
jected orbital velocity of 349 km s−1 implies a total mass for the system of at least
1.47 M¯ – greater than the Chandrasekhar limit! Gravitational radiation is ex-
pected to cause the system to merge in about 200 Myr making KPD 1930+2752
the first good candidate of a Type Ia supernova (SNe Ia) double-degenerate pro-
genitor.

For application of asteroseismology it is necessary to have clear mode iden-
tifications of n, ` and m for each mode. The combination of line profile and
radial velocity studies from spectroscopy and concurrent photometry is best for
this. Now in addition to the photometric WET there is the Multi-site Spectro-
scopic Survey Telescope (MSST). A large campaign by the MSST in 2002 was
awarded 113 nights of spectroscopic time to observe the sdBV star PG1605+072
in conjunction with 127 hours of photometric observations obtained by WET
in Xcov22. This outstanding data set is still under analysis and promises rich
results.

Asteroseismology of sdBV stars was explored for 1.5 days at the recent
meeting, “Extreme Horizontal Branch Stars and Related Objects”, held in 2003
June at Keele University; recent reviews and latest results can be found in the
proceedings (Ap&SS, in press).

5. βCep stars

The β Cep stars are (primarily) p-mode main sequence pulsators of spectral
type B0–B2. They have large convective cores which makes them interesting
targets for asteroseismology, because of the uncertainty of modeling such cores.
Although they are multi-periodic, they are not known to have large numbers
of pulsation modes such as are found for solar-like or white dwarf oscillators.
Nevertheless, much can be learned from just a few modes, and there have been
major recent asteroseismic successes for some β Cep stars.

Aerts et al. (2003a) studied 21 years of multi-color photometry for the
β Cep star HD 129929 (V836 Cen). They identified an ` = 1 triplet, a doublet
they attributed to two m modes of an ` = 2 quintuplet and an ` = 0 radial
mode, all with frequencies in the range of 6–7 d−1. The models that best fitted
the observed frequencies had a core overshooting parameter of αover = 0.1 and
non-rigid rotation, with the core rotating four times faster than the surface. If
this result stands the test of time, it is the first detection of differential rotation
with depth in a star other than the Sun.

For mode identification Handler et al. (2003) and Aerts et al. (2003b) have
obtained extensive photometric and spectroscopic data sets for the β Cep star
ν Eri: 600 hr of differential photometry on 148 nights and 2442 spectra for line
profile and radial velocity studies obtained on 118 nights. The frequencies are
in the 5–8 d−1 range and there is some suggestion from the lowest frequencies
of the presence of g modes, as well as p modes. If this is confirmed it will make
ν Eri a slowly pulsating B star, as well as a β Cep star.
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6. Conclusion

There are many other kinds of pulsating stars that are being studied asteroseis-
mically: The δ Sct stars have, in some cases, dozens of detected p modes. The
γDor stars are early F, g-mode pulsators with prospect for g-mode studies of
cores of stars not very different from the newly discovered solar-like oscillators.
Slowly pulsating B stars are mid-to-late B stars pulsating in g modes. All period-
ically pulsating stars have tremendous promise for new looks at stellar interiors
as we hone our theoretical understanding and obtain previously undreamed of
observations. Asteroseismology is truly Eddington’s “appliance” to see inside
the stars. The dream is now a reality.
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Abstract. The physics of solar and stellar oscillations determine their ob-
servable characteristics. I provide a brief overview of the properties of solar-like
oscillations, excited by stochastic processes, in other stars. In addition, I consider
the current state of investigations of such oscillations, as well as the prospects for
an improved understanding of their physics and the properties of the pulsating
stars.

1. Introduction

Oscillations of isolated stars may be caused by two fundamentally different mech-
anisms: intrinsic instability and stochastic excitation. In the former case, the
star acts as a heat engine, converting thermal energy into mechanical energy
through a proper phasing of local heating and compression; this is the case, for
example, in the classical instability strip populated by the Cepheids, RR Lyrae
stars and δ Scuti stars. In the latter case, the stellar oscillations are intrinsically
damped, but excited by other processes, typically turbulent flows; this happens
in the Sun where the near-surface convection, with nearly sonic speeds, causes
emission of acoustic waves which excite the modes of oscillation. Oscillations
excited in this manner by convection may be considered solar-like; as discussed
below, they are expected to be present in all stars with vigorous near-surface
convection and hence occur in both solar-like stars and stars quite unlike the
Sun.

As discussed by Kjeldsen & Bedding in this volume, solar-like oscillations
have been observed in a variety of stars in recent years, including both main-
sequence stars and highly evolved giants. Further extensive data are expected
in the near future, both from continuing ground-based observations and from
several space missions under way. Thus it is important to consider the physical
properties of the oscillations, and in particular how the observed characteristics
reflect the properties of the stars and may be used to probe these properties.

2. Basic properties of solar-like oscillations

Only a very brief discussion of the properties of stellar oscillations can be pro-
vided here. For more details, Unno et al. (1989) and Gough (1993) may be
consulted, for example.

397
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2.1. Mode Properties

A mode of stellar oscillation is characterized by the degree ` and azimuthal order
m which determine the properties of the mode as a function of co-latitude and
longitude, and the radial order n which depends on the variation with distance
r to the center. Here ` determines the total number of nodal lines on the stellar
surface, while m determines the number of nodes around the equator. From
stellar observations, averaging light over the stellar disk typically suppresses the
signal from all but the modes of the lowest degree, with ` ≤ 3.

The behavior of a mode in the radial direction is determined by the restor-
ing forces: pressure forces caused by compression and rarefaction, and buoy-
ancy forces caused by horizontal density differences being affected by gravity.
These forces can be described in terms of two characteristic frequencies, varying
through the star: the acoustic (or Lamb) frequency S` and the buoyancy (or
Brunt-Väisälä) frequency N . S` is determined by S` =

√

`(`+ 1)c/r, where c
is the adiabatic sound speed, c2 = Γ1p/ρ, where p is pressure, ρ is density, and
Γ1 = (∂ ln p/∂ ln ρ)ad is the adiabatic exponent. N is given by

N2 = g

(

1

Γ1

d ln p

dr
− d ln ρ

dr

)

, (1)

where g is the gravitational acceleration. In regions where N 2 > 0, N is the
frequency of a gas element of small horizontal extent oscillating under the effect
of buoyancy. Regions where N 2 < 0 are convectively unstable, buoyancy giving
rise to accelerating direct motion leading to convective energy transport.

Asymptotic analysis shows that the eigenfunction of a mode oscillates as a
function of r if its angular frequency ω satisfies one of two conditions: either
ω > S`, N or ω < S`, N . In the first case pressure dominates the restoring
force and the mode has the nature of a standing acoustic wave; in the second
case restoring is dominated by buoyancy and the mode has the character of a
standing gravity wave. The former modes are known as acoustic, or p, modes
whereas the latter modes are known as gravity, or g, modes.

The observed modes of solar-like oscillation typically have the character of
high-order acoustic modes. These satisfy a simple asymptotic relation for the
frequencies, usually written in terms of the cyclic frequency ν = ω/2π:

νnl ∼ ∆ν

(

n+
`

2
+ α

)

, (2)

to lowest order of approximation, where α is a surface phase. Hence the spec-
trum is uniformly spaced in order, by the large separation ∆n` = νn`−νn−1 ` ∼
∆ν ' (2

∫ R
0 dr/c)−1, i.e., the inverse of the sound travel time across a stellar

diameter. Also, modes of the same n + `/2 are degenerate to this approxima-
tion. Corrections to Eq. (2) give rise to a departure from this degeneracy,
characterized by the small separation δn` = νn` − νn−1 `+2.

In the core of evolved stars the buoyancy frequency attains very high val-
ues, due to the strong central condensation and the resulting high value of g,
often enhanced by a steep gradient in the hydrogen abundance (e.g., outside a
convective core). In such cases the buoyancy frequency in the core may exceed
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typical values for the observed frequencies. Here, therefore, a mode can show
g-mode-like behavior in the core and p-mode-like behavior in the envelope.

A very useful characteristic of a mode is its mode mass Mmode defined by
Mmode =

∫

V ρ|δr|2dV/|δrph|2 where the integration is over the volume V
of the star; here δr is the displacement and |δrph| is its surface norm. This
relates the surface rms velocity |Vph| to the total energy E of the mode through
E = Mmode|Vph|2. Evidently, modes trapped in the deep interior of a star,
such as g modes, tend to have a high value of Mmode; one may then suspect that
they are less likely to be excited to large amplitudes.

Rotation introduces a dependence of the frequencies on m. For slow rota-
tion this rotational splitting is proportional to the rotation rate; this is a good
approximation in the solar case. For rapidly rotating stars, however, effects
of higher order in the rotation rate must be taken into account, substantially
complicating the frequency spectrum (e.g., Soufi et al. 1998).

2.2. Mode excitation

As discussed in the introduction, solar-like oscillations are intrinsically damped
but excited stochastically by near-surface convection. Thus the mode energies
are determined by a balance between the energy input, which typically depends
only on the frequency, and the damping rate (e.g., Goldreich et al. 1994; Samadi
et al. 2003; see also Stein et al., this volume). Very roughly, the resulting energy
is predominantly a function of frequency; at a given frequency the dependence
of the surface amplitude on mode properties is then determined by the mode

inertia as |Vph| ∝M−1/2
mode .

Stochastic excitation produces a characteristic frequency variation of the
surface amplitude, leading to the largest amplitudes in the solar case near periods
of 5 minutes. At low frequencies the modes have low amplitude in the region of
efficient excitation, compared with the overall amplitude, leading to small surface
amplitudes. Also, driving is most efficient for modes whose periods match the
time scale of the near-surface convection, in the solar case 5 – 10 minutes. At high
frequency, at and above the so-called acoustical cut-off frequency, the modes are
no longer reflected at the photosphere and suffer substantial energy loss through
running waves. For stars that are not too highly evolved this places the largest
amplitudes in the frequency range corresponding to high-order acoustic modes,
confirming the applicability of the asymptotic Eq. (2).

Christensen-Dalsgaard & Frandsen (1983) made a very rough estimate of
the amplitude expected for stochastically excited modes in a variety of stars,
based on an early analysis by Goldreich & Keeley (1977). Later estimates by
Houdek et al. (1999) largely confirmed the earlier results. These estimates are
now being tested by data on solar-like oscillations. Interestingly, the observed
amplitude for Procyon, which is somewhat hotter than the Sun, is lower by a
factor of roughly three than the prediction (e.g., Barban et al. 1999).

3. Diagnostic potential of solar-like frequencies

The asymptotic relation in Eq. (2) defines the basic structure of the spectrum of
solar-like oscillations and provides the basis for the simplest analysis of observed
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frequencies, in the determination of the large and small frequency separations.
Indeed, the regular spacing of the frequency spectrum, together with the char-
acteristic distribution of power with frequency, are the two main signatures of
the presence of solar-like oscillations. The large separation provides an average
of the entire structure of the star; for stars on or near the main sequence it may
be taken as a measure of stellar mass. On the other hand, the small separation
is sensitive to the structure of the core of the star; in particular, δn` is reduced
with increasing stellar age. This suggests illustrating the two separations in a
two-dimensional diagram, similar to the classical Hertzsprung-Russell diagram
(e.g., Christensen-Dalsgaard 1984, 1988; Ulrich 1986). Assuming that other pa-
rameters of a star are known, such as its composition, the observed location of
the star in this diagram determines its mass and evolutionary state (but see also
Gough 1987).

Although the small separation is determined principally by conditions in the
core, it retains some sensitivity to overall structure, including detailed properties
of the stellar envelope. Roxburgh & Vorontsov (2003) showed that ratios such
as rnl = δn`/∆n` are entirely determined by the core conditions and hence
provide a much cleaner probe of the age of the star or other aspects of its core
structure.

The oscillation frequencies evidently contain information beyond the large
and small separations. In particular, the asymptotic description assumes a
smooth model, on the scale of the eigenfunction variations. Sharp features give
rise to detectable oscillatory signals in the frequencies. In the solar case this
signal has been used to investigate the properties of the base of the convective
envelope, where the sudden change from adiabatic to sub-adiabatic temperature
gradient causes a similarly sharp change in the gradient of the sound speed (e.g.,
Basu et al. 1994; Monteiro et al. 1994; Roxburgh & Vorontsov 1994). Also, the
decrease of Γ1 in the region of second helium ionization causes a localized change
in the sound speed, with a detectable signature in the frequencies which provides
a measure of the helium content of the solar envelope (e.g., Vorontsov et al. 1991;
Antia & Basu 1994; Pérez Hernández & Christensen-Dalsgaard 1994). Similar
analysis may become possible in the stellar case, once data of sufficient quality
have been obtained (e.g., Lopes et al. 1997; Pérez Hernández & Christensen-
Dalsgaard 1998; Monteiro et al. 2000; Miglio et al. 2003).

4. Asteroseismology of evolved stars

After the star leaves the main sequence, following the exhaustion of hydrogen at
the center, the buoyancy frequency in the deep interior increases strongly as a
result of the contraction of the core. As discussed above, modes in the observed
range of frequency may then have a dual character, with p-mode properties in
the envelope and g-mode properties in the interior. In most cases the mode is
dominated by one of the two possible regions of oscillatory behavior; if this is
the g-mode region the resulting mode mass is typically so high that the mode is
unlikely to be observed. However, some modes can have substantial amplitudes
in both regions; this results in a modest mode mass, and hence a potentially
detectable amplitude, while the g-mode behavior causes significant departures
from the simple asymptotic relation, Eq. (2). An example of such behavior
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may be present in the sub-giant η Bootis which was found by Kjeldsen et al.
(1995) to show solar-like oscillations; computed frequencies (e.g., Christensen-
Dalsgaard et al. 1995; Guenther & Demarque 1996; Di Mauro et al. 2003) show
clear departures from Eq. (2) for ` = 1, at mode masses indicating that
the modes might be observable. Interestingly, there is some evidence that the
observed frequencies show similar behavior; this would be a first indication that
properties of the buoyancy frequency can be probed with solar-like oscillations.

The estimates of mode amplitudes indicate that larger amplitude may be
expected in more evolved stars, particularly for red giants. Some indications
for solar-like oscillations were found in the K0 giant α UMa from observations
made with the WIRE satellite (Buzasi et al. 2000) although the interpretation
of the data was later questioned (Dziembowski et al. 2001). Frandsen et al.
(2002) found clear evidence for solar-like oscillations in the G7 giant ξ Hya,
with an envelope of power strongly reminiscent of the solar case, albeit with an
amplitude maximum at a period of around 3 hours. This star is probably in
the core helium burning stage, with an extremely condensed core. It is likely, as
discussed by Dziembowski et al. (2001), that the resulting very rapid variation
of the eigenfunctions in the region of g-mode behavior causes strong damping of
non-radial modes, such that only modes with ` = 0 are excited to observable
amplitudes. Indeed, the observed uniform spacing of the frequencies corresponds
to the full large separation ∆ν for the most plausible models, rather than half
this value as would be observed if both ` = 0 and 1 modes were observed.

For even more luminous red giants the predicted amplitudes are quite sub-
stantial but the periods are very long, of order weeks or months, making ob-
servations extremely time consuming. For the extreme case of asymptotic gi-
ant branch stars literally decades of observations are required to identify the
frequency structure and other properties of the oscillations. It was argued by
Christensen-Dalsgaard et al. (2001) that data on semi-regular variables, obtained
through very extensive efforts by the American Association of Variable Star Ob-
servers showed statistical properties consistent with stochastic excitation of a
solar-like nature. Thus it seems plausible that solar-like oscillations can be ob-
served throughout the red part of the Hertzsprung-Russell diagram, extending
to quite extreme cases very different from the Sun. The full diagnostic potential
of these data still needs to be explored, however.
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Abstract. Experience in helioseismology provides guidance for modeling
challenges in asteroseismology. It guides choices of targets and conditions of ob-
servation. The main objectives are the interplay between rotation and convection
and the knowledge of the internal magnetic field. Progress on the structure of
the outer layers is crucial to avoid mode identification problems.

1. Introduction

Stellar modeling has been recently improved by a better understanding of many
physical phenomena; e.g. the interaction of photons with complex plasmas or
the way stars lose mass and rotate. Additional progress has been achieved by
a better determination of stellar composition, distance, and geometry. Seismic
investigation of stellar interiors will give us a real insight and consequently will
contribute to answering outstanding questions concerning on convection, mag-
netic field and rotation. Currently, the absence of a proper description of such
phenomena limits our understanding of early and late stages of evolution, and
the objective is to directly introduce them in stellar structure equations.

In this review, we anticipate from the solar case the potential progress for
solar-like stars, including young or massive stars. Of course, the Sun is a unique
object as we can detect a large number of modes. For solar-like stars, the
detection will be limited to low-degree acoustic modes. But the richness of our
experience in helioseismology allows us to deduce from the understanding of the
mode characteristics the way to achieve a real insight from the surface to the
core if we have the opportunity to achieve the required accuracy.

2. The Solar Experience

The investigation of the stellar interior with seismic probes (Ballot et al. 2003a,b)
depends on the ability to identify the observed modes, to get a sufficient number
of them (from 20 to 50 at least) and to have a sufficient length of observations
(typically several months). In these conditions, the extension of convective zones
and helium content are accessible. Moreover, we notice that the correct extrac-
tion of the rotation profile (Couvidat et al. 2003a) in the radiative zone benefits
from limited instrumental perturbations at low frequencies to approach the range
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of mixed modes. A major lesson from helioseimic data is that we can consider-
ably improve the quality of the information if we integrate the signal for several
years at low frequencies (Turck-Chièze et al. 2001; Couvidat et al. 2003b), in
reducing the stellar activity effect together with the role of the stochastic ex-
citation, encouraging seismic observations during exoplanet observations which
will cover several successive years. Due to the high quality of the solar seismic
information, which allows an extraction of the sound speed at the level of 10−4

down to 0.06R¯, a deep understanding of the physical ingredients such as nu-
clear reaction rates, opacities and surface composition has been possible, which
is directly useful for asteroseismology.

3. Future Major Challenges

The knowledge of the metallicity through only the iron composition is not suf-
ficient and the composition of carbon, nitrogen and mainly oxygen is necessary
to interpret the sound speed profile. These elements play a crucial role at the
base of the convective zone and just below, so the detailed knowledge of the
composition helps to disentangle competition between radiation and convection.

In the possible cases, we will determine the edge of external convective
zones of solar-like stars, and deduce strong constraints on convective phenomena
using several stellar calibrators. The aim is to go beyond the mixing length
approximation and the notion of over or undershooting. This is one of the
important issues for asteroseismology. For this objective, hydrodynamical 3D
simulations will be of great utility (Brun & Toomre, 2002), if we can observe the
internal behavior of stars with different surface rotation. It will be extremely
exciting to really understand the role of the rotation in convective layers, by
looking at a large number of clusters of different ages. Progress will come from
the study of young clusters with higher rotation rates for which we are waiting
confrontation with present modeling (Piau & Turck-Chièze 2002; Piau, Ballot
& Turck-Chièze 2003).

In simulating the perturbed characteristics of the modes (stochastic exci-
tation and variability along stellar cycle), we are confident that we can extract
the depth of outer convective zone at a level of several percent, and the determi-
nation of photospheric helium content; this will be critical for a good estimate
of the stellar ages of solar like stars of different metallicities, thanks also to the
precise determination of stellar diameters for nearby observed stars. We hope
also to make progress on the magnetohydrodynamic role of the interlayer be-
tween radiation and convection. Any improvements in computer performance
will be immediately used to simulate such still inaccessible regions of stars. To-
day’s tachocline parameters must be replaced by a real understanding of the
processes in action. Another very important goal consists of improving determi-
nations of the frequencies of the modes, which is important for the identification
of the observed peaks and consequently it will help in going towards higher
masses and other areas of the HR diagram. This progress supposes a correct
introduction of the turbulence, which is mainly concentrated in the solar case in
the outer 1000 km, and of the external magnetic field.
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4. The surface magnetic field

For many years, the high precision achieved in the measurement and the calcu-
lation of solar acoustic frequencies has shed light on the detailed disagreement
between them, which varies much more with frequency than with the mode de-
gree `. For low values of `, this discrepancy can be considered to be independent
of `, and reaches several tens of µHz at high frequencies. Since Woodard &
Noyes (1985), it has been well known that frequency variations with the solar
cycle present qualitatively the same properties: independent of ` for ` = 0 - 10,
reaching a maximum of several tenths of µHz at high frequencies.

These specific behaviors are attributed to very near-surface effects. Indeed,
for low values of `, the wave vector becomes nearly radial. But until now, despite
numerous studies, it has been difficult to build up a scenario that can give rise to
the frequency changes capable of reproducing the observations. The most con-
crete result was obtained very recently by Li et al. (2003), where the frequency
variations with the cycle were relatively well reproduced, with a combination of
turbulent pressure and magnetic field.

Nghiem (2002a) developed a semi-analytical calculation using a boundary
condition directly implying the stellar structure studied without any other hy-
pothesis on this structure. Such an approach, despite its reduced precision
compared to the numerical methods, could be pertinent in the study of near
surface layers. It consists in examining pure acoustic waves traveling in a locally
homogeneous gas sphere. At the surface, these waves are reflected when the
environment is no longer homogeneous, that is when its characteristic length,
identified here with the pressure scale height Hp, is of the same magnitude as
the wavelength. So the external cavity limit r2 is the radial position obeying the

following equation: 1
kr

ω2

c20
= 2π

11.3Hp
. kr the radial wave number which is equal

to ω/c0 at the surface for low `. When comparing the observations and the
resulting eigenfrequencies obtained with a solar model of Brun, Turck-Chièze &
Zahn (1999), an `-independent discrepancy can be seen, characteristic of sur-
face effects, but different from the classical figure, due to the relaxing of the
isothermal atmosphere approximation.

A conventional inversion method is used to search for a sound speed change.
But that cannot be a solution; on the contrary, a change in Hp with c0 constant,
or almost constant, will lead to a net change of r2 and thus a frequency change
independent of `. The magnetic field is a good candidate satisfying this latter
condition. Because the magnetic pressure induces a change in Hp as well as the
sound speed, but the latter is compensated by the Alfven speed. The effect on
the gas pressure and the sound speed of an horizontal field Bh is:

p1 − p0 = −B
2
h

8π
; and c2

1 − c2
0 = (p0 − p1)(

2− Γ1

ρ0
) (1)

and a change from Bh to Bh + δBh leads to:

p2 − p1 = −BhδBh

4π
− δB2

h

8π
; and c2

2 − c2
1 = (p1 − p2)(

2− Γ1

ρ0
) (2)

where the indices 0, 1, 2 refer to the cases without magnetic field, with magnetic
field, and with a magnetic field change. In this study, the adiabatic coefficient Γ1
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and the density ρ0 remain unchanged, provided that the hydrostatic equilibrium
is maintained with the same total pressure. The above equations clearly show
that the determination of the variation δBh depends on the determination of
Bh.

To determine the surface magnetic field, we calculate first the eigenfrequen-
cies with the above mentioned method, applied to the solar structure of our solar
model. By comparing with the LOWL observed frequencies of Jiménez-Reyes
(2001) near the minimum and maximum of magnetic activity, i.e. in 1996-1997
and 1999-2000, we can infer Bh and δBh. The results are the following. We are
able to extract an order of magnitude of the magnetic field and of its variation
through the solar cycle, down to about 0.995 increasing from 0 to 10 kG for the
permanent magnetic field, and down to 0.997 increasing from 0 to 100 G for
the variation of this magnetic field. Below, the magnetic pressure is so small in
comparison with the gas pressure, that we can deduce nothing from the abso-
lute values of the frequencies. Near the surface, the introduction of a turbulent
pressure term does not modify these conclusions as the impact of this term is
very localized.

Despite some questionable approximations used here, the Bh profile shows
magnetic field values at roughly the same range as the ones estimated from
measurements, and the δBh profile is not very different from the one infered in
Li et al. (2003).

This method may be extended to other stars in the future and provides
input for stellar models to improve the identification of the detected modes.
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Abstract. The solar-like oscillations are oscillations that are expected to be
excited by near-surface convection. Apart from the Sun itself, we now have a
number of stars where p-mode solar-like oscillations have been detected. In this
paper we present a short presentation of those recently discovered oscillations.

1. Introduction

The oscillations in the Sun are believed to be excited by convection near the solar
surface, and we therefore expect that all stars that have a outer convection zone
will display solar-like oscillations. A detailed discussion of solar-like oscillations,
their detection and properties can be found in a recent review in Bedding &
Kjeldsen (2003), and we will therefore not discuss all of the details of solar-like
oscillations in the present paper. In the description below we will concentrate on
two aspects related to observations of solar-like oscillations; the global properties
of the p-mode excess power and the oscillations detected in α Cen A.

2. P-Mode Power in Solar-Type Stars

Detailed model calculations of solar and solar-like oscillations as well as ob-
servations of high-order p-mode oscillations in a number of stars, show that the
frequencies of low-degree (`) and high-order (n) oscillations can be approximated
by the asymptotic relation:

νn,` = ∆ν(n+
1

2
`+ ε)− `(`+ 1)D0 (1)

This relation show that the structure of p-modes can be characterized by a
set of so-called separations. The large separation (∆ν) is the distance between
modes with same degree (but different order), while the small separations re-
flect differences between modes with different order (and different degree). The
following small separations can be defined:

δν02 = νn,`=0 − νn−1,`=2 = 6 D0 (2)
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Figure 1. Observed power spectra of oscillations in the Sun and in 5 other
stars. For details of the observations see Bedding & Kjeldsen (2003). The
frequency is shown on a logarithmic scale and, as one can see, oscillations
are found at a significantly lower frequency in evolved stars like ξ Hydrae, ν
Indus, η Bootis and β Hydri than observed in α Cen A and the Sun. The
reason for this is that the peak p-mode power is proportional to the acoustic
cutoff frequency in the stellar atmospheres.
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Figure 2. Power spectrum of time series of velocity measurements for the
star α Centauri A and the Sun. The details of the power spectrum indicate
that α Cen A is significantly more evolved than the Sun. The large separation
for the Sun is about 135 µHz and the small separation (δν02) is about 9
µHz. For α Cen A the same values are 106 µHz for the large separation and
5.5 µHz for the small separation (δν02). Based on the value for the large
separation, we can estimate the density of α Cen A to be 0.61 times solar
(0.86 g/cm3). The α Cen A power spectrum in this figure is from Butler et
al. (2003) and the solar spectrum from full-disk velocities from the GOLF
instrument on SoHO (Gabriel et al. 1997). The velocities for the α Centauri
A time series show a scatter that is well below 1 m/s per data point for
data taken at the UVES spectrograph (using an iodine absorption cell for
wavelength referencing) at VLT (UT2) at a sampling rate of two data points
per minute. This accuracy is in fact higher than the one obtained using the
GOLF instrument. The observations of α Cen A result in a noise level in
the Fourier amplitude spectrum of 1.9 cm/s and as such, these observations
represent the most accurate velocities ever measured on any star (apart from
our Sun).
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δν13 = νn,`=1 − νn−1,`=3 = 10 D0 (3)

The small separations reflect details of the structure of the star while the
large separation to first order is a measure of the stellar density (see e.g. Kjeldsen
& Bedding 1995). The small separations will decrease during the Hydrogen core
burning phase of the stellar evolution and one will therefore potentially be able
to determine stellar ages by detailed measurements of the small separations (see
e.g. Brown et al. (1994); Gough (2003); and Christensen-Dalsgaard in this
volume).

Observing solar-like oscillations is difficult because of the low amplitude
(peak amplitudes for individual modes are in most cases below 1 m/s). The
frequency of low-degree high-order modes are in most cases between 0.5 and 4
mHz making observations insensitive to low-level night-to-night variations. The
first star (apart from the Sun) where solar-like p-mode excess power was found
is Procyon (α CMi), an F5 subgiant. Evidence for oscillations was presented
as early as 1991 by Brown et al. Since then detections have been claimed in a
number of stars, some of them shown in figure 1. For details on the individual
stars, see Bedding & Kjeldsen (2003).

3. Seismology of α Cen A

The star α Cen A is a nearby star with the same spectral type as the Sun and it is
therefore an obvious target for trying to detect solar-like oscillations. Using the
CORALIE spectrograph, Bouchy & Carrier (2001 and 2002) detected p-modes
similar to those seen in the Sun. New observations using the UVES instru-
ment (on VLT) and the UCLES spectrograph (on AAT) confirm the frequencies
detected by Bouchy & Carrier (see figure 2).
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Abstract. P-mode oscillations in the Sun and stars are excited stochasticly
by Reynolds stress and entropy fluctuations produced by convection in their
outer envelopes. The excitation increases with increasing effective temperature
(until envelope convection ceases in the F stars) and also increases with decreas-
ing gravity.

1. Introduction

Acoustic (p-mode) oscillations have been observed in the Sun and several other
stars. They are excited by entropy (non-adiabatic gas pressure) fluctuations
and Reynolds stress (turbulent pressure) fluctuations produced in envelope con-
vection zones. Expressions for the excitation rate have been derived by several
people (Goldreich & Keeley 1977; Balmforth 1992; Goldreich, Murray & Kumar
1994; Nordlund & Stein 2001; Samadi & Goupil 2001). Evaluation of these ex-
pressions depends on knowing the properties of convection. To obtain analytic
results it is necessary to make drastic approximations to the convection proper-
ties. Using results of numerical simulations of the near surface layers of a star
it is possible to calculate the excitation rate of p-modes for the Sun and other
stars without the need to make such approximations.

2. Excitation Rate

The excitation rate can be derived by evaluating the PdV work of the non-
adiabatic gas and turbulent pressure (entropy and Reynolds stress) fluctuations
on the modes. Since excitation is a stochastic process, the work must be averaged
over the relative phase between the mode and the pressure. The result (Nordlund
& Stein 2001) is
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Here, δPω is the time Fourier transform of the non-adiabatic total pressure,

δP nad = (δ ln(Pgas + Pturb)− Γ1δ ln ρ) (Pgas + Pturb) . (2)

The non-adiabatic total (gas plus turbulent) pressure is calculated directly from
the simulation at each 3D location at each saved time. It is then averaged over
horizontal planes and interpolated to the Lagrangian frame at each time. ∆ν =
1/(total time interval) is the frequency resolution with which δPω is computed.
ξω is the mode displacement eigenfunction. The mode energy is

Eω =
1

2
ω2

∫

r
dr ρ ξ2ω

(

r

R

)2

. (3)

The mode eigenfunctions are evaluated from a complete envelope model, ob-
tained by fitting the mean simulation radial structure to a deeper one-dimensional
adiabatic convective envelope.

3. The Simulations

We simulate a small portion of the photosphere and the upper layers of the
convection zone by solving the equations of mass, momentum and energy con-
servation. Spatial derivatives are calculated using third order splines vertically
and 5th order compact derivatives horizontally on a non-staggered grid. Time
advance is a third order leapfrog scheme (Hyman 1979; Nordlund & Stein 1990).
The equation of state includes ionization and excitation of hydrogen and other
abundant elements and the formation and ionization of H2 molecules. Radia-
tive energy exchange is found by solving 3D, LTE, non-gray radiation transfer.
Horizontal boundaries are periodic. Vertical boundaries are transmitting, with
the entropy of the in-flowing fluid at the bottom of the domain specified.

4. Convection

Convection is driven by radiative cooling in the thin thermal boundary layer
at the solar surface. It consists of cool, low entropy, filamentary, turbulent,
downdrafts that plunge through a warm, entropy neutral, smooth, diverging,
laminar upflow. The low entropy downflows are the site of most of the buoyancy
work that drives the convection (Stein & Nordlund 1998).

5. Solar Excitation Rate

Excitation of p-modes peaks at some intermediate frequency. For the Sun, this is
3-4 mHz. The excitation behavior at low frequency is controlled by the behavior
of the eigenmodes. Excitation decreases at low frequencies because the mode
mass increases and the mode compression decreases as the frequency decreases.
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Figure 1. Excitation spectra of stars with varying surface gravity and effec-
tive temperature. Excitation increases with increasing effective temperature
(until convection ceases) and decreasing surface gravity.

The excitation behavior at high frequencies is controlled by the behavior of the
convection. Excitation decreases at high frequencies because the gas and turbu-
lent pressure fluctuations are produced by the convective motions and convective
power is concentrated at low frequencies. Most p-mode excitation occurs in the
low entropy, turbulent downdrafts and at the edges of granules, close to the
surface where the convective velocities and entropy (non-adiabatic gas pressure)
fluctuations are largest. At low frequencies the mode driving is spread out over
a larger depth range and as the frequency increases the excitation becomes more
and more concentrated close to the surface (Stein & Nordlund 2001).

6. Stellar Excitation Rates

Simulations of convection in other stars have been used to calculate their p-mode
excitation rates. As the surface gravity of the stars decreases the excitation rate
increases and shifts to lower frequency (Fig. 1), and as the effective temperature
of the stars increases (until surface convection ceases in F stars) the excitation
rate increases with the peak frequency remaining the same (Fig. 1). Figure 2
shows a contour plot of the total (frequency integrated) excitation as a function
of surface gravity and effective temperature. The increase in excitation with
decreasing gravity and increasing effective temperature can be understood using
the approximate mixing length expression for the convective flux solved for the
convective velocity

Vz =

[

FconvRgas

2ρCPµ

]1/3

, (4)

where Fconv is the convective flux, Rgas is the gas constant, ρ is the density, CP

is the specific heat at constant pressure, and µ is the mean molecular weight of
the plasma. Smaller gravity (more giant) stars have lower density, so larger con-
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Figure 2. Total excitation (logarithmic scale) increases with increasing ef-
fective temperature (until convection ceases) and decreasing surface gravity.

vective velocities and larger Reynolds stresses and entropy fluctuations. Higher
effective temperature stars have a larger emerging flux and hence also larger
convective velocities.
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Abstract. Over the past couple of decades increasingly sophisticated analysis
algorithms have been developed in helioseismology. Here I will describe some of
these with an emphasis on those most relevant to asteroseismology and some of
the lessons learned. I will also discuss some of the properties of stellar oscillations
and how those affect the analysis.

1. Overview

Helioseismic analysis methods have become increasingly complex as the quality
of the data, our understanding of the physics and the available computing power
have increased. In section 2 I will briefly review some of these methods.

With the increase in quantity and quality of asteroseismic data (see reviews
by Kurtz and Kjeldsen in these proceedings), it is natural to investigate how the
helioseismic experience can be applied to the asteroseismic case and where new
techniques need to be developed. I will briefly review this in Section 3.

2. Helioseismic Data Analysis

The analysis techniques are generally classified as either global or local. The
former are effectively defined as those treating the oscillations as a sum of normal
modes. I will review the typical steps in the global methods in the following
subsections. For more details see Schou (1992) or Hill et al. (1996). The local
methods are reviewed by Haber and Hill in these proceedings.

2.1. Spherical Harmonic Transform

The first step is to isolate the individual spherical harmonics. This is generally
done by mapping the images to heliographic coordinates, multiplying by the
spherical harmonic and integrating the result. However, only part of the solar
surface is observed, and thus the spherical harmonics will not be perfectly iso-
lated, causing so-called leaks. While those can be calculated, imperfections in
our knowledge of the image geometry or mode physics will lead to errors.

2.2. Temporal Fourier Transform

The next step is to Fourier transform the time series of each spherical harmonic
coefficient. While this is simple, a number of problems exist. In particular it is
necessary to remove bad points and to prevent data gaps from causing spectral
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Figure 1. Splittings for ` = 1 (averaged over the available n) as a function
of time of submission/publication/generation. Each data point is identified
by the experiment and a reference is given.

artifacts. This is typically done by a combination of detrending and gap filling.
Due to the large dynamic range in the spectra, it is essential to do this carefully.

2.3. Parameter Estimation

Finally the mode parameters need to be estimated from the spectra. This is, by
far, the most complicated part of the analysis. Depending on the modes being
studied the methods are categorized as either peakbagging or ridge fitting.

Peakbagging Here, modes with different spherical harmonic degree ` can be
separated in the spectra, while the azimuthal orders m may or may not be
separated. The methods differ in which effects are taken into account and which
parameters are fitted versus modeled. Some of the differences are illustrated by
the algorithms used by the MDI and GONG projects (see Schou et al. 2002 and
Basu et al. 2003 for a more detailed comparison).

The GONG method (Anderson et al. 1990; Hill et al. 1996) fits each (n, l,m)
(n is the radial order) separately; the fit is done in the power spectra, no leakage
matrix is used and the parameters from a fit of a mode is not used to constrain
the properties of that same mode when it appears as a leak.

The MDI method (Schou 1992) is more complex. All m values at each
(n, l) are fitted simultaneously, a leakage matrix is used, the leak parameters
are constrained and the fit is done in the Fourier domain. However, while using
a leakage matrix and constraining the leak parameters should improve the fits,
inaccurate leaks can affect the fitted parameters.

Ridge Fitting As leak spacings decrease and line widths increase, modes merge
into ridges. While fitting those is fairly easy, it is difficult to relate the fitted
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parameters to those of the underlying modes, as this requires an accurate leakage
matrix. For details see Rhodes et al. (2001) and Korzennik et al. (2003).

3. Asteroseismic Data Analysis

While parts of the asteroseismic analysis techniques, such as the Fourier trans-
forms and peakbagging are similar to those used in helioseismology, other as-
pects, detailed below, are quite different. For a review see Appourchaux (2003).

3.1. Time series problems

Among the challenges here are low S/N, short time series, low duty cycle, uneven
data quality and uneven sampling when combining data from different sites. An
example of the problems encountered is shown in Figure 1. The systematic trend
in the ` = 1 splitting is most likely not solar in origin, rather it is probably
caused by a bias in the estimates for short time-series of spatially unresolved
data, such as those available early on for the Sun and those currently available
for other stars. While this bias is fairly well understood Figure 1 does illustrate
that it is essential to understand the properties of the analysis methods.

3.2. Mode Identification Difficulties

Another problem is to identify the modes. For the Sun the basic parameters
are well known, modes can be observed to high `, the spectrum is fairly simple
and the identities thus easy to determine. For other stars this is not the case,
as illustrated in Figure 2, which shows the tentative identifications of peaks in
a WIRE spectrum of α Cen A originally reported by Schou and Buzasi (2001)
and the identifications based on additional data (Bouchy & Carrier 2002).

Another set of problems is caused by the complex behavior of the frequencies
in some stars caused by the simultaneous presence of modes of different character
(e.g. p, f, and g modes). The different modes may have very different line widths
or amplitudes and some modes may not be excited to a measurable amplitude
or be invisible due to geometric effects. Rapid rotation can also lead to non-
linearities and even more confusion.

3.3. Miscellaneous

Other problems encountered include such things as large inherent frequency
variations and confusion or frequency changes caused by binary stars. Also a
number of decisions have to be made, such as deciding on the number of stars
observed versus duration and how the HR diagram should be covered.

4. Conclusion

While some of the above may sound discouraging, the situation is actually quite
encouraging. Several ground-based experiments are delivering data, WIRE and
MOST have been or are operating in space and other projects, such as COROT,
Kepler and Eddington are in various stages of planning or under construction.

Regarding the data analysis it is important to understand the physics, the
instrument and the data analysis methods. Hopefully the lessons learned in
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Figure 2. Spectra of α Cen A as observed by WIRE (Schou & Buzasi 2001).
Top: original mode identifications. Bottom: revised.

helioseismology will be valuable for asteroseismology and allow for rapid progress
to be made.
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Abstract. Ever since the discovery of the low-degree p modes was announced
by Claverie et al. (1979), full-disc helioseismology – seismology of the Sun based
on the study of sunlight integrated across the entire disc – has contributed
very significantly to our understanding of the deep solar interior and the origin
and nature of the oscillation modes which probe it. This paper touches on the
principal observational techniques used for full-disc helioseismology and outlines
key results and their implications.

1. Introduction

In a Sun-as-a-star view, the amplitudes of oscillation modes with degree, `,
greater than 4 average very nearly to zero. Hence the particular value of full-
disc helioseismic data is that they are optimized for the study of low-` modes.
Such modes are vital to inform our understanding of the Sun at depths below
about 0.4 R, because the lower the degree of a p mode, the deeper in the Sun is
its lower turning point. In addition to studies of the deep interior, full-disc data
have been used to investigate the mode physics of low-` oscillations and their
solar cycle dependence, to investigate the excitation and damping mechanisms of
the modes and to study the background velocity continuum. Finally, a full-disc
view can inform the developing field of asteroseismology.

Historically the first extensive helioseismic data sets came from the full-disc
ground-based networks, BiSON (Chaplin et al. 1996) and IRIS (Fossat 1995).
Observations from the early 1990’s are still routinely used in studies requiring
extended data sets, for example to enhance mode detection, improve precision
or to study solar cycle effects (for example, Chaplin et al. 2000; Salabert et al.
2003), and some studies can be performed with the less well-filled data from
earlier epochs and from measurements from single sites.

2. Techniques

Full-disc helioseismic observations are carried out both in velocity and intensity,
where the amplitude of the strongest p mode is of the order of 15 cm s−1 and a
few ppm respectively. The small full-disc Doppler shift in a suitable Fraunhofer
line can be determined by use of a resonant scattering spectrometer (RSS) (Grec
at al. 1976, Brookes et al. 1978). In current operation, the instruments of the Bi-
SON ground-based network (Chaplin et al. 1996) and the GOLF instrument on
the ESA/NASA satellite SOHO (Gabriel et al. 1995) are different implementa-

419



420 New

Figure 1. Low-` p-mode spectrum of 3456 days of BiSON data. Each inset
panel shows one ` = 0 and one ` = 2 mode. Rotational splitting of the low
frequency ` = 2 mode is evident.

tions of the principles of the RSS. The intrinsic stability of the basic technique
and careful instrument design means that modes with amplitudes lower than
10 mm s−1 can be observed in spectra of long data-sets.

Although extremely difficult from the ground due to the influence of the
atmosphere, full-disc intensity measurements made by space-borne irradiance
monitors have made a significant contribution to helioseismology. Pioneering
observations were performed using the ACRIM instrument on the Solar Maxi-
mum Mission satellite (Woodard 1984), by IPHIR on PHOBOSII (Fröhlich et
al. 1988), and the current VIRGO package on SOHO has full-disc (SPM) and
low-resolution (LOI) intensity instruments (Fröhlich et al. 1995).

In addition to full-disc data, resolved-Sun low-` results, such as those from
MDI, GONG and ECHO have great value – as will be alluded to in Section 4.

3. The Low-` Spectrum and the Deep Solar Interior

Figure 1 illustrates two important features of the p-mode spectrum. Firstly, the
mode amplitude falls off at both low and high frequency and, secondly, mode
widths increase (by about 2 orders of magnitude) over the visible spectrum.

Near the center of the p-mode spectrum the frequency uncertainties can be
as low as a few ppm and the intrinsic narrowness of the lower frequency modes
allows their central frequencies to be determined to better than 10 nHz, even
though the modes have low amplitudes (Garćıa et al. 2001; Chaplin et al. 2002a).
More extended observation will improve this precision as the uncertainty scales
as T−1/2, where T is the data-set length. The high precision already achieved
makes the frequencies of the low-` p modes a very effective probe of the deep
interior. Although, for a given `, modes of higher frequency (and, therefore,
higher radial order, n) penetrate deeper into the Sun, it is often the narrow,
low-n, modes which can be used most easily to test models. See Goode (2001)
for illustration and discussion.

Low-degree oscillation frequencies have been of great value in testing models
of structure and dynamics of the deep interior. Firstly, well before the recent re-
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sults from the Sudbury Neutrino Observatory confirmed the existence of neutrino
oscillations, the level of agreement between “standard” solar model predictions
and observed low-` p mode frequencies suggested that there would not be an
“astrophysical” solution to the solar neutrino problem (see, for example, Chap-
lin et al 1997a). The agreement between calculated and observed frequencies
is not, however, exact, and much theoretical effort is being focused on models
with modified stratification near the core (Guzik et al 2000; Turck-Chièze et al.
2001; Gough 2003). For observers, the challenge is to produce ever more precise
mode frequencies to better inform the model tests. This requires more extended
observations and more detailed investigation of solar cycle variations.

Secondly, full-disc helioseismology has contributed significantly to under-
standing of the rotation of the deep interior, providing compelling evidence for a
slowly (i.e. approximately surface rate) rotating core (see the review by Thomp-
son et al. (2003)). The rotational splitting of the ` > 0 p modes (evident in the
low frequency example in Figure 1) causes the individual `+m even components
(the only ones detectable in a full-disc view from Earth-orbit) to be separated
by about 800 nHz. This is very much less than the line width of the modes
at the higher frequency end of the spectrum. Great care is required to extract
reliable estimates of rotational splittings from power spectra, and, again, low-n
modes are of great value because of their intrinsically small line width.

Two problems need to be flagged at this point. Firstly, p-mode param-
eters, including frequency, are functions of solar activity. It is becoming ever
more important when using p-mode frequencies to test core models, and mul-
tiplet splittings to study rotation, that allowance is made for the activity level
extant during the period of observation (Dziembowski & Goode 1997). The phe-
nomenology of solar cycle variations has been studied in detail in recent years
(see Howe et al. (2003) and references therein) and cycle-dependent asymmetries
have been reported in the ` = 2 multiplets used for rotation studies (Chaplin et
al. 2003). Techniques for de-trending the data need further development.

Secondly, the peak profiles in the frequency spectrum are asymmetric. Fit-
ting procedures have been developed which allow for, and determine the extent
of, such asymmetries, returning more reliable estimates of the central frequencies
of the modes, but recent comparisons between BiSON and GONG data show
that the asymmetries are not yet fully understood (Howe et al. 2003).

4. Mode Parameters and the Solar Cycle

Although they can be determined with much poorer fractional uncertainty than
central frequencies, there is also much important information to be gained from
the widths and “strengths” of the p-mode profiles. Useful science can be obtained
by studying peak heights over short time scales and by extracting peak heights
and widths from analysis of power spectra of long time series.

The former analysis allows a test of the theory that p modes are generated
by stochastic turbulence in the outer layers of the convection zone. Kumar et
al. (1988) predicted that the distribution of mode powers, determined on a time
scale short compared to the mode lifetimes, would follow negative exponential
statistics. A number of studies (Chaplin et al. 1997b; Chang & Gough 1998;
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Foglizzo et al. 1998) have shown this to be very largely the case, but longer data
sets would help confirm the nature of a small number of extreme events.

More detailed information can be gained from the fitting of peak shapes
to power spectra of long time series. Based on evidence that the modes are
stochastically excited, fitting procedures generally employ maximum likelihood
techniques to optimize the mode heights, widths, splittings, asymmetries and,
where appropriate in ground based data, sideband leakage. Such analysis is
not trivial and a wide range of studies have been carried out testing different
strategies on real data, testing the data “pipelines” with simulated data and
comparing results obtained from contemporaneous data from different instru-
ments (for example, Thierry et al. 2001; Schou et al. 2002; Howe et al. 2003).

A number of points of consensus have been arrived at. Firstly, the variation
of line width with frequency has been characterized and is in reasonable agree-
ment with models of p-mode damping based on turbulent convection (Houdek
et al. 2001). Secondly, the mode widths and powers are seen to change through
the solar cycle. The widths increase by of the order of 20% near the center of the
spectrum, while amplitudes fall by about 50% (Chaplin et al. 2000). To within
the precision of present data, the width and power variations are consistent with
increasing mode damping at high activity, while the energy supply rate from the
stochastic source remains constant (Chaplin et al. 2002b; Jiménez et al. 2002).
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Abstract. Helioseismologists have been highly successful in revealing how
the solar interior differentially rotates, through observations of rotationally split
eigen p modes of the Sun. What we currently know about the internal rotation
of the Sun is reviewed, and outstanding issues are discussed.

1. Introduction

The 22-year solar activity cycle is believed to be caused by an interplay between
magnetic field and internal flows, of which differential rotation seems to con-
stitute the main component. The surface differential rotation of the Sun has
been known for a long time, but observational study of the internal differential
rotation was not possible until the era of helioseismology. Realistic numerical
simulation is extremely difficult, owing to the large Reynolds number in the solar
convection zone. Thus helioseismology provides an essential tool in probing the
internal dynamics of our star. Seismological study of solar internal rotation is
important not only in advancing our understanding of the solar cycle, but also
in posing constraints on theory of the dynamical evolution of stars.

2. Rotational splitting

Rotation affects wave propagation in the Sun, thereby modifying frequencies
of eigenmodes mainly via advection. The Sun is a slow rotator in the sense
that the rotational period is much longer than the global dynamical time scale.
Linear perturbation theory is therefore applicable. The frequency shift of a
mode is then m×(average rotation rate), where m is the azimuthal order of
the mode. Observed shifts indicate that average rotational periods are of the
order of a month, as is observed on the surface, justifying the linear treatment.
The way the average is taken, expressed by a sensitivity function, differs from
mode to mode. The sensitivity function, called splitting kernel, is calculable
from an equilibrium model. Given a distribution of angular velocity, therefore,
one can calculate the rotational shift of eigenfrequency for any eigenmode. This
is sometimes called the forward problem. The inverse problem, then, is to find
the underlying angular velocity distribution from an observed set of rotational
shifts.
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3. Inversion

Since the forward problem is linear, the inverse problem can also be formulated as
a linear problem. For discussion for linear inversion methodology see, e.g., Sekii
(1997). Modern experiments, such as the GONG project and the SOHO satellite,
have produced splitting data of unprecedented quality, which have subsequently
been inverted to obtain angular velocity in the solar interior (Thompson et al.
1996; Schou et al. 1998). It was found that, throughout the convection zone,
latitudinal differential rotation is similar to that of the surface. Near the base
of the solar convection zone there is a shear layer, beneath which there is no
strong differential rotation i.e. the rotation profile is consistent with that of a
rigid rotation.

4. Tachocline

The position of the shear layer near the base of the convection zone, called
tachocline (Spiegel and Zahn 1992), coincides with a sound speed anomaly found
from sound speed inversions (Gough et al. 1996). This may be evidence for extra
mixing caused by the shear (Gough & McIntyre 1998), which circulates back the
gravitationally settled helium to the convection zone, thereby reducing the local
mean molecular weight. The dynamics of the tachocline is becoming one of
the hottest topics in astrophysical fluid dynamics (e.g. Garaud 2003). Howe
et al. (2000) examined temporal variation of the layer and reported a 1.3-year
periodicity.

5. Rotation in the convection zone

In classical numerical simulations of the solar convection zone, as presented by
Glatzmaier (1985), Taylor-Proudman type columnar rotation is produced in the
low- to mid-latitudes. By ignoring the inertia term in the fluid equation of
motion for a stationary flow, it can be shown that the z-gradient of rotational
velocity is proportional to sinχ, where z runs parallel to rotation axis and χ is
the angle between density gradient and pressure gradient. For a barotropic fluid,
χ vanishes and so does the z-gradient (Taylor-Proudman theorem). Helioseismic
results show that this is not the case, and that the departure from the columnar
rotation is in the sense of a warm pole. From the departure, we can estimate
the angle χ and even compute the nominal latitudinal gradient of temperature
T along the constant pressure surface, by assuming the ideal gas equation of
state. The result is that the relative temperature gradient ∂ log T/∂φ, where
φ is colatitude, is of the order of 10−7 (Sekii 2003). The number is so small
basically because the rotation is so slow. This departure must have been caused
by terms ignored in the equation, such as the Reynolds stress. According to
Elliott (2003), however, Reynolds stress alone cannot explain the departure.
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6. Implication on dynamo

Classical α–ω dynamo models required a large radial gradient of angular velocity
in the solar convection zone. According to the current view, however, there is
no such gradient. This led to the idea of dynamo action in the tachocline region
(Choudhuri 1990; Parker 1993). Dikpati & Charbonneau (1998) were the first
to carry out kinematic dynamo calculation by using the helioseismologically
inferred rotation rate. Such models tend to produce butterfly diagrams with
eruption too far from the equator. Nandy & Choudhuri (2002) suggested that
meridional flow penetrating into the radiative zone can solve the problem. This
is of course so-called flux-transport dynamo.

Hathaway et al. (1996) found a surface pole-ward flow of up to 20m/s from
GONG data. With time-distance technique applied to MDI data, Giles et al.
(1997) found that such a flow persists down to the depth of 30Mm below the
photosphere. In both cases, the flow was detected up to a latitude of around
60◦. The biggest unanswered question concerns the properties of the counter
flow, particularly in the context of a flux-transport dynamo. If the overall cir-
culation satisfies anything like |ρv| ∼ const. (cf. Gough & Sekii 1998), then the
counterflow velocity will be very small and difficult to detect.

7. Polar Region

Rotation inversions of MDI data indicated the presence of a jet, as well as an
extra amount of slowing down towards the pole, in the high-latitude region
(Schou et al. 1998). Global mode splitting is rather insensitive to this region,
which renders it difficult to confirm these findings. Local-helioseismology may
be the way, especially if the Sun can be viewed from a high-latitude. Such a
proposition has indeed been made, for the Solar Orbitor mission (Gizon et al.
2001). The success of the local approach however has so far been confined to
the near-surface layers and it remains to be seen how deep we can go with this
new approach.

8. Deep interior

Without g-mode splitting data, we have to rely on low-degree p modes for in-
vestigation of deep core rotation. For low-degree modes, full disc, Sun-as-a-star
observation seems to have an advantage over spatially resolved observation (and
is more relevant to stellar case) but there is a problem of line blending: splitting
measurement tends to be biased when line widths are comparable to rotational
shifts. Also, there is an issue of poor localization due to lack of odd parity modes.
Without these modes, the sensitivity function for combinations of ` = 1 modes,
for example, have a different angular profile from the one from ` = 2 modes.
Therefore, the rotation rate sampled by dipole modes and by quadrupole modes
are difficult to disentangle.
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9. Near Future

Helioseismology has played a crucial role in revealing the dynamics of the solar
interior. In the bulk of the solar convection zone we now know enough to tell
that classical dynamo models do not work, which has inspired new models. Deep
interior and polar region have been illusive and they may remain so for a while.
Local helioseismology will give us further clues for the entire dynamical picture
and this may not be confined to the surface layers alone.

Kawaler, Sekii & Gough (1999) looked at data from the WET campaign
on pulsating white dwarfs PG1159 (Winget et al. 1991) and GD358 (Winget
et al. 1994), to find evidence for differential rotation. Recently, Aerts et al.
(2003) reported evidence for non-rigid rotation in a β-Cephei variable HD129929.
Application to stars has begun, which is challenging but doubtlessly worthwhile.
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Abstract. The three major local helioseismology methods of time-distance,
ring diagrams, and acoustic holography are briefly summarized along with their
advantages and disadvantages. Useful tests with artificial data are outlined, and
current data comparisons briefly described.

1. Introduction

The subfield of local helioseismology is now 15 years old. In its brief history, it
has yielded maps of flows beneath the solar surface, images of active regions on
the far-side of the Sun, and inferences about the sound speed below sunspots.
However, there has not yet been a systematic study of the consistency among
results obtained with the three major local methods of time-distance, acoustic
holography, and ring diagrams. In addition, realistic numerical simulations of
data suitable for testing the methods have proven difficult to construct. This
paper gives a brief overview of the methods, comparing them from a heuristic
point of view. It also discusses the types of tests that would be desirable, and
presents the latest results from a data-based comparison exercise now underway.

2. Ring Diagrams

Ring diagrams (Hill 1988) are constructed by computing the three-dimensional
power spectrum in a local area on the solar surface. Slicing the spectrum at
constant temporal frequency ν reveals the solar oscillation signal as a set of
concentric rings. The offset of the rings in horizontal wavenumber components
kx and ky is a measure of the subsurface flow. The analysis is typically done with
a “dense-pack” of 189 areas of diameter 15◦ and spacing of 7.5◦ in heliographic
coordinates. The ring offset is then inverted to infer the flows as a function of
depth below each area.

The advantages of the method are that it is straightforward; the effective
averaging over the area reduces the random errors; the inversion is easy to
perform; and the resolution kernels of the inversion are simple to interpret.
The disadvantages are the relatively low spatial resolution; it is mainly limited
to near-surface layers; and the results may be sensitive to the absorption of p
modes by sunspots.
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3. Time-Distance

The time-distance method (Duvall et al. 1993) is very similar to the methods of
terrestrial seismology. An acoustic source emits sound which travels along the
ray paths prescribed by the solar structure and the properties of the acoustic
emission. The observed relationship between the distance from the source and
the acoustic travel time is a measure of conditions below the surface. The
waves can be reflected multiple times within their thermal cavity. Time-distance
diagrams are constructed either from the `− ν diagram, or from velocity cross-
correlations. A typical analysis period is 8 hours.

The one major advantage of time-distance is the high spatial resolution of
less than 1 arc min that can be achieved with the method. There are a number
of disadvantages – the inversion is difficult; the averaging kernels are hard to
interpret; it is limited primarily to near-surface layers; the errors in the results
cannot be simply estimated; and the height of formation of the spectral line used
for the observations can introduce additional time delays in localized areas.

4. Holography

Acoustic holography (Lindsey & Braun 1990) is completely analogous to op-
tical holography. The method analyzes the pattern of interference of acoustic
waves that are either emitted from sources or are scattered from subsurface in-
homogeneities. The observed interference pattern is computationally regressed
through a solar model to infer the structure below the surface. The method can
control the depth of the focal plane to bring structures into view.

The advantages of the method are the high spatial resolution that can be
achieved; the ability to infer the local sound speed; and the ability to probe very
deeply. Indeed, holographic images of the far side of the Sun are now routinely
made and have proven valuable for solar activity and space weather forecasting.
The disadvantages are the difficulty of removing the influence of the surface
on the results; the absence of averaging kernels and error estimates; and the
difficulty of inferring velocity fields.

5. General Limits

All three methods have four common limitations. Perhaps the most worrisome
is that the basic assumption of the response of the wave field to the flows is
theoretically and numerically unverified. This shortcoming should be resolved
soon as several efforts to simulate the observations are underway. A second
disadvantage is that the methods are insensitive to the vertical component of
the velocity field. Since the waves must travel both downward and upward, the
effects of vertical flows cancel out to first order and only second-order effects
survive.

All of the methods are limited by a trade-off between depth and spatial
resolution. Since fewer modes reach deeper depths, the best horizontal spatial
resolution is achieved near the surface and degrades with depth. Finally, the
spherical surface of the Sun causes the horizontal spatial Nyquist wavenumber
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to decrease near the limb. This foreshortening limits the local results to near
disk center.

6. Tests

In the absence of theoretical and numerical confirmation of the methods, work
has shifted to comparisons of methods on common data sets and to comparison
of data sets with common methods. The Local Helioseismology Comparison
(LoHCo) group has been formed for this purpose. This group has compared
ring-diagram flow fields from GONG and MDI data sets; ring-diagram and time-
distance flows from a common MDI data set; time-distance travel times from
GONG and MDI; and both near- and far-side holography on GONG and MDI.
The results can be simply summarized: there is large-scale agreement between
methods and data sets, with differences in the details. More specifically, the
results concerning rotation and torsional oscillations are robust, but the infer-
ences about counter-cell meridional flows, flows below sunspots, and changes in
the tachocline are less so. Not surprisingly, the noise level in the observations
plays a role, particularly when it is a function of spherical harmonic degree.

The major drawback of observational comparisons is that the actual struc-
ture of the Sun is unknown. Thus, an unsuspected systematic error common
to all methods could dominate the results and lead to unjustified complacency.
This has motivated a number of efforts to simulate the observations including
a known solar internal structure or flow field. The full numerical simulation is
quite formidable, as it requires a physically self-consistent wave field and flow
field. Several approximations to the problem are currently in progress, such as
the construction of the wave field from an artificial ring-diagram spectrum with-
out attempting self-consistency. Even this “physics-lite” approach is valuable,
particularly with a zero flow field as a null test.

7. Conclusion

Local helioseismic methods can provide images of velocity fields and sound speed
structures in the outer solar layers. These images provide important information
on the origin of the solar activity cycle and the solar internal dynamics. However,
much remains to be done in the testing and verification of these methods.
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Abstract. We report new measurements of the sun’s global meridional circu-
lation within the near-surface shear layer for the years 1996 to 2003. The flows
are obtained using the local helioseismic technique of ring analysis applied to
MDI Dynamics Program data. The most recent estimates of the solar p-angle
correction to this data have been incorporated. Previously published accounts
that the solar meridional circulation possesses multiple cells within the northern
hemisphere (Haber et al. 2002) are not contradicted by the new findings. We
do find, however, that with the inclusion of the p-angle correction, cross-equator
flows have been eliminated.

1. Introduction

The meridional circulation deduced using local helioseismology techniques such
as ring analysis and time-distance tomography reveals asymmetries between the
northern and southern hemispheres (Giles 1999; Haber et al. 2000, 2002; Zhao
& Kosovichev 2003). The asymmetries manifest themselves as a southward flow
across the equator on the order of 6 m s−1, as multiple meridional cells in the
northern hemisphere from 1998 to the present, or as faster flows in the southern
hemisphere.

There has been general agreement that a southward flow across the equator
is seen in the MDI data (e.g., Schou & Bogart 1998; Basu & Antia 2000; Haber
et al. 2000, 2002). However, some researchers have suggested that this cross-
equator flow arises from a misidentification of the Sun’s rotational axis. There
are not any fundamental theoretical reasons why the meridional flow should
vanish at the equator. But the orientation of the MDI CCD chip with respect
to the solar north pole is only known to a few tenths of a degree. A small error
in the measurement of the p-angle can lead to mixing of the large differential
rotation signal into what is identified as meridional flow.

Haber et al. (2002) and Giles (1999) both saw reversal of the meridional flow
in a submerged zone in the northern hemisphere starting in 1998, while in the
southern hemisphere the meridional flow remained polewards at all depths. This
finding has not been universally reported (Chou & Dai 2001). These discrepant
findings may result from the use of instruments with different (or minimal) p-
angle errors, or they may arise from differences in the depth dependence of the
averaging kernel sensitivities.

2. Meridional Flow Observations With and Without Corrections

There now exist measurements of the MDI p-angle offset acquired by cross-
correlating MDI data with coeval GONG data whose p-angle was calibrated us-
ing Mercury transits of the Sun (Toner 1999). The results of these comparisons
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have shown that the north pole of the MDI images diverges from the nominal
solar rotation axis by 0.2◦, yielding an error of ∼ 7 ms−1 in the meridional flow.
An additional effect that should be considered is an error in the determination
of the Carrington elements. Giles (1999) performed a fit to time-distance mea-
surements of the meridional flow for two years of MDI data and discovered that
∆i = −(0.091± 0.012)◦ and ∆Ω = −(0.18± 0.10)◦ where i is the inclination of
the solar equator to the ecliptic and Ω is the longitude of the ascending node of
the solar equator on the ecliptic plane.

The observations reported here were generated using the ring analysis tech-
nique described briefly in Hill’s review of local helioseismology appearing in this
volume (2003) and in Haber et al. (2002). Figure 1 shows the longitudinally
and temporally averaged meridional flows at a depth of 11.6 Mm for the years
1996 to 2003. Both the original processing of the full MDI Dynamics Programs
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Figure 1. Mean meridional flows determined from longitudinal and tempo-
ral averages over the dense-pack mosaic for the full MDI Dynamics period
from each of the past 8 years for the uncorrected data (dashed line) and the
corrected data (solid line). The results of the inversions at a depth of 11.6
Mm are shown with 10 σ error bars, where σ is the formal error. Notice that
the velocity at the equator tends to be smaller for the corrected data and that
the latitude at which the meridional flow becomes negative in the northern
hemisphere is higher than in the uncorrected case.

and the same data corrected for the p-angle and possible misidentification of the
Carrington elements are shown. Figure 2 presents (a) the uncorrected and (b)
the corrected meridional circulation over the years 1998 to 2003 as a function of
latitude and depth. The extent of the additional meridional cell is more clearly
portrayed in this representation. We see that the submerged meridional cell
with reversed flow in the northern hemisphere still exists after the data has been
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Figure 2. The longitudinally and temporally averaged meridional flow as
a function of latitude and depth: (a) uncorrected and (b) corrected for the
misidentified p-angle and Carrington elements. The meridional flows are in-
dicated with both contours and arrows, with the negative contours corre-
sponding to southerly flow (shaded in grey). The submerged cell of reversed
circulation in the northern hemisphere appears in both the corrected and
uncorrected data.

corrected. Albeit this cell appears at greater depths and higher latitudes than
previously reported. In any case, the meridional flow in the northern hemisphere
became very different from that in the southern hemisphere as magnetic activity
rose with the advancing solar cycle.

3. Discussion

It is clear that with the corrections as they are now known, the submerged cell in
the northern hemisphere is still present and the meridional flow at depth in this
hemisphere is still much less uniform than it is in the southern hemisphere. The
southward flow across the equator, however, is almost completely eliminated.

These corrections, however, are still preliminary. The correction of the MDI
p-angle has so far been analyzed for only two days of data spaced 6 months
apart in 1999. Both measurements gave a value of 0.2◦ but it would be useful to
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analyze the other measurements that have been taken since that time. Likewise,
the analysis carried out by Giles (1999) was for the two years of data that
were available at the time, but since (as he pointed out) the signal that he was
analyzing has a yearly period and 8 years of MDI data are now in hand, it would
also be useful to look at this correction again.
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was supported by NASA through grants NAG 5-11920 and NAG 5-12491 and
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Abstract. Immediate subsurface local solar structures – flow, magnetic, and
thermal – especially those associated with active regions, are of considerable
interest, and are potentially accessible using high ` helioseismology. In recent
years, classical modal seismology has been supplemented with new approaches,
such as time-distance helioseismology, Hankel analysis, and acoustic holography.
Results from time-distance helioseismology on shallow subsurface wave speed
are at odds with those from the other methods. A simple model is presented
which yields good agreement with the observed Hankel phase shifts of p modes
passing through sunspots.

1. Introduction

The subsurface structure of solar active regions has been the subject of conjec-
ture for decades. But now, the advent of various local helioseismic techniques
has opened up the possibility of probing sunspots and their surrounds using
observations of surface velocities. Three specific techniques – Time-Distance
Helioseismology (TD), Acoustic Holography (AH), and Hankel Analysis – have
made particular contributions. The foundations of these three approaches are
quite different, and taking information from each can give us a more detailed pic-
ture than can be gleaned from any one technique alone. Importantly, they also
serve as checks on each other, and the purpose of this paper is, in part, to point
out a discrepancy between TD on the one hand and AH and Hankel analysis
on the other concerning wave propagation speeds in the immediate subsurface
layers of sunspots.

Perhaps the best developed active region seismology program is based on
TD methods (Kosovichev, Duvall & Scherrer 2000; Kosovichev 2002; and Zhao
& Kosovichev 2003). Time-distance helioseismology in its basic form inverts sur-
face cross-covariance data using a ray-theoretic description of the propagation
of disturbances in the solar interior. Variations of travel time are used to infer
the positions and magnitudes of regions of enhanced propagation speed, and
comparisons of travel times in opposite directions reveal details of flow patterns.
TD has for example mapped inflows surrounding spots at the surface, and out-
flows several Mm down, forming a cell pattern which is undoubtedly implicated
in keeping the spot together over time-scales of weeks. The other major result
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from these TD studies is the inference of a wave speed deficit in the first ∼ 4
Mm beneath a spot, and an excess from there down to around 10 Mm.

However, both Hankel analysis (Braun 1995) and holography (Braun &
Lindsey 2000a,b) clearly infer wave speed increases at shallow depth, as well
as substantial wave absorption. In this paper, we focus on the best available
Hankel analysis data, in concert with recent theoretical results from Crouch
& Cally (2003), in an attempt to build a simple model which explains these
features. Finally, we speculate on the reasons for the discrepancy with TD.

2. Hankel Data

Hankel analysis (Braun, Duvall & LaBonte 1987; Braun et al. 1992; and Braun
1995) is the only one of the three techniques which is based on global p modes. It
is also the only one which has not yet been married with an inversion method to
directly image the subsurface layers. Nevertheless, when regarded as a forward
technique, it can certainly provide useful information, and potentially rule out
many models. The major result from Hankel analysis of sunspots is that they
both partially absorb p modes incident upon them, and shift their phases forward
on emergence.
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Figure 1. Hankel phase shift δ (degrees) as a function of frequency for radial
orders 0 to 8 (n = 0 refers to the f -mode). The points with error bars are
for the active region NOAA5254 and are taken from Braun (1995) (the errors
on the f -mode frequency shifts are too large for that data to be useful) . The
curves are from the model of §3

There are several effects which disguise the true absorption, for example
the presence of acoustic glories around spots which produce enhanced emission
at some frequencies. For this reason, we regard the phase shift as a more direct
measure of the influence of a sunspot. In Fig. 1 phase shift δ is plotted as a func-
tion of frequency f for one of the active regions discussed in Braun (1995), with
each panel referring to a different radial order n of p-mode. Two features are
particularly instructive: (i) for each n, the phase shift increases with frequency;
(ii) this rising curve shifts rightward with increasing n. The interpretation is
clear. For fixed n, increasing frequency corresponds to increasing spherical har-
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monic degree ` and to decreasing lower turning point depth. Hence, the higher
frequency modes are trapped ever closer to the surface. Consequently, we inter-
pret the rise in δ with f as indicating an increased wave travel speed compared
to the quiet sun immediately below the active region. For higher radial order
n, the p modes extend deeper for fixed f , and so it is necessary to increase f
further in order to bring the mode up into the enhanced speed region. This
explains the rightward shift with n. However, our interpretation appears to be
at odds with the TD result.

3. Simple Model

The Sun’s p modes are substantially altered in the presence of strong magnetic
field. For example, if we superpose a uniform vertical magnetic field on a simple
polytropic model (Cally, Bogdan & Zweibel 1994), the horizontal wavenumber
k of the modes for fixed frequency typically reduces, resulting in an increased
horizontal phase speed. In addition, k acquires an imaginary part, indicating
decay with horizontal distance x. This is due to coupling to the magneto-
acoustic slow wave, which siphons off much of the p-mode’s energy and directs
it downwards along the magnetic field lines into the interior. This mechanism
is capable of explaining the observed absorption of f modes in sunspots, but is
too weak for the p modes, especially beyond the first one or two radial orders.

Recently, Crouch & Cally (2003) have recalculated the eigenvalue wavenum-
bers for inclined uniform magnetic field. It is found that absorption is greatly
enhanced at moderate inclination angles, with the peak effect being at around
30◦ from the vertical, depending on frequency and radial order. As shown in
Cally et al. (2003), such inclined field produces ample absorption to explain
the observations (indeed, too much at frequencies beyond a few mHz, though
this can be explained by reference to acoustic glories and the other mechanisms
which serve to mask the true extent of absorption).

Using the inclined-field eigenvalue wavenumbers, Cally et al. (2003) devel-
oped a simple model which postulates that these eigenvalues can be used locally
as a crude measure of both phase shift (through the real part of k) and absorp-
tion (imaginary part). In so doing, many complications are ignored, but this
model is built as an attempt to understand the essence of the physics involved,
and in particular to determine the simplest description which can give at least
qualitatively correct results. Work is currently underway to improve on some
of these approximations, most notably by adopting a more realistic model than
the polytrope used in the eigenvalue calculations.

The upshot of the model is that, for given “sunspot” radius R, magnetic field
inclination θ, and field strength parameter L (this is the depth in the polytrope
at which the sound and Alfvén speeds coincide), plots of phase shift δ and
absorption coefficient α against frequency can be produced for each radial order
n. To determine R it is best to first compare with the m-specific data. Here m
is the cylindrical order (through exp[imθ]) of the modes. Direct (axisymmetric)
incidence of p modes on a circular spot corresponds to m = 0, with higher m
being associated with increasingly glancing incidence. The data indicates that
δ has a steep shoulder at m of order 10, beyond which there is effectively no
shift. Detailed fits of our model to this data indicate that R should be chosen to
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be around 25 to 30 Mm for the active region NOAA5254. This is substantially
larger than the observed penumbral radius of 18 Mm, but is in accord with other
estimates of the p-mode scattering radius.

Having settled on R = 27.5 Mm, θ and L are adjusted to give the best
fits to the observational phase shift data (binned over small m). An example of
such a fit is given in Fig. 1 and corresponds to L = 0.58 Mm and θ = 35◦.
The agreement is remarkable. This encourages us to believe that the essential
physics of the interaction between p modes and sunspots is being captured in this
model, despite its simplicity. However, the precise values of the optimal L and
θ are likely to be revised when more realistic solar models are used to calculate
the eigenvalues. We also point out that Cally, Crouch & Braun (2003) present
a “shell” model in which concentric shells in the sunspot are given different L
and θ, which allows more detailed fine tuning. We defer extensive treatment of
this model till the more realistic eigenvalue tables are available.

4. Discussion

The sunspot model, despite its simplicity, clearly gives excellent agreement with
the Hankel phase shift data, and also provides ample absorption. However, at
this stage it cannot be used to quantitatively probe sunspot interiors, largely
because it is based on a polytropic models rather than something more realistic.

Both the Hankel and Acoustic Holography approaches are based on viewing
a sunspot from the outside. On the other hand, it would appear that TD results
for wave travel speeds in the shallow layers of a spot are based on ray paths
which begin and end in the spot. Since the TD raypath formalism does not as
yet adequately address magnetic field, we are concerned that this may result in
errors. In addition, it is not clear how substantial fast-to-slow mode conversion
in these layers will affect TD inversions. Perhaps these are the reasons for the
wave speed discrepancy between TD and the other methods.
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Abstract. In this paper we discuss the impact of extragalactic binaries on
astrophysics and briefly summarize the oral papers presented in Joint Discussion
13.

1. Introduction: Extragalactic binaries

Less than a decade ago about 4000 close binaries were known in the Galaxy with
an additional 200 or so systems identified in the Magellanic Clouds and M31.
Now, over 10 000 close binary stars (CBS), mostly eclipsing binaries, are known.
The vast majority of these CBS were discovered during the last several years
alone, and many more are expected to be detected within the next few years.
Most of these stars were found as spin-offs of microlensing surveys. Interestingly,
over half of the currently-known CBS are found outside our Galaxy, primarily
in the Magellanic Clouds. Two major areas of research, albeit complementary,
are being currently addressed with this formidable database:

• Accurate distance measurements to the Local Group galaxies are crucial
to calibrating the Cosmic Distance Scale and to determining the age and
evolution of the Universe. As the first rungs on the cosmic distance lad-
der, these galaxies serve as calibrators for distance indicators which reach
far beyond the bounds of the Local Group. The Large Magellanic Cloud
(LMC), in particular, has been exploited for this purpose because of its
proximity to the Milky Way and the relative brightness of its young pop-
ulation. Eclipsing binaries have been proven to make excellent “standard
candles” that can potentially resolve the controversy and yield an accurate
distance to the LMC, and to other Local Group galaxies. Also, binaries
with Cepheid components are exceedingly interesting as they can yield si-
multaneous determinations of the Cepheid P–L zero point and the distance
to the galaxy in which they reside.

• Every type of star is represented as a member of a close binary. This
includes main sequence (as well as pre-main sequence) stars, giants, and
supergiants, with the entire possible range of spectral types and masses
represented. Moreover, white dwarfs, neutron stars, and black holes have
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been found as members of CBS. These binaries continue to play vital
roles in many areas of modern astrophysics. Extragalactic binaries, and in
particular systems belonging to the Local Group, can be used to probe the
structure and evolution of stars in environments with chemical histories
that differ significantly from those of the solar neighborhood. For example,
studying massive, metal deficient stars in the LMC (∼1/2 solar) and SMC
(∼1/5 solar) is like using a “time machine” for studying the low-metallicity
massive old disk O- and B-type stars that once populated our Galaxy about
5–10 billion years ago.

In addition, extragalactic eclipsing binaries yield essential fundamental
data on masses, radii, and luminosities of stars (the mass-luminosity law),
as well as the much needed checks of the evolutionary models for these
extreme metal abundances, which are widely used in stellar population
synthesis calculations. These data are crucial to understanding all stars, as
well as the clusters and galaxies in which they reside, and the basic physical
laws that govern their behavior. Local Group binaries can also be used to
address other astrophysically important issues, such as the structure and
dynamics of these galaxies and the enrichment of the interstellar medium.

Thus, extragalactic CBS provide laboratories for studying the combined
effects of chemical composition (i.e., stellar opacities, convective overshooting,
and stellar winds) on the structure and evolution of stars. Semi-detached O/B
systems will provide data for more in-depth studies of mass exchange and mass
loss during binary evolution than is possible from Milky Way binaries alone.
Thus, the study of CBS in the Local Group galaxies is critically important to
stellar astrophysics, galaxy formation and structure, and will improve the cosmic
distance scale.

These encouraging prospects and the significant amount of work that has
already been carried out in the field out prompted us to organize a Joint Dis-
cussion in the IAU General Assembly in Sydney. In the remainder of this paper
we briefly summarize the main points of the meeting and give some ideas about
possible future research directions.

2. Summary of the meeting and future prospects

The Joint Discussion was divided in three sessions focusing on different aspects of
extragalactic binary star research, namely: I) Introduction and survey results, II)
Binaries as distance indicators, and III) Astrophysics with extragalactic binaries.

Session I started with a general introduction on some general aspects re-
lated to extragalactic CBS by E. F. Guinan (with the most necessary historical
perspective), followed by overview presentations of the Local Group galaxies by
M. L. Mateo and the long-lasting problem of the distance to the LMC by D. R.
Alves. Special attention was given to the smaller galaxies in the Local Group,
some with very interesting star formation histories, which certainly contain nu-
merous CBS awaiting discovery and investigation. With regard to the LMC
distance, the thorough comparison presented clearly indicates a decrease in the
spread of recent results thus pointing towards a imminent resolution of the secu-
lar debate on the so-called “short” and “long” distance scales. Interestingly, the
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average of the estimations seem to converge to a value close to the “canonical”
value of 18.5 for the distance modulus.

The remainder of the first session focused on the results from the MACHO,
OGLE and DIRECT surveys. Besides statistical studies, the representatives
of the different groups, K. H. Cook for MACHO, A. Udalski for OGLE, and
L. M. Macri for DIRECT, reviewed the methods and instrumentation used to
obtain light curves that meet the requirements for the determination of accurate
elements. Also, efforts to further observe and analyze some of the most promising
candidates were discussed. If an exciting result presented at the Joint Discussion
had to be singled out, this would be perhaps the announcement by the OGLE
group of three candidate RR Lyr type variables in LMC eclipsing binaries. The
analysis of these objects (if confirmed as such) will provide a unique opportunity
to obtain absolute dimensions of RR Lyr variables for the first time, as well as
an accurate determination of the period-luminosity zero point.

One of the fields within extragalactic CBS research that has driven most
of the recent attention is the use of eclipsing binaries as distance indicators.
Session II was entirely devoted to this exciting topic with several presentations
discussing the methods, results and suitability of different eclipsing binary types.
The first oral paper within this session by J. V. Clausen provided a thorough
review of the methods used to estimate distances to detached systems and a
detailed study of the errors sources. Also, the importance of multicolor pho-
tometry as well as ultraviolet observations for the determination of effective
temperatures (one of the most critical pieces of information) were pointed out.
It was recognized by several of the speakers in the Joint Discussion that the most
demanding data set in CBS studies continues to be the acquisition of accurate
radial velocity curves. The use of large telescopes (NTT, AAT, VLT) and space
facilities (HST) has been necessary to provide reliable data. The results of an
analysis of SMC eclipsing binaries were presented by R. W. Hilditch. This study
represents a pioneering work based on a somewhat different approach of using
a multi-object spectrograph (2dF at AAT) with relatively low resolution. The
accuracy achieved in the derived distance, however, proves this as one of the
most efficient observational programs. From the results presented at the Joint
Discussion, double-lined eclipsing binaries nowadays provide a distance modulus
to the LMC of 18.42±0.05 mag and to the SMC of 18.90±0.04 mag.

Distance determinations using semi-detached binaries and contact binaries
were discussed by R. E. Wilson and S. M. Rucinski, respectively. Albeit still
awaiting definite proof, these CBS may have some specific advantages over de-
tached binaries. For example, semi-detached systems permit accurate determi-
nations of the component’s relative dimensions although their distorted shapes
make temperature and radial velocity measurements a more difficult task. The
case of contact binaries is different because it is possible to define an analogous
relationship to the Cepheid’s period-luminosity law. The accuracy reached in
galactic systems is still somewhat modest but the prospects are definitely worth
considering. Future eclipsing binary searches in the LMC should soon reach a
limiting magnitude that will permit the discovery of numerous W UMa-type
binaries and this distance determination method will reach full applicability.

Key systems among eclipsing binaries as distance indicators are those hav-
ing a Cepheid variable as a component. Most notably, they permit simultaneous
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determination of the distance to the LMC and the calibration of the Cepheid
period-luminosity relationship. A few systems of this kind are known in the
LMC, two of which were discussed by D. Welch. In spite of them not being
fundamental mode pulsators the prospects from the work in progress are very
good but complications in the light curve solution from intrinsic variability re-
quire a very careful job. Session II also included presentations by Y. W. Kang
and A. Pigulski, who described their ongoing programs to observe and char-
acterize eclipsing binaries in the LMC, mostly discovered from the EROS and
OGLE surveys. The ultimate goal of both projects is to determine the absolute
dimensions of the binary components and carry out distance estimations.

The final session of the Joint Discussion, Session III, focused on the applica-
tion of extragalactic CBS to study aspects related to stellar astrophysics. In this
respect, V. S. Niemela presented the efforts of her group to observe and analyze
high-mass binaries in the LMC and SMC. The relative brightness of these O-
type CBS has allowed their observation even with moderately-sized telescopes.
Some of the stars in binaries with the known highest mass have been studied
within this program and a calibration of the mass-luminosity relationship is in
progress. In the second talk of the session, I. Ribas presented some results on
the first steps towards using extragalactic eclipsing binaries as astrophysical lab-
oratories. The aspects covered were the establishment of the mass-luminosity
law, detailed comparison with stellar models (with consequences on the convec-
tive overshooting parameter), studies of stellar atmospheres, analysis of the the
interstellar medium along the line of sight and use of eclipsing binaries to probe
the structure of the host galaxies. Also, very good astrophysical insights can be
gained from statistical studies such as those presented by P. North and C. Alcock
based on the OGLE and MACHO databases. In the the first case, the statistical
analysis of the sample permits the investigation of tidal evolution in the LMC
and to assess the value of the critical radius for circularization in CBS. Simi-
larly, C. Alcock discussed aspects related to the use of the MACHO database
for statistical purposes and analyzed the distribution of orbital elements among
eclipsing binaries.

Session III was completed with two presentations on supernovae by B. P.
Schmidt and S. Van Dyk. The study of Type Ia supernovae (SNe) are certainly
the most important contribution, albeit often neglected, of CBS research to cos-
mology. The intensive observation of SNe Ia has provided us with the surprising
picture of an accelerating flat universe dominated by dark energy. B. P. Schmidt
gave a comprehensive review of the role of SNe Ia in our current view of the Uni-
verse and also discussed efforts to better characterize the progenitors to these
important binaries. This is a crucial aspect because currently we only have a
phenomenological picture based on the shape of the light curve and a better
physical understanding of what becomes a SN Ia would be most useful. Finally,
S. Van Dyk presented a review of SNe and the role of binarity in each of the
types. Apparently, binary systems are the likely progenitors of a very significant
fraction of core-collapse SNe. To gather the necessary evidence, observational
efforts have been directed towards a better characterization of SNe and their
progenitors with encouraging results thus far.

With regard to future prospects, discussed in the closing talk by A. Giménez,
it was emphasized that distance determination is not the only goal. The results
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obtained thus far prove that a new field of stellar astrophysics can be now studied
outside our own galaxy. Photometry is basically available but significant work is
still required to obtain spectroscopy and to better characterize CBS. Also, even
deeper photometry is needed to uncover fainter LMC/SMC binaries with A-type
components and also binaries with pulsating components are definitely worth
searching for. More and better ground-based observations are needed, requir-
ing large telescopes for spectroscopy and interferometry (VLT, Keck, Magellan)
and state-of-the-art instruments (e.g. multi-object via fiber-fed spectrographs).
Ongoing and new surveys, including data mining of available catalogs (e.g. MA-
CHO or OGLE) will provide additional candidates and data but more attention
should be paid to well-calibrated surface brightness estimates (eventually us-
ing interferometry). Concerning space-based instruments, important results are
expected from global astrometry as given by ESA mission GAIA (leading to a
20% accuracy for LMC individuals). On the other hand, interferometry from
space, as expected to be available for example from SIM, will permit to resolve
the photocenter motion of LMC and SMC long-period binaries and will open a
new era of dynamical orbit determination through astrometry in extragalactic
binaries.

In the remainder of these proceedings we include the title, author informa-
tion and abstracts (often somewhat extended versions) of all oral contributions
presented at the meeting. The full papers will be published by Elsevier in a
special New Astronomy Reviews issue with I. Ribas and A. Giménez as guest
editors. The authors wish to express their gratitude to the members of the Sci-
entific Organizing Committee, J. V. Clausen, K. H. Cook, E. F. Guinan, R. W.
Hilditch, V. S. Niemela, J. D. Pritchard, K. Z. Stanek, and A. Udalski, for their
support and their contribution to make the Joint Discussion a success. Finally,
we would like to thank, on behalf of the organizers of JD13, all speakers as well
as the audience for a very enlightening and useful Joint Discussion (despite the
allocation of number 13).
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Seeing Double in the Local Group: Extragalactic Binaries

Edward F. Guinan

Dept. of Astronomy & Astrophysics, Villanova University, 800
Lancaster Ave., PA 19085, USA

Photographic surveys of the Magellanic Clouds and the M31 carried decades
ago discovered ∼200 close binaries. In most cases the photographic light curves
are good enough only to identify the stars as close (mostly eclipsing) binaries
and to estimate orbital periods and binary type. Except for a few cases, little
useful information may be obtained from these stars except to be reassured that
eclipsing binary (EB) systems are present in other galaxies. However a major
advance occurred with the advent of high quantum efficient CCDs. Because
of this an explosion in the number of known extragalactic binaries occurred
during the 1990s as offshoots of photometric microlensing surveys such as EROS,
MACHO, and OGLE. Now over 10 000 extragalactic EBs have been identified.
Also, photometric surveys of M31 and M33 (e.g. DIRECT) are discovering many
more 19–20th mag eclipsing/close binaries. Over the next decade it is expected
that ∼1 million new binary systems will be identified in these galaxies. In this
overview I will discuss recent advances and future expectations in the studies of
extragalactic binaries
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Binary Stars in the Local Group: The Playing Field

Mario L. Mateo

Department of Astronomy, University of Michigan, 821 Dennison
Building, Ann Arbor, MI 48109-1090, USA

As an introduction to the stage on which Extragalactic Binaries exist I will
present an overview of the stellar populations of the Local Group Galaxies. This
will highlight the (few) similarities in the star formation histories of Local Group
galaxies as well as the better-known variety that has been uncovered in recent
studies. In the few cases where this is possible, the direct role of binaries in the
interpretation of the star forming histories of these galaxies will be described.
The possible role of binaries in helping to shape the star-formation history will
be described more generally with some emphasis on the sorts of observations
that can be carried out to investigate this more fully.
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A Review of the Distance and Structure of the Large
Magellanic Cloud

David R. Alves

Columbia Astrophysics Lab., 550 W. 120th St., New York, NY, USA

The debate about the distance to the Large Magellanic Cloud (LMC) has an
epic history full of controversial and dramatic claims (i.e., see review by Walker
2003), and yet in recent years a standard distance modulus has emerged due
primarily to the completion of the Hubble Space Telescope (HST ) Key Project
to measure the Hubble constant (Freedman et al. 2001). The adopted standard
distance modulus, µ0 = 18.5±0.1 mag, yields H0 = 71±10 km s−1 Mpc−1 (total
error) in excellent agreement with that derived from the Wilkinson Microwave
Anisotropy Probe: H0 = 72±5 km s−1 Mpc−1 (Spergel et al. 2003), which lends
considerable support to its accuracy.

The average of 14 recent measurements of the distance to the LMC implies
a true modulus of 18.50±0.02 mag, and demonstrates a trend in the past 2 years
of convergence toward a standard value. Table 1 is a summary of the distance
results by method. Where both random (r) and systematic (s) errors are given,
I adopt their arithmetic sum as the total error, and I use this to weight the
average. I exclude one result, and two are assigned new error bars as noted
in parenthesis. Last, I adopt the average distance modulus for the 4 eclipsing
binary estimates as one result. Note that the eclipsing binaries yield a consistent
mean distance, but their scatter is twice as large as their average measurement
error. The reduced chi-squared is about 0.3 for the final average, and thus the
adopted error bars are probably too conservative (the average uncertainty is
±0.08 mag).

The recent results for the LMC distance demonstrate a remarkably high
level of consistency. The possibility that a consensus on the LMC distance has
been reached seems much more plausible now than it did at the conclusion of
the HST Key Project only two years ago. A great American sports journalist
once said famously, “The opera ain’t over till the fat lady sings,” to make a
point that the outcome of a series of games was not yet determined. Regarding
the convergence of published LMC distance results, I suggest to you that the fat
lady has begun to sing.

There is no standard model for LMC structure, at least not yet, but in a
series of recent papers a new understanding has emerged (van der Marel et al.
2002). It has been established that the photometric major axis of the LMC
disk is about 50◦ away from the line-of-nodes (along which the disk is at a
constant distance equal to the center-of-mass distance), and thus the LMC is
intrinsically elongated. Several independent estimates for the center of the LMC
are consistent with the optical center; the exception is the center derived from
the velocity field of H i gas. The velocity field of carbon stars and simple
equilibrium models indicate that the LMC disk is thick like the Galactic thick
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Table 1. LMC distance moduli in the past 2 years

Method µ0 Method µ0

Red Clump 18.493± 0.033r ± 0.03s Mira 18.48 ± 0.08
Red Clump 18.471± 0.008r ± 0.045s Main Sequence (excl.) 18.5− 18.7
Red Clump 18.54± 0.10 Main Sequence 18.58± 0.08
Cepheid 18.48 (±0.1) SN 1987A 18.46± 0.12
Cepheid 18.55± 0.02r (±0.1) EB (HV 982) 18.51± 0.05
Cepheid 18.54± 0.29 EB (EROS 1044) 18.38± 0.08
RR Lyrae 18.50± 0.07 EB (HV 5936) 18.18± 0.09
RR Lyrae 18.43± 0.06r ± 0.16s EB (HV 982) 18.63± 0.08
RR Lyrae 18.55± 0.07 Eclipsing binaries (ave.) 18.46± 0.08
RR Lyrae 18.48± 0.08

Wtd. ave. 18.50±0.02 (s.d.=0.04)

disk and flared. The vertical exponential scale height of carbon stars attains a
value of about 1 kpc at locations 5–6 degrees from center, and is only about 100
pc in the central bar region.

The LMC is the nearest example besides the Milky Way of a disk galaxy
that has a stellar halo (Minniti et al. 2003). Although the LMC has a halo,
it does not have a bulge, and in this way it is similar to M33. It not known
whether or not the Population II distance indicators like RR Lyrae variables
are distributed in the same way as the young and intermediate-age stellar pop-
ulations which represent the bulk of the LMC disk, and hence whether or not
geometric inclination-corrections appropriate for the disk should apply. How-
ever, the kinematics of the halo and disk stars in the LMC are distinct.

Finally, I note that the warps in the LMC disk recently discovered using
the color and magnitude of the red clump (Olsen & Salyk 2002) are suspiciously
found in regions of high reddening, and could be caused by a change in the mix
of young and old red clump stars which would bias the reddening correction.
Old and intrinsically redder red clump stars, if they exist, could be distributed
in a different manner than the young (disk) clump stars, and thus it is possible
for the population mix of the clump to vary in unexpected ways across the LMC.
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Binary Star Research Using the MACHO Database

Kem H. Cook

Lawrence Livermore National Laboratory, 7000 East Avenue,
Livermore, CA 94550, USA

The MACHO Collaboration has produced a variable star catalog of the Mag-
ellanic Clouds which is a rich source of eclipsing binary systems. I will review
the techniques that have been used by MACHO for identifying eclipsing bina-
ries in a relatively automated fashion which is necessitated by the more than
230 000 variable light curves cataloged. We have identified about 6000 eclips-
ing binaries using these techniques. These systems have periods ranging from
hours to more than 1000 days. I will survey the binary star data from MACHO
and highlight its use in investigating topics spanning the physics of supersoft
gamma-ray sources to the distance of the Large Magellanic Cloud and point to
future directions of research using this public resource.
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Eclipsing Binaries in the Magellanic Clouds

Andrzej Udalski

Warsaw University Observatory, Al. Ujazdowskie 4, 00–478 POLAND

We present results of a search for eclipsing binaries in the Magellanic Cloud
fields covering central parts of these galaxies. The data were collected dur-
ing the second phase of the Optical Gravitational Lensing Experiment sur-
vey (OGLE-II) in 1997–2000. In total, about 1500 and 3000 eclipsing stars
were found in the Small and Large Magellanic Cloud, respectively (Udalski
et al. 1998, Wyrzykowski et al. 2003). The photometric data of all objects
are available to the astronomical community from the OGLE Internet archive
(http://sirius.astrouw.edu.pl/~ogle/). OGLE-II data contain a full va-
riety of classical eclipsing objects of all types: Algol EA-type, β-Lyr EB-type
and W UMA EW-type stars. Large samples of stars allow to study in detail
statistical properties of eclipsing objects. OGLE data also contain many very
unusual eclipsing stars. Examples include eclipsing variable B-type stars (Men-
nickent et al. 2003), many spotted stars or eclipsing stars with a Cepheid as a
component (Udalski et al. 1999). Recently three objects from the LMC reveal-
ing simultaneously RR Lyr and eclipsing binary type variability were discovered
(Soszyński et al 2003). If the follow-up observations confirm that both com-
ponents are physically bound and not optical blends these stars will provide a
unique opportunity of direct determination of physical parameters of RR Lyr
pulsating stars.

The OGLE-III project, which began regular observations of the Magellanic
Clouds in June 2001, is still in the early phases. Up to the end of June 2003 about
100–250 epochs were collected for the LMC fields and about 200 epochs for the
SMC fields. The LMC and SMC fields cover now practically the entire galaxies.
Photometry of more than 30 million stars from both MC is obtained in real time.
The new data pipeline system based on image subtraction technique provides
now photometry with mmag accuracy for the brightest stars. We believe that
in the time scale of a few years the vast majority of eclipsing stars from the
Magellanic Clouds down to ≈ 20 mag will be detected by the OGLE-III survey
and photometry will be released to the astronomical community.
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Hubble Fellow, National Optical Astronomy Observatory, 950 N Cherry
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The DIRECT project (as in “direct distances”) started in 1996 with the long-
term goal of obtaining distances to two important galaxies in the cosmological
distance ladder – M31 and M33 – using detached eclipsing binaries (DEBs) and
Cepheids. These two nearby galaxies are the stepping stones in most of the
current effort to understand the evolving universe at large scales. Not only are
they essential to the calibration of the extragalactic distance scale, but they also
constrain population synthesis models for early galaxy formation and evolution.
However, accurate distances are essential to make these calibrations free from
large systematic uncertainties.

Detached eclipsing binaries have the potential to establish distances to M31
and M33 with an unprecedented accuracy of better than 5% and possibly to
better than 1%. Current uncertainties in the distances to these galaxies are
in the order of 10 to 15%, as there are discrepancies of 0.2-0.3 mag between
various distance indicators. Detached eclipsing binaries (Paczyński 1997) offer
a single-step distance determination to nearby galaxies (Fitzpatrick et al. 2003)
and may therefore provide an accurate zero-point calibration for other distance
indicators, including Cepheids.

The DIRECT project obtained time-series observations of M31 and M33
during 170 nights between 1996 September 6 and 2000 January 2 using the
Fred L. Whipple Observatory 1.2-m telescope. Additional observations were
carried out during 36 nights in 1996 and 1997 at the Michigan-Dartmouth-MIT
Observatory 1.3-m telescope. In 1996 and 1997, images were obtained using a
camera with ∼ 11′×11′ field of view. In 1998 and 1999, data were collected using
a camera with a ∼ 22′ × 22′ field of view.Observations were obtained mainly in
the V and I bands, with some additional data in the B band. The total area
covered by the observations was ∼ 0.5ut◦ in M31 and ∼ 0.3ut◦ in M33.

Most of the fields have been analyzed and published (Bonanos et al. 2003;
Kaluzny et al. 1998; Kaluzny et al. 1999; Macri et al. 2001c; Mochejska et al.
1999; Stanek et al. 1998; Stanek et al. 1999). These publications contain a total
of ∼ 130 eclipsing binaries, ∼ 600 Cepheid variables, and ∼ 500 miscellaneous
variables.

Additional publications related to the DIRECT project include: the dis-
covery of cessation of pulsations in a long-period Cepheid in M33 (Macri et al.
2001a); the study of the influence of unresolved blends on the Cepheid Distance
Scale (Mochejska et al. 2000; Mochejska et al. 2001a); a catalog of globular
clusters in M31 and M33 (Mochejska et al. 1998); ancillary stellar catalogs and
additional short-period variables (Macri et al. 2001b; Mochejska et al. 2001b;
Mochejska et al. 2001c; Mochejska et al. 2001d).
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Four promising detached eclipsing binary systems have been discovered in
the DIRECT fields; two in M31 and two in M33. As a first step in their follow-
up, higher quality light curves were obtained through observations conducted at
the Kitt Peak National Observatory 2.1-m telescope in 1999 and 2001. Recently,
a program was started to measure radial velocities of the DEBs using the Echelle
Spectrograph and Imager (ESI) at Keck Observatory. We have also obtained
out-of-eclipse near-infrared observations of the DEBs in M33 using the Gemini
North 8-m telescope, to increase the wavelength baseline of our coverage and
obtain a better measurement of E(B − V ) for these systems.
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Eclipsing Binaries as Precise Standard Candles and
Distance Indicators

Jens Viggo Clausen

Niels Bohr Institute for Astronomy, Physics, and Geophysics,
Astronomical Observatory, Copenhagen University, Denmark

Double-lined eclipsing binaries are (still) our main source for accurate informa-
tion on stellar masses, radii, and luminosities. Also, they offer very direct dis-
tance determinations, useful within the Milky Way and for Local Group Galax-
ies. I will briefly review the methods involved and discuss critically their advan-
tages and limitations. Furthermore, past and recent highlights will be presented.
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Eclipsing Spectroscopic Binaries in the SMC

Ron W. Hilditch
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Tim J. Harries

School of Physics, University of Exeter, Stocker Road, Exeter EX4 4QL,
UK

Ian D. Howarth

Department of Physics and Astronomy, University College London,
Gower Street, London WC1E 6BT

The OGLE survey of the SMC has discovered ∼1500 eclipsing binaries thereby
providing an excellent platform to study the evolution of close binary systems
through case A and case B mass-exchange processes. The complementary spec-
troscopic radial-velocity studies of these binaries are now in progress and are
revealing many interesting systems which challenge current theoretical mod-
els of close binary star evolution. These studies also provide excellent direct
determinations of distances to these binary stars leading to an improved under-
standing of the mean distance to the SMC and its 3-D structure. Comparisons
between these binary-star distances and other methods of determining the mean
distance to the SMC will also be made.
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Semi-detached Binaries as Probes of the Local Group

Robert E. Wilson
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The SMC I band light curves of the OGLE project show a curious absence of
familiar Algols. Comparitive statistical work for SMC and Milky Way Algols
might uncover an evolutionary explanation, presumably connected with chemical
composition, or may point to observational selection or even merely perception.
As background, LMC and SMC abundances of nitrogen, oxygen, and neon are
lower than in our Galaxy by respective factors of about 2.5 and 6, raising the
issue of metallicity effects on semi-detached (SD) statistics - specifically on SD
light curves and numbers of SDs. Lobe overflow is a triggered process, with both
system age and structural configuration at triggering dependent on composition.

On another topic, the EB distance scheme’s main attraction is directness, as
no calibration of any kind is involved, allowing distance estimates for individual
binaries. If there were only one EB, in principle we could find its distance.
Only geometric and radiative properties are utilized and evolution is essentially
irrelevant. Only the best conditioned EB’s are needed for distances to Local
Group galaxies, as GAIA will observe EB’s in enormous numbers. The value
of total-annular eclipses is well known, although luminosity ratios from spectra
or SED’s restore much of the information otherwise missing in partial eclipse
cases. Among several continuing difficulties are third light, aliasing of radii, and
observational selection.

Most workers on EB distances to Local Group galaxies actively select well
detached binaries (WDB), presumably regarding them as the simplest morpho-
logical type. Tacit issues would be 1) whether WDB’s simplicity helps with
light curve solutions, 2) whether it helps with absolute scaling, and 3) whether
WDB’s really are relatively simple. The answer to item 1 is no - irradiation and
static tides are solved problems at the level required for light curve solutions.
Relevant to item 2 is a need for improvements in binary spectrum synthesis –
the analog of a light curve program for SED’s, with solution of the inverse prob-
lem for SED’s just as one now does for light curves. We also need to convert
from relative to absolute theoretical flux correctly. For item 3 one must distin-
guish among several kinds of simplicity. Physical simplicity (few parameters) is
the issue for fitting problems. Application of physics removes free parameters
so - in the way that matters for general solutions and for distances - SD and
over-contact binaries are simpler than WDB’s.

Essentially all SD binaries have sensibly circular orbits because of strong
tides. Three parameters are thereby saved, as eccentricity, e, is known, ar-
gument of periastron, ω, is inconsequential, and the contact star’s rotation is
synchronous. Although e and ω are readily found for DB’s, every free parameter
increases uncertainty by complicating the correlation matrix. The role of mass
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ratio (q = m2/m1) is very important for SD and even more important for over-
contact (OC) light curves. The situation can be seen in the connection between
q and relative (mean) radii, r1,2 = R1,2/a. There is no connection for DB’s,
except for upper limits on r1,2, whereas a known or assumed q immediately fixes
one radius for an SD and nearly fixes both radii for an OC. Complete eclipses are
required for strong photometric mass ratios (qptm) for the same reason that com-
plete eclipses are needed for strong measures of r1,2, since q estimates essentially
come from radius estimates. Note that qptm’s arise from lobe-related radii that
are found from eclipses, contrary to a common misconception that they come
from tidal deformation inferred mainly from outside-eclipse variation. Eclipses
carry most of the information coded into EB light curves, so it follows that ob-
serving time is used efficiently where fractional eclipse width is relatively large.
Fractional eclipse width is statistically larger for SD’s than for DB’s and even
larger for OC’s because it increases with r1 + r2 = (R1 +R2) a. Aliasing of
radii can impede selection of survey binaries (say from GAIA) for subsequent
intensive observation with large aperture telescopes and is reduced for SD’s vis
a vis DB’s. Observing radial velocities (RV ) for the dim SD secondaries is not
easy, with limiting magnitudes for velocities being much brighter than for light
curves. A partial remedy is to go to the infra-red where the low temperature
secondaries are relatively bright. The most realistic circumvention may be to
use spectra for primary star velocities only and complete our mass information
with the help of qptm’s.

The common W UMa OC’s are too dim for useful RV observation outside
the Milky Way with present technology and luminous OC’s are very rare. Cir-
cular orbits and synchronous rotation are guaranteed for OC’s, thus saving four
fitting parameters (e, ω, and two rotations). OC solutions are especially strong
because two radii must fit into the lobe configuration, compared to one for SD’s
and none for DB’s. Complete eclipses are reasonably common for W UMa’s,
although not common for high luminosity OC’s. Rigorously correct scaling of
theoretical flux is important for the distance problem. Distant flux scales with
polar normal intensity, and the remaining problem is to find the scaling constants
for the components - just two numbers. If a light curve program computes all
relative quantities self-consistently, then

F abs
d = 10−.4 A

[

F prog
a,1

(

Iabs
1 /Iprog

1

)

+ F prog
a,2

(

Iabs
2 /Iprog

2

)]

[a/d]2 , (1)

where subscripts abs and prog refer to absolute flux (F ) or normal intensity (I),
subscripts d and a are observer distance and standard program distance respec-
tively, and subscripts 1 and 2 are for stars 1 and 2. Absolute I’s come from a
stellar atmosphere program and program F ’s and I’s come from the program.
Observations give F abs

d and semi-major axis a comes from a light/velocity solu-
tion. One has all needed quantities except d (and perhaps A), so the relation
can be inverted to find d (or d [A]). To find Iabs

1 and Iabs
2 we need polar effective

temperatures, Tpole, which can be estimated by analysis of spectra or SED’s.
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Contact Binaries of the W UMa Type as Distance Tracers

Slavek M. Rucinski

David Dunlap Observatory, University of Toronto P.O. Box 360,
Richmond Hill, Ontario, Canada L4C 4Y6

Contact binary stars of the W UMa-type (also known as W) are unique objects:
The luminosity, produced almost exclusively in the more massive component is
efficiently distributed through the common envelope so that the surface bright-
ness is practically identical over the whole visible surface of the binary. Mass
ratios are known to span the whole wide range, from almost unity to very small
values, as small as q = 0.066. Typically, the primary component provides the
luminosity, while both components provide the radiating area. The range of the
primary masses is moderate and corresponds to Main Sequence spectral types
from middle A to early K and roughly maps into the orbital-period range of
about 1.5 days to 0.22 days.

With their special properties, the contact binaries of the W UMa type form
a distinct group of objects, very easy to find and identify in massive stellar
variability programs, even in short-duration ones, thanks to the short orbital
periods and large amplitudes of photometric variations. Contact binaries are
not as convenient as detached binaries for distance determinations. Although
described by fewer parameters than detached binaries, they have more complex
geometry. Thus, the contact binaries are more like pulsating stars and – with
still many uncertainties about their structure and adherence to the strict Roche
model – do require empirical luminosity calibrations.

The rationale for the existence of a period - luminosity relation is based
in the strong geometric constraints imposed by the common equipotential en-
velope which permit to consider an equivalent of the Q = P

√
ρ relation for

contact binary systems. By defining the mean density of the whole configura-
tion, ρ = (M1 + M2)/V , by eliminating a3 using the Kepler law and by ex-
pressing the quantities in familiar units, one obtains the “pulsation equation”,
P
√
ρ = Q(q, F ) =

√

0.079/v(q, F ), with P in days and ρ in g/cm3 (q is the
mass ratio and F characterizes the degree of contact, F = 0 for inner contact
at L1 and F = 1 for outer contact, opening up at L2). The similarity of contact
binaries to pulsating stars is not accidental as the underlying physical time scale,
of the pulsation or of the orbital revolution, is the same familiar dynamical time
scale.

The full calibration equation:

MV = −10 log Teff +B.C.(Teff )− 10/3 logP

−5/3 logM1 − 5/3 log(1 + q)− 2.5 log s(q, F ) + const

can be simplified for situations when only photometric data are available to

MV = C1 ∗ colour + C2 logP + C3
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where colour is any of the available color indices. The currently best calibrations
utilizing de-reddened B − V and V − I color indices are:

MV = −4.44 logP + 3.02 (B − V )0 + 0.12

MV = −4.43 logP + 3.63 (V − I)0 − 0.31

There are several sources of uncertainties in the current calibrations. The
trigonometric parallaxes from the Hipparcos mission introduce errors typically
< 0.25 mag. In addition, some of the binaries are unrecognized triple systems
with an associated offset in brightness, loss in accuracy and even entirely false
data for the parallaxes. The main source of errors is in the photospheric spots on
individual binaries. These binaries are very active and almost always show spots.
A brightness calibration must simply assume some sort of an average. When a
simple mean weighted error is considered, then the deviations are characterized
by σMV ' 0.35 mag. Monte–Carlo simulations indicate that within the main
range of the applicability, the typical errors are σMV ' 0.25 mag.

As with any calibration for pulsating stars, one must establish the metallic-
ity dependence of the period–color–luminosity relation. It has been found that
there exists no discernible trend in the deviations from the predicted values of
MV as a function of [Fe/H]. Although the contact binaries with low metallic-
ity content are structurally different than the disk population ones, there exists
no need to introduce the metallicity corrections in MV at the current level of
accuracy. Population II contact binaries are bluer and smaller i.e. have shorter
orbital periods then the disk–population Main Sequence systems, but the shifts
in the color–magnitude diagram are practically horizontal in MV . This is a pre-
liminary result which must be checked again as the data become more accurate.

Since the MV calibrations utilizing de-reddened color indices B − V or
V − I and the periods can predict individual values to about ±0.25 mag, about
a thousand systems are needed to reduce the group uncertainty to the level of
±0.01. Such large numbers will be discovered in the nearby galaxies once the
surveys pass the threshold of MV ' 3− 5 which, for the Local Group typically
corresponds to V > 23− 25. The current calibrations involve de-reddened color
indices and thus remain sensitive to the reddening corrections. The widespread
availability of the K-band data suggests calibrations based on the V − K or
I −K indices; this is a matter of the current work.
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Cepheid Variables in Ecliping Binary Systems

Douglas Welch

Department of Physics and Astronomy, McMaster University,
Hamilton, ON L8S 4M1, Canada

Microlensing surveys of the Large and Small Magellanic Clouds have revealed
the existence of Type I and II Cepheid variable stars in eclipsing binary systems.
In this review I will summarize the state of the known published and unpublished
observations of these systems describe what has been learned to date and discuss
what the prospects are for extracting additional information from the known
systems using future observations. This review will also discuss the known state
of searches for RR Lyrae stars in both spectroscopic and eclipsing binaries and
suggest strategies for future success in detecting such systems.
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Improved Light Curves of LMC Eclipsing Binaries

Young Woon Kang, Kyungsoo Hong

Department of Astronomy, Sejong University, Seoul, 143-747, Korea

Woo-Baik Lee, Ho-Il Kim

Korea Astronomy Observatory, Taejon, 305-348, Korea

Kyu-Dong Oh

Department of Earth Sciences, Chonnam National University, Kwangju,
500-757, Korea

We present accurate BV light curves and continuum energy curves of the EROS
eclipsing binaries in the Large Magellanic Cloud to find accurate binary param-
eters as well as their distances. The observations have been carried out using
the 2.1 meter telescope in CASLEO Argentina during Feb. 1–10, 2003. We have
concentrated CCD direct observations upon EROS field 1 and 2 to improve the
accuracy of light curves of eclipsing binaries in the fields. The spectroscopic
observations have been also carried out using the simple dispersion method to
get continuum energy curves between wavelengths of 4000–8000 Å for several
EROS eclipsing binaries. At first, we determined a combined temperature of
both components of each binary system using the continuum. Then, the com-
bined temperature was resolved using the first estimation of the light curve
solution. Finally, we determined the photometric solutions of several binaries in
the Large Magellanic Cloud.
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Detached Binaries in the Large Magellanic Cloud

G. Michalska, & A. Pigulski

WrocÃlaw University Observatory, Kopernika 11, 51-622 WrocÃlaw,
Poland

Analysis of the radial-velocity and light curves of detached eclipsing binaries
allows to derive stellar masses and radii and, in consequence, enables to find
their distances. The method has been already applied to several LMC binaries,
but in order to have the distance to the LMC determined with good accuracy,
the parameters need to be known for a larger number of systems. As a first
step we present results of the analysis of the photometry of over eighty detached
binaries in the LMC selected from the OGLE-II catalog of 53 000 variable star
candidates. If possible, we combine the OGLE-II data with the photometry
from other projects (MACHO and EROS). As a result, we present the list of
brightest eclipsing binaries in the LMC suitable for distance determination.
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Massive Binaries in the Magellanic Clouds

Virpi S. Niemela

Facultad de Cs. Astronmicas y Geofsicas, Universidad Nacional de La
Plata, Paseo del Bosque s/n, 1900 La Plata, Argentina

We present results of our ongoing observing program on search and studies of
massive stars (O and WR type) in binary systems in our neighbor galaxies, the
Magellanic Clouds. Radial velocity orbits are presented for two new binaries, one
in the Small Magellanic Cloud and another in the Large Magellanic Cloud, and
improved orbits for previously known systems. We compare orbital parameters
of selected binaries containing O and WR type components. We also discuss the
present status of knowledge for massive binary stars in the Magellanic Clouds
and the problems encountered in their orbital studies such as stellar winds the
ubiquitous tendency to be born in multiple systems.
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Extragalactic Eclipsing Binaries: Astrophysical
Laboratories

Ignasi Ribas

Dept. d’Astronomia i Meteorologia, Univ. Barcelona, Av. Diagonal,
647, E-08028 Barcelona, Spain

Eclipsing binaries (EBs) have long been known for providing accurate stellar
fundamental properties, such as masses and radii. These are obtained from the
modeling of light and radial velocity curves and, with input data of good qual-
ity, uncertainties of a few percent in the components’ physical properties are
now routinely achieved. Additionally, a number of other observables are deter-
mined for eclipsing binaries using techniques similar to those employed for single
stars: Effective temperatures from multi-wavelength photometric analysis and
chemical abundances from detailed spectroscopic modeling. Thus, EB systems
provide a complete characterization of the physical properties of their compo-
nents, with the added constraint that both stars should have identical age. Also
worth mentioning is the ubiquity of EB systems among all kinds of stars. Main
sequence stars, variable stars, giants, supergiants, and compact objects, to name
a few, are found as members of EBs. This makes EBs excellent ”laboratories”
for stellar astrophysics. A number of studies have exploited this fact and carried
out detailed analysis of galactic EB systems (e.g. Andersen et al. 1991; Clausen
1991; Claret & Giménez 1993; Schröder et al. 1997; Guinan et al. 2000). A
few areas where EBs play a crucial role in astrophysics are stellar structure and
evolution, tidal evolution, stellar atmospheres, binary evolution in interactive
systems, . . .

A new perspective has opened in the last decade with the advent of pow-
erful telescopes, detectors and analysis techniques, which have permitted the
acquisition of accurate data of EBs in Local Group galaxies. With this comes
the possibility of performing detailed stellar astrophysical studies beyond our
Galaxy. Worth noting is the great benefit that has experienced this field from
the release of the microlensing survey catalogs, which have resulted in a database
of thousands of new eclipsing binaries with light curves of excellent quality. Ex-
tragalactic EBs provide a unique opportunity to study stars that have formed
and evolved in environments with chemical histories that may differ from those
of the solar neighborhood. For example, the LMC and SMC are populated with
low-metallicity, young massive stars that are no longer found in our Galaxy.

The use of extragalactic EBs as distance indicators has been thus far the
main thrust for their study but increasing interest in the astrophysical aspects
has developed in the last few years. One straightforward application is the defi-
nition of a mass-luminosity (M–L) law. But, to accomplish this, a representative
sample of stars are needed and just a handful of EBs currently have physical
properties accurate enough, still insufficient for a first establishment of a M–L
law outside our Galaxy. More productive thus far has been the study of indi-
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vidual EB systems with the goal of evaluating stellar structure and evolution
models. Especially well-suited for such purpose is the LMC EB HV 2274, which
has similar components in a moderately evolved stage (close to the TAMS).
Ribas et al. (2000) analyzed HV 2274 and performed a critical study of stellar
models both using the H-R diagram and the apsidal motion rate (which contains
information of the internal structure of the stars). From that, the authors were
able to constrain the elusive convective overshooting parameter for metal-poor
massive stars. Another example of using extragalactic EBs as astrophysical
laboratories was given by Fitzpatrick et al. (2003). In that case, the spec-
troscopic study of the semi-detached LMC EB HV 5936 provided insight into
the atmospheric properties (most notably helium abundance) of the mass-losing
component.

These are just a few examples of EBs used as astrophysical laboratories,
where the physical properties of the stars themselves were subject of study. Also
interesting is the possibility of using extragalactic EBs as probes. For example,
the properties of the interstellar medium along the line of sight (strength of
the 2175 Å bump or the far-UV rise) can be analyzed from spectrophotometric
observations spanning a wide wavelength range (e.g. Ribas et al. 2002). Even
more tantalizing is the prospect of using a large ensemble of EBs across a galaxy
to study its line of sight distribution. Since the distance can be accurately
determined (∼3%) for each EB system individually, once the “mean” distance
of the galaxy is subtracted, the residuals may trace the spatial distribution of
the young stellar population.

With some five ongoing projects aimed at the determination of physical
properties of Local Group EBs (mostly in the LMC), the future of this field looks
bright and significant progress is expected in the coming years. In addition,
some projects are now focusing on galaxies other than the LMC, such as the
SMC, M31 and M33, and opening new grounds for study. Also promising is
the possibility of exploring the realm of stars with lower masses (late B- and
A-type), which, with a magnitude of about 18 in the LMC, are within the grasp
of current instrumentation.
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Circularization in B-type Eclipsing Binaries in Both
Magellanic Clouds

P. North

Laboratoire d’Astrophysique, EPFL, Observatoire, CH-1290
Chavannes-des-Bois, Switzerland

J.-P. Zahn

LUTH, Observatoire de Paris-Meudon, F-92195 Meudon, France

Making use of detached eclipsing binaries with B-type components discovered by
the OGLE and MACHO teams in the SMC and in the LMC, we give the value
of the fractional radius above which circularization occurs. This critical radius
is around 0.24 to 0.26, regardless of the mass, surface gravity or metallicity,
and is consistent with that found by Giuricin et al. (1984) for galactic binaries.
These empirical facts are shown to be consistent with Zahn’s (1975) theory of
tidal dissipation. This work confirms and extends that of North & Zahn (2003),
thanks to a sample of 448 binaries taken from the recent OGLE catalogue of
2580 eclipsing binaries in the LMC (Wyrzykowski et al. 2003) and a more
homogeneous interpretation of the lightcurves of the 148 SMC binaries.

As a by-product of this study, we provide approximate stellar parame-
ters of the average component of 148 binaries in the SMC and of up to 353
binaries (some of which might be non-detached) in the LMC, under the as-
sumption of equal components, known distance and average absorption to-
wards the Magellanic Clouds. These parameters are available at the address
http://obswww.unige.ch/~north/DEBs/.
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Orbital Elements of MACHO Project Eclipsing Binary
Stars

Charles Alcock

Department of Physics and Astronomy, University of Pennsylvania, 209
South 33rd Street, Philadelphia, PA 19104, USA

Large scale photometric surveys can deliver very large numbers of eclipsing bi-
nary stars. It is not presently possible to obtain radial velocity information for
more than a small fraction of these. We have made some progress in the esti-
mation of the statistical distributions of orbital elements (including semi-major
axis and eccentricity) in the MACHO Project catalog of eclipsing binary stars.
We see the well-known tendency to circularization in short period orbits and
also detect late tidal circularization during the giant phase. The extension of
these techniques to newer surveys will also be discussed.
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Review of SN Ia Progenitors

Brian P. Schmidt

The Research School of Astronomy and Astrophysics, The Australian
National University, Mount Stromlo and Siding Spring Observatories,
via Cotter Road, Weston Creek PO 2611, Australia

Type Ia Supernovae have taken on a leading role in measuring extra-galactic
distances providing key information about the Hubble Constant and providing
evidence of an accelerating Universe. Unfortunately these conclusions are based
on an empirical relationship between SN brightness and light curve shape rather
than any deep physical understanding. A key ingredient to gaining physical un-
derstanding lies in understanding what becomes a SN Ia progenitor. Essentially
all models require a binary system to push a white dwarf higher in mass. I
will review the current attempts observational and theoretical to pin down the
nature of these important astrophysical objects.
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Extragalactic Binaries as Core-Collapse Supernova
Progenitors

Schuyler D. Van Dyk

IPAC/Caltech, 100-22, Pasadena, CA 91125

Core-collapse supernovae (SNe) come in a variety of subtypes. The SNe II-
plateau (II-P) show a long plateau in their light curves, as well as classical P
Cygni Balmer line profiles in their spectra. The SNe II-linear (II-L) show a linear
decline in their light curves after maximum, and the blue absorption trough in
the Balmer lines is missing, leaving only broad emission profiles. The SNe II-
narrow (IIn) show a narrow profile atop a broad base to the Balmer emission.
The SNe Ib exhibit no hydrogen lines, but prominent He lines instead. The SNe
Ic also show no H, but also weak or no He, with their spectra dominated by
intermediate-mass elements. The SNe IIb start out appearing as SNe II(P), but
in time evolve spectrally to resemble SNe Ib, with a later resumption of broad
Balmer profiles, as in the case of SN 1993J (see Filippenko 1997 for a review of
SN types). The progression from SNe II-P, II-L, IIn, IIb, Ib, through Ic may be
due to the degree of stripping of the H-rich stellar envelope. Binary star systems
are likely the progenitors of many core-collapse SNe. In fact, we might expect

∼> 40–50% of all such SNe to arise from binaries (e.g., De Donder & Vanbeveren
1998).

Observational evidence supports the binary nature of the progenitors of
some core-collapse SNe. One constraint on the binary nature of SNe Ib/c may
come from their centimeter-wavelength radio emission. This synchrotron emis-
sion arises as the SN blastwave interacts with a dense, pre-SN wind-established,
circum-stellar medium (CSM), leading to particle acceleration and compression
of magnetic fields. In the case of SNe Ib/c, any dense CSM may require the
presence of an interacting binary companion (Van Dyk et al. 1992; although see
Chevalier 1998; yet also see Chevalier 2002). However, the association of two
extreme SNe Ic, 1998bw and 2003dh, with long-duration γ-ray bursters implies,
if the collapsar model is correct (e.g., MacFadyen & Woosley 1999), that some
SNe Ic may arise from (single) very massive stars, possibly in the Wolf-Rayet
phase. This is consistent with SNe Ib/c possibly being preferentially associated
with massive star formation regions (Van Dyk et al. 1999), implying that SNe
Ib/c arise from more massive progenitors than SNe II, further supporting the
Wolf-Rayet model.

Various anomalies of and the famous circum-stellar ring structure around
the peculiar Type II-P SN 1987A in the LMC can be explained by an accreting or
merging binary system (e.g., Podsiadlowski 1992). The SN IIb 1993J in M81 has
been proposed to be a binary KO I + OB? system (e.g., Aldering, Humphreys,
& Richmond 1994). The radio emission for this SN implies a CSM density
profile shallower than expected for a spherically symmetric progenitor wind,
which might occur as a result of binary interaction. It is not clear from recent
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HST ACS images of a now much fainter SN 1993J that the blue companion has
been detected.

The ∼8% modulations in the radio light curves for the Type II-L SN 1979C
in M100 imply a quasi-periodic, ∼ 1575 d, variation in the pre-SN wind. This
suggests that the progenitor was in a highly-eccentric, long-period (P ∼ 4000
yr), interacting, massive (10 M¯ + 15 M¯) VV Cephei-like (RSG+OB) binary
system (Weiler et al. 1992), This picture is supported by a full 2-D hydrodynamic
simulation of the system (Schwarz & Pringle 1996). Similar bumps and dips
in the radio light curves for the Type IIb SN 2001ig in NGC 7424 (Ryder et
al. 2003), a SN quite similar to SN 1993J, imply modulations in the wind with
P ∼ 600 yr; this is generally far longer than stellar pulsation time scales, but
is perhaps consistent with thermal pulse (C/He flashes) periods in 5–10 M¯

asymptotic giant branch stars. However, such time scales are also consistent
with modulation in the colliding winds in an interacting WR+OB binary system.
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Joint Discussion 13: Abstracts

Status of the International Celestial Reference Frame:
Alan L. Fey (U.S. Naval Observatory, 3450 Massachusetts Avenue NW, Wash-
ington DC, 20392-5420, USA); Jean Souchay (Observatoire de Paris, DANOF,
61, avenue de l’observatoire, 75014 Paris, France)

Abstract. We present a brief report on the status of the International Ce-
lestial Reference Frame. There have been two extensions (updates) of the ICRF
since its initial definition in 1998. The primary objectives of extending the ICRF
were to provide positions for the 109 extragalactic radio sources observed since
the definition of the ICRF and to refine the positions of candidate and other
sources using additional observations. A secondary objective was to monitor
sources to ascertain whether they continue to be suitable for use in the ICRF.
Positions of the ICRF defining sources have remained unchanged. Improved
positions and errors for the candidate and other sources were estimated and
reflect the changes in the data set and the analysis. The 109 new sources were
added with ICRF coordinates. We also discuss current efforts toward ICRF
maintenance and the International Celestial Reference System Product Center.

Potential Refinement of the ICRF:
Chopo Ma (NASA Goddard Space Flight Center, Code 926, Greenbelt, MD
20771, USA)

Abstract. The ICRF analysis and data represented the state of the art in
global, extragalactic, X/S band microwave astrometry in 1995. Similar anal-
ysis has been used to extend the ICRF with subsequent data consistent with
the original catalog. Since 1995 there have been considerable advances in the
geodetic/astrometric VLBI data set and analysis that would significantly im-
prove the systematic errors, stability, and density of the next realization of the
ICRS when the decision is made to take this step. In particular, data acquired
since 1990, including extensive use of the VLBA, are of higher quality and as-
trometric utility because of changes in instrumentation, schedule design, and
networks as well as specifically astrometric intent. The IVS (International VLBI
Service for Geodesy and Astrometry) continues a systematic extension of the
astrometric data set. Sufficient data distribution exists to select a better set of
defining sources. Improvements in troposphere modeling will minimize known
systematic astrometric errors while accurate modeling and estimation of station
effects from loading and nonlinear motions should permit the re-integration of
the celestial and terrestrial reference frames with Earth orientation parameters
though a single VLBI solution. The differences between the current ICRF and
the potential second realization will be described.

The CRF Solution by the Geoscience Australia IVS Analysis Center:
Oleg Titov (GPO Box 378, Canberra, ACT, 2601, Australia)

Abstract. The Geoscience Australia IVS Analysis Center is working for
improvement of the ICRF. The catalogue of 659 radio-source positions estimated
from a 23-year set of the VLBI data (1980-2003) in a homogeneous solution
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(TRF, CRF, EOP) has been obtained using the OCCAM software. Statistical
analysis of the results shows that the median accuracy of the source positions is
0.2-0.3 mas in both coordinates. The long-term apparent motions of two quasars:
0923+392 (4C39.25) and 2145+067 are also analyzed.

Contribution of stable sources to ICRF improvements:
A.-M. Gontier & Martine Feissel-Vernier (Observatoire de Paris, SYRTE, 61,
avenue de l’observatoire, 75 014 Paris France)

Abstract. A set of stable compact radio sources is proposed for the future
maintenance of the ICRF axes, based on time series analysis of VLBI-derived
coordinates of extragalactic radio sources. The selection scheme makes a com-
bined use of statistical and deterministic tests. It identifies 199 stable sources,
to be compared to the current 212 defining sources. Their consideration for the
maintenance of the frame axes is expected to improve the frame stability by a
factor of five, reaching the level of less than 10 microarcseconds in the medium
term. The improved stability and internal consistency of the frame also enhances
the quality of the Earth orientation determinations.

Astrometric Microlensing and Degradation of Reference Frames:
Mizuhiko Hosokawa (Communications Research Laboratory, Tokyo, 184-8795,
Japan); Kouji Ohnishi (Nagano National College of Technology, Nagano, 381-
8550, Japan); Toshio Fukushima (National Astronomical Observatory, Mitaka,
Tokyo, 181-8588, Japan)

Abstract. We have pointed out that the positions of extragalactic radio
sources fluctuate on the order of a micro arcsecond (µas) because of astrometric
microlensing by stars and MACHOs in our galaxy (Hosokawa et al. 1997).
This means that the kinematical reference frames based on the positions of
extragalactic radio sources will be degraded by this kind of fluctuation. Recently,
we have shown that in the case of the extragalactic sources in the direction close
to the Galactic Center, the optical depth of 10 µas fluctuation is about a quarter
for the standard model of our galaxy (Hosokawa et al. 2002). Further, macro
scale astrometric gravitational lensing by the collective mass of the Galactic
Center appears in a different manner. In this paper we discuss the type, the
magnitude and the time scale of the degradation of reference frames due to the
astrometric gravitational lensing. For the astrometric gravitational lensing event
of a few µas caused by each star, the event duration is expected to be several
years. On the other hand, the induced motion due to macro scale astrometric
gravitational lensing is practically regarded as secular.

Extending the ICRF to Higher Radio Frequencies: 24 & 43 GHz:
Christopher S. Jacobs (Jet Propulsion Laboratory, California Institute of Tech-
nology, 4800 Oak Grove Drive, Pasadena, CA 91109, USA); Patrick Charlot,
David Gordon, Gabor Lanyi (Chopo Ma, Charles Naudet, Ojars Sovers, Liwei
Zhang, and the KQ VLBI Survey Collaboration)

Abstract. Astrometric observations of active galactic nuclei have been used
to construct quasi-inertial global reference frames, most notably the Interna-
tional Celestial Reference Frame (ICRF) which now forms the basis for all as-
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trometry including deep space navigation. The ICRF was defined using X- (8.4
GHz) and S-band (2.3 GHz) observations collected over 20+ years. There are
several motivations for extending this work to higher frequencies, namely, to
construct a more stable frame based on more compact sources, to provide cal-
ibrators for phase referencing, and to support spacecraft navigation at higher
frequencies.

Survey observations using the Very Long Baseline Array at K-band (24
GHz) and Q-band (43 GHz) have been undertaken to pursue these goals. Three
observing sessions have covered the full 24 hours of right ascension and declina-
tion down to −30 deg. The resulting catalog of 80+ sources has K-band median
formal position uncertainties of < 200 micro-arcseconds. The Q-band positional
uncertainties are about 1.5 times larger. Group delay residuals were excellent at
approximately 20 psec weighted RMS. Comparison of the K-band frame to the
S/X-band ICRF shows systematic errors which we will discuss.

The research performed at JPL-Caltech and GSFC was done under contract
with NASA.

Densification of the ICRF/HCRF in Visible Wavelengths:
Sean E. Urban (U.S. Naval Observatory, 3450 Massachusetts Ave. NW, Wash-
ington DC, 20392-5420, USA)

Abstract. With the release of the Hipparcos Catalogue and the IAU res-
olution designating its 100,000 star subset as the HCRF, the optical reference
frame increased 20-fold in the number of stars over the FK5. For many appli-
cations, even these 100,000 stars are inadequate in spatial density and limiting
magnitude. However, Hipparcos is dense enough and deep enough to reduce
many astrometric catalogs directly; the resulting data can be used to densify
the HCRF and extend its magnitude limit. The initial major densification ef-
forts of the HCRF utilized the Tycho data, culminating in the Tycho-2 Catalogue
of 2.5 million stars. Over the last few years, several groups have been working
toward even greater densification. Some resulting catalogs, such as the CMC
13, M2000, and SPM 2.0 are zonal, covering selected areas of the sky. Others,
such as UCAC, USNO-B, and GSC 2.3 aim at global coverage but with vary-
ing degrees of accuracy and magnitude regimes. Others, namely DENIS and
2MASS, are extending the HCRF into the near IR realm. The current state of
many of these projects, and what is expected in the next few years in terms of
densification of the optical frame, is presented.

Extending the ICRF into the Infrared: 2MASS−UCAC Astrometry:
Norbert Zacharias (U.S. Naval Observatory, 3450 Massachusetts Ave. NW,
Washington DC, 20392-5420, USA); Howard L. McCallon, Eugene Kopan &
Roc M. Cutri (IPAC, Caltech, MS 100-22, 770 S. Wilson Ave., Pasadena, CA
91125, USA)

Abstract. An external comparison between the infrared 2MASS and the
optical UCAC positions was performed, both being on the same system, the
ICRS. About 48 million sources in common were identified. Random errors of
the 2MASS catalog positions are about 60 to 70 mas per coordinate for the KS

= 4 to 14 range, increasing to about 100 to 150 mas for saturated and very faint
stars. Systematic position differences between the 2 catalogs are very small,
about 5 to 10 mas as a function of magnitude and color, with somewhat larger
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errors as a function of right ascension and declination. The extension of the
ICRF into the infrared has become a reality.
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Abstract. The Joint Discussion (JD14) is intended to focus attention on sev-
eral apparent inconsistencies found in comet observations when compared with
observations of collapsing interstellar clouds, star-forming regions, and models
of the solar nebula. The JD is not intended to resolve these problems, for that
a one-day discussion is too short. It rather is intended to draw attention to the
inconsistencies to be discussed and resolved in future workshops.

1. Enumeration of Some Inconsistencies

Observations of comets reveal information about the structure and composition
of their nuclei. They in turn, provide clues about the thermodynamic con-
ditions and composition of the solar nebula in the region where comet nuclei
formed. Most neutral molecular species identified in comets, coming directly
from comet nuclei, have also been identified in the gas phase in the interstellar
medium (ISM). However, the relative abundances of ice species are the impor-
tant quantities that should be compared, not the gaseous species. Abundances
of species in the ISM vary with location and abundances in the coma of a comet
are not necessarily the same as the abundances of ices in the nucleus (Huebner
& Benkhoff 1999).

The D/H ratios in molecules have been measured in a few Oort-cloud comets
(Halley, Hale-Bopp, Hyakutake). They are consistent with values expected from
interstellar chemistry. This suggests that if interstellar molecules were incorpo-
rated in comet nuclei, they were not chemically transformed in the solar nebula
accretion shock in the region where these nuclei formed. The question arises if
the accretion shock was absent or too weak in the region where comets formed,
or can the same molecules found in the ISM reform in the solar nebula? No
reliable measurements of the D/H ratio exist for Kuiper-belt comets. A key
question concerns the abundances of various ices on interstellar grains.

The hydrogen ortho-to-para ratio in cometary H2O and NH2 suggest that
comet nuclei formed at low temperatures [1P/Halley at ∼ 50 K: Mumma,
Weaver, & Larson 1987; C/1999 S4 (LINEAR) at ∼ 28 K: Kawakita et al.
2001]. CO has been detected in many comets, but N2, CH4, and Ar are found
only in trace amounts. Yet, CO is less volatile than N2 and more volatile than
CH4 and Ar.
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Evidence for amorphous water ice in comets is circumstantial. It is based
on models for the release of gases trapped in amorphous water ice to explain the
heliocentric distance dependence of some observed gaseous species abundances
in comet comae. However, it is thought that amorphous water ice cannot form
in the solar nebula (SN) even though temperatures are low enough. The con-
densation rate in the SN is too slow so that H2O molecules have time to reorient
themselves to form crystalline ice (Kouchi et al. 1994). Thus, the question arises
about additional evidence for amorphous vs. crystalline water ice in collapsing
clouds, ISM, and Comets.

The discovery of large, highly saturated complex molecules of biological
importance in collapsing clouds and the ISM is increasing. There are still many
unidentified spectral lines in comet comae. Do some of them belong to complex
molecules? How complex can we expect molecules to be in comets? Can complex
molecules form in the SN?

Detection of crystalline silicate grains in comet comae indicates that some
dust has been exposed to temperatures of about 900 K. One theory suggests
that turbulent mixing and heating of dust in the inner solar nebula followed
by transport into the comet-forming zone may be responsible for crystallization.
However, this also requires heating the gas that entrains and transports the dust.
Heating the gas would change its interstellar composition. Are comet coma
observations consistent with such high-temperature exposures? What evidence
exists for amorphous and crystalline silicates in collapsing clouds, the ISM, dark
interstellar clouds (DISCs), and comets? Are there alternative mechanisms for
formation of crystalline silicate grains?

Silicates and GEMS (submicron-sized glassy silicates) bear evidence of ex-
posure to large doses of ionizing radiation. They appear to be similar to the
inferred properties of interstellar grains. Can these properties also be acquired
in the SN?

Recently it has been pointed out that the composition of comet nuclei is not
consistent with the solar composition of icy planetesimals (SCIPs) responsible
for the formation of Jupiter (Owen & Encrenaz 2003). Has the composition
of comet nuclei changed over time? Is the composition of Kuiper-belt comets
different from Oort-cloud comets? From the formation of comet nuclei, what
inherent differences can we expect in structure and composition of Kuiper belt
comets vs. Oort cloud comets (other than cosmic ray effects)? Did SCIPs that
formed the core of Jupiter possibly come from a companion cloud to the SN? Was
such a companion cloud too small to form a star but cold and dense enough to
form comet nuclei that have a different composition? Can we find such comets?

Models of collapsing clouds and of star-forming regions are used as analogs
of the SN. In such models, the physics (e. g., turbulence and shocks) and
chemistry are not separable. How can SN models be constraint by observations
of comets? What are the extent, strength, and effect of the accretion shock in the
SN? How does it influence the gas and dust composition of the SN? How strong
are the effects of the SN accretion shock on gas and dust in the comet-forming
region?

Laboratory work relevant to the above topics is very important but can
be difficult: Higher densities must be assumed in the laboratory to account for
time-compression. The interstellar radiation field varies with location. Physical
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effects such as turbulence are difficult to simulate. Relative abundances are
difficult to determine because they depend on properties of various species and
their state variables such as gases or ices.

2. Prospects for the Resolution of the Inconsistencies

This Joint Discussion is intended to focus attention on the conflicting evidence
of survival of the low-temperature interstellar molecules in the SN in spite of the
accretion shock, the detection of crystalline features in cometary dust, and on
observations, models, and laboratory experiments that help to clarify the issues
at hand. The following presentations were made in the Joint Discussion to focus
attention on these challenging issues.
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Abstract. The relevance of hot molecular cores (HMCs) to the solar nebula
has been strengthened as evidence emerges for a hot core phase in low mass
star formation regions. Consequently, interferometric studies of large highly
saturated molecules of biological interest (biomolecules) in HMCs have been
extended to comets. A key goal is the interferometric detection and mapping of
large biomolecules, which could be formed along chemical pathways similar to
those for HMC species.

1. Galactic Star Formation Regions and Hot Molecular Cores

Much progress has been made toward understanding the formation of solar-
type stars by focusing on low-mass regions (Mundy, Looney, & Welch 2000).
However, the most interesting and complex chemistry of molecules of biological
interest (biomolecules) has been observed in hot molecular cores (HMCs) mainly
in regions of massive star formation. Complex saturated molecules have been
reported for only one low-mass young stellar object, IRAS 16293-2422 (Cazaux
et al. 2003). Because of their relatively large sizes and column densities, high-
mass HMCs provide an environment in which the chemical pathways for many
biomolecules can be directly inferred from observations. The chemistry in HMCs
is more complex than that detected so far in the cold dark clouds, which have
been the targets of most low-mass studies. Large, highly saturated molecules
have been mostly detected in HMCs. Examples include ethyl cyanide, methyl
formate, methanol, dimethyl ether, acetone, glycolaldehyde, and acetic acid.
The high temperatures in HMCs permit a chemistry to take place that ordinar-
ily would not occur in cold dark clouds (Ehrenfreund & Charnley 2000). The
rich, active chemistry of HMCs is confined to small regions near the heating
sources, and so molecular detections are enhanced by telescopes that have high
spatial resolution, such as interferometric arrays. There are many gaps in our
knowledge about the evolutionary progression from a high-mass HMC to a pri-
mordial solar nebula. For example, detailed data are needed for HMC sizes,
masses, structures, kinematics, and temperatures. Much of this can be obtained
through high spatial resolution studies of large, highly saturated molecules in
HMCs. Coincidentally, many of these large species are also of biological interest,
which makes the potential connection to the solar nebula even more interesting.
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2. Current Research on Large Molecules in HMCs

Over the last few years, interferometric array measurements have revealed a
hot core of unusually high column density embedded within the more extended
molecular cloud in Sgr B2(N). It is called the Large Molecule Heimat source, or
Sgr B2(N-LMH), due to its extraordinarily high column densities of large, highly
saturated molecules, including many of pre-biotic interest (Snyder et al. 1994;
Miao & Snyder 1997). The interferometric array measurements were made with
synthesized beams that ranged from 1′′ to 14′′ in width. Given the distance
to Sgr B2 of 7.1 kpc (Reid 1993), an angular resolution of 1′′ corresponds to
a physical scale of ∼ 7500 AU, or ∼ one-tenth the size of the Oort cometary
cloud. A consistent set of beam-averaged column densities measured with the
BIMA Array, all at a few arcseconds angular resolution, has been summarized
by Snyder et al. (2002) for several large dust generated molecular species in
Sgr B2(N-LMH): 2.9(3)× 1016 cm−2 for acetone; 0.6(1)× 1016 cm−2 for acetic
acid; 1.1(3)× 1016 cm−2 for formic acid; 4.6(1)× 1016 cm−2 for ethyl cyanide;
and 11.2(10)× 1016 cm−2 for methyl formate. Note the relatively high column
density of acetic acid. Acetic acid is of possible pre-biotic importance because
its structure is only separated by an NH2 fragment from glycine, the simplest
amino acid. In Sgr B2(N-LMH), its column density is ∼ 20 times less than that
of its isomer, methyl formate. This suggests that large molecules in the pre-solar
nebula are not formed from randomly assembled constituent atoms.

Because it is important to learn how well the astrochemistry found in
Sgr B2(N-LMH) really represents the astrochemistry of HMCs in the disk of
the Galaxy, searches for new sources of large molecules outside the galactic cen-
ter region have been conducted by Remijan et al. (2002; 2003). As a result,
acetic acid has been detected in the high-mass sources W51e2 and G34.3+0.2.
In the 3 known high-mass sources, the acetic acid column density appears to be
∼ 15-100 times below the abundance of its isomer methyl formate, ∼ 2-10 times
below the abundance of formic acid, and ∼ 2-10 times below the abundance of
ethyl cyanide. (Cazaux et al. (2003) detected only one line of acetic acid in
IRAS 16293-2422, which makes the relative abundance determination difficult
in this source.)

3. Comets

Bockelée-Morvan et al. (2000) conducted an extensive study of Comet C/1995
O1 (Hale-Bopp) with the Caltech Submillimeter Observatory, the IRAM 30 m,
and the Plateau-de-Bure interferometer, all in autocorrelation mode. They ob-
served 16 molecular species, including 3 which are likely to be made either abun-
dantly or exclusively by grain chemistry: formaldehyde, methanol, and methyl
formate (MeF). The detection of methyl formate provides the first clear chemical
link between the chemistry of comets and that of biomolecules observed in high-
mass hot molecular cores. Bockelée-Morvan et al. (2000) calculated a molecular
abundance relative to H2O of 0.08% for methyl formate and Q(MeF) = 2.8 ×
1028 s−1. The upper limits from BIMA Array observations are more than 3 times
higher. If the same molecular formation chemistry active in HMCs applies to
Comet Hale-Bopp, to find acetic acid (AcA) it would have been necessary to
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reach Q(AcA) = (3-20) × 1026 s−1. The BIMA Array limit for Hale-Bopp at
3 mm wavelength was 5 × 1028 s−1, or 25 times greater than the best possible
case for detecting acetic acid (Snyder et al. 2003).

4. Conclusions

HMCs in high-mass star formation regions produce large biomolecules which
now are starting to be found in HMCs in low-mass regions. Among these large
biomolecules, only methyl formate has been found in a comet (Hale-Bopp).
However, if the chemistry of comets follows the chemistry of HMCs, methyl
formate may provide a connection to acetic acid and even to glycine in comets.
The BIMA Array results from Hale-Bopp miss the sensitivity required to image
cometary methyl formate by at least a factor of 3. This situation will change
with the construction of the Combined Array for Research in Millimeter-wave
Astronomy (CARMA) at a new high site near Owens Valley Observatory in
California. At wavelengths near 1 mm, there will be a gain of at least an order
of magnitude in sensitivity, which should introduce a new era in the imaging of
large cometary biomolecules.

Acknowledgments. We acknowledge support from the Laboratory for As-
tronomical Imaging at the University of Illinois, NSF AST 99-81363, NSF AST
02-28953, and NASA NAG 5-4292.
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Abstract. We present 3-5µm VLT-ISAAC spectroscopy showing the pres-
ence of methanol ices in edge-on disks of young embedded stars. Examples
include the disks of L1489 IRS in Taurus and CRBR 2422.8-3423 in Ophiuchus,
the last of which has the highest column density of solid CO known toward a
YSO. Several additional low-mass sources in the Serpens and Chameleon molec-
ular clouds exhibit abundant solid methanol although it is not clear if the ice
is associated with a disk or with the envelope. These are the first detections of
solid methanol in the disks and circumstellar environments of embedded young
low-mass stars providing evidence that complex molecular species previously
observed only in the solid state toward high-mass star forming regions are also
present near solar-type young stars. The constraints on the formation mecha-
nisms of methanol and the chemical evolution of ices as the material is incorpo-
rated into circumstellar disks are discussed.

1. Introduction

The presence of abundant ices in the interstellar medium has long been firmly
established and its connection to the ices present in solar system comets has been
the subject of some discussion. Most of the major constituents of interstellar
grain mantles have now been firmly identified, mostly due to the ISO mission
and extensive laboratory work. However, only recently have attempts been
made to observe the ices in the context of their astrophysical environments.
Models indicate that ices may undergo significant transformation when material
from a protostellar envelope is incorporated into a disk, either through shock
evaporation (Charnley, this volume) and recondensation or through growth of ice
mantles under different densities and temperatures than those of the quiescent
interstellar medium (e.g., Aikawa et al 2003).

In this contribution, new direct observations of ices in circumstellar disks are
described and compared to ices more likely to be associated with circumstellar
envelopes and quiescent molecular cloud material.
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Figure 1. Top: Upper limit of the methanol 3.53µm band toward the edge-
on disk CRBR 2422.8-3423 (N(CH3OH)/N(H2O) ≤ 0.06). Bottom: VLT-
ISAAC detection of methanol toward a YSO (SVS 4-9) which probes dense
envelope material and an outflow rather than a disk (N(CH3OH)/N(H2O) =
0.25). The dashed curves show a template for the 3.47µm feature. The solid
curves show a sum of the 3.47µm template and a laboratory spectrum of an
H2O : CH3OH : H2CO=1:1:1 mixture at 10 K.

2. Observations of ices in disks

Mid-infrared spectroscopy of nearly edge-on circumstellar disks around young
stars probe a line of sight passing through the cold disk mid-planes where ices
are expected to exist. As part of a 3-5µm spectroscopic survey of more than
40 young low mass stars (van Dishoeck et al. 2003) a small selection of sources
with edge-on disks have been included. Previously, the stretching mode of solid
CO at 4.67µm have been analysed in this manner for the low mass edge-on
disk sources L1489 IR (Boogert et al. 2002) and CRBR 2422.8-3423 (Thi et al.
2002).

Here we present the results from a search for solid methanol toward these
two sources. Methanol (CH3OH) is believed to be formed primarily in the
solid state through successive hydrogenation of CO. The formation efficiency
of this species is particularly interesting due to its significant role in the gas-
phase formation of more complex organic molecules. In Fig. 1 a VLT-ISAAC
spectrum of the 3.53µm region of CRBR 2422.8-3423 is presented showing a
non-detection of solid methanol with an upper limit of 6% with respect to water
ice. For comparison a strong methanol band observed toward the low mass YSO
SVS 4-9 in the Serpens cloud core is shown below (Pontoppidan et al. 2003).

In Fig. 2 the same spectral region is shown of L1489. The band is clearly
dominated by the “3.47µm feature”, which is unrelated to the methanol band.
The presence of this band makes it difficult to determine the abundance of solid
methanol even if the spectrum is of high quality. The spectrum of another
low mass source, IRS 42, is also shown as an example of a good upper limit
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Figure 2. Same as Fig. 1. Top: The deep 3.47µm feature of the edge-on
disk source L1489. The solid curve corresponds to a methanol content of 5%.
Bottom: A comparison with IRS 42 in the Ophiuchi cloud core thought to
probe mostly quiescent molecular cloud material. The solid curve corresponds
to a methanol content of 4%.

of <∼ 4% methanol with respect to water. We find in general that about 10%
of our observed lines of sight contain ice with 20% or more methanol, while
only upper limits of 2-10% methanol are available for the rest. This implies
that the methanol content of specific grain mantles may vary with an order of
magnitude, depending on the environment. We have not found firm evidence
of abundant methanol in the circumstellar disk material observed so far, but
our upper limits are still consistent with cometary abundances. If methanol-rich
ices from protostellar envelopes have been included in these disks, the methanol
must have been diluted or destroyed during the process of disk-formation.
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Abstract. Since the time that the ortho-to-para ratio (OPR) of cometary
water was first Determined from observations of Comet Halley, the real meaning
of OPR has not been discussed in detail. Here we review the OPRs of water and
ammonia and discuss the possibilities that the OPRs were modified in the coma
or the nucleus. Our conclusion indicates that the OPRs were not altered after
comet nucleus formation, i.e., the OPRs reflect the temperatures in the solar
nebula or the pre-solar molecular cloud.

Molecule that have protons at symmetric positions like H2O, NH3, and CH4,
can be distinguished into different nuclear spin species (“ortho” and “para”,
or E, A, and F species) according to the relative orientations of molecular
proton spins. The radiative or collisional transitions between ortho and para
species are forbidden in the gas phase and the conversion speed between them
is probably very slow even in the solid (Mumma et al. 1993; Crovisier 2000).
Therefore, even though the rotational distribution of a molecule in the gas phase
can be easily changed according to the surrounding environment, the ortho-to-
para abundance ratio (OPR) retains the old value. If the OPR was determined
in thermal equilibrium, the nuclear spin temperature (Mumma et al. 1987)
which is the rotational excitation temperature to reproduce the observed OPR
value, is used to infer the temperature condition when the nuclear spins were
last equilibrated.

The first determination of the nuclear spin temperature of water in Comet
Halley showed about 29 K which was derived from the near infrared observation
of the 2.7 µm vibrational bands by the Kuiper Airborne Observatory (Mumma
et al. 1987). Three comets were observed in the same vibrational bands after
Comet Halley: Comet Wilson with the KAO (Mumma et al. 1993) and Comets
Hale-Bopp and Hartley 2 with ISO (Crovisier 2000). Because these water emis-
sion bands were hampered by the telluric water vapor, it is difficult to increase
the number of samples. The obtained nuclear spin temperature is about 28 —
35 K except for Comet Wilson, which showed > 50 K (this value is considered
as the result of cosmic ray damage in the Oort cloud).

Recently, a new technique to derive the OPR of water from ground-based
observations has been developed by Dello Russo et al. (2002). They use the
vibrational hot band of water. Since the water molecule in the telluric atmo-
sphere is not pumped as much to the vibrational excited levels, the water hot
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band emissions are not absorbed significantly by the telluric atmosphere. They
demonstrated the technique for water OPRs derived from the high-dispersion
near infrared spectra of comets (Dello Russo et al. 2002). Their OPR values
correspond to spin temperatures of 23 – 26 K.

For another molecule, Kawakita et al. (2001) demonstrated that the OPR
of ammonia can be derived from the high-dispersion spectrum of NH2, which
is a photo-dissociation product of ammonia in a comet coma. Based on the
same technique, the OPRs of ammonia in four comets have been derived so
far (Kawakita et al. 2004). The nuclear spin temperatures of ammonia range
from 26 to 32 K in four comets. The nuclear spin temperatures of ammonia
are similar to the water values. There are some comets for which the nuclear
spin temperature of both ammonia and water were obtained, and the ammonia
value is consistent with the water value in each comet. This fact is considered
as evidence that the OPRs of water and ammonia were determined in thermal
equilibrium (Kawakita et al. 2004). Otherwise, the OPRs of water and ammonia
are generally different according to the structures of molecules.

On the other hand, in the case of methane, Gibb et al. (2003) and Weaver
et al. (1997) reported the lower limit of the nuclear spin temperature of CH4

in several comets (25 — 50 K). The nuclear conversion speed of CH4 may be
faster than for water or ammonia and the methane values obtained in the comets
were probably affected by the temperature of the nucleus surface (Weaver et al.
1997).

The OPRs of cometary molecules might evolve with time after comet nu-
clei formed. First, the OPRs might re-equilibrate to the interior temperatures
of comet nuclei during their long stay in the Oort cloud or the Kuiper belt.
Secondly, the OPRs might re-equilibrated to the surface temperatures of nuclei
during sublimation of molecules. Finally, the OPRs might be changed by pro-
ton transfer chemical reactions in the inner coma (the nuclear spin temperature
reflects the kinetic temperature of the inner coma gas in this case). Here, we
check the possibility of these processes based on the present data for water and
ammonia molecules (we do not consider methane here).

The nuclear spin temperatures of water and ammonia are about 30 K (ex-
cept for Comet Wilson as described above) although the orbital periods of the
comets vary from only 6 years to several tens of thousands years. Because it
is unlikely that the interior temperatures of comet nuclei are the same for all
comets, the OPRs didn’t equilibrate to their interior temperatures (as pointed
out earlier with respect to the OPRs of water by Irvine et al. 2000).

Regarding the second scenario, the observed nuclear spin temperatures of
comets are nearly the same and not correlated to the heliocentric distances
during their observation. This means that the OPRs did not re-equilibrate to
the surface temperatures of the nuclei (the surface temperature depends strongly
on the heliocentric distance).

Finally, the possibility of changing the OPR values by the proton transfer
reactions in the inner coma is considered. Although the reaction rates of such
proton transfer reactions are proportional to the gas density in the inner coma
(namely, proportional to gas production rates), there is no correlation between
the nuclear spin temperatures and the water production rates during the ob-
servations of OPRs. Moreover, the OPRs of ammonia in the inner coma are
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nearly constant with respect to the nucleocentric distances based on the NH2

observations. These facts indicate that the OPRs were not altered by chemi-
cal reactions. The calculation of inner coma chemistry by Rodgers & Charnley
(2002) also supports this conclusion.

Thus, the OPRs of cometary water and ammonia are considered to be fixed
in thermal equilibrium, and to be unaltered after the cometary nuclei formed
in the solar nebula. Since the nuclear spin temperature must be considered
as the physical temperature where the molecules formed or condensed on the
cold grain, the OPRs of water and ammonia show that the cometary materials
formed or condensed at the temperature of 25 — 35 K in the solar nebula or in
the pre-solar molecular cloud. Correlation between the nuclear spin temperature
and the molecular abundances should be discussed in future work.

This work is financially supported by the Ministry of Education, Cul-
ture, Sport, Science, and Technology of Japan under Grant No. 15740127 (H.
Kawakita) and No. 15654078 (J. Watanabe).
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Abstract. To better understand the processing of pristine materials in
comets, we compare the composition of cometary and interstellar dust. We
suggest that the deficit of N in comet dust bears evidence for the processing of
the organic refractory mantle of pre-solar interstellar dust, unless it arises from
the protosolar disk chemistry. The amorphous silicate core, in contrast, seems
to be protected against processing due to the presence of the organic refractory
mantle.

1. Introduction

The processing of pre-solar interstellar materials incorporated into comet nuclei
is a key parameter for understanding the formation and evolution of comets.
Here we compare the element composition of cometary and interstellar dust to
seek evidence for material processing.

2. Composition of Pristine Materials

Cometary dust: The elemental composition of dust from comet Halley was
measured in situ aboard VeGa-1, VeGa-2, and Giotto (Kissel et al. 1986a,
1986b). Kissel & Krueger (1987) claimed that the data are better interpreted
by the predominance of silicate-core, organic-mantle grains, similar to the pre-
solar interstellar dust model (see Greenberg 1998). Jessberger, Christoforidis, &
Kissel (1988) found that comet dust is a mixture of refractory organics, called
CHON, and Mg-rich silicates, deriving the elemental abundances of Halley’s
dust from the most reliable data (see Fig. 1a). Laboratory analysis of interplan-
etary dust particles (IDPs), collected in the stratosphere, would provide detailed
composition of comet dust. Cluster IDPs are likely of cometary origin because
of their pristine nature inferred from enhanced D/H ratios (Messenger 2000).
These cometary IDPs contain sub-micron glass with embedded metal and sul-
fides (GEMS) within a matrix of amorphous carbonaceous material (Bradley
1994). GEMS may be pre-solar interstellar silicates preserved in comets and the
amorphous carbonaceous material seems to be transformed from pre-solar in-
terstellar organics that carry the high D/H ratio (Keller, Messenger, & Bradley
2000). The bulk compositions of 3 GEMS measured by Bradley (1994) and 5
GEMS by Bradley & Ireland (1996) are averaged to determine the elemental
abundances of GEMS (see Fig. 1b).
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Figure 1. Elemental abundances of solar photosphere, (a) dust in the Local
Interstellar Cloud (LIC) and dust in Comet Halley, normalized to Mg, and
(b) silicate component in the LIC dust and glass with embedded metal and
sulfides (GEMS) in interplanetary dust particles, normalized to Si.

Interstellar dust: We assume that siliceous and carbonaceous materials in
present-day interstellar dust provide a reference composition of pre-solar inter-
stellar dust. The solar system currently lies inside the Local Interstellar Cloud
(LIC) filled mainly with warm partially ionized hydrogen atoms (Linsky et al.
1993; Lallement et al. 1995). Measurements of UV absorption lines through
the LIC by Hubble Space Telescope gives the elemental abundances of LIC gas
(Kimura, Mann, & Jessberger 2003b). The elemental abundances of LIC dust
are derived from comparison between the gas-phase abundances and the solar
photospheric abundances (Kimura, Mann, & Jessberger 2003c). The similarity
in the compositions between LIC and Halley’s dust justifies our assumption men-
tioned above (see Fig. 1a). This similarity also allows us to stoichiometrically
assign the elements to MgAl2O4, FeNi, Mg2SiO4, MgSiO3, FeS, and CHON,
based on our best knowledge of possible major compositions for comet dust.
Further information on the composition of LIC dust comes from analysis of
impact data measured in situ by Ulysses (Mann & Kimura 2000, 2001). The
data on the velocity and mass of LIC dust places constraints on acting forces
that depend on the dust composition (Mann 1996; Landgraf et al. 1999). So-
lar radiation pressure on LIC dust estimated from the data suggest that the
LIC contains aggregate particles consisting of silicate-core, organic-mantle, and
submicron grains (Kimura et al. 2003c).

3. Results and Discussion

Organic refractory mantle: Figure 1a shows that comet dust contains only
1/3 of N compared to interstellar dust despite the similarity in the overall com-
position. The N depletion in comet dust might be related to gas-grain chemistry
in the comet-forming regions of the solar nebula (Charnley & Rodgers 2002).
Alternately, it may indicate the processing that transformed organic refractory
into amorphous carbonaceous material, the amount of which depends on the
degree of processing. In fact, light scattering properties of comet dust are well
explained if 2/3 of carbonaceous materials is in the form of amorphous carbon
and 1/3 in the form of organic refractory (Kimura, Kolokolova, & Mann 2003a).
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This supports the idea that the organic refractory mantles of comet dust are par-
tially processed into amorphous carbon, but this issue requires further studies.

Amorphous silicate core: Figure 1b shows the similarity in the composition
between GEMS and the silicate component of interstellar dust except for S,
which is more than a factor of two depleted in GEMS. The S abundance in
the silicate component of interstellar dust would be lowered if the majority of
S is contained in the organic refractory. However, the correlation of S and Fe
in dust from Comet Halley and the similarity of the S abundances in Halley’s
and LIC dust do not support this idea (see Jessberger et al. 1988). The S
depletion in GEMS may be better explained by the partial loss of S due to
atmospheric-entry heating (Greshake et al. 1998). If this is the case, there is
no evidence for processing of the amorphous silicate core of pre-solar interstellar
dust after its incorporation in comets. This possibly indicates that the core has
been protected from alteration by its organic refractory mantle.
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Weber for useful discussions. This research is supported by the German Aerospace
Center DLR (Deutschen Zentrum für Luft- und Raumfahrt) under the projects
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Abstract. Comets, formed in the cold outer parts of the solar system, provide
a record of pristine material from the parent interstellar cloud. The investiga-
tion of outgassing curves from bright comets has provided a relationship to the
abundances of interstellar ices and gas phase molecules. However, being porous
and stratified in various layers of different densities and temperatures, the out-
gassing characteristics of comets can not always be directly reconciled with the
interstellar composition. This is due to the structure of the nuclear ice com-
ponent, which contains different coexisting ice phases, clathrates, and trapped
gases. Ices, silicates and carbonaceous compounds - studied through astronom-
ical observations and by laboratory simulations - serve as reference material to
obtain information on cometary bulk material. A major fraction of cosmic car-
bon in the interstellar medium, comets and meteorites seems to be incorporated
into complex aromatic networks, which are difficult to observe and to identify
spectroscopically. However, recent measurements of the macromolecular struc-
ture and soluble organic species in carbonaceous meteorites provide a powerful
tool to investigate the link of small bodies in the solar system.

1. Introduction

Cometary nuclei are formed in outer solar system environments and are porous
aggregates of ice and refractory material. In 1986 several spacecraft performed
a close fly-by of Comet Halley in order to perform in situ measurements that
revealed the structure and composition of this comet. Since then observations of
volatiles in the cometary coma over large parts of the electromagnetic spectrum
are a crucial tool to obtain indirect information on the composition of cometary
nuclei. Revealing the composition of comets provides clues to the formation of
our solar system (e.g. Irvine et al. 2000).

2. Laboratory simulations

Ices, silicates and carbonaceous material - the major building blocks of the
cometary nucleus - can be studied through astronomical observations and by
laboratory simulations. Simulating interstellar dust and ice in the laboratory -
the precursor material of comets - allows us to gain insights into the physical
and chemical properties of cometary bulk material. Interstellar dust consists
of micron-sized carbon or silicon grains which accrete ice layers in dense inter-
stellar clouds, where the temperature is generally as low as 10K. In such cold
environments atoms and molecules efficiently adsorb from the gas phase on dust
surfaces. Small molecules and atoms can diffuse along the grain surface or within
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the ice, as do larger molecules when the temperature on the surface increases.
Reactions will occur when two atoms, molecules, ions or radicals collide. In the
absence of energy barriers this leads to the formation of new and usually more
complex compounds. Thermal and energetic processing enhances the rate of
reactions within the ice layers covering dust particles. At increased tempera-
ture, sublimation of newly formed species from the grain surface leads to further
chemical evolution in the gas phase.

Table 1. Average interstellar ice abundances measured toward high-mass,
low-mass protostars and in cometary comae. In contrast to cometary observa-
tions, there is no evidence for the presence of C2H6, C2H2, HCN nor S-bearing
species (apart from tiny abundances of OCS) in interstellar ices. H2CO and
HCOOH have still to await a more firm detection.

Ice species high-mass protostars low-mass protostars comets

H2O 100 100 100
CO 1-20 1-60 5-20
CO2 20 15-40 2-10
CH4 1-4 - 0.2-1.2
CH3OH 1-35 1-25 0.3-2
H2CO 3 - 0.2-1
OCS 0.05-0.18 <0.08 0.5
NH3 <5 - 0.6-1.8
C2H6 <0.4 - 0.4-1.2
HCOOH 3 - 0.05
O2 <20 - 0.5 ul

Laboratory simulations of low temperature ices are achieved by condensing ices
as pure gas or gas mixtures in a high-vacuum chamber on the surface of a cooled
(10K) substrate. Most of the abundant ice species do have specific molecular
vibrational transitions with energies corresponding to absorptions between 2.5
and 25 µm and can therefore be studied by infrared spectroscopy in transmis-
sion or reflection. Thermal processing by step-wise warming of the substrate and
UV irradiation, using microwave-excited hydrogen flow lamps, allow the simu-
lation of some of the environmental conditions prevailing in interstellar clouds.
Such laboratory studies strongly increased our understanding of extraterrestrial
ice chemistry (Ehrenfreund et al. 2003). Also experiments on surface diffu-
sion, reaction and desorption behavior of icy species contributed to this success.
Currently 36 ice absorption features attributed to 16 different molecules have
been identified, leading to a detection rate of ∼ 1 infrared band per year. The
ISO satellite strongly increased our knowledge on interstellar icy species, but
also high resolution studies in telluric windows using large ground-based tele-
scopes show exciting results (Pontoppidan et al. 2003). Table 1 shows a current
overview of abundances measured for interstellar ices and for cometary volatiles.
Carbonaceous chondrites are the most pristine types of meteorites and therefore
provide a record of the physical and chemical conditions in the early solar sys-
tem. These meteorites contain up to 5 weight % organic carbon, most of which is
locked in insoluble kerogen-like material. Distinct organic compounds that have
been identified in carbonaceous chondrites range from simple soluble species
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such as amino acids to polycyclic aromatic hydrocarbons (PAHs) and fullerenes
(for a recent review see Botta & Bada 2002). The composition of soluble species,
e.g. amino acids provide a powerful tool to investigate the link of small bodies
in the solar system (Botta et al. 2002). The macromolecular material in these
meteorites has recently been characterized (Sephton et al. 2000, Gardinier et
al. 2000). However, its link to the interstellar aromatic network is yet to be
understood. The organic inventories of carbonaceous meteorites display large
and variable enrichments in deuterium, 13C and 15N which is indicative of their
retention of an interstellar heritage.

3. Conclusion

The observations of low-mass stars, using ground and spaced-based telescopes
and a broader consensus on cometary diversity will provide a better view on
the interstellar-cometary connection in the future. Theoretical models indicate
that bulk material in cometary nuclei contains coexisting ice phases, possibly
clathrates and trapped gases. Furthermore the bulk material is stratified in den-
sity and porosity. Laboratory experiments identified different phase transitions
within amorphous water ice which during cometary evolution will strongly influ-
ence the trapping and outgassing of volatiles. Therefore it remains questionable
if the outgassing pattern of comets should essentially mimic the interstellar ice
composition and if processing of interstellar matter within the solar nebula can
ever be traced as such. The large fraction of solid aromatic networks assumed in
the interstellar medium and measured in meteoritic material has to be present
in comets. In order to understand the processes which led to the formation of
our solar system and comets a comet rendezvous or comet sample return mission
is mandatory.
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Abstract. Laboratory surface science under ultra-high vacuum (UHV) con-
ditions allows us to simulate the growth of ices in astrophysical environments.
Using the techniques of temperature programmed desorption (TPD), reflection-
absorption infrared spectroscopy (RAIRS) and micro-balance methods, we have
studied binary ice systems consisting of water (H2O) and variety of other species
including carbon monoxide (CO), at astrophysically relevant conditions of tem-
perature and pressure. We present results that demonstrate that the morphol-
ogy of water ice has an important influence on the behavior of such systems, by
allowing processes such as diffusion and trapping that can not be understood
through a knowledge of the binding energies of the species alone. Through an
understanding of the implications of water ice morphology on the behavior of ice
mixtures in the interstellar environment, additional constraints can be placed on
the thermodynamic conditions and ice compositions during comet formation.

A commonly applied description of the structure of the ice mantles accreted
on interstellar dust grains is the ’onion layered’ model (Allamandola et al 1999,
Ehrenfreund et al 1998). In this model, the dust grain is surrounded by an
inner layer of hydrogenated (polar) ice, which in turn is coated with an outer
layer of non-hydrogenated (apolar) ice. Since the composition of each layer
is dominated, respectively, by water (H2O) and carbon monoxide (CO), our
laboratory representation of this model is a film of H2O upon which a film of
CO is subsequently deposited.

We have demonstrated previously that the desorption characteristics of CO
are strongly dependent on the morphology of the underlying water film (Collings
et al 2003a, b). As the water ice undergoes an irreversible phase change from a
high density to a lower density amorphous structure during thermal processing,
CO molecules become trapped within pores as pathways to the surface are sealed
off. Such CO entrapment can occur even when the CO is initially in a separate
layer, since the molecules in the solid CO film become mobile and diffuse into
the porous water film at less than 15 K, well below the temperature at which
the sublimation of solid CO becomes significant. Trapped CO is released as the
water film crystallizes and again as the water desorbs.

Using a stochiastic integration software package, we have developed a kinetic
simulation incorporating the phase changes of the water ice and diffusion of CO
to accurately reproduce the complex desorption traces of the CO/H2O system
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in laboratory experiments (Collings et al 2003b). The simulation can then be
adapted to suit astrophysical time scales, and hence provide a prediction of the
desorption behavior of ice mantles during the formation of the pre-solar nebula.
Current models of desorption in the pre-solar nebula tend to treat the non-
hydrogenated layer in isolation, allowing it to sublime entirely at roughly 20 K.
The results displayed in figure 1 predict that (at the film thickness simulated)
some 15 to 25 % of the CO in the outer layer will become trapped in the low
density amorphous ice. This portion of CO will be retained in any amorphous
water ice that is subsequently incorporated in cometary material, and is available
for chemical reaction in the warm ice.

The kinetic parameters for the desorption processes, determined through a
combination of laboratory experiment and simulation, are also of great worth
in the analysis of other significant scenarios, for example, condensation in the
solar nebula. The condensation coefficient, α (fraction of incident molecules
condensed), is given by

α = S −R/ZW ,

where S is the sticking probability, R is the rate of desorption of the species,
and ZW is the rate at which gas phase molecules of the species impinge on the
surface, which is a function of temperature and pressure. For CO impinging
on a water ice surface at low temperature, it is reasonable to assume that the
sticking probability is unity. Figure 2 shows a plot of the gas phase pressure
against temperature at which α is zero, for a condensation of amorphous and
crystalline water ice, solid CO, and 5 % CO in water ice, which have been
calculated using desorption kinetics that we have measured by experimentation
and simulation (Fraser et al 2001, Collings et al 2003b). These curves effectively
mark the ’vapor pressure’ for the process - condensation occurs above (and to
the right) of the curve. These plots demonstrate that at realistic pressures, the
condensation of CO can only occur at temperatures below about 40 K, below
the temperatures typically quoted for comet formation.

In conclusion, the morphology of water ice, through the entrapment of
volatile species such as CO within its porous structure, is a highly significant
factor influencing the composition of interstellar ices incorporated into comets.
An understanding of the kinetics of desorption processes provides a link between
experiments performed under laboratory conditions and the behavior of ices in
astrophysical environments.
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Figure 1. Normalized gas phase concentrations (offset for clarity) of (a)
CO, and (b) H2O, as a function of temperature as predicted by a kinetic
simulation for heating rates of 1 K year−1 (solid), 1 K decade−1 (dashed), 1
K century−1 (dotted) and 1 K millenium −1 (dot-dashed).
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Figure 2. Plots of the pressure and temperature conditions for which con-
densation = desorption for amorphous and crystalline water ice, solid CO ice,
and CO adsorbed with a coverage of 0.05 on water ice (gas phase temperature
and dust temperature are assumed to be equal). Dotted curves show where
certain species can not be formed; i.e., water ice is crystalline when condensed
above ∼ 80 K and amorphous when condensed below 80 K; solid CO is mobile
above ∼ 15 K and will diffuse into the porous water ice.
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Abstract. Evidence for interstellar material in comets is deduced from IR
spectra, in situ measurements of Comet Halley, and chondritic porous interplan-
etary dust particles (CP IDPs). IR spectra of comets reveal the spectrally active
minerals: amorphous carbon, amorphous silicates, and (in some comets) crys-
talline silicates. Evidence suggests amorphous silicates are of interstellar origin
while crystalline silicates are of nebular origin.

10 µm spectra of comets and sub-micron amorphous silicate spherules in CP
IDPs have shapes similar to absorption spectra through lines-of-sight in the ISM.
Thermal emission models of cometary IR spectra require Fe-bearing amorphous
silicates. Fe-bearing amorphous silicates may be Fe-bearing crystalline silicates
formed in AGB outflows that are amorphized through He+ ion bombardment in
supernova shocks in the ISM.

Crystalline silicates in comets, as revealed by IR spectra, and their apparent
absence in the ISM, argues for their nebular origin. The high temperatures
(>1000 K) at which crystals form or are annealed occur in the inner nebula or
in nebular shocks in the 5 – 10 AU region. Oxygen isotope studies of CP IDPs
show only 1% by mass of the silicate crystals are of AGB origin. Together this
suggests crystalline silicates in comets are probably primitive grains from the
early solar nebula.

1. Introduction

Comets are frozen reservoirs of early solar nebula materials. During their perihe-
lion passages, comets release volatile gases and dust particles into their comae.
Cometary silicate mineralogy is deduced from IR spectra, in situ flyby mass
spectrometry, and laboratory studies of cometary interplanetary dust particles.
Analysis of cometary silicates suggests amorphous silicates are interstellar and
crystalline silicates are formed or processed in the solar nebula (Wooden 2002).

2. Silicate Mineralogy of Comets from IR Spectroscopy

Long period and a few short period comets have broad silicate emission features.
Some long period comets have crystalline silicate peaks: 11.2-11.4 µm from
Mg-rich crystalline olivine, and (in Comet Hale-Bopp) 9.2 µm from Mg-rich
crystalline ortho-pyroxene (Harker et al. 2002). Utilizing discrete mineral grains,
thermal emission models of Comet Hale-Bopp show one-third of the sub-micron
silicates are crystalline (Harker et al. 2002).

3. Interstellar Fe-bearing Amorphous Silicates

The 10 µm absorption features seen along lines-of-sight through the interstellar
medium are broad and attributed to amorphous silicates. In particular, Fe-
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bearing amorphous olivine fits the interstellar extinction curve (Li & Draine
2002). Fe-bearing amorphous olivine and pyroxene fit the absorption feature in
the line-of-sight to the Galactic Center (Kemper, Vriend, & Tielens 2003).

Aggregates of Fe-bearing amorphous silicates, Mg-rich silicate crystals, and
carbonaceous materials constitute chondritic porous interplanetary dust parti-
cles (CP IDPs) of probable cometary origin (Fig. 1a) (Bradley et al. 1999b).
The amorphous silicates in CP IDPs are 0.1 – 0.25 µm silicate spherules with
embedded nanophase Fe and FeS and are called GEMS (Glass with Embedded
Metal and Sulfides) (Bradley et al. 1999a). Properties of GEMS have been
attributed to ion bombardment in the interstellar medium (Bradley 1994). Lab-
oratory experiments show He+ ion bombardment of crystalline olivine destroys
the crystalline structure and reduces the FeO bonds in the mineral to Fe, trans-
forming the Fe-bearing crystal into a highly porous, Mg-rich amorphous silicate
with embedded nanophase Fe (Carrez et al. 2002). Absorption spectra of GEMS
match the interstellar feature (Bradley et al. 1999a). Fe-bearing amorphous sil-
icates in comets are probably from the interstellar medium.

4. Nebular Mg-rich Crystalline Silicates

In the interstellar medium, the fraction of crystalline silicates is very low (<5%
Li & Draine 2002; <0.5% Kemper et al. 2003), and is insufficient to account
for the fraction deduced for comets. Mg-rich crystals (such as in Fig. 1c) may
condense from nebular gases at ∼1400 K (Grossman 1972). Alternatively, Mg-
rich crystals may be Mg-rich amorphous silicates annealed into crystals (∼900–
1200 K). Crystals annealed in the hot inner regions of the young (<30,000 yr)
solar nebula may be subsequently spread throughout the disk through turbulent
dissipation (Bockelée-Morvan et al. 2002). Alternately, annealing may occur
in nebular shocks in the 5 – 10 AU region (Harker & Desch 2002). Labora-
tory experiments show Mg-rich amorphous olivine silicate smokes anneal into
forsterite crystals (Fig. 1b) within a matrix of polycrystalline forsterite, crys-
talline and amorphous silica, and MgO (Fabian et al. 2000). Submicron sized
particles with morphologies shown in Fig. 1b, c produce resonances of Mg-rich
crystalline olivine.

5. Challenges

• Oxygen isotopic nanoSIMS measurements of 1031 subgrains of 9 CP IDPs show
that six grains (<1% by mass) have a very large anomalies and are stardust. One
of the six pre-solar grains is a forsterite crystal, and two are GEMS (Messenger
et al. 2003). If GEMS are interstellar, then why do most not show extreme
anomalies? Future higher accuracy measurements of subgrains with modest
anomalies will contribute to our understanding of the reservoir of materials that
contributed to the solar system.
• Mg-rich crystals are annealed from Mg-rich amorphous silicates; annealing
does not change the stoichiometry. However, amorphous silicates appear to
have Fe. What is the source of Mg-rich amorphous silicates?
• CP IDPs contain discrete Mg-rich crystals (Fig. 1a; Bradley et al. 1999b)
which do not appear morphologically similar to annealing products (Fig. 1b).

Acknowledgments. DHW thanks Drs. Don Brownlee and John Bradley.
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Figure 1. a. (Left) SEM view (∼0.5 µm wide) of a cometary CP IDP show-
ing GEMS and Mg-rich silicate crystals (Fo and En). b. (Middle) Amorphous
pure-Mg olivine smoke annealed at 1206 K for 1 hr contains Forsterite crystals
within an amorphous and polycrystalline matrix. c. (Right) 10 µm Forsterite
crystal IDP with GEMS attached. (Refs.: a, c: Fig. 4, 11, Bradley et al.
1999b; b: Fig. 11, Fabian et al. 2000.)

References

Bockelée-Morvan, D., Gautier, D., Hersant, F., Huré, J.-M., Robert, F. 2002, A&A,
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Abstract. The linear polarization of comets depends upon the cometary
dust physical properties, as well as upon the phase angle and the wavelength.
The observed similarities and discrepancies provide drastic constraints on the
physical properties of the dust. A series of measurements of light scattering
properties on clouds of particles and of the aggregates they form under micro-
gravity conditions should allow the interpretation of the observations in terms
of physical properties of the dust.

1. Introduction

Images of IPDs collected in the Earth’s stratosphere suggest that cometary dust
particles are built up of aggregates of submicron-sized grains (Jessberger et al.
2001). Analysis of simultaneous local light scattering and impact data dur-
ing 1P/Halley flyby indicates that the dust density was very low, possibly of
about 100 kg m−3 (Fulle et al. 2000). However, the actual physical properties
of cometary dust particles and their changes within different cometary comae
regions are unknown. Estimating them would provide constraints on their for-
mation processes, and suggest strategies for future missions to comets.

Remote observations of the light emitted and scattered by the dust are
available for numerous comets, leading to information on the temperature and
composition of the dust, as well as on its light scattering properties. The latter
observations provide clues to the physical properties of the dust particles.

2. Properties of light scattered by cometary dust

Solar light scattered by low concentration dust comae is partially linearly polar-
ized. The polarization neither depends upon the Sun and Earth distances, nor
upon the concentration, but only varies with the phase angle α, the wavelength
λ, and the dust physical properties. High resolution polarization images actually
reveal halos corresponding to a lower polarization around the nucleus and jet-
like structures with a polarization higher than the average (Levasseur-Regourd
1999, Hadamcik and Levasseur-Regourd 2003). Polarization data also allow us
to compare data obtained on a comet at different times and on different comets.

The phase angle dependence corresponds to smooth Pλ(α) phase curves,
with a small negative branch below about 20◦ and a wide positive branch with
a near 90◦ to 100◦ maximum. Classes of comets are pointed out by these phase
curves. Comets with a low maximum (of about 10% to 15%, depending upon
the wavelength), comets with a high maximum (of about 25% to 30%), and

502



Cometary Dust Structure 503

comet 1995 O1 Hale-Bopp, the polarization of which was the highest (Levasseur-
Regourd 1999). Comets with a high maximum in polarization usually present
a significant silicate emission feature that could be induced by submicron-sized
grains in low-density aggregates (Levasseur-Regourd et al. 1996, Hanner 2003).

The Pα(λ) curves are linear, at least in the visible domain and for phase
angles in the 20◦ to 90◦ range. The rate of increase of the wavelength dependence
varies with the object, and is actually higher for Hale-Bopp than for Halley.
The polarization slope always increases with increasing wavelength, although an
opposite effect may take place in the inner coma of bright comets, as illustrated
by data recently retrieved from the OPE experiment on board Giotto (Fig. 1).

Figure 1. Variation of P (α = 73◦) with distance to Halley nucleus along
Giotto trajectory. Above 7000 km, P is higher in red than in blue, while the
effect is opposite in the innermost coma (with good S/N ratio).

3. Laboratory simulations under microgravity conditions

Drastic constraints on the properties of the dust are provided by the phase and
wavelength dependences (Levasseur-Regourd and Hadamcik 2003). They need
to be interpreted through numerical and/or experimental simulations. A series
of experimental simulations under microgravity conditions (on board aircraft,
rockets or spacecraft) is being developed. Such experiments avoid sedimen-
tation of the dust and may allow (with sufficient microgravity duration) the
formation of realistic particles through aggregation/fragmentation and conden-
sation/evaporation processes (Levasseur-Regourd et al. 1998, Ehrenfreund et al.
2003).

The PROGRA2 experiment provides polarization measurements on illumi-
nated levitating dust samples at different phase angles, in the laboratory as well
as during parabolic flights (Worms et al. 1999). The already available data base
indicates, amongst other results, that cometary dust properties are reproduced
by low-density aggregates of submicron-sized grains (Hadamcik et al. 2002). The
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CODAG-SRE experiment provides a monitoring of the brightness and polariza-
tion phase curves of levitating dust samples (Levasseur-Regourd et al. 1999).
The ESA MASER-8 rocket flight allowed us to demonstrate the feasibility of
such measurements while ballistic aggregation processes were taking place.

The ICAPS (Interactions in Cosmic and Atmospheric Particles Systems) has
been proposed for the initial Columbus utilization phase on board the ISS. It
should, amongst other objectives, simulate aggregation processes and formation
of regoliths during long microgravity flights, and translate the light scattering
observations in physical properties of the dust. It is now in phase B at ESA and a
precursor rocket experiment (so-called ICAPS-SRE) will take place in 2004-2005.
This MASER-10 experiment will be used to test critical ICAPS subsystems, with
a Light Scattering Unit performing measurements over a large number of phase
angles (including the near backscattering region) and three wavelengths. It will
monitor the formation of bi-disperse aggregates of micron-sized grains of high
and low albedos.

In conclusion, comets observations suggest the existence of very fluffy dust
aggregates. Differences have been observed in the dust light scattering proper-
ties, e.g. structure of the comae, polarization phase curves maxima and minima,
polarization colors. The series of experimental simulations should provide, in
the coming years, a unique approach to derive the physical properties of the
dust particles from their light scattering properties.

Supports of Programme National de Planétologie for the observations, and
of CNES and ESA for the laboratory simulations, are acknowledged.
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Diatomic sulfur was first discovered in comets during the close approach
to Earth of comet IRAS-Araki-Alcock (C/1983 H1). The spatial distribution of
S2 was restricted to within a few hundred kilometers of the nucleus, consistent
with S2 being a parent molecule. This molecule has been detected in comets
Hyakutake (C/1996 B2), Lee (C/1999 H1), and recently in Ikeya-Zhang (C/2002
C1), leading to the conclusion that S2 is ubiquitous in comets.

The nature of the source of S2 in comets is not known. It has been proposed
that S2 formed by irradiation of sulfur-bearing molecules in interstellar grain
mantles, implying that the grains were never heated above about 30 K at any
time before or after their inclusion in the nucleus. Alternative mechanisms
to produce S2 have been put forth including, solar wind sputtering of coma
grains and via fast chemical reactions in the inner coma. We will explore these
formation mechanisms within the context of a global comet model including
coma chemistry and molecular fluorescence and discuss the relevance of S2 to
the total sulfur budget.

Support for this work was provided by the NSF Planetary Astronomy Pro-
gram and the Université de Franche-Comté.
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The enrichment of heavy elements on Jupiter appears to require the existence
of a new class of icy planetesimal that exhibits solar relative abundances.

Prior to the Galileo probe mission, observations of methane in Jupiter’s
atmosphere had revealed that C/H was approximately three times the solar
ratio. This enrichment was thought to be the result of the delivery of heavy
elements by icy planetesimals, which were assumed to be essentially identical to
comets. However, comets are notoriously deficient in nitrogen (e.g., Geiss 1987;
Krankowsky 1991) and recent upper limits on argon in three comets (Weaver et
al. 2002) indicate that this element is also sub-solar relative to O. Hence it was
assumed that Jupiter would exhibit the same deficiency in argon and nitrogen
relative to carbon (Pollack and Bodenheimer 1989; Owen & Bar-Nun 1995). Yet
the mass spectrometer on the Galileo Probe clearly showed that Ar, Kr, Xe, N,
C, and S are all enriched in Jupiter’s atmosphere by the same factor of 3 ± 1
(Niemann et al. 1998; Owen et al. 1999).

The only measured elements that were not found to be enriched were helium,
which precipitates out in the deep interior, and neon, which dissolves in the
helium droplets (Roulston & Stevenson 1997). The oxygen abundance could
not be measured because the probe did not go deep enough to reach levels of
Jupiter’s atmosphere where water—the main oxygen reservoir—was well mixed.

These results define the need for a new class of icy planetesimal, one that
exhibits the solar composition of all elements less volatile than hydrogen, helium
and neon. If these solar composition icy planetesimals (SCIPs) built the cores
of all of the giant planets, they must have been the most abundant form of solid
matter in the early solar system (Owen & Encrenaz 2003). How did they form?

The deficiency of nitrogen in comets is ascribed to the fact that this element
is expected to be present primarily in the form of N2 , in both the interstellar
medium from which the solar system originated and in the outer solar nebula,
the home, if not the birthplace, of the comets. N2 is highly volatile and does not
readily condense on itself or get trapped by forming ice, as graphically demon-
strated by the presence of nitrogen compounds in dark, interstellar clouds in
which CO is highly depleted (e.g., Caselli et al. 2003). Laboratory experiments
on the trapping of argon, N2, and CO in forming amorphous ice also reveal this
difference in behavior (Owen & Bar-Nun 1995).

Thus in order to deliver nitrogen and argon to Jupiter, the icy planetesimals
that carried them must have formed at low temperatures—below 27 K if the con-
densing water vapor formed amorphous ice, and below 38K if it made clathrate
hydrates. Evidently, low temperature is the key to making these SCIPs.
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There seem to be two possibilities. Either they were made as amorphous
ice in the ISM and then transported into the solar nebula without subliming,
or they were made as clathrate hydrates from crystalline ice that condensed
within the nebula. In the latter case, they will exhibit ≥9 times solar oxygen,
in order to have enough water molecules to build the crystal cages that trap the
molecules. Jupiter would then exhibit at least 9 times the solar value of O/H,
instead of the 3 times enrichment predicted for the amorphous case (Gautier et
al. 2001a, b).

Could there be fragments of SCIPs in our population of comets? To find
them we need to look for solar values of Ar/O and N/O, and interstellar values of
N2/O, which we could only expect in dynamically new comets coming in from the
Oort cloud for the first time. The easiest observation is a search for the predicted
high abundance of N2, in the form of N+

2 in the ion tails of these comets. It
is important to note, however, that the ratio N+

2 /CO+, which is commonly
measured, contains the ambiguity of the CO abundance, which is known to vary
from comet to comet (Crovisier & Bockelée-Morvan 1999). Thus it is critical
to obtain CO/H2O in the comet and to derive N2/H2O for comparison with
expected interstellar values. Although N2 is not observed directly in the ISM,
up to 90% of the total nitrogen may be in this form, based on studies of N2H+

and NH3 (van Dishoeck et al. 1993).
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Abstract. To fully understand the formation and the evolution of the Solar
Nebula, the physical and chemical characteristics of the “pre-solar” cloud should
be known. Here, I review recent findings on the study of starless and pre-stellar
cores, pointing out the importance of molecular freeze out in the chemical and
dynamical evolution of star forming regions.

1. Introduction

Stars like our Sun form inside gas and dust condensations of molecular clouds,
called dense cores. These objects are observed throughout our Galaxy, but
particular attention is devoted to nearby (< 200 pc) dense cores, which are
embedded in molecular cloud complexes, such as Taurus and Ophiuchus (e.g.
Myers 1999; Evans 1999). Their proximity to Earth makes them the ideal targets
on which to carry out accurate and detailed studies.

It is well known that roughly one half of the nearby dense cores are asso-
ciated with young stellar objects (or protostars; Beichman et al. 1986), which
actively interact with the surrounding medium, altering the chemical compo-
sition and physical structure of the parent cloud with their strong collimated
winds (bipolar outflows) and radiation. The other half of dense cores are star-
less and, although some of them may be in equilibrium and never form a star
(see, e.g., Lada et al. 2003), a fraction (recently estimated to be ∼ 5%; Crapsi et
al., in prep.) is thought to be on the verge of star formation, with clear evidence
for centrally concentrated density profiles (e.g. Ward–Thompson et al. 1999)
and contraction (Tafalla et al. 1998; Williams et al. 1999; Caselli et al. 2002a).
Any information on the physical and chemical structure of these objects, called
pre-stellar cores, will provide clues on the initial conditions of the star formation
process and the material composition out of which stars as well as circumstellar
disks, planets and comets will form.

Here, I will review recent progress in the study of starless and pre-stellar
cores, the initial conditions in the process of star formation. Their chemical and
physical properties will be described in an attempt to link “pre-solar” clouds to
star–disk systems, for a better understanding of Solar Nebula evolution.

2. From starless to protostellar cores

In their evolution toward the formation of a young stellar object, dense cores
with sizes of about 0.1 pc and molecular hydrogen number density of a few ×
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104 cm−3 (e.g. Caselli et al. 2002b), change their density distribution until
the so–called “pivotal” state is reached (e.g. Shu et al. 1987). This stage is
considered the starting point for protostellar accretion and evolution.

There is much debate nowadays about how the “pivotal” stage is reached.
The classical picture (see e.g. Ciolek & Mouschovias 1995) is that of a system
contracting quasi–statically through ambipolar diffusion (the contraction motion
of neutral particles in dense cores of low ionization, relative to the magnetic
field and the ionized component). Another school of thought is represented by
Hartmann et al. (2001; see also Mac Low & Klessen 2003), who claim that
cloud cores form faster than predicted by ambipolar diffusion models and that
star (and cloud) formation takes place in a few (and not tens of) million years,
due to the presence of supersonic turbulence generated by big explosions (such as
supernovae). The two pictures imply different chemical and physical histories, so
that it is crucial to understand which model is closer to reality. This is currently
under investigation.

A series of detailed studies of starless cores, based on observations of molec-
ular lines, have been carried out in the past few years (e.g. Willacy et al. 1998;
Caselli et al. 1999; Bergin et al. 2002; Caselli et al. 2002a,c; Tafalla et al. 2002;
Lee et al. 2003). From these studies, coupled with millimeter continuum dust
emission observations (e.g. André et al. 2000), it is now clear that the sample
of starless cores is not homogeneous and an evolutionary trend is present.

Some starless cores (e.g. B68, L1512) appear quiescent and close to hydro-
static equilibrium (Lada et al. 2003; Lee et al. 2003), with central densities of a
few times 105 cm−3 , and no evidence of contraction. They appear to be “chem-
ically evolved”, with large abundances of “late–time” molecules (such as NH3

and N2H+) and clear signatures of molecular (mainly CO and CS) freeze out.
Other objects (e.g. L1521E) have similar density structures but are chemically
young (Hirota et al. 2002), suggesting that they are recently formed.

Another category of starless cores is represented by objects such as L1498
and L1517B, which present a more complex kinematic structure, likely due to
material accretion onto the core and core contraction (Tafalla et al. 2002).
They have central densities of ∼105 cm−3 and constant temperatures of ∼10
K. CO and CS disappear from the gas phase at gas densities of a few × 104

cm−3, N2H+ maintains a constant abundance throughout the core, whereas the
NH3 abundance increases toward the center (Tafalla et al. 2003). The different
amount of depletion for CO and the two N–bearing species can be reproduced
by gas–grain chemical models which account for the different binding energies
of CO and N2 (the common parent species of N2H+ and NH3) onto dust grain
surfaces (Bergin & Langer 1997). The differing behavior of N2H+ and NH3 is still
not fully understood, although very low binding energies of ammonia precursors
help in reproducing the observed trend (Caselli & Aikawa, in preparation).

Other objects (e.g. L1544, L1521F) seem to be close to the “pivotal” stage,
with about ten times larger central densities, more centrally concentrated density
profiles, and with clear signs of contraction in the central few thousand AU
(Caselli et al. 2002c; Crapsi et al., in prep.). These condensations, being on the
verge of star formation, should be more properly called pre-stellar cores. They
stand out in having large degrees of CO depletions and deuterium fractionations
(see also Bacmann et al. 2003), and show line broadening in the central few
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thousands AU, likely due to inward motions (Caselli et al. 2002c). The recent
strong detection of H2D+ in the central ∼ 2500 AU of L1544 (Caselli et al. 2003)
had strong implications for the chemical structure of pre-stellar cores. In fact,
the large H2D+ abundance ([H2D+]/[H2] ' 10−9) inferred from observations
is consistent with the central few thousands AU being completely deprived of
species heavier than helium.

Therefore, the material out of which the “protostellar nebula” will form
is essentially composed of H2 and dust grains covered with thick icy mantles.
Assuming “classical” dust particles with radius 0.01 µm and 106 sites for ad-
sorption of gaseous species (e.g. Tielens & Allamandola 1987), it is easy to show
that a complete freeze out of molecules implies dust grains covered by about one
hundred layers of ice. The consequent increase in grain size has consequences for
the dust properties, including the emissivity (Ossenkopf & Henning 1994). In
particular, thick icy layers are expected to boost grain coagulation (Ossenkopf
1993), so that large and fluffy aggregates probably form before becoming part of
the protoplanetary disk. How this affects the evolution of the Solar Nebula is
unknown and it awaits further investigation.

Interestingly, very young protostars (the so–called Class 0 sources; André
et al. 1993) appear to have chemical characteristics (and kinematics) similar to
pre-stellar cores, including molecular depletion (Belloche et al. 2002), reinforcing
the idea that pre-stellar cores are indeed evolving toward stellar birth and can be
considered as initial conditions in the process of star formation. Moreover, Class
0 sources possess a disk (see also Harvey et al. 2003), embedded (and formed) in
the molecular depleted region. Finally, the presence of a rich chemistry on dust
grain surfaces during the pre-stellar phase of evolution of a molecular cloud core
is testified to by the recent discovery of complex organic molecules (hard to form
in the gas phase) in the warm (∼ 100 K) gas surrounding the Class 0 source
IRAS 16293-2422 (Cazaux et al. 2003). Molecular species such as ethyl cyanide
C2H5CN are thought to be formed on grain surfaces during the cold pre-stellar
phase and, after protostellar formation, released in the gas phase. These findings
furnish stringent constraints on current chemical models of protoplanetary disks.
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Abstract. This paper presents an interpretation of cometary compositional
data in the frame of an evolutionary 2D turbulent model of the Solar Nebula:
D/H ratios, crystalline silicates and N2/CO deficiency.

A number of models of the Solar Nebula have been published, but most
of them are weakly constrained. Observational data acquired these last years
improve the situation. It is currently admitted that accretion of matter in cir-
cumstellar disks is driven by turbulence (although its origin is still controver-
sial). Among observational evidences are non-thermal velocity dispersions, UV
and visible luminosity excesses in T Tauri stars and disk lifetime. Turbulence
has been considered for a long time as responsible for angular momentum re-
distribution in the Solar System. Since the exact calculation of the turbulence
at all scales requires an unrealistically large amount of computer time, model-
ers simplify the problem thanks to a prescription for turbulent viscosity that is
proportional to the speed of sound and half-thickness H of the disk, with α as
the proportionality factor (Shakura & Sunyaev 1973). On this basis, Hersant,
Gautier, & Huré (2001) developed an evolutionary two-dimensional turbulent
model for the solar nebula. This model is defined by three parameters: the
initial accretion rate Ṁ0, the initial radius of the disk R0 and the α parameter.
The temporal evolution of the temperature T , surface density Σ, pressure P
and height H throughout the nebula are computed using the decay of the mass
accretion rates versus age observed for T Tauri stars (Hartmann 2000).

However, the large range of possible input parameters lead to a consider-
able number of different evolving Solar Nebulae. Solar system data, especially
the isotopic composition of comets and of primitive meteorites, introduce strong
additional constraints. The D/H ratio has been measured in H2O in Comets
Halley, C/1996 B2 (Hyakutake) and C/1995 O1 (Hale-Bopp), and in HCN in
Comet Hale-Bopp. The D/H ratio in OH has been measured in LL3 meteorites
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(for a review of all measurements, see Robert, Gautier, & Dubrulle 2000). From
the analysis of these data, Drouart et al. (1999) and Hersant et al. (2001) ob-
tained important conclusions: (i) a major part of water ices (strongly enriched
in deuterium), falling from the pre-solar cloud on the nebula disk, vaporized
outwards to 20–30 AU; as long as water did not condense, it subsequently ex-
changed its deuterium with H2 of the nebula, which D/H ratio was equal to the
protosolar value (∼ 2×10−5); (ii) the decrease of the initial D/H was much more
efficient in the hot inner nebula than in the outer nebula where comets formed
from icy grains; (iii) the material of the inner part of the nebula mixed by tur-
bulent diffusion with that of the outer nebula; (iv) the D/H ratios measured in
water in the Oort cloud comets are relics of the value reached in H2O at the
epoch when the gas condensed to form the pre-cometary ices; (v) a minor part
of water ices either accreted late in the life of the nebula, or arrived late in the
region of meteorite formation: their D/H ratio, higher than the value measured
in comets, must be relics of that in the interstellar medium (ISM). Indeed, highly
D-enriched phases coexist with less enriched (reprocessed) components in LL3
meteorites.

From their analysis, Drouart et al. (1999) and Hersant et al. (2001) showed
that the D/H ratio measured in water in comets, and in the reprocessed part
of OH in LL3 meteorites, constrains the temporal evolution of the radial distri-
butions of temperature and density throughout the nebula. This considerably
reduce possible values of Ṁ0, R0 and α, namely: 2×10−6 < Ṁ0 < 10−5 solar
mass per year, 12.8 < R0 < 39 AU, 0.006 < α < 0.04 according to Hersant et
al. (2001). Interestingly enough, values of D/H in HCN measured in Comet
Hale-Bopp are reproduced with the same evolution schemes (Mousis et al. 2000;
Hersant et al. 2001).

These models also succeed in the interpretation of the presence of crystalline
silicates in comets. Their detection (see Crovisier et al. 2000; Wooden et al.
1999) was unexpected because silicates detected so far in the ISM are amorphous
and that the crystallization requires temperatures much higher than expected
in the outer nebula. Bockelée-Morvan et al. (2002) proposed that amorphous
silicates coming from the outer regions were annealed in the inner hot nebula.
Using the nebula models of Hersant et al. (2001) which fit cometary D/H ratios,
they were able to reproduce the mass ratio of crystalline silicates over amorphous
silicates observed in Comet Hale-Bopp, as a result of the subsequent mixing of
the silicate variety formed in the inner nebula with the amorphous variety present
in the region of formation of Oort cloud comets.

Another interesting product of the turbulent models of Hersant et al. (2001)
is that they can be used to interpret the strong deficiency of N2 with respect
to CO observed in several Oort cloud comets. When the nebula cooled down,
H2O condensed in crystalline form at temperatures of about 150 K. As cool-
ing further proceeded, the nebula reached temperature/pressure conditions for
which various volatiles (H2S, CH4, CO, N2, and noble gases) may be trapped in
the form of clathrate hydrates (Iro et al. 2003). NH3 is trapped as an hydrate.
The trapping of CO and N2 occurs, in principle, at similar temperatures. How-
ever, if the amount of available ice is not sufficient to trap both CO and N2,
the clathration of CO drastically dominates that of N2. Iro et al (2003) have
calculated that clathrate hydrates of N2 cannot form if the H2O/H2 ratio (at
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the epoch of condensation of water) is less than 2.8 times the solar O/H ratio.
In other words, N2 was trapped in cometary grains only in regions where icy
grains accumulated. The same approach is valid for argon. This noble gas has
not been detected in any comet so far.

In the framework of the same clathration theory, the uniform enrichment
in C, N and noble gases measured in Jupiter results from the clathration of
volatiles (including CO, CH4, N2, NH3, Ar, Kr and Xe) in the feeding zone
of the planet, and from the accumulation of ices around 5 AU (Gautier et al.
2001). The theory of clathration also permitted Hersant, Gautier, & Lunine
(2003) to predict that enrichments in Saturn, Uranus and Neptune should be
strongly different (especially for noble gases) from those observed in Jupiter.
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Abstract.
Recent results relevant for the survival and chemical alteration of interstel-

lar material at the nebular accretion shock are summarised.

1. Introduction

A key issue for the ISM-comet connection is to determine under what conditions
volatile interstellar matter could survive the accretion shock and arrive, largely
unmodified, in the protosolar nebula (see Ehrenfreund & Charnley 2000). That
is, in which regions of the nebula are infalling gaseous molecules and solid ice
mantles processed, survive the shock, and simply recondense as ices of similar
composition in the post-shock flow? It is also of great interest to quantify the
processing in that material which does experience chemical changes. However,
there have been no detailed studies of how the accretion process affects the
volatile interstellar molecules, apart from those seeking to establish conditions
for vaporization (e.g. Neufeld & Hollenbach 1994). We have therefore begun
an extensive study aimed at understanding precisely how interstellar molecules,
and their isotopic fractionation ratios, are modified as they collapse towards a
protostellar disk, pass through the accretion shock, and subsequently take part
in nebular chemistry (see also Markwick & Charnley in this volume).

Detailed chemical collapse calculations show that heating of the infalling
gas by radiation from the protostar/disk leads to evaporation of molecular ices,
and thence to strong spatial and temporal molecular abundance gradients in
the protostellar core (Rodgers & Charnley 2003). These calculations indicate
that, soon after an ‘inside-out’ collapse (Shu 1977) has started, infall time-scales
become shorter than most chemical time-scales. This results in material from the
cool envelope collapsing onto the central protostar without significant chemical
alteration. We have extended this into a two-stage model. The first stage is a
rotating collapse to allow the composition of accreted interstellar material to be
studied as a function of entry position on the nebular disk (Cassen & Moosman
1981). In this short contribution we present some preliminary results from our
modeling of the second stage: chemistry at the accretion shock.

2. Accretion Shock Chemistry

We initially consider a simple scenario. As cold interstellar gas and ice-mantled
dust grains collapse onto the luminous protostar/disk system they are heated and
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the ice molecules evaporate (e.g. Chick & Cassen 1997). We take the pre-shock
chemical composition to be that corresponding to the general composition of in-
terstellar ice mantles. At the accretion shock, the gas is heated and compressed
and we follow the post-shock chemistry of volatile material as it cools and recon-
denses onto dust grains. For the shock calculations we use a steady interstellar
J-shock chemical code (Charnley et al. 1988), based on the model of Hollenbach
& McKee (1979) suitably modified to treat the more extreme conditions of the
accretion shock problem (e.g. 3-body reactions, gas-grain interaction, collisional
dissociation of H2). The chemical network is that of Charnley (1997) but with
additional high-temperature reactions from the literature (e.g. for methanol).

3. Results & Discussion

For a given mass accretion rate, the accretion shock is fully dissociative closer to
the protostar. Slow shock speeds and low pre-shock densities favor the survival
of the most volatile material; these conditions occur in the outer disk. At these
and intermediate disk radii, the shock is only partially-dissociative and so a key
parameter for the chemistry is the H/H2 ratio in the post-shock gas. This can
increase by many orders of magnitude from its value in quiescent dense gas.

Figure 1 shows the post-shock chemistry for three shock speeds impacting
on gas in the outer disk. As expected, the slowest shock produces little chemical
change. This preliminary calculation shows that CO and H2O can survive the
accretion shock and in fact increase in abundance. Any chemical erosion of H2O
to OH and O by H atom abstraction reactions is overwhelmed by hydrogenation
reactions with H2. The abundances of some molecules, like CH4 and CO2, are
eroded in such a J-shock but can partially recover. Other molecules, such as H2S,
CH3OH, OCS and H2CO are completely destroyed. The post-shock chemistry
is highly nonlinear. At the intermediate shock speed the methane abundance
actually rises because CH3OH is being broken into CH3 and OH; at these post-
shock temperatures the reaction of CH3 with H2 is faster than its destruction
by H atoms.

In future work we plan to perform a comparative study of the chemistry in
dense C-shocks (e.g. Charnley & Kaufman 2000) since the physical conditions
in these shocks may be more benign to molecule survival. We will also make
detailed models of specific shock chemistries. This project will eventually allow
us, for example, to assess how interstellar deuterium fractionation signatures
were altered upon incorporation into the protosolar nebula.

This work was supported by NASA’s Origins of Solar Systems and Long
Term Space Astrophysics Program’s with funds allocated by NASA Ames under
Interchange No. NCC2-1412.
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Figure 1. Post-shock chemical evolution of interstellar volatiles at the outer
disk accretion shock for a pre-shock gas density of 2 × 106cm−3 and shock
speeds of 5 kms−1 (dotted curves), 8 kms−1 (broken curves), and 10 kms−1

(solid curves)
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Abstract. Molecular evolution is calculated in migrating fluid parcels in a
protoplanetary disk considering gas-phase and grain-surface reactions. Radial
distribution of molecules is obtained, which depends on ionization rate, tempera-
ture and/or desorption rate in the disk. If the temperature is high enough (> 20
K) or non-thermal desorption is efficient enough to sublimate dominant species
such as CO in the comet forming regions, the desorbed species are transformed
to less volatile species and again incorporated into ice mantles. Chemistry in
these outer disks is similar to that in molecular clouds; it produces both oxidized
and reduced species with a high D/H ratio.

1. Introduction

Chemistry in the protoplanetary disk is a key to understand the evolution from
interstellar matter to planetary matter. Spectroscopic observation of disks de-
tected several molecules and determined their relative abundances in the gas
phase (Dutrey et al. 1997; van Zadelhoff et al. 2001; Aikawa et al. 2003; Qi et
al. 2003) and ice mantles (Thi et al. 2002). But the current observations are sen-
sitive only to the regions outside 100 AU owing to the poor angular resolution.
Comets are unique probes in planet-forming regions until we get new facilities
such as ALMA. In this contribution I solve the chemical reaction network in the
disk, and obtain ice composition in the comet-forming region at R = 5− 20 AU.
The model is basically the same as Aikawa & Herbst (1999), but the current
work adopts updated disk model and includes grain-surface reactions.

2. Model

A steady accretion disk model by D’Alessio et al. (1999) is adopted. They solve
energy transfer (including the irradiation from the central star and gravitational
energy released by accretion) to determine vertical structure of the disk at each
radius. In the midplane of comet-forming region, the temperature is ∼ 30− 60
K and gas density is ∼ 1011 − 1012 cm−3.

Chemical reaction network is solved as an initial value problem. The initial
composition of gas and ice is given by calculating contraction of a molecular cloud
core. Then we follow migrating fluid parcels in the disk towards the central star.
The network includes gas-phase reactions, gas-dust interaction (adsorption and
desorption), and modified-rate grain-surface reactions (Stantcheva et al. 2001).
Gas-phase reaction includes cosmic ray ionization. Since the attenuation length
of the cosmic-ray ionization (96 g cm−2) is larger than the column density to
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the midplane at R = 5 AU, the interstellar ionization rate ∼ 10−17 s−1 would
be available in the disk. If the cosmic ray is scattered by magnetic fields of the
central star, decay of 26Al could be the main ionization source with the ionization
rate of 6 × 10−19 s−1 (Umebayashi & Nakano 1981). The ionization rate by X
rays from the central star is > 10−17 s−1 within the surface layer of ≤ 1024

cm−2 at R = 5 AU (Igea & Glassgold 1999). If ions and radicals produced in
the upper layers can diffuse into the midplane, column density at R = 5 AU
(column-density averaged) ionization rate is ∼ 10−18 s−1. I investigate models
with ionization rates of 10−18 s−1 and 10−17 s−1.

3. Results

3.1. Temporal Evolution and Radial Distribution

Fluid parcels of interstellar matter fall onto the disk at R ∼ 250 AU, and migrate
to R = 5−20 AU in 3×106 yr. Molecular abundances vary with time, and newly
formed ice accretes onto grains, which are already covered by interstellar ice.
Although the density is high, the chemistry in these outer radii is qualitatively
similar to cloud chemistry. Figure 1 (a) shows radial distribution of molecules
at 3 Myr, which corresponds to a typical life time of classical T Tauri stars. At
R ≥ 15AU ice composition is almost constant, which is determined in the stage
of molecular cloud and migration in the outer radius, and is basically similar to
interstellar ice. At R ≤ 15 AU radial variation is more significant. For example,
H2S ice is transformed to SO ice after sublimation. HCN ice is more abundant in
the inner radius. Just like hot core chemistry, the evaporation of simple species
such as CO and H2S triggers the new gas-phase reactions; the larger and less
volatile species are formed and adsorbed onto ice mantle again.

3.2. If the Gas is Initially Hot

causes diffusion in the disk, and thermally processed material in inner hot re-
gions might migrate to outer regions. Such diffusion or shock heating in the
comet-forming regions is suggested from the existence of crystalline silicate in
the disks and comets. Here I assume that the matter is initially processed at
high temperature and left in the cold comet-forming region. Considering the
equilibrium at high temperature, initial composition is assumed to be CO, N2

and water. At t = 0, the matter is put at the radius of 3 − 25 AU. Molecules
observed in comets – such as hydrocarbons, NH3, CO2 and deuterated water
– become abundant within a time scale of 106 yr. Figure 1 (b) shows radial
distribution of molecules at 3 Myr. The abundance varies with radius according
to the temperature gradient in the disk.

3.3. Implications for Comets

If chemistry is inactive in comet forming regions, variation of comet composition
is caused only by evaporation, and comets formed in outer radius have larger
abundance of all molecular species. On the other hand, if chemistry is active
in the comet-formic regions, as shown in this work, some species become more
abundant in comets formed in inner regions. A’Hearn et al. (1995) found that
carbon chain species are depleted in Jupiter-Family comets, dynamical origin of
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Figure 1. (a) Radial distribution of molecules in a steady accretion disk
model at 3 Myr. The ionization rate is assumed to be 1.3 × 10−17 s−1. (b)
Radial distribution of molecules at 3 Myr. Initial composition is CO gas, N2

gas, and H2O ice. Ionization rate is assumed to be 1.3× 10−18 s−1.

which are in outer radius than that of the Halley-type comets. It may indicate
the second case is appropriate for the Solar Nebula.
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Abstract. We describe a theoretical study of protoplanetary disk chemistry.
By considering physical conditions similar to that of the protosolar nebula, we
attempt to assess the contribution made by material from the cooler nebular
regions to cometesimal composition. Calculations are presented which determine
the spatial and temporal chemistry of the gas and dust within the 5-40 AU comet-
forming region of the nebula. We show that there is little radial variation in the
solid-state distribution of some molecules which could potentially be parents of
the carbon-chain species observed in comets. We conclude that the apparent
variation in abundance of C2 and C3 between long- and short-period comets is
the result of chemical processing during their lifetimes and not differences in
composition at the time of formation.

1. Introduction

Short-period comets formed in the nebula roughly where they reside today
(∼ 30−1000 AU) and comprise the Kuiper Belt. On the other hand, long-period
comets formed closer to the protosun (∼ 5− 40 AU), but dynamical effects led
them to be ejected from there into the Oort Cloud (radii ∼ 103 − 105 AU).
There is an apparent variation in the coma abundances of C2 and C3 between
each comet population, with the short-period comets being more depleted in
these molecules (A’Hearn et al. 1995). As C2 and C3 are coma photoproducts
(Helbert et al. 2000), any differentiation between the comet families must be
due to chemical differences in the nuclear ices of the two populations. Possible
nuclear parents are C2H2 (acetylene) and CH3CCH (methyl acetylene). The ori-
gin of this differentiation could lie either in the protostellar disk chemistry which
occurred during their formation (nature), or in the chemical-processing histories
(photolysis, radiolysis, heating) of each family (nurture). Using a model of the
chemistry in the protostellar disk, we might hope to discriminate between these
two possibilities.

2. The Model

The model we have developed is constructed in two stages. First, the physi-
cal structure (density, temperature) of the disk is computed. This calculation
includes the combined heating effects of viscous dissipation and irradiation by
the central object, as well as a 2D treatment of the radiative transfer (Nomura
2002). The structure (0 < r < 100 AU) of a steady α-disk is produced for a
central solar-mass object with mass accretion rate 10−7 solar masses per year.

522



Disk Chemistry and Cometary Composition 523

Figure 1 shows the associated temperature and density distributions. These
results are then used as input for a comprehensive chemical model, described
in Markwick et al. (2002). Briefly, the reaction network comprises around 250
species and 2500 reactions of various types including photoprocesses and gas-
grain interaction. The latter allows molecules to freeze out onto dust particles
and be thermally evaporated as conditions allow. Note that this model does not
include any reactions between species on the grain surfaces, except the formation
of molecular hydrogen and some ion-grain recombination reactions. This is be-
cause there are conceptual problems in attempting to treat surface reactions in
such a deterministic model. The model integrates the chemical rate equations at
each point for which physical structure is available, and so 2D gas-phase molec-
ular distributions can be produced (see Millar et al. 2003). In this work, we
consider only the mid-plane abundances of solid-phase species, which we assume
will be incorporated directly into cometary ices as they form.

3. Results and Discussion

Figure 2 shows the variation of some solid-phase carbonaceous species in the mid-
plane of the disk. The region between 10 and 40 AU is a significant fraction of the
comet-forming region and, encouragingly, we see that, due to the temperature
structure of the mid-plane, molecules in the ice are abundant there. If we are
to adopt the ‘nature’ perspective described above, then we might expect to see
a difference in the carbon-chain abundances between 10 and 40 AU. However,
Figure 2 shows that there is no variation in the abundances of these species in
the region of interest. The same result is true for all species with 2 and 3 carbon
atoms in the model: there is no variation between 10 and 40 AU. The reason for
this is quite straightforward. The gas-grain interaction in the model is described
by ‘freeze-out’. This is a balance between sticking collisions between molecules
and grains, and the return of these molecules by evaporation from grain surfaces.
Thermal desorption depends on the nebular dust (and gas) temperature, T , and
on the binding energy of the molecule to the dust grain, Eb, a material property.
The temperature structure in the mid plane is such that the thermal desorption
rate (∝ exp[−Eb/kT ]) effectively switches the solid-state abundances between
negligible and significant: binding energies are simply not low enough to allow
a variation across the comet-forming region, where the temperature varies by
only about 10 K. Hence, using the model described here, we conclude that any
differences in carbon-chain composition between long- and short-period comets
arise due to their different processing histories (see Stern 2003).

This work was supported by NASA’s Origins of Solar Systems Program
with funds allocated by NASA Ames under Interchange No. NCC2-1412. AJM
is a National Research Council postdoctoral research associate.
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Figure 1. The two-dimensional structure of the disk for r < 100 A.U.
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Figure 2. The mid-plane variation of the relative solid-phase abundances
of C2H2 and CH3CCH. The abundances are scaled to be the fractional abun-
dance relative to gas-phase H2. Also shown is the temperature structure of
the mid plane.
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Abstract. We propose a new mechanism of crystallization of cometary sil-
icate. The crystallization is due to heat released by chemical reactions in the
organic refractory mantle of Greenberg’s model of cometary dust induced by
moderate heating by solar radiation. It is shown that the strength of the crys-
talline feature observed in the comets can be reproduced by the present mecha-
nism of crystallization.

1. Introduction

Since the first identification of crystalline silicate feature in Comet Halley in the
wavelength region of 8 to 13 µm (Bregman et al. 1987; Campins & Ryan 1989),
the crystalline silicate features have been observed in dust in several other comets
as well as in dust in various kinds of objects (see Hanner 1999 for a review). It
has been proposed that cometary crystalline silicate was formed by annealing
of amorphous silicate or direct condensation in a hot (> 1000 K) region of the
primordial solar nebula. On the other hand, the molecular composition observed
in cometary comae requires cold amorphous dust preserving interstellar volatile
composition in its icy mantle. To reconcile both requirements, it has been consid-
ered that cometary silicates are a mixture of crystalline and amorphous silicates,
each of which are of different origin.

In this article, we propose a new mechanism that makes both of the preser-
vation of interstellar volatiles and the presence of crystalline silicate possible
without mixing.

2. The Crystallization Mechanism

The crystallization mechanism proposed here is based on the Greenberg model
of cometary dust (Greenberg 1982; Greenberg & Zhao 1988), which is composed
of a silicate core, an organic mantle and an outer icy mantle. When the dust
is released as a comet approaches the Sun, the icy mantle sublimes quickly and
the remaining organic mantle and silicate core are heated to temperatures of
several hundred K depending on the heliocentric distance. Note that the com-
position of the icy mantle preserved the interstellar composition. Although the
dust temperatures of several hundred K are insufficient to crystallize amorphous
silicate itself, it will trigger reactions among reactive molecules in the organic
mantle because of the increase in the reaction rates due to the temperature rise.
The energy released will heat the surface of the silicate core and flows into the
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Figure 1. (Left) Degree of crystallinity fc as a function of distance r from
the center of a silicate core of radius a. See text for θ.

Figure 2. (Right) Comparison of the emissivity spectra of partially crystal-
lized silicate grains with that of Comet Halley (Campins & Ryan 1989). The
volume fraction of crystalline region is denoted by f .

core. This leads to crystallization of the amorphous silicate core from the surface
towards the interior.

3. Results

The crystallization process proposed above is described by the rate equation of
crystallization (Haruyama et al. 1993) and by the equation of heat conduction
in an originally amorphous silicate core together with the initial condition of the
instantaneous heat source on the silicate core surface. In the present model, the
degree of crystallinity is determined by only one parameter θ defined by θ =
kΩnrhrEr/cp(πχA)1/2Ec, where nr is the number density of reactive molecules
in the organic refractory mantle of thickness hr, Er is the amount of energy
released per reaction, χ is thermal diffusivity of amorphous silicate, A is a time
constant on the order of a period of lattice vibration, cp is specific heat per
unit cell, and Ec is activation energy of crystallization of amorphous silicate.
The quantity of the largest uncertainty is nr, which is estimated to be 1021 to
1022 cm−3 corresponding to the concentrations of reactive molecules of 1 to 10 %
in the organic refractory. Possible values of θ are then estimated to be 0.6 to 6.
Figure 1 shows the crystallization degree as a function of radial distance from
the center of an originally amorphous silicate core, indicating that substantial
crystallization occurs near the silicate core surface if θ > 1. The volume fraction
of the crystallized region in the silicate core is 2 to 40 % for 0.6 ≤ θ ≤ 6.

Does this degree of crystallinity explain the observed strength of the crys-
talline silicate feature? We focus on the strength of the major peaks at 10.0
and 11.2 µm due to crystalline olivine, and make Maxwell-Garnett calculations
of the infrared spectra of the partially crystallized silicate grains (Greenberg
et al. 1996). We used the complex refractive indices given by Scott & Du-
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ley (1996) for amorphous forsterite and those by Sogawa et al. (1999) for crys-
talline forsterite. The spectra for various volume fractions of the crystalline
region are compared with the observed spectrum of Comet Halley (Campins &
Ryan 1989) in Fig. 2 in terms of the emissivity Q. It is seen that the observed
strengths of the main peaks of forsterite at 10.0 and 11.2 µm are realized for
the crystalline volume fraction around 10 to 20 % in volume. The crystalline
fraction that fits best to the observed spectra is about 15 %. Note that these
crystalline fractions are in the range of those (2 to 40 %) expected from the
present mechanism of crystallization.

4. Concluding Remarks

We have proposed a chemical heating model as a mechanism of crystallization
of cometary silicate, and have shown that the chemical heating mechanism leads
to the crystallization degree needed to explain the observed strength of the
cometary crystalline features. It should be pointed out that the present crys-
tallization mechanism needs neither high temperature to crystallize amorphous
silicate nor mixing of amorphous and crystalline silicates, and furthermore can
preserve volatiles of the interstellar composition. The mechanism will work for
crystallization of grains in the objects other than comets as well as those in
protoplanetary disks, if the θ-values of the grains there are large enough to in-
duce crystallization and if moderate heating is available to trigger the chemical
heating in the organic refractory mantles on the amorphous silicate cores. The
experimental work is hoped to examine the present model.

Acknowledgments. We wish to dedicate this paper to the late Professor
J. M. Greenberg, who encouraged us at an early stage of the present study.
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Abstract. Crystalline silicate dust particles have been found in some comets,
though progenitors of those dust particles are thought to be amorphous. Here,
the origin of the crystalline particles was investigated based on the shock-wave
heating mechanism. We find that appropriate shock waves can crystallize amor-
phous dust particles and conditions of these shock waves (shock velocity and
pre-shock gas density) are clarified.

The gas density in the solar nebula and the shock velocity that may be
induced in comet forming regions by some mechanisms were discussed. It was
suggested that comets formed in a region closer than about 20 AU to the Sun
can contain the crystalline particles, whereas comets formed in a further region
can hardly have them.

1. Introduction

Crystalline silicate dust particles have been found in some long period comets
(Hanner et al. 1994). However, progenitors of those particles are thought to be
amorphous. Thus, amorphous silicates are expected to be crystallized by some
mechanism in the solar nebula or in comets, though the mechanism is not clearly
understood.

Harker and Desch (2002) proposed that the shock-wave heating mechanism
may be responsible for the crystallization of dust particles in comets. However,
they showed the possibility of the mechanism for only a limited number of cases.
It is still not clear to what extent the mechanism can be applied or if there are
limitations to the mechanism.

Here, we propose that shock-wave heating can crystallize amorphous dust
particles in comet forming regions. If there are appropriate shock waves, dust
particles are heated and crystallized. Shock-wave heating has been investigated
as a mechanism that formed chondrules in meteorites (e.g., Hood & Horanyi
1991; Iida et al. 2001). It seems that shock wave heating works not only in
meteorite-forming regions, but also in comet-forming regions.
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Figure 1. Conditions of shock waves for silicate crystallization.

2. Shock-Wave Heating Model

Basic mechanism of the shock wave heating is as follows. Let us suppose a
shock wave passes a gas medium containing dust particles with a dynamical
equilibrium, i.e., they do not have a relative velocity. Then the gas is accelerated
and obtains some amount of velocity, while dust particles tend to remain in the
initial position. The relative velocity between dust particles and gas causes
drag heating. If the intensity of heating is high enough, dust particles can be
crystallized.

We have developed the numerical model that simulates 1-dimensional plane-
parallel steady shock flow including dust particles. In this model, the dynamics
of the gas flow and the dust particles are treated in detail. Details of the model
are described in Iida et al. (2001) and Miura & Nakamoto (2003).

Crystallization of dust particles is evaluated by the silicate evolution index
(SEI) provided by Hallenbeck, Nuth, & Nelson (2000). This index was derived
by a series of experiments of annealing. We calculate the SEI along the thermal
history of the dust particle and evaluate if the particle is crystallized or not.

3. Silicate Crystallizing Shock Waves

We have carried out numerous calculations with various shock velocities and
pre-shock gas densities and examined if those shock waves can crystallize the
dust particles or not. Results for the initial particle radius a0 = 0.1µm are
summarized in Figure 1. Gray colored region represents shock wave conditions
with which dust particles are crystallized properly.
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4. Origin of Crystalline Dust in Comets

In order to clarify the origin of crystalline particles in comets, we should specify
the nature of shock waves that might have crystallized dust particles in comet
forming region. However, it is not easy to estimate the gas density and the flow
velocity in the comet forming region in the solar nebula. One possible shock
generation mechanism is the accretion flow from the parent molecular cloud core
that generates shock waves at the surface of the disk. In this case, the velocity
of the shock is expected to be of the order of

√
2VK, where VK is the Kepler

velocity of the disk. Since the shock velocity is high enough, the dust particles
can be crystallized by those shock waves, if the gas density is adequate. On the
other hand, some shock waves might be generated in the disk by some other
mechanisms, such as the density waves induced by the gravitational instability
(Wood 1984; Harker & Desch 2002), eccentric motion of planetesimals (Hood
1998), or another unknown mechanism. If this is the case, the shock velocity
should be of the order of or less than VK. Here we assume that the solar nebula
is represented by the minimum mass solar nebula model (Hayashi, Nakazawa,
& Nakagawa 1985) and draw a line in Fig. 1 which shows the relation between
the mid-plane gas density and the Kepler velocity. Then, we can see from Fig.
1 that the shock waves generated in a region R <∼ 20 AU can crystallize dust
particles, whereas shock waves in R >∼ 20 AU cannot. This suggests that comets
that formed in the inner region of the disk (R <∼ 20 AU), can be recognized as
long period comets containing crystalline dust particles, while comets formed in
the outer region of the disk (R >∼ 20 AU), such as the Jupiter-family comets,
should not have crystalline dust particles if radial mixing due to diffusion does
not take place in the disk.

Acknowledgments. TN was supported by Grant-in-Aid for Young Scien-
tists (B) (14740284) of Japan Society for the Promotion of Science. HM was
supported by the Research Fellowship of Japan Society for the Promotion of
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Abstract. Collisional simulations of cometary nuclei (icy dust aggregates) are
conducted. Conditions for sticking are determined as a function of the impact
velocity and mechanical properties of nuclei. Possible collisional outcomes in
three evolutionary stages of icy-dust aggregates are discussed.

Comet nuclei are porous and believed to be aggregates of icy-dust grains
(Greenberg 1982). There are three stages where collisions between icy-dust ag-
gregates are important; 1) formation of Oort cloud (collisions between cometary
nuclei; Vimpact ∼ 100 m s−1), 2) evolution of Kuiper belt objects (collisions be-
tween icy planetesimals; Vimpact ∼ 10 − 100 m s−1), and 3) formation of icy
planetesimals (collisions between icy dust aggregates; Vimpact ∼ 10 m s−1). It
was shown that the extent of fragmentation strongly affects the stages 1) (Stern
& Weissman 2001) and 2) (Stern & Colwell 1997). In the stage 3), sticking of
a dust aggregate is crucial for the formation of planetesimals. In this report, I
investigate collisions between aggregates composed of icy dust grains and clarify
conditions for sticking.

I performed collisional simulations of dust aggregates using an SPH code
(Benz & Asphaug 1994). Details of simulations will appear soon (Sirono 2003,
submitted to Icarus). In this code, a dust aggregate is treated as a continuum
medium. This enables us to simulate aggregates of any large sizes up to ∼ 10km.
This limit comes from ignorance of gravity force in this simulation.

There are two important mechanical properties of an aggregate to be in-
cluded in the simulation. One is elasto-plastic deformation and the other is heal-
ing of fractures. An aggregate deforms elastically for sufficiently small external
stresses. However, plastic deformation proceeds by re-arrangement of grains if
a large stress is applied. A boundary between elastic and plastic deformation
defines a yield surface, which is a hypersurface in a three dimensional space of
principal components of a stress tensor. A stress tensor can be decomposed into
two terms: hydrostatic pressure and deviatory stress. When pressure reaches
compressive strength Σ(ρ), irreversible compaction occurs and when pressure
reaches tensile strength −T (ρ), tensile fragmentation starts. For the deviatory
part, we adopt the von Mises yielding criterion. If the second invariant of de-
viatory stress becomes larger than the square of yield strength Y 2, irreversible
shear deformation takes place (Benz & Asphaug 1994). Here I assumed Σ(ρ)
and T (ρ) vary as power laws of ρ as Σ(ρ) = Σ0ρ

6 and T (ρ) = T0ρ
5, and Y (ρ) is

given by Y (ρ) =
√

2T (ρ)Σ(ρ)/3.
When stress reaches the yield surface, fragmentation of an aggregate begins.

The degree of fragmentation is expressed by the damage parameter D increasing
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Figure 1. Density distributions of representative collisions. (a) Initial ar-
rangement of an impactor (small sphere) and a target (large sphere). Size
ratio is 10:3. (b) Sticking collision. Σ0 = 10−3, T0 = 10−2, and M = 0.13.
(c) Catastrophic disruption. Σ0 = 10−2, T0 = 10−3, and M = 0.13. (d)
Formation of a deep hole. Σ0 = 10−4, T0 = 10−3, and M = 0.4.

from 0 to 1 as reducing the strengths and elastic moduli by a factor of 1 −D.
When D reaches 1, the region cannot sustain any tensile and shear stresses.

A typical size of a composing grain is µm (Greenberg 1982). Because of its
large surface to mass ratio, surface cohesion of a grain is effective. In this case,
the damage due to the fracture can be restored by reconnection between grains
followed by compaction of an aggregate. If this “healing effect” is effective, the
damage parameter D can be reduced as compaction proceeds. I conducted both
cases of simulations, with and without the healing effect.

The input parameters are the initial normalized compressive strength Σ0,
normalized tensile strength T0 (both quantities are normalized with bulk mod-
ulus of an aggregate), and the impact velocity M which is normalized with the
sound speed of an aggregate. In addition to these parameters, the impact angle
is varied to simulate off-center collisions.

Figure 1 summarizes representative results of simulations. The gray con-
tours of the figures shows density distribution of an aggregate and the scale is
shown in the bottom of Fig 1d. The initial arrangement of a target (large sphere)
and an impactor (small sphere) is shown in Fig 1a. A sticking case is shown
in Fig 1b. The parameters are Σ0 = 10−3, T0 = 10−2, and M = 0.13. Note
that the compressive strength is larger than tensile strength in this case. On
the other hand, if the tensile strength is larger than the compressive strength,
the outcome is catastrophic disruption as shown in Fig 1c. In this collision,
the parameters are Σ0 = 10−2, T0 = 10−3, and M = 0.13. The healing effect
is included in all three simulations shown in Fig 1. If the healing effect is not
included, it was found that the outcome is catastrophic disruption even if the
strength parameters are the same to those of Fig 1b.
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An interesting outcome can be seen in Fig 1d. A deep hole is formed.
The parameters are Σ0 = 10−4, T0 = 10−3, and M = 0.4. The aggregate is
weaker and the impact velocity is higher than those of Fig 1b and c. The im-
pactor perfectly sticks to the target. Behind the impactor, a hole is formed
along the impactor path. Although we cannot identify in the figure, substan-
tial amount of fragments is produced from the surface of the hole and floats
inside the target. We might observe no apparent fragmentation like this simu-
lation when the impactor hits the comet Tempel 1 in the Deep Impact mission
(http://deepimpact.jpl.nasa.gov/) if the mechanical properties of the comet is
highly compressive.

A set of conditions for sticking has been found by conducting simulations
for various parameter values:

• T0 > Σ0

• Y0 > Σ0

• M <∼ 0.04

• Healing effect.

If one of the parameters of a collision does not meet these conditions, an
outcome of the collision will be cratering or catastrophic disruption. The third
condition (M <∼ 0.04) comes from the results of oblique impacts. If only head-on
collision is concerned, the condition is M <∼ 0.13.

The important parameter is the impact velocity M normalized with the
sound speed of an aggregate. A possible range of bulk modulus of an icy
aggregate is 8 × 106 erg cm−3 at packing fraction of 0.1 (=90% porosity) to
4 × 108 erg cm−3 at packing fraction of 0.3 (Sirono & Greenberg 2000). From
these values, the sound speed varies from 9 m s−1 to 360 m s−1. Coming back to
the three important stages of aggregate collisions and impact velocities noted in
the beginning, we can draw the following conclusions.

• Formation of Oort cloud: Catastrophic disruption (0.3 < M < 11)

• Evolution of Kuiper belt objects: Catastrophic disruption (0.03 < M <
11)

• Formation of icy planetesimals: Sticking is possible (0.03 < M < 1.1)
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It is expected that the Deep Impact mission will hit the Comet Tempel 1
nucleus in July 4, 2005. So, modeling of the impacts onto icy/mineral granular
and porous materials, and therefore low-dense media, are very relevant. A model
of result of the impact onto icy-mineral-porous target is presented on the basis of
many series of impact experiments performed in the laboratories. Experimental
results are extrapolated to the Deep Impact scale and farther on, to the planetary
scale of collisions, e.g., to impacts of the meteorites on comet nuclei. Crucial
for modeling are the parameters of the medium forming the nucleus. The most
important of them are the ice to total mass ratio and the porosity. Both are
virtually unknown, so they are discussed within the large ranges. Self-references.
Icarus, 131, 210-222, 1998; Planet. Space Sci., 48, 1437-1446, 2000; Icarus, 158,
516-531, 2002.
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Different chemical elements are manufactured by stars of different masses
and at different stages of evolution. The way that relative element abundances
change with the overall metallicity is not only the empirical basis on which our
knowledge of nucleosynthetic yields rests. Such measurements also provide vital
clues to the origin of different stellar populations in the Milky Way Galaxy; to
the star formation histories of nearby galaxies; and, as recognized most recently,
to the nature of galaxies at high redshift seen in absorption against background
quasars, such as the damped Lyman-alpha systems (DLAs).

Efficient high-resolution spectrographs on the new generation of 8-10 m class
telescopes, such as HIRES on Keck I, UVES on the VLT, and HDS on the Subaru
telescope, are producing stellar and DLA spectra of unprecedented quality in
the visible and near UV region. Many research groups throughout the world are
pursuing ongoing surveys of metal-poor stars and DLAs. This wealth of new
data is advancing fast our knowledge of elemental abundances in a variety of
astrophysical environments, both local and at high redshift, and providing new
information on such fundamental problems as nucleosynthesis of the elements,
chemical evolution of galaxies, formation of the first stars and galaxies, and the
nature of the damped Lyman-alpha systems.

Astronomers working with stellar and DLA spectra share many common
interests and face similar difficulties in the analysis and interpretation of their
results. Examples are the derivation of reliable abundances from the observed
spectra, the determination of elemental abundances as a function of stellar age
and redshift, and the impact of the new data on current theories of nucleosyn-
thesis and galaxy formation and evolution. And yet up to now there have been
only limited opportunities for the Galactic and extragalactic communities to
meet in a joint discussion. The IAU General Assembly in Sydney provided an
ideal and most timely occasion for such a joint discussion. The following pro-
ceedings contain the invited review talks presented at JD15 and abstracts of
contributed papers and posters.
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Abstract. I briefly draw comparisons between the fields of damped Lyα and
metal-poor stellar abundances. In particular, I examine their complementary
age-metallicity relations and comparisons between the damped Lyα and dwarf
galaxy abundance patterns. Regarding the latter, I describe a series of problems
concerning associating high z damped Lyα systems with present-day dwarfs.

1. Introduction

I wish to first acknowledge the wisdom of the organizers for bringing the damped
Lyα and metal-poor stellar abundance communities together in a Joint Discus-
sion aimed at heightening communication and collaboration between the two
fields. While previous conferences on chemical abundances have included mem-
bers of each group, talks were generally organized such that we have talked to
one another instead of with one another. From the perspective of a DLA re-
searcher, the preceding 50 years of stellar abundance research is invaluable for
drawing interpretations on nucleosynthesis from DLA observations. I suspect
that as DLA abundance studies become a mature field, the stellar community
will similarly gain from observations of these young, metal-poor galaxies.

The organizers charged me with reviewing the fields to open the JD. In
Sydney, I briefly compared the observations, techniques of analysis, and major
systematic uncertainties in each field. I then described a few areas of research
where the fields clearly intersect and where a joint analysis impacts on theories
of chemical evolution, nucleosynthesis, and galaxy formation. In this proceeding
I present an even more brief summary.

2. Observations and Analysis

Presently, the data for damped Lyα and metal-poor stellar abundance research
is acquired with the same telescopes on the same instruments and with compa-
rable spectral resolution. Ionic transitions are analyzed in a similar fashion: in-
tegrated equivalent widths or column densities are derived from isolated, ’clean’
lines while spectral synthesis or line-profile fitting techniques are applied to
blended and crowded regions. The derivation of elemental abundances from the
ionic measurements, however, follows different paths. For stellar abundances,
one introduces a stellar atmosphere derived from the spectroscopic and/or pho-
tometric observations of the star. The atmosphere is typically parameterized by
three parameters – temperature, gravity, and microturbulence – and one solves
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the radiative transfer equations to predict equivalent widths and/or spectral
profiles. The uncertainties attributed to this modeling (e.g. non-LTE correc-
tions; see M. Asplund’s contribution) generally dominate the statistical errors
associated with the observations.

With the DLA systems, one must consider ionization corrections to convert
the measured ionic column densities into elemental abundances. In practice, the
corrections are generally assumed to be small. This assumption is supported
by theory and observation, although with exception (see Vladilo et al. 2001;
Prochaska et al. 2002). The most important systematic error in the DLA analysis
is dust depletion; the DLA observations provide gas-phase abundances which
may significantly underestimate the true abundances of refractory elements like
Fe, Cr, and Ni which deplete from the gas-phase onto dust grains (e.g. Jenkins
1987). This effect dominates the uncertainty of DLA abundance studies and
plays a central role in nearly all interpretations drawn from the observations.

3. Age-Metallicity Relation (AMR)

One research area where the two fields nicely complement each other is in de-
scribing an age-metallicity relation (AMR). Stellar research has focused primar-
ily on Galactic disk stars and therefore probes the chemical enrichment history
of a single galaxy over the past ≈ 10 Gyr. Because of the uncertainties of
isochrone fitting, it is difficult to determine absolute ages with meaningful pre-
cision for ages > 10 Gyr. In contrast, the DLA observations reveal the AMR
of the population of high z galaxies which dominate the H I content of the uni-
verse. Therefore, the DLA trace the ‘cosmic’ mean metallicity in neutral gas (e.g.
Prochaska et al. 2003). The ages of the DLA systems are precisely calculated
by combining their cosmological redshift with the ‘concordance cosmology’ (e.g.
Spergel et al. 2003). The challenge with DLA studies is pursuing the AMR to
z < 1.7 because space-bourne UV observations are required to observe the Lyα
profile. Therefore, the DLA and stellar abundance measurements complement
one another both temporally (spanning nearly the entire history of the universe)
and spatially (examining a single galaxy to a population of galaxies).

For very different reasons, the AMR’s measured from Galactic stars and
the DLA systems have had controversial histories. Indeed, my own studies
have contributed to the controversy surrounding the AMR derived for the DLA
systems (see also Kulkarni, this proceedings). In this case, the analysis has
been limited by uncertainty relating to small sample size; even with 50 DLA
systems there was no statistically significant evolution in the cosmic metallicity.
Similarly, the AMR of the Galactic disk remains a point of great debate with
competing groups arguing for and against any trend of metallicity with age
(Edvardsson et al. 1993; Rocha-Pinto et al. 2000; Feltzing, Holmberg, & Hurley
2001; Ibukiyama & Arimoto 2002). It remains unclear to me whether the debate
revolves around sample bias or age determinations.

These uncertainties aside, it is illustrative to compare AMR’s taken from
the two fields of research. In Figure 1, I present a census of DLA age-metallicity
observations overplotted with one estimate of the Galactic AMR (Rocha-Pinto
et al. 2000) and rough estimates for the age and metallicity of the Galactic
bulge, thick disk, and halo stellar components. Clearly, the DLA systems at
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Figure 1. Age-metallicity relations for the DLA systems (summarized by
the individual and binned data points) and the Galactic disk (solid arrow).
The rough locations for the Galactic thick disk, halo, and bulge are also shown
in the figure.

z > 2 are distinct in both metallicity and age from the Galactic disk AMR. As
first noted by Pettini et al. (1997), the majority of DLA metallicities lie between
the peaks of the distributions for the thick disk and halo populations. This
indicates the majority of gas associated with the DLA systems at z > 2 may
feed the formation of the thick disk and halo populations but has insufficient
metallicity at these epochs to produce the majority of disk stars.

As the AMR’s are refined and extended to include additional stellar pop-
ulations and local galaxies as well DLA systems at z < 1, one will gain further
insight into the nature of the DLA systems and their connection to modern
galaxies. Future surveys will reveal whether a sample of metal-rich DLA exist
at z ∼ 1.5 which can be identified as the gas reservoirs of spiral disk formation.
The identification of this gas is an important aspect of tracing the history of
disk formation. In addition, age-metallicity measurements for high z galaxies
(e.g. LBG, ERO’s) will allow comparisons with the DLA and stellar populations,
illuminating the processes of galaxy enrichment during the early universe.

4. DLA systems, Dwarf Galaxies, and the Galactic Halo

One of the most exciting aspects of connecting the fields of DLA and stellar
abundance research is to draw comparisons between abundance patterns of lo-
cal stellar populations and those observed in the early universe. Indeed, this
was the focus of several talks and posters of this JD (e.g. Tolstoy, Bonifacio,
Dessauges-Zavadsky). A principal challenge to drawing such comparisons is
uncertainty in the DLA abundance patterns related to differential depletion.
This point is well illustrated by Figure 2 where I present gas-phase Si/Fe ratios
against metallicity for a sample of 56 DLA systems with echelle observations.
As noted by Prochaska & Wolfe (2002), the metal-poor DLA systems exhibit
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Figure 2. Gas-phase Si/Fe measurements for 56 DLA systems observed with
echelle spectroscopy. At low metallicity, the Si/Fe values exhibit a ‘plateau’
at [Si/Fe] ≈ +0.3 dex which matches the nominal value for the Galactic halo
(dashed line; McWilliam et al. 1995). At higher metallicity, however, the
Si/Fe values increase because of the effects of differential depletion (Fe is
more readily depleted from the gas-phase onto dust grains).

[Si/Fe] values comparable to the Galactic halo with remarkably small scatter
(particularly given that each data point represents a unique galaxy with its own
specific chemical enrichment history). This Si/Fe plateau suggests the metal-
poor DLA systems have been predominantly enriched by Type II supernovae,
perhaps in the same manner as the Galactic halo. At higher metallicity, how-
ever, the Si/Fe ratios increase, in contradiction with any empirical or theoretical
trends of chemical evolution. The rise in Si/Fe is explained by differential de-
pletion; higher metallicity DLA systems have significant dust-to-gas ratios and
a substantial fraction of their Fe is locked into dust grains. If one explains the
rising Si/Fe ratios in terms of differential depletion, it raises the possibility that
the enhancement of Si/Fe at all metallicity is dominated by differential deple-
tion. Presumably, this interpretation would require an uncomfortable degree of
fine-tuning to reproduce a [Si/Fe] plateau at [Si/H] < −1 which matches the
nucleosynthetic enhancement of Si/Fe observed for the Galactic halo, yet more
peculiar coincidences exist.

Presently, the majority of both communities favor imposing significant de-
pletion corrections to the observed DLA abundances (e.g. Vladilo 2002). To
estimate the corrections, one must assume the intrinsic value for the relative
abundance of a refractory and non-refractory element and also assume a differ-
ential depletion pattern. Standard practice is to adopt an empirical depletion
pattern based on ISM observations (e.g. Savage & Sembach 1996) and to assume
[Zn/Fe] ≈ 0 intrinsically (i.e. attribute any departures from solar as depletion).
Under this assumption, one finds that the majority of the DLA systems show
nearly solar relative abundances at nearly all metallicity and redshift where Zn
is observed. This leads to the conclusion that the relative abundances of the
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metal-poor DLA do not match Galactic metal-poor stars, specifically the en-
hanced α/Fe ratios observed for these stars (note the contradiction with my
interpretation of Figure 2). Instead, these researches argue the DLA abundance
patterns more closely resemble recent results for dSph and dIrr galaxies (e.g.
Shetrone et al. 2001; Venn et al. 2003; Tolstoy et al. 2003).

At first glance, the correspondence between the DLA systems and dwarf
galaxies is a comforting picture. In hierarchical cosmology, galaxies at z ∼ 2 are
actively merging to build-up our present-day galaxies. The DLA systems are
identified with ‘protogalactic clumps’ within dark matter halos (Haehnelt et al.
1998; Maller et al. 2001) whose masses might be comparable to modern dSph
and dIrr galaxies. For the following reasons, however, I contend that connecting
the DLA systems to modern dwarf galaxies is premature and potentially in great
conflict with hierarchical cosmology. Consider:
• In hierarchical cosmology, the majority of DLA systems will not evolve into
present-day dwarf galaxies.

In order to explain the kinematic characteristics observed for the DLA sys-
tems (Prochaska & Wolfe 1997) within the paradigm of hierarchical cosmology,
the ‘protogalactic clumps’ identified as DLA systems must arise predominantly
in galaxies with vc > 125 km/s (e.g. Maller et al. 2001). Furthermore, these
clumps are actively merging with one another to build up the central galaxy of
the dark matter halo. In this scenario, only a small fraction of the DLA popula-
tion (presumably the low mass tail) could serve as the progenitors of present-day
dwarfs; the majority will be merged into larger galaxies by z ∼ 1. Therefore,
any correspondence between the abundance patterns of the z ∼ 2 DLA systems
and present-day dwarfs may have to be considered a coincidence.
• Where is the gas enriched by Type II SN?

An important challenge raised by observers studying the elemental abun-
dances of dSph in the Local Group is that these stars exhibit abundances which
are very different from those measured for the Galactic halo (specifically, the
Galactic halo within a few kpc of the Sun). This apparently contradicts the fa-
vored scenario for the formation of the Galactic halo in hierarchical cosmology,
i.e., it formed from the accretion of dwarf satellites during the first few Gyr of
the universe. One possible (and fashionable) resolution of this problem is that
the dwarf galaxies which exist today (i.e. those which have not yet merged with
the Milky Way) have had different chemical enrichment histories from those
which merged to form the Galactic halo. As noted above, however, in CDM
cosmology it is the DLA systems which correspond to the merging dwarfs. This
identification leads to a more significant conflict regarding the origin of Galac-
tic metal-poor stars. If we interpret the DLA abundance patterns as matching
present-day dwarf galaxies, one is left with the problem: “Where is the gas en-
riched by Type II SN in the early universe which fueled the formation of the
metal-poor stars of the Milky Way?”
• Ages, SFR, Zn, etc.

There are a number of other issues which may contradict or at least com-
plicate the dwarf/DLA connection: (1) the ages of the DLA galaxies are too
young to be consistent with the slow, steady SFH generally associated with dIrr
galaxies; (2) SFR’s derived for the DLA systems from the C II∗ absorption are
typical of those expected for spiral disk galaxies (Wolfe, this proceedings); (3)
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the DLA galaxies are gas-rich whereas the dSph galaxies are gas-poor. To link
the two populations, one may require that the duty cycle for star formation in
the dSph galaxies was significantly longer than the starburst behavior suggested
by their stellar populations; and (4) the reported agreement between DLA and
dwarf abundance patterns hinges on the assumption that [Zn/Fe]=0 intrinsi-
cally. If [Zn/Fe] is even +0.2 dex, then the DLA observations would be in good
agreement with the Galactic halo abundance patterns. I note that several new
issues related to the [Zn/Fe]=0 presumption were raised at the JD by Nissen,
Asplund, and Israelian.

These issues aside, comparisons of the DLA and metal-poor stellar abun-
dance patterns offer a powerful and insightful means of studying nucleosynthesis
and galaxy formation. I am confident that ongoing studies of stellar populations
in the Milky Way and Local Group as well as more comprehensive analysis of
the DLA systems (e.g. Prochaska, Howk, & Wolfe 2003; Dessauges-Zavadsky,
this proceeding) will lead to new puzzles and discoveries over the next years.
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Abstract.
Over the last half-century quantitative stellar spectroscopy has made great

progress. However, most stellar abundance analyses today still employ rather
simplified models, which can introduce severe systematic errors swamping the
observational errors. Some of these uncertainties for late-type stars are briefly re-
viewed here: atomic and molecular data, stellar parameters, model atmospheres
and spectral line formation.

1. Introduction

In view of the central role stellar abundance analyses play in the endeavours
to decipher the formation and evolution of stars, galaxies and indeed the Uni-
verse as a whole, minimizing systematic errors should be of utmost importance.
Certainly, there are many potential fallacies that can be made in the process of
going from an observed stellar spectrum to the extracted chemical composition
of the star, all which deserve very careful consideration. Unfortunately, this
is an area which often has not received the attention its importance warrants.
Instead, still today most elemental abundance analyses of late-type stars rely on
very simplified models for the stellar atmospheres and the spectral line formation
processes. Unfortunately, the progress in modelling has not kept up with the
dramatic improvements on the observational side over the last couple of decades,
leaving the error budget normally dominated by systematic uncertainties.

Due to page restrictions this review focus only on the uncertainties in the
derived elemental abundances introduced during the numerical analyses. Po-
tential observational pitfalls such as signal-to-noise, resolving power, fringing,
scattered light, continuum placement and blends can certainly also be major
sources of error, but are not discussed here. Furthermore, the review is limited
to late-type stars as they have traditionally been the most widely used beacons
when tracing Galactic chemical evolution. The reader is referred to Werner
et al. (2002) for an account of current hot star modelling, which is becoming
increasingly important when probing environments beyond our own Galaxy.

2. Atomic and molecular data

The most obvious input data needed to derive elemental abundances is the tran-
sition probability, normally expressed as the gf -value. While there is always a
continuing need for more and better data in this respect, the overall situation is
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in fact relatively good today. Provided the stellar spectroscopists are prepared to
search the physics literature and databases, there are many accurate experimen-
tal and computational gf -determinations available (e.g. http://physics.nist.gov).
The Kurucz database (http://kurucz.harvard.edu) is a very valuable resource
but the drawback with such a large-scale computational effort is that individual
transitions can be very erroneous, in particular when involving predicted energy
levels. Other necessary data (continuous opacities, line broadening, dissociation
energies etc) are also in general in reasonably healthy shape now (e.g. Seaton et
al. 1994; Barklem et al. 2000), although improvements are certainly encouraged.

As will be discussed further below, the formation of a spectral line depends
in principle not only on the line itself but on all other lines also, including those
of other elements. In order to compute the statistical equilibrium of a species
one needs not only transition probabilities for all relevant lines but also photo-
ionization and collisional cross-sections. In terms of photo-ionization there has
been marked improvements recently with the advent of large opacity calculations
like the Opacity Project and Iron Project (e.g. Seaton et al. 1994). For elements
up to the Fe-peak the situation is now fairly healthy for late-type stars. The
most pressing uncertainty in non-LTE studies today is the cross-sections for
collisional excitation and ionization with electrons and hydrogen atoms. The
Opacity Project has partly addressed the case of electron collisions but most
calculations largely rely on classical recipes like van Regemorter’s (1963) formula.
The situation for inelastic H collisions is even worse with the approach of Drawin
(1968) mostly used. The few existing experimental and quantum mechanical
calculations suggests, however, that the Drawin recipe over-estimates the cross-
sections by about three orders of magnitude, at least for Na and Li (e.g. Fleck
et al. 1991; Barklem et al. 2003). Whether this is true for all elements is not
known. Clearly there is a great need for more quantum mechanical calculations
addressing this fundamental problem.

3. Stellar parameters

We will here limit the discussion to methods more universally used, noting that
in special situations other more accurate options are available (interferometry,
eclipsing binaries etc).

Of the fundamental stellar parameters, Teff is normally the most crucial
in order to obtain accurate abundances. There exists a multitude of methods
to determine Teff of varying model dependence and reliability. Of these, the
infrared flux method (IRFM, Blackwell & Shallis 1977) is often advocated as
the best. IRFM is based on the ratio of bolometric flux (∝ T 4

eff and reddening-
and model-independent) with an IR monochromatic flux (∝ Teff and essentially
reddening- and model-independent). If the problem of collecting sufficiently ac-
curate (spectro-)photometry can be overcome, IRFM should yield temperatures
to better than 50 K (Alonso et al. 1996). Photometric Teff determinations can be
almost as good when using colours like V −K and b−y (corrected for interstellar
reddening if significant), in particular if calibrated to an IRFM- or interferomet-
ric temperature scale (Bessell et al. 1998). As always with theoretical colours,
the zero-point is an outstanding issue.
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In principle, hydrogen Balmer lines should be sensitive thermometers but
practical problems unfortunately limit their usefulness, not the least observa-
tional. The Balmer lines are formed in deep atmospheric layers where convec-
tive energy transport is important for setting the temperature structure. The
classical mixing length theory for convection in 1D models is unlikely to capture
all aspects in this transition from convection to radiation, as will be further
discussed below. The line broadening, including self-broadening, of the H lines
have recently been improved (Barklem et al. 2002) but these results have not
yet been fully disseminated into the wider astronomical community, leading to
unnecessary additional errors. At solar metallicities H lines could in the best
cases yield Teff to within about 100 K but the uncertainties become progressively
worse for metal-poor stars. The use of, for example, excitation balance of Fe i

and other lines and various line-depth ratios can achieve highly precise relative
temperatures for similar stars, but due to possible non-LTE and 3D effects can
not be expected to give accurate absolute values. In summary, Teff can under
favourable circumstances be determined to within 100 K, which corresponds to
abundance errors of typically 0.1 dex.

The surface gravities are often the most poorly constrained parameter.
With the advent of the Hipparcos astrometry the situation has improved dramat-
ically, at least for the stars sufficiently nearby to show measurable parallaxes.
Knowing the parallax, the observed magnitude can be converted to a surface
gravity: logg/g¯ = logM/M¯+ 4 · logTeff/Teff,¯ + 0.4 · (Mbol −Mbol,¯). The
uncertainty is normally dominated by the parallax error going into Mbol but if
∆π/π < 0.2, log g can be determined to within 0.2 dex (e.g. Nissen et al. 1997).
The Strömgren c1-index and isochrone-fitting can also be employed to estimate
log g but are more uncertain. The pressure-sensitive wings of strong lines, such
as the Mg ib triplet (Blackwell & Willis 1977) is a good gravity-meter with the
caveat of potential systematic errors due to non-LTE and 3D effects, which have
not yet been fully assessed. One of the most commonly used techniques is to
force ionization balance between neutral and ionized species such as Fe i/Fe ii

and Ti i/Ti ii. In the absence of any of the above-mentioned procedures, this is
a viable option but it must be realised that the result may be very severe errors
in log g. Due to over-ionization of neutral minority species (e.g. Fe i) compared
with the LTE predictions, this method typically underestimates the gravity by
up to 0.5 dex or even more (Thevenin & Idiart 1999). For pressure-sensitive
spectral features like molecular lines this can obviously be disastrous. A good
habit is to ratio two equally gravity-sensitive species like C i, O i, S i and Fe ii to
obtain abundance ratios (e.g. Nissen et al. 2002, 2003; Akerman et al. 2003).

In view of the potentially large non-LTE effects and 3D effects on Fe i lines
discussed below, the preferred choice for the metallicity determinations is no
doubt Fe ii lines, which are largely immune to such problems (e.g. Thevenin &
Idiart 1999; Asplund et al. 1999). This should yield [Fe/H] values accurate to
typically within 0.1− 0.2 dex, depending on how well Teff and log g can be con-
strained. The alternative method of relying on colours, in particular Strömgren
photometry, normally gives reasonable results with uncertainties <∼ 0.3 dex when
properly calibrated. Any error in [Fe/H] naturally directly propagates into the
derived [X/Fe] ratios, re-enforcing the need for a simultaneous [Fe/H] determi-
nation together with the other elements rather than relying on literature values.



Uncertainties in Stellar Abundance Analyses 549

4. Stellar model atmospheres

The vast majority of abundance analyses of late-type stars rely on model at-
mospheres which are 1D, time-independent and hydrostatic, which assume LTE
and treat convection with the rudimentary mixing length theory. Even a ca-
sual glance at the solar surface reveals that these assumptions and approx-
imations are very disputable. The question is whether this propagates into
significant systematic errors in the derived abundances. Recently, realistic 3D
time-dependent hydrodynamical simulations of stellar surface convection and
atmosphere with a detailed treatment of radiative transfer and state-of-the-art
equation-of-state and opacities have become available for solar-type stars (e.g.
Nordlund & Dravins 1990; Stein & Nordlund 1998; Asplund et al. 1999; As-
plund & Garćıa Pérez 2001). They successfully reproduce a wide range of obser-
vational diagnostics (granulation topology, helioseismology, intensity brightness
contrasts, spectral line shapes, shifts and asymmetries etc). It therefore appears
that one can place a fairly high degree of confidence in their ability to describe
the real stellar atmospheres, in spite of the simplifications necessary in order
to carry out the simulations, most notably in terms of numerical resolution and
radiative transfer. A notable achievement is that the traditional free parameters
of stellar spectroscopy (mixing length parameters, micro- and macroturbulence)
have become obsolete with 3D models, greatly reducing the uncertainties.

This new generation of 3D hydrodynamical model atmospheres have started
to be applied to stellar abundance analyses. For the Sun, this has caused a very
substantial reduction (0.2 − 0.3 dex) in the solar C, N and O abundances (Al-
lende Prieto et al. 2001, 2002; Asplund et al. 2003b). For the first time, all
different diagnostics (permitted, forbidden and molecular lines) give concordant
abundances. The new results are also supported by the excellent agreement be-
tween observed and predicted line shapes and center-to-limb variations. Other,
less temperature-sensitive elements like Si and Fe only show small (<∼ 0.05 dex)
3D abundance corrections (Asplund et al. 2000). The exact 3D effects depend
on the ionization stage, excitation potential and strength of the line in question.

The most dramatic differences with standard 1D analyses appear at low
metallicities. Due to much lower temperatures in the optically thin layers in
the metal-poor 3D models as a result of the shift in balance between expansion
cooling and radiative heating, many spectral features are greatly affected (As-
plund et al. 1999). In particular molecular lines, but also low excitation lines
and neutral minority species, tend to have large negative 3D abundance correc-
tions in metal-poor stars (i.e. 1D analyses over-estimate the abundances). As a
result, Fe i lines are very unreliable but Fe ii lines, which are formed in deeper
atmospheric layers where the differences between 3D and 1D models are much
smaller, are quite robust. In some cases additional 3D non-LTE effects can con-
spire to give final results quite close to the 1D non-LTE case, as for Li (Asplund
et al. 2003a), but this is obviously not generally true. In the absence of detailed
3D non-LTE calculations, we advise against using Fe i and such species. Extreme
caution must be exercised when relying on resonance and other low excitation
lines (Al, Mg, Sr, Ba, Eu etc) in halo stars, where the systematic errors may well
be −0.3..−0.5 dex. The largest errors, however, occur for molecular lines (Fig.
1) for which the 1D analyses can overestimate the abundances by up to 1.0 dex
at [Fe/H] = −3 (Asplund & Garćıa Pérez 2001; Asplund 2003). Needless to say,
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Figure 1. The typical 3D abundance corrections relative to the Sun for CH,
NH and OH (A-X) lines reveal a strong metallicity dependence.

such large systematic errors can have a profound impact on the interpretations
in terms of stellar nucleosynthesis and Galactic chemical evolution.

5. Spectral line formation

Spectral line formation essentially always occurs as a non-equilibrium process:
under typical atmospheric conditions radiative rates dominate over collisional
rates and the radiation field departs from the Planck function. Non-LTE line
formation is therefore neither special nor unusual, while LTE line formation is:
LTE is an extreme assumption, not a cautious middle-ground. Of course, in
many incidences the different line formation processes are such that LTE-based
abundances are indeed good approximations but that must always be confirmed
a posteriori by detailed non-LTE calculations (e.g. Fe ii). In general, non-LTE
effects become progressively worse for higher Teff (higher Jν) and lower log g
(less collisions) and [Fe/H] (less e− collisions and stronger UV radiation field).

In spite of the availability of efficient and user-friendly non-LTE codes such
as multi (Carlsson 1986), not enough work has been devoted to this important
area. Amazingly, detailed non-LTE studies of solar-type and metal-poor stars
have been undertaken for only a dozen elements or so. Typical non-LTE abun-
dance corrections for halo stars are 0.2 − 0.3 dex of either sign (e.g. Be ii, O i,
Mg i, K i, Ca i, Fe i, Sr ii, Ba ii) but significantly larger in cases like Al i and B i

(Kiselman 1994). It is true that the poorly known H collision cross-sections in-
troduce uncertainties (e.g. Korn et al. 2003) but calculations with and without
the classical Drawin (1968) recipe should bracket the expected non-LTE effects;
as already mentioned, the available evidence suggests that the Drawin formula
over-estimates the H collisions by about three orders of magnitude.
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The lack of non-LTE calculations for the majority of elements severely ham-
pers our understanding of stellar nucleosynthesis and galactic chemical evolution.
For example, it is not known whether the recently discovered upturn in [C/O] at
the lowest [Fe/H] is due to C production in Pop III stars or can be explained by
differential non-LTE effects between C i and O i (Akerman et al. 2003). Clearly,
there is huge need for more non-LTE investigations for more elements.
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Abstract. Here we describe some of our latest results from measuring de-
tailed abundances in Local Group dwarf galaxies with the VLT. Combining
spectroscopic abundances with Color-Magnitude diagrams allows the effective
measurement of detailed chemical evolution with time in these galaxies. Al-
though there are not yet significant numbers of individual stars observed in
local group dwarf galaxies, the uniformity of the abundance patterns of the ma-
jority of stars in galaxies with very different star formation histories must hint
at general properties of all star formation in these small systems.

1. The Fossil Record of the Early Universe

Low mass stars, such as those found on the Red Giant Branch (RGB), have long
lifetimes, often comparable to the age of the Universe, and they have retained
much of their original chemical composition in their atmospheres. These stars
are thus very useful because they are fossils containing a direct measure of
abundances and their evolution since the earliest times. This is what Freeman
& Bland-Hawthorn (2002) have neatly termed Chemical Tagging.

The spectroscopic abundance measurements of individual stars on the RGB
by definition break the age-metallicity degeneracy in determining the star for-
mation histories of galaxies from Color-Magnitude Diagrams (CMDs). High
resolution spectra give a much more accurate measure of the metallicity than
can be obtained from CMD analysis alone. If we believe that theoretical stel-
lar evolution tracks are reasonably accurate, then we can determine ages for all
the stars for which we have measured a metallicity. These ages range from the
earliest star formation in the Universe to 1−2 Gyr from the present day. Thus
they enable a measurement of the chemical evolution variations within dwarf
galaxies over almost the entire age of the (star-forming) Universe. With a large
enough sample of stars we can determine the influence of gas and metal infall
and outflow in the galaxy. We can determine the relative importance of different
enrichment processes over time (e.g., Supernovae Ia and II, AGB stars, stellar
winds and the like). We can re-examine our understanding of the nucleosyn-
thesis of the elements, especially those that have many possible formation sites,
e.g., Ti, Mg/Ca, Cu/Fe, Zn/Fe, Y/Ba, Ba/Eu, Mg/Eu.

It is also possible to measure accurate abundances of relatively young stars
in nearby galaxies to determine how the ongoing star formation we observe di-
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rectly today in dwarf galaxies relates to past star formation. Dwarf galaxies can
have extremely low metallicities and therefore enable us to study star formation
in a regime which is more common at high-redshift.

As well as allowing us a better understanding of star formation and the
effects it has on individual systems, spectroscopic abundances allow a compari-
son between the chemical signatures of stars found in dwarf galaxies with stars
found in other environments, such as our Galaxy. This allows us to examine the
theory that larger galaxies like our own were built up from small, dwarf galaxy
sized clumps. It is clear from direct observations of the Universe at all redshifts
that galaxies frequently merge with each other. Looking at the differences in
properties of stars in small and large galaxies provides additional constraints on
the likelihood and time scale of these merger events.

Dwarf galaxy size objects are believed to be the first structures to form in
the early universe and thus they are potentially the sites of the formation of
the first stars. Of course we have no guarantee that these first structures were
actually dwarf galaxies that have survived until today but there is no evidence
against this either. All dwarf galaxies for which sufficiently detailed observations
exist have ancient stellar populations, which are most directly observed by the
presence of a blue Horizontal branch in their CMD and/or an RR Lyr variable
star population. There are a number of scenarios as to how the first stars may
have formed, each with a distinct chemical signature for which we can test.

2. Measuring Chemical Evolution

There are several different approaches to measuring stellar abundances in nearby
galaxies. Each has their own regime of validity and interest, and all contain the
inherent assumption that the stellar abundances we observe are representative
of the abundance of the gas out of which the stars were initially formed.

For the nearest dwarf galaxies, out to about 200 kpc from us, we can obtain
high resolution spectra of individual RGB stars. This provides the most direct
information about the chemical evolution of the host galaxy over the longest time
baseline. These types of observations have been made with UVES (e.g., Shetrone
et al. 2003; Tolstoy et al. 2003; Hill et al. 2000) and also at Keck with HIRES
(e.g., Shetrone et al. 2001). High resolution spectra allow the determination
of the abundance of a wealth of different chemical elements often from more
than one spectral line. In each UVES spectrum, for example, there are around
100 lines of iron (Fe I and Fe II), there are also lines from α-elements (e.g.,
O, Ca, Mg, Ti), Fe-peak elements (V, Cr, Mn), and neutron capture elements
(e.g., Y, Ba, La, Eu). Several of these elements are also frequently observed in
high resolution absorption spectra of high-redshift damped Lyman-alpha (DLA)
systems (e.g., Zn, Cr, Mn). Direct comparison can also be made with extensive
spectroscopic surveys of stars in the Milky Way (e.g., Edvardsson et al. 1993;
McWilliam et al. 1995; Fulbright 2002).

It is also possible to take lower resolution spectra of more simple metallicity
indicators. For example the Ca II triplet at λλ8500, 8544, 8665 Å is a well
calibrated [Fe/H] indicator (e.g., Cole et al. 2000, 2003) which allows us to
trace [Fe/H] with time using RGB stars. This has been successfully applied to
several nearby galaxies, and allows us to survey galaxies out 1.5 Mpc, or almost
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Figure 1. α-Element abundances from Shetrone et al. (2001) and Tolstoy
et al. (2003) plotted versus [Fe/H] as filled symbols which represent the
individual stars observed in Carina, Leo I, Sculptor, Fornax, Draco, Ursa
Minor and Sextans dSphs. The crosses are Galactic disk star measurements
from Edvardsson et al. (1993); the open squares are halo data from McWilliam
et al. (1995) and the open circles and triangles are Galactic stars from Ryan et
al. (1995) and Fulbright (2002). This plot highlights the differences between
the α-element abundances observed in our Milky Way and in dwarf galaxies.

the entire volume of the Local Group (e.g., M31: Reitzel & Guhathakurta 2002;
LMC: Olszewski et al. 1991, Cole et al. 2000; Fornax, Sculptor & NGC 6822:
Tolstoy et al. 2001). Although this abundance measurement is quite basic (only
providing information on Fe) many measurements can efficiently be made and
this method can benefit greatly from multi-object instruments (e.g., VIMOS and
FORS on VLT and DEMOS on Keck). In fact the wavelength range of the Ca II
triplet is < 200Å, so a narrow band filter can enhance the multiplexing power
of slit mask instruments many fold.

It is also possible to observe Blue Supergiants (BSGs) at high resolution to
obtain more detailed abundance information for young stars in galaxies out to
1.5 Mpc distance. BSGs are much brighter than RGB stars, but they are also
much younger. This means that they provide us with an accurate measurement
of the present day metallicity in the galaxies where they are observed but they
do not provide a direct measurement of chemical evolution, although they are
of course the end product of galaxy evolution. Long observations with UVES
at VLT (or HIRES on Keck) are typically required for these abundance studies.
There have been several galaxies studied to date (e.g., M31, NGC 6822, WLM:
Venn et al. 2000, 2001, 2003; Sextans A: Kaufer et al. 2003). These mea-
surements can, of course, only be made in galaxies with recent star formation,
i.e. dwarf irregulars rather than dwarf spheroidals where most of the detailed
RGB abundances have been measured. Dwarf Irregulars are typically somewhat
more massive than dSph and have arguably had an evolution less disturbed by
close proximity to our Galaxy. These abundances can also be compared to H II
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Figure 2. α-element abundance plotted against time. The age of each star
is determined from an isochrone of the measured metallicity at the best fit-
ting age. The objects plotted here are stars from the same galaxies listed in
Figure 1. There is no obvious trend with age.

region metallicities, determined from emission line analysis of ionized gas. Both
measures of current chemical enrichment in a galaxy are generally in agreement
with each other, although some enigma remain (e.g., Venn et al. 2003).

3. Interpreting the Abundance Patterns

One of the, perhaps, most surprising results of the measurement of abundance
ratios in RGB in dwarf spheroidal galaxies is that the α elements are typically
found to be around solar and there is no apparent correlation between age and
star formation history and α-abundance (see Figures 1 & 2). If we were to take
the Milky Way as a template (e.g., Gilmore & Wyse 1991), for their [Fe/H] and
especially for the oldest stars in each system we would expect dwarf spheroidals
to have higher [α/Fe] than the average trend which is observed in Figure 1.

Although the number of stars with high resolution abundances in any given
dwarf spheroidal to date is on average very small (around 5), the [α/Fe] measured
is consistently low for all dSph despite widely varying ages, [Fe/H] and star
formation histories. This suggests that for dSph the Galaxy is probably not
the best template to interpret the observed abundances. It seems that low α-
abundance need not mean stars which have been made from material which
was enriched by SNIa explosion. It is possible for a low-α enrichment pattern
to exist from very early on in the star formation history of a galaxy before
there has been any time for SNIa enrichment (Tolstoy et al. 2003), unless we
have significantly overestimated the SNIa time scale at low metallicities (not
impossible). It is also possible to invoke AGB wind enrichment, as another
mechanism to diminish [α/Fe], and account for the over-abundance of s-process
elements (e.g., Ba, Y). However, the time scale for this to occur is also thought
to be at least a giga-year after the onset of star formation and so this would have
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to occur more rapidly than current predictions suggest (also not impossible) to
fully explain our observations.

It is also possible that the dwarf galaxies we observed may have an effectively
truncated Initial Mass Function, in the sense of a lack of very high mass stars.
This is not too hard to envisage as these dwarf galaxies are small systems with
extremely low star formation rates throughout their history. They may not
typically form very high mass molecular clouds, and thus the probability that a
galaxy will form many (or even any) high mass stars is statistically low. This
could explain the abundance patterns seen. In addition to the low α-element
abundances observed, the enhanced abundance of the r-process element Eu, for
example, is consistent with the scenario of predominantly low mass SNII in a
slow evolving environment.

It is also possible that blow-out has played a significant role in the chemical
evolution of these galaxies going back to the earliest times. But it would have
to be quite selective (predominantly expelling α-elements for example), and
consistent over a range of different galaxy masses (and types). Blowing up a
small galaxy is “easy” in theory, (e.g., Mori, Ferrara & Madau 2001) but it
is not so easy to find direct evidence of blow-out in a small galaxy with the
confidence that the gas currently seen flowing out will never return (e.g., Martin
et al. 2002). Determining if gas and/or metals will leave a galaxy for good is
very sensitive to the structure of the ISM in a galaxy and whether or not it
contains a significant gaseous halo, and how high the star formation rate can be
at any given time.

It is also interesting to note that [α/Fe] measured in massive (young) BSG
stars in dIrr galaxies is also low and thus unlike the Milky Way at the same
[Fe/H] (e.g., Venn et al. 2001, 2003; Kaufer et al. 2003). Another class of
object with low α-abundance measurements are damped Lyman-alpha systems
(e.g., Nissen et al. 2003, submitted). That is not to say that they are necessarily
dwarf galaxies but it appears that their chemical evolution has been similar to
that of dwarf galaxies in the Local Group.

Looking at Figure 1 it is rather clear that significant numbers of stars from
dwarf galaxies cannot be included in a merging formation scenario for our Galaxy
at any epoch. Thus, dwarf galaxies are not obvious hierarchical fragments. The
only way this aspect of standard hierarchical galaxy formation scenario can be
retained is if the dwarf galaxies merged to form larger objects like the Milky
Way very early in the Universe, before the majority of their stars were formed,
while they were still gas rich.

4. In Summary

The results of our observations of high resolution abundances of a handful of
individual stars in nearby dwarf galaxies suggest that the evolution of [Fe/H]
with time is consistent with a closed box chemical evolution scenario, although
the evidence is not very definitive with the current small samples. The role
of outflows remains unclear. We note that, despite wide variations in star for-
mation histories and [Fe/H] in dwarf galaxies, the [α/Fe] abundances are very
similar and typically Galactic-disk-like solar values for the majority of the stars
we observe. The iron peak elements observed are similar to the Galactic halo,
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but occur at higher [Fe/H]. Dwarf galaxies are thus not obvious hierarchical frag-
ments. Their slow evolution apparently leads to distinctly different abundance
patterns from those seen in the Milky Way.

To put our tentative results on a firmer basis requires spectra of many more
stars in dwarf galaxies. We have in VLT/FLAMES the ideal instrument for this
kind of study. We have put together a programme with the Dwarf Abundance
Radial-velocity Team (DART, http::/www.astro.rug.nl/∼dart) to use FLAMES
to make detailed observations at high resolution of abundances of more than
a hundred stars in each of three nearby dwarf spheroidal galaxies (Sculptor,
Fornax and Sextans). This promises dramatic new data sets in the near future
to answer many of the unresolved issues discussed here.

Acknowledgments. ET gratefully acknowledges salary and travel funds
from a fellowship of the Royal Netherlands Academy of Arts and Sciences.
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Abstract. Investigations have been performed to understand the age of dwarf
irregular galaxies from the point of view of their presently low chemical abun-
dances and the enhanced star-formation rate. While for a few objects, like
e.g. I Zw 18, their assumed relative youth can be verified by models taking a
double-starburst behavior into account, those dIrrs with old underlying stellar
populations have passed the regime of observed N/O-O values within almost
2 Gyrs after their formation even with gas loss by means of supernova-driven
galactic winds. Therefore alternative processes like gas infall must be invoked.

1. Introduction

Dwarf galaxies (DGs) serve as cornerstones for understanding the evolution of
galaxies as well as for determining the basic cosmological model. On the one
hand, they are invoked to be the building blocks for the accumulation of galaxy
mass in the hierarchical CDM cosmology, while, on the other hand, their evolu-
tionary paths from the formation to their fading and even their requested disap-
pearance differ substantially. They seem to form at all cosmological epochs, by
different processes and from different sources. Because of their low binding en-
ergy their evolution is strongly affected by internal and external energetic events
thus leading to a wide variety of morphological types.

Dwarf elliptical galaxies e.g. are an extremely common and astrophysi-
cally interesting class of galaxies, because they seem to have formed preferably
in dense environments. Objects of their extension to lower masses, the dwarf
spheroidals (dSphs), are at present only detectable within the local group, where
they appear as satellite galaxies in the vicinity of the large spiral galaxies (gSs),
M31 and the Milky Way. Although their gas is easily evacuated by accumulated
supernova explosions so that many dSphs have ceased their star formation (SF)
showing only an intermediate-age stellar population (Hodge 1989, Grebel 1997),
also more recent SF events have occurred in some objects. Those have experi-
enced two to three short and episodic SF epochs interrupted by longer periods of
quiescence. There does not exist a fully homogeneous picture of their evolution,
because in some dSphs the metallicity increases with time, indicating that gas
was partly kept in the system, while this is not the case in others.
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Equivalently, the gas-rich variant of DGs, dwarf irregulars (dIrrs), show at
present a large variety of SF rates from low to extraordinarily high values as e.g.
in starbursts (SBDGs). Another mystery of dIrrs are their unusual abundances.
As already demonstrated by Pagel (1985) some dIrrs, though with O abundances
below 1/10 solar, show also low N/O ratios of up to 0.7 dex smaller than in gSs,
with a large scatter and no significant correlation with O/H. Their regime of
N/O-O values overlap with those of H ii regions in the outermost disk parts of
gSs at around 12+log(O/H) = 8.0 ... 8.5 (van Zee, Salzer, & Haynes 1998a).
These two effects, namely, high SF rates that cannot be maintained for a Hubble
time, and low metallicities challenge the picture of dIrrs to be unevolved systems
in the early stage after their formation.

More detailed observations during the past years, however, have unveiled
old underlying stellar components in most dIrrs like e.g. in NGC 1569 (Heckman
et al. 1995) or NGC 1705 (Meurer et al. 1992). The newly formed stellar asso-
ciations are often very massive and compact, called super star clusters (SSCs).
Two possibilities are plausible to reduce the metal abundances in the presence
of old stellar populations: loss of metal-enriched gas or infall of metal-poor to
even pristine intergalactic gas. Garnett (2002) and van Zee (2001) have shown
that the effective yield in dIrrs decreases for low-mass galaxies, what means that
their element abundances, in particular O measured in H ii regions, are smaller
than those released by a stellar population and confined in a closed box. Nev-
ertheless, three fundamental questions remain open: 1) Where would a forming
dIrr be located in the N/O-O diagram during its early evolution? 2) If dIrrs are
old can they still reach the observed N/O-O regime? And 3) Which physical
process triggers such enormously high SF rates, while it is expected that due
to the low gravitational trough SF should work extremely self-regulated in DGs
(Köppen, Theis, & Hensler 1995, 1998)?

2. The Early Phases of dIrr Chemical Evolution

To study the first question we have performed chemo-dynamical numerical mod-
els of dIrrs’ evolution. The chemo-dynamical prescription properly takes the
energetics and dynamics of different gas phases, their mutual interactions and
those of the star-gas coupling into account. The chemo-dynamical formulation
in 1d and 2d dynamics with the ”materialistic” and ”energetic” equations is
described e.g. in Theis, Burkert, & Hensler (1992) and Samland, Hensler, &
Theis (1997), respectively. Its effects by application to dIrrs are various and
demonstrated e.g. in Hensler, Rieschick, & Köppen (1999), Rieschick & Hensler
(2000), Hensler & Rieschick (2002), Rieschick & Hensler (2003).

Our model starts from 1010 M¯ baryonic mass with a Plummer-Kuzmin
distribution over a radius of 20 kpc and a Dark Matter halo of 1011 M¯ dis-
tributed according to Burkert (1995). The angular momentum is set according
to the spin parameter λ=0.05. These initial conditions are chosen to represent
a protogalactic gas cloud that has been ionized by the metagalactic radiation
field until its cooling dominates and it collapses dissipatively. In addition, only
the initial stellar mass function has to be fixed as a free parameter, because the
other processes are determined by self regulation and formulated in accordance
to results from empirical or theoretical studies.
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Figure 1. The N and O enhancement during the early evolution (2 Gyrs)
for different regions of a representative dIrr that assembles a disk of 109 M¯:
galactic disk (filled dots), central 1.5 kpc (open squares), a 5 kpc sphere
without the disk (triangles), whole model galaxy (crosses).

Fig. 1 show the abundance evolution in different regions of the model for the
first 2 Gyrs. One can discern that the central region reaches already solar values
very rapidly, while the disk enhances O to 12+log(O/H) ≈ 7.8 at log(N/O)
between −1.5 and −1.0. The curve smallest in N/O demonstrates that the halo
is most O rich reaching 12+log(O/H) ≈ 8.2.

Conclusively, this chemo-dynamical model shows that dIrrs even with ex-
pulsion of O to the halo should evolve rapidly to the right-hand side in the
N/O-O diagram only touching the observed regime of dIrrs at their upper N/O
values. This evolutionary path is thus almost equal to the evolutionary tracks
published for damped Lyα systems by Henry, Edmunds, & Köppen (2000). For
the present conditions of dIrrs this means, that if they contain an old stellar
population that has polluted the ISM with the elements under consideration
and even with different effective yields due to gas loss by galactic winds, they
are expected not to be located in the observed range of N/O-O.

3. The Evolution of I Zw 18

I Zw 18 was considered until recently as one of the best candidates for a truly
“young” galaxy. However, recent HST observations were deep enough to resolve
faint stars and thus to reveal an older stellar population. Quoting Östlin (2000)
“We can thus conclude that all these different studies on independent sets of
data in various spectral regions give the same answer: that I Zw 18 is an old
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Figure 2. C, N, O evolution for the single-burst model (left panels) and dou-
ble burst ones (right panels). Both sets of yields from intermediate-mass stars
from Renzini & Voli (1981) (case R) and from van den Hoek & Groenewegen
(1997) (case V) are implemented. Dashed line is a model with a flat (x=0.5)
IMF, whereas all the other models assume a Salpeter IMF. Also shown, in the
bottom-right panel, the evolution of N/O for a model (model NP) in which we
assumed an “ad hoc” production of primary N in massive stars. The super-
imposed dashed areas represent the observational values found in literature
for IZw18.

galaxy”. But, “how old is old?”. To address this question, we performed 2-D
chemo-dynamical simulations of a model resembling I Zw 18, in order to put
constraints on the past SF history of this object. Our models consider two
possible evolutionary scenarios: bursting vs. continuous SF.

Two instantaneous bursts of SF are separated by a quiescent period of 300
Myr. Owing to the low luminosity of the first burst, a galactic wind does not
develop. After 300 Myr, most of the gas mass in the central region is cold and
dense, thus the onset of a second burst is likely. This second burst creates a
strong galactic wind and the metals produced are easily channeled along the
galactic chimney. We tested different chemical evolution yields and different
IMFs. We conclude that, in order to reproduce the abundances and abundance
ratios observed in I Zw 18, the age of the second burst of SF should be not
more than 7 Myr (Fig. 2). Details about this set of calculations can be found
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in Recchi et al. (2002). Also remarkable is that most of the metal-enriched gas
locked inside the galactic region (i.e. the region in which stars are present) cools
in a relatively short time-scale, at variance with previous similar estimates.

We adopt the SF rate as suggested by Aloisi, Tosi & Greggio (1999), namely
constant for almost 300 Myr with 6× 10−3 M¯ y−1, and superimpose a second,
more vigorous burst of 3× 10−2 M¯ y−1, lasting for 5 Myr. The favored age of
the last burst is, assuming this SF history, around 15 Myr. As discernible in
Fig. 2 the model N/O is larger than observed. This is due to the fact that the
last burst of SF is only 5 times more intense than the average SFR and lasts for
only 5 Myr. The O production is not enough to compensate the N coming from
intermediate-mass stars. There are indications (Chiappini et al. 2003) that the
sets of yields of van den Hoek & Groenewegen (1997) overestimate N. Recent
models of stellar evolution with rotation (Meynet & Maeder 2002) predict less
N, although they do not take into consideration the third dredge-up. These
models are much more promising in order to reproduce the chemical evolution
of metal-poor systems.

We test also the effect of a cloudy medium, in which gas exchange processes
by means of condensation and evaporation are acting between the cloud and the
surrounding diffuse medium and to how it changes the chemical evolution. The
time-scale for a complete evaporation of clouds is around 30 Myr. Only clouds
outside the central region can survive after the first tens of Myr. In these models
thus less energy is available to drive the galactic wind, but the difference with
the “smooth” models is still small.

In conclusion, we can state that the last burst of SF in I Zw 18 is very
young (less than 15 Myr), in agreement with other estimates (Hunt et al. 2003;
Mas-Hesse & Kunth 1999). Stars older that 300 Myr are not required in order
to reproduce the chemical composition of the neutral and ionized medium.

4. The Rejuvenation of dIrrs by Gas Infall

Instead of reducing the element abundances by means of galactic winds driven
by different episodes of SBs (e.g. in the models by Garnett (1990), Pilyugin
(1992), Marconi, Matteucci, & Tosi (1994)) it is also plausible that infall of
gas reduces the abundances. Moreover, the SF triggered by gas infall would
fit into this scenario. This seems to be proven observationally, because of the
growing evidence that most SBDGs are surrounded by large H i reservoirs (e.g.
NGC 4449: Hunter et al. 1998; I Zw 18: van Zee et al. 1998b). At least, their
exist two clear indications that such gas like in the case of He 2-10 collides
with the luminous stellar body of the dIrr producing several knots of SSCs
(Kobulnicky et al. 1995) or like in NGC 1569 falls in (Stil & Isreal 2003) where
two massive star clusters are ignited. This infall scenario has to be elaborated
(Hensler et al. 1999; Hensler et al. 2003).
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Abstract. Stars more massive than∼ 20−25 M¯ form a black hole at the end
of their evolution. Stars with non-rotating black holes are likely to collapse ”qui-
etly” ejecting a small amount of heavy elements (Faint supernovae). In contrast,
stars with rotating black holes are likely to give rise to very energetic supernovae
(Hypernovae). Nucleosynthesis in Hypernovae is characterized by larger abun-
dance ratios (Zn,Co,V,Ti)/Fe and smaller (Mn,Cr)/Fe than normal supernovae,
which can explain the observed trend of these ratios in extremely metal-poor
stars. Nucleosynthesis in Faint supernovae is characterized by a large amount of
fall-back. We show that the abundance pattern of the recently discovered most
Fe-poor star, HE0107-5240, and other extremely metal-poor carbon-rich stars
are in good accord with those of black-hole-forming supernovae, but not pair-
instability supernovae. This suggests that black-hole-forming supernovae made
important contributions to the early Galactic (and cosmic) chemical evolution
as the First (Pop III) Supernovae.

1. Hypernova Branch and Faint Supernova Branch

Among the important developments in recent studies of core-collapse supernovae
are the discoveries of two distinct types of supernovae (SNe): 1) very energetic
SNe (Hypernovae), whose kinetic energy (KE) exceeds 1052 erg, about 10 times
the KE of normal core-collapse SNe (hereafter E51 = E/1051 erg), and 2) very
faint and low energy SNe (E51 ∼< 0.5; Faint supernovae, e.g., Zampieri, et al.
2003). These two types of supernovae are likely to be “black-hole-forming”
supernovae with rotating or non-rotating black holes. Figure 1 shows E and
the mass of 56Ni ejected, M(56Ni), as functions of the main-sequence mass Mms

of the progenitor star obtained from fitting the optical light curves and spectra
(Nomoto et al. 2003ab; Zampieri et al. 2003).

2. Hypernovae and Zn, Co, Mn, Cr

In core-collapse supernovae/hypernovae, iron-peak elements are produced in two
distinct regions, which are characterized by the peak temperature, Tpeak, of the
shocked material. For Tpeak > 5×109K, material undergoes complete Si burning
whose products include Co, Zn, V, and some Cr after radioactive decays. For
4 × 109K < Tpeak < 5 × 109K, incomplete Si burning takes place and its after
decay products include Cr and Mn.

Nucleosynthesis with very large explosion energies has the following char-
acteristics (Nakamura et al. 2001):
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Figure 1. The explosion energy and the ejected 56Ni mass as a function of
the main sequence mass of the progenitors for several supernovae/hypernovae
(Nomoto et al. 2003ab).

(1) Both complete and incomplete Si-burning regions shift outward in mass
compared with normal supernovae, so that the mass ratio between the complete
and incomplete Si-burning regions becomes larger. As a result, higher energy
explosions tend to produce larger [(Zn, Co, V)/Fe] and smaller [(Mn, Cr)/Fe],
which can explain the trend observed in very metal-poor stars (Umeda & Nomoto
2002, 2003b).

(2) In the complete Si-burning region of hypernovae, elements produced by
α-rich freezeout are enhanced. Hence, elements synthesized through capturing
of α-particles, such as 44Ti, 48Cr, and 64Ge (decaying into 44Ca, 48Ti, and 64Zn,
respectively) are more abundant.

At early epochs the Galaxy was not yet chemically well-mixed, so that
[Fe/H] may well be determined by a single SN event (Audouze & Silk 1995).
Hypernovae with larger E are likely to induce the formation of stars with smaller
[Fe/H], because the mass of interstellar hydrogen swept up by a hypernova is
roughly proportional to E (Ryan et al. 1996; Shigeyama & Tsujimoto 1998) and
the ratio of the ejected iron mass to E is smaller for hypernovae than for normal
supernovae.

In the observed abundances of halo stars, there are significant differences
between the abundance patterns in the iron-peak elements below and above
[Fe/H]∼ −2.5 to −3.

(1) For [Fe/H]∼< −2.5, the mean values of [Cr/Fe] and [Mn/Fe] decrease
toward smaller metallicity, while [Co/Fe] increases (McWilliam et al. 1995;
Ryan et al. 1996).

(2) [Zn/Fe]∼ 0 for [Fe/H] ' −3 to 0 (Sneden, Gratton, & Crocker 1991),
while at [Fe/H] < −3.3, [Zn/Fe] increases toward smaller metallicity (Primas et
al. 2000; Blake et al. 2001).
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Figure 2. Observed abundance ratios of [Zn, Mn/Fe] vs [Fe/H] compared
with the (20M¯, E51 = 1) and (25M¯, E51=30) models (large open circles).

The larger [(Zn, Co)/Fe] and smaller [(Mn, Cr)/Fe] in the supernova ejecta
can be realized if the mass ratio between the complete Si burning region and the
incomplete Si burning region is larger, or equivalently if deep material from the
complete Si-burning region is ejected by mixing or aspherical effects. This can
be realized if (1) E is larger to move the outer edge of the complete Si burning
region to larger Mr, or (2) asphericity in the explosion is larger.

A large explosion energy E enhances α-rich freezeout, which results in an
increase of the local mass fractions of Zn and Co, while Cr and Mn are not
enhanced (Umeda & Nomoto 2002, 2003b). Therefore, hypernovae could explain
the large Zn and Co abundances and the small Mn and Cr abundances observed
in very metal-poor stars (Fig. 2).

3. Extremely Metal-Poor (EMP) Stars

Recently the most Fe deficient and C-rich low mass star, HE0107-5240, was
discovered (Christlieb et al. 2002). This star has [Fe/H] = −5.3 but its mass is
as low as 0.8 M¯. This would challenge the recent theoretical arguments that
the formation of low mass stars, which should survive until today, is suppressed
below [Fe/H] = −4 (Schneider et al. 2002).

The important clue to this problem is the observed abundance pattern of
this star. This star is characterized by very large ratios of [C/Fe] = 4.0 and
[N/Fe] = 2.3, while the abundances of elements heavier than Mg are as low as
that of Fe (Christlieb et al. 2002). Interestingly, this is not the only extremely
metal poor star to exhibit large C/Fe and N/Fe ratios, but several other such
stars have been discovered (Aoki et al. 2002).

3.1. The Most Fe-Poor Star HE0107-5240

We consider a model in which C-rich EMP stars are produced in the ejecta
of (almost) metal-free supernova mixed with extremely metal-poor interstellar
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Figure 3. (left) The abundance distributions for the 25 M¯ model with the
explosion energy E51 = 0.3. (right) Elemental abundances of the C-rich most
Fe deficient star HE0107-5240 (filled circles), compared with a theoretical
supernova yield (Umeda & Nomoto 2003a).

matter (Umeda & Nomoto 2003a). In Figure 3 (right) we show that the elemen-
tal abundances of one of our models are in good agreement with HE0107-5240,
where the progenitor mass is 25 M¯ and the explosion energy E51 = 0.3.

In this model, explosive nucleosynthesis takes place behind the shock wave
that is generated at Mr = 1.8 M¯ and propagates outward. The resultant abun-
dance distribution is seen in Figure 3 (left), where Mr denotes the Lagrangian
mass coordinate measured from the center of the pre-supernova model (Umeda
& Nomoto 2003a). The processed material is assumed to mix uniformly in the
region from Mr = 1.8 M¯ and 6.0 M¯. Almost all materials below Mr = 6.0
M¯ fall back to the central remnant and only a small fraction (f = 2× 10−5) is
ejected from this region. The ejected Fe mass is 8 × 10−6 M¯.

The CNO elements in the ejecta were produced by pre-collapse He shell
burning in the He-layer, which contains 0.2 M¯ of 12C. Mixing of H into the He
shell-burning region produces 4 × 10−4 M¯ of 14N. On the other hand, only a
small amount of heavier elements (Mg, Ca, and Fe-peak elements) are ejected
and their abundance ratios are the average in the region of Mr = 1.8 − 6.0
M¯. The sub-solar ratios of [Ti/Fe] = −0.4 and [Ni/Fe] = −0.4 are the results
of the relatively small explosion energy (E51 = 0.3). With this “mixing and
fallback”, the large C/Fe and C/Mg ratios observed in HE0107-5240 are well
reproduced (Umeda & Nomoto 2003a). The “mixing and fall-back” effect may
also be effectively realized in non-spherical explosions accompanying energetic
jets (e.g., Maeda et al. 2002, 2003; Maeda & Nomoto 2003).

In this model, (N, Na)/Fe appear to be underproduced. However, N and
Na can be produced inside the EMP stars through the C-N cycle, and brought
up to the surface during the first dredge up stage while becoming a red giant
star (Boothroyd & Sackmann 1999; Iwamoto et al., in preparation).
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Figure 4. (left) Elemental abundances of CS 22949-037 (open circles for
Norris et al. 2001, and solid squares for Depagne et al. 2002), compared
with a theoretical supernova yield. (right) Averaged elemental abundances of
stars with [Fe/H] = −3.7 (Norris et al. 2001) compared with a theoretical
supernova yield (Umeda & Nomoto 2003ab).

3.2. Carbon-rich EMP stars: CS 22949-037 and CS 29498-043

The “mixing and fallback” scenario is commonly required to reproduce the abun-
dance pattern of typical EMP stars. In Figure 4 (left) we show a model, which
is in good agreement with CS22949-037 (Umeda & Nomoto 2003a). This star
has [Fe/H] = −4.0 and is also C, N-rich (Norris, Ryan, & Beers 2001; Depagne
et al. 2002), though the C/Fe and N/Fe ratios are smaller than in HE0107-5240.
The model is the explosion of a 30 M¯ star with E51 = 20. In this model, the
mixing region (Mr = 2.33 − 8.56 M¯) is chosen to be smaller than the entire
He core (Mr = 13.1 M¯) in order to reproduce the relatively large Mg/Fe and
Si/Fe ratios.

A similar degree of the mixing, but for a more massive progenitor, would
also reproduce the abundances of CS29498-043 (Aoki et al. 2002).

We assume a larger fraction of ejection than in HE0107-5240, 2%, from the
mixed region for CS22949-037, because the C/Fe and N/Fe ratios are smaller.
The ejected Fe mass is 0.003 M¯. The larger explosion energy model is favored
to explain the large Zn/Fe, Co/Fe and Ti/Fe ratios (Umeda & Nomoto 2002).

3.3. EMP Stars with a Typical Abundance Pattern

Similarly, the “mixing and fall back” process can reproduce the abundance pat-
tern of the typical EMP stars without enhancement of C and N. Figure 4 (right)
shows that the averaged abundances of [Fe/H] = −3.7 stars in Norris et al.
(2001) can be fitted well with the model of 25 M¯ and E51 = 20 but with a
larger fraction (∼ 10%) of the processed materials in the ejecta. This yield
(Umeda & Nomoto 2003b) is recommended as the averaged core-collapse SN
yield to be used in chemical evolution models.

4. The First Stars

We have shown that the ejecta of black-hole-forming supernovae from 20− 130
M¯ stars can well account for the abundance pattern of EMP stars. In contrast,
the observed abundance patterns, such as the large C/Fe observed in HE0107-
5240 and other C-rich EMP stars, cannot be explained by pair-instability super-
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novae (PISNe) of 130−300 M¯ stars (Umeda & Nomoto 2002; Heger & Woosley
2002). The abundance ratios of iron-peak elements ([Zn/Fe] < −0.8 and [Co/Fe]
< −0.2) in the PISN ejecta cannot explain the large Zn/Fe and Co/Fe observed
in typical EMP stars nor in CS22949-037.

We thus propose that the first generation supernovae were the explosion of
∼ 20 − 130 M¯ stars and that some of them produced C-rich, Fe-poor ejecta.
Then small mass stars with even [Fe/H] < −5 can form from the mixture of such
a supernova ejecta with the (almost) metal-free interstellar medium, since the gas
can cool efficiently thanks to the enhanced C and O abundances ([C/H]∼ −1).
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Abstract. Damped Lyman-alpha absorbers in quasar spectra provide a
unique tool to directly measure the abundances of elements in galaxies at red-
shifts 0 < z < 5, and hence probe the chemical evolution of galaxies over > 90%
of the age of the Universe. Since cosmic chemical evolution models predict the
global metallicity of galaxies to increase with time, it is of great interest to deter-
mine whether DLAs actually show such a trend. We discuss statistical analysis
of existing DLA Zn data to examine the metallicity-redshift relation, and a com-
parison of the observed data with models of cosmic chemical evolution. We also
describe efforts to expand the DLA abundance sample at z < 1.5, where the
current data are particularly sparse. Finally, we discuss emission-line imaging
studies of the absorber galaxies and compare constraints on their star formation
rates with models based on the global star formation history.

1. Introduction

The damped Lyman-alpha (DLA) absorption systems in quasar spectra have
high H I column densities NHI ≥ 2×1020 cm−2, and contain most of the neutral
gas in galaxies, nearly enough to form all of the stars visible today (Wolfe et
al. 1995). DLAs are therefore expected to shed light on the history of star
formation and heavy element production in galaxies. Furthermore, DLAs are
selected only by the presence of high H I column density, regardless of the
apparent brightness of the underlying galaxy. Therefore they are expected to
offer a relatively unbiased representation of normal galaxies.

The exact nature of DLAs and their relation to present-day galaxies is not
quite clear. But DLAs are presently our principal source of information about
the chemical content of normal high-z galaxies, since spectroscopic studies have
yielded abundances for a large range of elements in a substantial number of
DLAs. Several emission-line imaging searches for DLAs have also tried to con-
strain the star formation rates in these objects. The combination of spectro-
scopic and imaging information can make DLA observations a powerful tool for
understanding the history of element production and star formation in galaxies.

2. Evolution of Metallicity

2.1. Constraints from the Existing Data

Several studies of element abundances in DLAs have been carried out using data
from 4-m and 8-m class optical telescopes (e.g., Meyer, Welty, & York 1989; Lu
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et al. 1996; Kulkarni et al. 1996; Kulkarni, Fall, & Truran 1997; Pettini et
al. 1994, 1997; Prochaska & Wolfe 1999, 2000; Prochaska et al. 2001, 2003;
and references therein). Zn is considered a good probe of the total (gas + solid
phase) metallicity in DLAs because Zn tracks Fe in most Galactic stars, it is
undepleted on interstellar dust grains, and the lines of the dominant ionization
species Zn II are often unsaturated. The NHI-weighted mean metallicity,

Z =
ΣN(Zn II)i/ΣN(H I)i

(Zn/H)¯
Z¯, (1)

is a good measure of the global mean metallicity (Kulkarni & Fall 2002).
Most cosmic chemical evolution models ranging from analytical studies to

hydrodynamical simulations predict the global metallicity to rise from nearly
zero at high z to nearly solar at z = 0 (e.g., Malaney & Chaboyer 1996; Pei & Fall
1995; Pei, Fall, & Hauser 1999; Somerville et al. 2001; Tissera et al. 2001). The
present-day mass-weighted mean metallicity of local galaxies is indeed nearly
solar (e.g., Kulkarni & Fall 2002). If DLAs trace an unbiased sample of normal
galaxies, their interstellar mean metallicity may also be expected to rise with
time. It is therefore of great interest to ask whether or not DLAs actually show
this trend. Surprisingly, there has been great debate about this issue, with most
studies advocating no evolution in the global mean metallicity (Pettini et al.
1997, 1999; Prochaska & Wolfe 1999; Vladilo et al. 2000; Prochaska & Wolfe
2000; Savaglio 2000; Prochaska et al. 2001; Prochaska & Wolfe 2002).

We have examined this question by compiling 57 DLA Zn measurements for
0.4 < z < 3.4 from the literature (36 detections and 21 limits; Kulkarni & Fall
2002). We applied a variety of statistical techniques, including a binned linear
χ2 fit to Z vs. z, an unbinned N(H I)-weighted nonlinear χ2 fit to an exponential
relation, survival analysis to treat limits on Zn, and a comparison of data with
chemical evolution models. Fig. 1 shows the N(HI)-weighted mean metallicity
Z̄ vs. redshift relation. Treating limits with survival analysis, the slope of the
metallicity-redshift relation is −0.26 ± 0.10, consistent at the ≈ 2 − 3σ level
both with model predictions (−0.25 to −0.61) and with no evolution. Recently,
Prochaska et al. (2003) have reported a similar value for this slope (−0.26±0.07)
using Zn data in 11 DLAs together with Fe, Si, S, or O data for 114 other DLAs.
These studies suggest that there may be some metallicity evolution in DLAs.

2.2. Improving the Statistics at z < 1.5

The main reason for the large uncertainty in the slope of the metallicity-redshift
relation is the small number of measurements, especially at z < 1.5. Most
previous DLA Zn studies have focused on z > 1.5 because the Zn II λλ 2026,
2062 lines lie in the ultraviolet (UV) for z < 0.6, and the Lyman-α line lies in
the UV for z < 1.6. For 0.6 < z < 1.3, the Zn II lines can be accessed with
ground-based telescopes, but lie at blue wavelengths where most spectrographs
have lower sensitivity. It is very important to obtain more data at z < 1.5,
because this regime spans ∼ 70% of the age of the Universe (for Ωm = 0.3,
ΩΛ = 0.7). The low-z data have great leverage on the slope of the metallicity-
redshift relation, and can clarify the relation of DLAs to present-day galaxies.

To improve the statistics of the metallicity-redshift relation at intermediate
redshifts, we have recently started a survey of element abundances for DLAs
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Figure 1. N(HI)-weighted mean Zn metallicity vs. redshift for DLAs
(Kulkarni & Fall 2002). Vertical error bars denote 1 σ uncertainties. Hori-
zontal bars denote redshift spreads in each bin. Short-dashed, dotted, solid,
and long-dashed curves show, respectively, the mean metallicity in models
of Malaney & Chaboyer (1996), Pei & Fall (1995), Pei et al. (1999), and
Somerville et al. (2001). The nonlinear scale on the top x-axis denotes frac-
tional look-back time for Ωm = 0.3 and ΩΛ = 0.7.

at 0.6 < z < 1.5 using the blue channel spectrograph on the Multiple Mirror
Telescope (MMT). These spectra have resolution of ≈ 75 km s−1, while the S/N
near the Zn II λ 2026 line is 25–130 for most objects. A wide range of Zn II line
strengths is seen among the DLAs in our sample (Khare et al. 2003).

We are also carrying out a study of element abundances in DLAs at 0.1 <
z < 0.5 with the Hubble Space Telescope. Most of these have log NHI > 20.9
and are relatively important in determining the NHI-weighted mean metallicity
at low redshifts. The observations are being obtained with the Space Telescope
Imaging Spectrograph (STIS) CCD and near-UV Multi-Anode Micro-channel
Array (MAMA), at dispersions of 0.09 or 0.15 Å, and are being analyzed with
IRAF/STSDAS. Together, our MMT and HST data have so far doubled the
z < 1.5 DLA Zn sample. These and future data at z < 1.5 will help to clarify
whether or not the global mean metallicity in DLAs shows evolution.

3. Star Formation History

Closely related to the history of metal production is the history of star formation.
The cosmic star formation history has been estimated on the basis of deep galaxy
imaging surveys such as the Canada-France Redshift Survey (Lilly et al. 1996)
and the Hubble Deep Field (HDF; Madau et al. 1996, 1998). It is interesting to
compare the star formation history of DLAs to the global star formation history.
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Figure 2. Measurements of SFRs (in M¯ yr−1) for quasar absorption se-
lected objects, based on narrow-band imaging and spectroscopic searches for
Ly-α and H-α emission lines. See text for further details.

3.1. Emission-line Imaging Studies of DLAs

One way to estimate the star formation rates (SFRs) in DLAs is by direct
imaging in emission lines such as Ly-α or H-α commonly found in star-forming
regions. The H-α line, although intrinsically weaker than Ly-α, is less susceptible
to effects of dust attenuation. However, the imaging of DLAs is in general
difficult because of the possibility of a small angular separation between the
quasar and the foreground absorbing galaxy. High-resolution studies with the
Hubble Space Telescope have been carried out for some DLAs. For the low-z
DLAs, a variety of morphologies has been observed. For high-z DLAs (z ≥ 1.5),
the situation remains unclear. Most attempts to detect and spectroscopically
confirm high-z DLA galaxies with zabs < zem have been unsuccessful.

To detect the underlying galaxies and measure their SFRs, we are carrying
out deep imaging studies of high-redshift absorbers using HST and ground-
based facilities. With the Near Infrared Camera and Multi-Object Spectrograph
(NICMOS) on the HST, we have obtained diffraction-limited continuum and H-
α images of DLAs with z ≈ 1.9, at a FWHM of 0.15-0.17′′ (Kulkarni et al.
2000, 2001). The highly stable and reproducible point spread function (PSF)
of the HST NICMOS enabled us to search for absorbing galaxies as close as
∼ 0.2′′ from the quasar. After careful PSF subtraction, only a few compact
features were seen, which did not show excess emission in H-α compared to the
continuum. The non-detections imply 3 σ upper limits on the SFRs of 1.3− 4.0
M¯ yr−1. These limits are much tighter than those reached previously (e.g.,
with ground-based spectroscopy of Bunker et al. 1999). A similar conclusion
has also been reached by Bouché et al. (2001) for a z ≈ 0.7 DLA.
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Recently, we have obtained deep Ly-α images of quasar absorber fields at
z = 2.3− 2.6 using the NASA Goddard Space Flight Center’s Fabry Perot (FP)
imager at the Apache Point Observatory (APO) 3.5 m telescope (Kulkarni et al.
2003). The FP serves as a tunable narrow-band filter (400-700 km s−1 FWHM).
In integrations of 400-720 minutes per object, we are reaching 3 σ flux sensitivity
of 1.0× 10−17 erg s−1 cm−2, allowing some of the best existing SFR constraints.

3.2. Comparison with Global Star Formation History

Fig. 2 shows a compilation of SFRs vs. redshift data for quasar absorbers from
our NICMOS studies and other emission-line studies in the literature. All mea-
surements are normalized to q0 = 0.5 and H0 = 70 km s−1 Mpc−1. The curves
show the predictions of Bunker et al. (1999), for the cross-section-weighted SFR
for large proto-spiral disks (LD5) and sub-galactic pieces in a hierarchical sce-
nario (H5). These calculations are based on the closed-box global SFR model
of Pei & Fall (1995), which agrees with the luminosity density of galaxies from
the deep imaging surveys such as the HDF.

Many of the data points in Fig. 2 are for candidates that have not been
confirmed spectroscopically. But it is clear that the SFRs of a large fraction
of the absorption-selected objects lie far below the model predictions. Thus
there appears to be a dichotomy between the absorption and emission pictures
of the star formation history of galaxies. This discrepancy seems related to the
“missing metals problem” noted by Wolfe et al. (2003). Using C II∗ absorption,
they estimate SFRs per unit area in DLAs to be comparable to the Galactic
value, but find the predicted metal density to be far higher than the observations.
One possibility is that the SFRs appear to be low because of dust attenuation,
which could also make the metallicity-redshift relation appear flatter than it
really is (e.g., Kulkarni & Fall 2002 and references therein). Another possibility
is that star formation occurs in compact regions. Further spectroscopic and
imaging studies, including large samples of radio-selected quasars, are essential
to better understand how important dust selection effects are and where DLAs
lie in the overall history of metal production and star formation in galaxies.
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The Star Formation History of Damped Lyman Alpha
Systems

Arthur M. Wolfe

University of California, San Diego, CASS, 9500 Gilman Drive, La
Jolla, CA, 92093-0424

Abstract. The C II∗ technique for measuring star formation rates
(SFRs) in damped Lyα systems (DLAs) is described. We measure cooling rates
of the gas from the strength of C II∗ 1335.7 absorption lines, and infer heating
rates by assuming the gas is heated by the grain photoelectric mechanism. Since
the heating rates depend on the intensity of FUV radiation, we deduce the SFRs
per unit area, which are comparable to the value in the Milky Way disk. From
DLA statistics we obtain the SFRs per unit comoving volume at z=[1.6,4.5],
which are similar to the rates in Lyman Break Galaxies. Implications such as
the presence of a two-phase medium, metal production, and feedback processes
are described. The model is tested and found to be consistent with observations.

1. Introduction

In this talk I describe a new technique for measuring SFRs in protogalaxies.
The technique differs from traditional methods, which rely on the detection
of starlight (e.g. Steidel et al. 1999). Rather, it relies on feedback between
radiation emitted by newly formed stars and the surrounding interstellar gas.
Specifically, we detect the gas in absorption against background QSOs in the
C II∗ 1335.7 transition, which measures the rate at which the gas is heated.
Therefore, the sample of protogalaxies is cross-section weighted rather than lu-
minosity weighted. As a result the SFRs we obtain are not limited to the most
luminous objects, but instead refer to a more representative portion of the pro-
togalactic mass distribution.

Our sample of protogalaxies is comprised of DLAs, a population of high-z
layers of neutral gas, which dominate the neutral gas content of the universe at
z=[0,5], and contain sufficient gas to account for a significant fraction of visible
stars in modern galaxies (e.g. Storrie-Lombardi & Wolfe 2000). For these reasons
the DLAs are widely regarded to be the progenitors of modern galaxies (Peebles
1993).

2. The C II∗ Technique

Assume neutral gas in DLAs is heated by the same grain photoelectric mecha-
nism that heats the ISM (Bakes & Tielens 1994). In that case the heating rate
per H atom is given by Γd = 10−24κεG0 erg s−1 H−1, where κ is the dust-to-gas
ratio relative to the Milky ISM, ε is the grain photoelectric heating efficiency, and
G0=4πJ/1.6×10−2 ergs cm−2 s−1 where J is the FUV mean intensity (Bakes &
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Figure 1. lc versus N(H I). Data points with error bars show positive de-
tections, and 2−σ upper and lower limits. Solid and dashed data points cor-
respond to HIRES and ESI data respectively. Small stars depict detections
toward H I clouds in the ISM. The large star is the spontaneous emission rate
per H atom averaged over the ISM

Tielens 1994). Because of their low dust content, plane parallel layers compris-
ing DLAs are optically thin to FUV radiation. Therefore, J is proportional to
the line integral

∫

ρLds where the source function ρL is the luminosity density of
starlight in DLAs. Thus, J is proportional to the projected luminosity per unit
area, which is proportional to ψ̇∗ since FUV radiation comes from short-lived
upper main-sequence stars. Consequently, a measurement of J determines ψ̇∗.
Because ε has been calculated (Bakes & Tielens 1994) and it is straightforward

to determine κ, we can obtain ψ̇∗ provided we measure the heating rate.
We determine the heating rate by equating it to the cooling rate. In the ISM,

cooling is dominated by [C II] 158 µm emission, which results from the transition
between the 2P3/2 and 2P1/2 fine-structure states. Let the density-weighted
cooling rate averaged along the line-of-sight be given by lc = N(CII∗)hνulAul

/N(HI) erg s−1 H−1 (Pottasch 1979) where hνul and Aul are the energy and
spontaneous emission coefficient for the fine-structure transition, and N(C II∗)
is the column density of C+ ions in the 2P3/2 state. We obtain lc from UV
spectroscopy by inferring N(C II∗), from C II∗ 1335.7 absorption lines arising
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from the 2P3/2 → 2D3/2 transition and N(H I) from the damped Lyα line.
Using the HIRES and ESI spectrographs on the Keck 10 m telescopes we have
determined lc for 50 DLAs. The results shown in Figure 1 indicate that lc for
the main body of DLA detections is about 1/30 of lc for the ISM. The ratio of
the two heating rates is simply explained if the DLA and ISM gas are heated
by the same grain photoelectric effect. Moreover, if G0 and ε in DLAs assume
the same values as in the ISM, the ratio of the heating rates equals the ratio of
the dust-to-gas ratios, κ, which according to Pettini et al. (1994) is remarkably

close to 1/30. This suggests that ψ̇∗ in DLAs is similar to that in the ISM and
that the DLA heating rates are lower only because of the paucity of dust.

We checked this hypothesis by computing the thermal equilibria of gas
heated by cosmic rays, X-rays, and FUV radiation, and which cools via excita-
tion of fine-structure transitions of abundant low ions, Lyα radiation, and grain
radiative recombination (see Wolfire et al. 1995; Wolfe, Prochaska, & Gawiser
2003; hereafter WPG): we assumed the ratio of X-ray and cosmic ray heating

rates to ψ̇∗ to be the same as in the ISM. The resulting equilibria admit two
thermally stable phases: a warm neutral medium (WNM) and a cold neutral
medium (CNM). By assuming the CNM and WNM are in pressure equilibrium
at a unique pressure, Peq, we infer the stable densities, nCNM and nWNM , and
quantities such as temperature, ionization fraction, and lc for each phase. We
find that while [C II] 158 µm emission is the dominant coolant in the CNM, it
is only a small fraction of the total cooling rate in the WNM.

For these reasons we considered two models in which CNM and WNM
gas are in pressure equilibrium at P = Peq: a CNM model in which the QSO
sightline intersects comparable column densities of CNM and WNM gas, and
a WNM model in which only the WNM gas is encountered. We constructed
2-phase models for each of the DLAs in our sample. For a DLA with a given
metallicity, [M/H], and κ we solve the transfer equation for G0 corresponding to

a selected ψ̇∗ for a uniform disk and vary ψ̇∗ until the predicted lc at nCNM or
nWNM agrees with the observed lc (see WPG for details). The results show no

evidence for evolution of ψ̇∗ in either model for z=[1.6, 4.5]. Furthermore, the

mean SFR per unit area, <ψ̇∗>, is comparable to the Milky Way rate for the
CNM model, but, as expected, is much higher for the WNM model.

3. Global SFRs and Implications

We deduce the SFR per unit comoving volume, ρ̇∗(z), a quantity with cos-

mological significance, by combining < ψ̇∗(z) > for a given redshift bin with an
expression for the incidence of DLAs per unit absorption distance, dN/dX. The
redshift dependence of ρ̇∗(z) implies a luminosity density history that gives rise
to background radiation. The bolometric background intensity generated by the
WNM model exceeds the 95 % confidence upper limits placed on the background
intensity (e.g. Hauser & Dwek 2001) and is therefore ruled out (Wolfe, Gawiser,
& Prochaska 2003; hereafter WGP). The resulting ρ̇∗(z) for the surviving CNM
model are shown in Figure 2. The approximate agreement between ρ̇∗(z) de-
termined for DLAs and Lyman Break Galaxies (LBGs) is either a coincidence
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Figure 2. Solid data points depict ρ̇∗ and 68% confidence errors for con-
sensus CNM model. Dotted data points are from galaxies detected in emis-
sion: two highest redshift points are for LBGs (see WPG). Smooth curve
is eyeball fit to consensus CNM model and galaxy data. Cosmology with
ΩM=1.0,ΩΛ=0.0, and h=0.5 assumed. Note, the DLA data points include
systematic errors not included in the galaxy data.

or indicates a connection between DLAs and LBGs. This question is currently
under investigation.

Our results have several implications (see WGP). First, time integrals of
the ρ̇∗(z) curve in Figure 2 result in the densities of stars and metals at a given
redshift. Although the mass of stars produced by z=0 is consistent with the
masses of stellar populations in modern galaxies, the mass of metals produced
by z=2.5 is more than a factor of 20 higher than is observed in DLAs at that
redshift. This generic problem also appears in CDM models (Nagamine et al.
2003) and in semi-analytic models (e.g. Somerville et al. 2001), but is absent
in the models of Pei et al. (1999), which account for selection biases due to
dust. We suggest that star formation confined to a centrally located “bulge”
region offers a possible solution to this dilemma. In this scenario, rapid metal
enrichment occurs in a compact bulge, an old but metal-rich population (Wyse
et al. 1997), while FUV radiation leaks out of the bulge to heat the spatially
extended H I gas detected in absorption. WGP find that the ρ̇∗(z) predicted for
the bulge scenario is the same as for star formation throughout a uniform disk.
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Figure 3. lc versus density for 6 DLAs heated by FUV background radia-
tion alone. CMB excitation dominates at low n, grain photoelectric heating
dominates at intermediate n, and C I photoionization heating dominates at
highest n. Measured lc, depicted as horizontal lines, have typical 1-σ error
bars of ± 0.2 dex.

Second, WGP searched for evidence of feedback and found tentative evi-
dence in two cases. They found evidence, at 2-σ significance, for a correlation
between ψ̇∗ and [Si/H], which, if confirmed, would be consistent with similar cor-
relations found in nearby galaxies (Garnett et al. 1997), and which is predicted
in CDM models for galaxy formation (Nagamine et al. 2003). WGP also found

a more significant correlation (> 3-σ significance) between ψ̇∗ and low-ion line

width, ∆vlow. Because ψ̇∗ is a global quantity integrated over the star forming
region of the DLA, such a correlation would imply ∆vlow is also global, which
would indicate ∆vlow corresponds to the virial velocity of the dark matter halo
enclosing the gas. If confirmed, this would be a valuable diagnostic of numerical
models for star formation in DLAs, which predict how ψ̇∗ depends on halo mass
(Springel & Hernquist 2003). At the same time WGP found no evidence for a

correlation between ψ̇∗ and N(H I) nor ψ̇∗ and high-ion line width.
WGP tested the C II∗ model, by showing that the observed lc could not be

due to radiative excitations from the high-redshift CMB. Nor can it arise from
heating by the grain photoelectric effect or C I photoionization if the radiation
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source is the FUV background. Fig. 3 shows the observed lc lies above the
predicted cooling rates in all cases. Therefore, in contrast to the Lyα forest, an
internal source of heat is required for DLAs. WGB also demonstrated a highly
significant correlation between lc and κ. This is predicted if C II∗ absorption
arises in CNM gas heated by the grain photoelectric effect for a given SFR. It
is not naturally predicted for heating by cosmic rays or soft X-rays.

More recently, we tested the CNM model by searching for evidence of
Si II∗ 1264.3 absorption. Because this transition arises from a 2P3/2 state 410
K above the ground state, it can only be detected in WNM gas where T>>400
K. If C II∗ and Si II∗ absorption arise in WNM gas, the optical depth ratio
τ(Si II∗)/τ(C II∗) reaches a maximum value of 0.025. Howk et al. (2003) find
this ratio is significantly smaller than 0.025 and that T < 400K for a high-z
DLA. This test is independent of the heating mechanism, and only depends on
collision strengths and radiative recombination coefficients for the C II∗ and Si
II∗ transitions. It provides unambiguous evidence for CNM gas in a high-z DLA.

Acknowledgments. The author wishes to thank his collaborators J. X.
Prochaska, E. Gawiser, and J. C. Howk for their contributions to this research
which is supported by NSF grants AST 0071257 and AST0307824.
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The Evolution of the C/O ratio in Metal-Poor Halo Stars
C.J. Akerman1, L. Carigi2, P.E. Nissen3, M. Pettini1, M. Asplund4 1Institute of
Astronomy, Cambridge, UK; 2Instituto de Astronomı́a, UNAM, México; 3University
of Aarhus, Denmark; 4MSSSO, Australia.

Abstract. We report new measurements of carbon and oxygen abundances in 34
dwarf and subgiant Galactic halo stars with metallicities [Fe/H] = −0.7 to −3.2.
We observed four permitted lines of C i near 9100 Å and the O i 7774 Å triplet,
all recorded at high signal-to-noise ratios with the UVES echelle spectrograph
on the ESO VLT. The line equivalent widths were analyzed with the 1D, LTE,
MARCS model atmosphere code to deduce C and O abundances; corrections due
to non-LTE and 3D effects are discussed. Our survey has uncovered tentative
evidence to suggest that, as the oxygen abundance decreases below [O/H] =
−1, [C/O] may not remain constant at [C/O] =−0.5, as previously thought, but
increase again, possibly approaching near-solar values at the lowest metallicities.
With the current dataset this is no more than a 3 sigma effect and it may be
due to metallicity-dependent non-LTE corrections to the [C/O] ratio which have
not been taken into account. However, its potential importance as a window on
the nucleosynthesis by Population III stars is a strong incentive for future work,
both observational and theoretical, to verify its reality. (see Akerman et al.
2003, A&A, in press; astro-ph/0310472)

Subaru HDS Studies of Carbon-Rich, Very Metal-Poor Stars
W. Aoki1, S.G. Ryan2, J.E. Norris3, T. Beers4, S. Tsangarides2, H. Ando1

1National Astronomical Observatory of Japan, Tokyo; 2The Open University,
UK; 3MSSSO, Australia; 4Michigan State University, USA.

Abstract. Recent surveys of metal-poor stars have discovered a large number
of carbon-rich objects. To investigate the origin of the carbon excesses, de-
tailed abundance studies were made for 33 carbon-rich, metal-poor stars based
on high-resolution spectra obtained with the Subaru Telescope (a part of the re-
sults was reported by Aoki et al. 2002, ApJ, 580, 1149) and the Anglo-Australian
Telescope (Aoki et al. 2002, ApJ, 567, 1166). 24 stars in our sample (approxi-
mately 70%) show large excesses of s-process elements (e.g., Ba). A correlation
between C and Ba abundances in these objects suggests production of carbon
and s-process elements in the same site, probably in thermally pulsing AGB
stars, and the dilution of the yields. The other 9 objects have low (or normal)
Ba abundance. One of them (CS29498-043) has extremely low iron abundance
([Fe/H]=−3.7) and significant over-abundances of Mg and Si (Aoki et al. 2002,
ApJ, 576, L141). This chemical nature is suggestive of supernovae production
in which relatively little material escaped from the region surrounding the iron
core. The other 8 carbon-rich, Ba-normal stars simply show an excess of C
(or excesses of C and N). Some models (e.g., supernovae with extreme mixing
in the explosion, He-flash in low-mass red-giants) are proposed to explain the
carbon-enhancement in these stars.
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Rapid Neutron Capture Process in Supernovae
R. Baruah1, K. Duorah2, H.L. Duorah2 1Department of Physics, HRH Prince of
Wales Inst. of Engg. and Technology, India; 2Department of Physics, Gauhati
University, India.

Abstract. The rapid neutron capture process is one of the major nucleosyn-
thesis processes responsible for the synthesis of heavy nuclei beyond iron. Ap-
proximately half of the heavy elements with mass number A > 70 and all of
the actinides in the solar system are believed to have been produced in the r-
process. We have studied the r-process in supernovae for production of heavy
elements beyond A = 45. The supernova envelopes at temperatures T > 109 K
and neutron density n ∼ 1024 cm−3 are considered to be one of the most po-
tential site for the r-process. The primary goal of the calculations is to fit
the global abundance curve for solar system r-process isotopes by varying time
dependent parameters such as temperature and neutron density. The neutron
capture paths are obtained at different Qn values ranging from 0.52 MeV to 5.07
MeV. We have studied the abundance distributions corresponding to tempera-
tures ranging from 1.2×109 K to 2.8×109 K and neutron density from 1024 cm−3

to 1032 cm−3. With temperature and density conditions of T = 2.8× 109 K and
n = 1024 cm−3 a nucleus of mass 252 was theoretically found. It was found that
abundances at Qn from 0.52 to 4.9 MeV give significant results. As we increase
the neutron density, the computed abundance curves were found to approach the
observed one in a more significant way. The beta decay of 21Sc45 (normalization
to A = 45) was found to govern most of the abundance curves.

The Metallicity Distribution Function of Halo Stars
T.C. Beers1, N. Christlieb2 1Michigan State University, USA; 2Hamburger Stern-
warte, Germany.

Abstract. Over the past two decades, a worldwide effort to obtain medium-
resolution spectroscopic confirmation of candidate low-metallicity stars in the
halo and thick disk of the Galaxy has produced ∼8000 1-2 Å observations of
stars selected from the HK objective prism survey of Beers and colleagues. More
recently, the Hamburg/ESO prism survey of Christlieb and collaborators has
produced a larger, and better understood, selection of metal-poor candidates
that explore a much larger volume of the Galaxy than was available to the
HK survey. We summarize the final derived Metallicity Distribution Function
(MDF) of the HK survey objects, and compare it with that obtained from the
first several years of the HES follow-up effort. In particular, we investigate
whether there is evidence for a change in the nature of the MDF as a function
of distance from the Galactic center, which could have profound implications
for the nature of the formation and evolution of the Milky Way, and for galaxy
formation in general.

HERES: The Search for r-process Enhanced, Metal-Poor Stars
T.C. Beers1, N. Christlieb2, M.S. Bessell3, V. Hill4, P.S. Barklem5, S.G. Ryan6,
S. Rossi7, A. Korn8 1Michigan State University, USA; 2Hamburger Sternwarte,
Germany; 3MSSSO, Australia; 4Observatoire de Paris-Meudon, France; 5Uppsala
Observatory, Sweden; 6The Open University, UK; 7IAG, Brazil; 8München Stern-
warte, Germany.
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Abstract. In recent years, a handful of extremely metal-deficient stars have
been identified that exhibit moderate to large enhancements of their abundance
ratios (relative to Fe) of elements associated with the astrophysical r-process,
enabling detections of radioactive species such as U and Th. Our understand-
ing could be greatly improved by increasing the numbers of known r-process-
enhanced, metal-poor stars, as well from building the sample to the point where
meaningful measures of the frequency of the phenomenon, especially as a func-
tion of metallicity, could be ascertained. We describe the present status of
HERES – The Hamburg/ESO R-process Enhanced Star survey. This survey
is based upon “snapshot” high-resolution VLT/UVES spectra of large numbers
of giants with [Fe/H] < −2.5. Spectra of sufficient quality to detect the pres-
ence of the Eu ii line (4019 Å), a distinctive neutron-capture feature, have now
been obtained for some 150-200 extremely metal-deficient giants chosen from
the Hamburg/ESO survey. We discuss the number of moderate- and highly
r-process enhanced stars discovered, update our estimate of the frequency of
their detection, and present a discussion of the distribution of ∼ 20 other easily
measured elements in each of these stars (e.g., C, Ca, Mg, Si, Co, Ni, Sr, Ba,
etc.).

Carbon Abundances of Metal-Poor Stars in the Galactic Halo
T.C. Beers1, S. Rossi2, C. Sneden3, N. Christlieb4, J. Rhee5, S.G. Ryan6,
T. Sevastianenko1, B. Marsteller1 1Michigan State Univ., USA; 2IAG, Brazil;
3Univ. of Texas, USA; 4Hamburger Sternwarte, Germany; 5Univ. of Virginia,
USA; 6Open University, UK.

Abstract. Very metal-deficient stars that exhibit enhancements of their carbon
abundances are of crucial importance for understanding a number of issues: The
nature of stellar evolution among the first generations of stars, the shape of the
Initial Mass Function, and the relationship between carbon enhancement and
neutron-capture processes, in particular the astrophysical s-process. One fun-
damental result from recent objective-prism surveys dedicated to the discovery
of metal-deficient stars is that the frequency, and perhaps, the level, of carbon
enhancement increases greatly with declining metallicity. Most previous discov-
eries of these important stars have been serendipitous, as the stars were initially
targeted because of their apparently low overall metallicity, and it was only dis-
covered later that carbon was strongly enhanced. To more completely explore
this phenomenon, we have undertaken spectroscopic follow-up of a published list
of metal-deficient candidates from the Hamburg/ESO prism survey that show
clearly strong carbon features directly on the survey plates. We have already
obtained spectra for some 350 of the 413 stars in the sample, and will report on
their observed properties, including estimates of their [Fe/H] and [C/Fe], their
radial velocities, and their spatial distribution.

Cu and Zn Abundances in Metal-Poor Stars
G. Bihain1, R. Rebolo1, G. Israelian1 1Instituto de Astrofisica de Canarias,
Spain.

Abstract. We present Cu and Zn abundances for a sample of 38 FGK stars,
mostly dwarfs, spanning a metallicity range between solar and [Fe/H] =−3. LTE
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abundances were obtained using Kurucz’s model atmospheres and the near-UV
lines of Cu i 3273.95 Å and Zn i 3302.58 Å observed at high spectral resolution.
The trend of [Zn/Fe] vs. [Fe/H] is essentially solar for [Fe/H] > −2.0 and
then slightly increases at lower metallicities to an average value of <[Zn/Fe]>
= +0.18, whereas the [Cu/Fe] trend is approximately constant down to [Fe/H]
∼ −1 and then decreases at lower metallicities reaching a plateau around [Cu/Fe]
∼ −0.95 for [Fe/H] < −2.5. We compare our results with previous work on these
elements and briefly discuss them in terms of nucleosynthesis processes. A paper
will be submitted to A&A.

Lithium Abundances in Extremely Metal-Poor Stars
P. Bonifacio1, P. Molaro1, T. Sivarani1, M. Spite2, F. Spite2, R. Cayrel2,
P. François2, V. Hill2, B. Plez3, T. C. Beers4, J. Andersen5, B. Barbuy6,
E. Depagne7, B. Nordström5,8, F. Primas7 1INAF–OA Trieste; 2Observatoire
de Paris-Meudon; 3GRAAL–Université de Montpellier; 4Michigan State Uni-
versity; 5Astronomical Observatory, Copenhagen; 6Universidade de São Paulo;
7European Southern Observatory; 8Lund Observatory, Sweden.

Abstract. We present preliminary lithium abundances for 21 turnoff stars in the
range −3.6 <[Fe/H]< −2.5, observed with VLT/UVES. Effective temperatures
were derived by fitting the wings of the Hα lines. In 5 stars, Li is depleted
by modest to large factors, while the remaining 16 stars define a very tight
relation in the [Fe/H]–A(Li) plane. The sample has mean lithium abundance
A(Li)=2.30 with a dispersion of 0.08 dex. The relation exhibits a significant
slope (0.17± 0.05), which cannot be simply interpreted as due to Li production
in the early Galaxy: extrapolation to [Fe/H]=−5.0 implies A(Li)=1.94, while the
A(Li) implied by the WMAP baryonic density is A(Li)=2.66 and the minimum
abundance predicted by BBN is A(Li)=2.05. More likely explanations of the
steep slope are: 1) systematic errors in our analysis, 2) observational bias, or
3) metallicity-dependent atmospheric effects which alter the Li abundance. The
data also show trends of increasing [Fe/H] and A(Li) in the apparently brighter
stars, which could be partly due to observational bias. Accordingly, we defer a
full discussion of the slope of the [Fe/H]–A(Li) relation until these effects are
fully understood.

Spin Temperature in High Redshift DLAs
J. Chengalur1, N. Kanekar2 1National Center for Radio Astrophysics, Pune Uni-
versity, India; 2Kapteyn Institute, University of Groningen, The Netherlands.

Abstract. We present results from recent deep searches for H i 21cm absorption
in high redshift Damped Lyman-alpha systems (DLAs). 21cm observations,
coupled with measurements of the total H i column density from the Lyman-
alpha line, allow one to estimate the average spin temperature Ts of the neutral
hydrogen in the DLA. In most astrophysical circumstances, the spin temperature
is the same as the kinetic temperature, for a single homogeneous H i cloud. In a
heterogeneous medium, the average spin temperature allows one to estimate the
fractional H i content in different temperature phases (i.e. WNM and CNM).
We discuss the variation in the average spin temperature with redshift, as well
as morphology of the optical counterpart. Dwarf galaxies are known to contain a
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larger fraction of their atomic gas in the WNM phase, so variations of the average
spin temperature with morphological type of the optical counterpart could be
expected. Finally, we present preliminary results of a new survey which attempts
to relate the spin temperature of an absorber to its metallicity, i.e. its [Zn/H]
ratio. (See Kanekar & Chengalur 2003, A&A, 399, 857 for more details.)

D/H in a New Lyman Limit Absorber towards Q1937–1009
N.H. Crighton1, J. Webb1 1Department of Astrophysics, University of New
South Wales, Australia.

Abstract. Initial results from the WMAP satellite have constrained the cos-
mological baryon density with an uncertainty of 4%. We can now test our un-
derstanding of both Big Bang nucleosynthesis and subsequent stellar nucleosyn-
thesis by comparing this precise result with predictions for the baryon density
from abundances of light elements produced in BBN. The discrepancy between
the predicted baryon density from He4 and Li7 measurements and the density
predicted from deuterium and WMAP already shows that there are problems
either with the interpretation of the data or the model we are fitting to it. Cur-
rently the handful of extra-galactic deuterium abundance (D/H) measurements
broadly agree with the WMAP baryon density, but there is significant scatter
amongst these values. While the scatter can be explained by underestimated
systematic effects, it may also be hinting at an early source of nucleosynthesis
or other non-standard scenarios. We present a measurement of D/H in a new
Lyman limit absorption system towards QSO 1937–1009. Several different mod-
els of the velocity structure of the system require D/H to be significantly lower
than that measured in other absorption systems. If true, this may imply that
the scatter in D/H measurements is real, and not only a result of systematic
errors.

Fluorine in the Galaxy and the Large Magellanic Cloud
K. Cunha1, V. Smith2, K. Hinkle3 1Observatorio Nacional - MCT, Brazil; 2Univ.
of Texas, El Paso, USA; 3NOAO, Tucson, USA.

Abstract. The behavior of fluorine with metallicity has not yet been probed in
any stellar population. To date, fluorine abundances have only been measured
in a few K and M giant stars with near-solar metallicities in our Galaxy. The
origins of fluorine are still uncertain and could be due to perhaps three sources:
1) neutrino-induced nucleosynthesis happening in core-collapse supernovae, 2)
asymptotic giant branch stars undergoing He-burning thermal pulses, or 3) mass-
loss from He burning regions in Wolf-Rayet stars. In this work we present first
results for fluorine abundances in a sample of red giants from the Galactic disk,
M4, Omega Centauri, and the LMC from spectra obtained with Phoenix on
Gemini South. The observed IR spectra contain HF molecular lines. If fluorine
is produced with Wolf-Rayet stars, its yield is predicted to be a strong positive
function of metallicity. In such a case, fluorine abundances derived in DLA
systems could test for chemical evolution driven by Wolf-Rayet stars.

Probing the DLA Nature and Star Formation History
M. Dessauges-Zavadsky1,4, F. Calura2, J.X. Prochaska3, S. D’Odorico4, F. Matteucci2
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1Geneva Observatory, Switzerland; 2Dept. of Astronomy, University of Trieste,
Italy; 3UCO/Lick observatory, USA; 4European Southern Observatory, Ger-
many.

Abstract. By combining UVES-VLT spectra of four DLAs toward Q0100+13,
Q1331+17, Q2231−00 and Q2343+12 with HIRES-Keck spectra, we covered the
total optical spectral range. This large wavelength coverage allowed us to mea-
sure the column densities of 21 ions and abundances of 15 elements − N, O, Mg,
Al, Si, P, S, Cl, Ar, Ti, Cr, Mn, Fe, Ni, Zn. This comprehensive set contrasts
with the majority of DLAs for which only a handful of ions and elements is ob-
served, and is yet necessary to constrain the photoionization and dust depletion
effects to derive the intrinsic abundances of DLAs. Our analysis revealed that
the DLA toward Q2343+12 requires important ionization corrections. We thus
had access to the complete series of intrinsic abundances in three DLAs only and
we could constrain their star formation history, age and star formation rate by a
detailed comparison with the chemical evolution models of Calura, Matteucci &
Vladilo (2003, MNRAS 340, 59) for spiral and irregular/starburst galaxies. Our
results show that the galaxies associated with these DLAs at zabs = 1.7−2.5 are
either outer regions of spiral disks or starburst/irregular galaxies with ages from

0.05 to 3.5 Gyr and with moderate star formation rates −2.1 < log Ψ̇∗ < −1.5
M¯ yr−1 kpc−2 (see Dessauges-Zavadsky et al. 2003, A&A, submitted).

Damped Systems Associated with a Galaxy Cluster at z=2.38
P.J. Francis1, G. Williger2 1The Australian National University; 2John Hopkins
Univ., USA.

Abstract. We have found a unique cluster of three damped Lyman-alpha sys-
tems at redshift 2.38, seen in absorption against three background QSOs. One
of the damped systems lies in the center of a rich galaxy cluster – indeed it
lies less than 150 kpc from a pair of giant elliptical galaxies. Despite this dense
environment, the gas is cold and has a metallicity of only –2.7 dex. Another
damped system lies roughly 10 co-moving Mpc away in the middle of a void.
Despite this low density location, it has a much higher metallicity: around –1.5
dex. We conclude that there is no strong correlation between the environment
of damped systems and their metallicities at high redshifts. Damped systems in
the middle of clusters can have very low metallicities, while damped systems in
voids can be substantially enriched.

Heavy Elements in a Sample of Extremely Metal-Poor Giants
P. François1, E. Depagne1, R. Cayrel1, V. Hill1, F. Spite1, M. Spite1, B. Plez2,
B. Barbuy3, T. Beers4, P. Bonifacio5, J. Andersen6, F. Primas7, S. Thirupathi1,
B. Nordström6,8, P. Molaro5 1Observatoire de Paris-Meudon; 2GRAAL–Université
de Montpellier; 3Universidade de São Paulo; 4Michigan State University; 5INAF–
OA Trieste; 6Astronomical Observatory, Copenhagen; 7European Southern Ob-
servatory; 8Lund Observatory, Sweden.

Abstract. The abundances of the neutron capture elements (Sr, Ba, La, Ce,
Eu ...) are studied in a sample of more than 30 extremely metal-poor giants
([Fe/H]< −2.7) observed at the VLT with the high resolution spectrograph
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UVES. The S/N ratio of the spectra is high and it is generally possible to
measure very weak lines (W > 1 mÅ). The trends of the ratios [Sr/Fe], [Ba/Fe]
.. with metallicity are shown and the scatters compared to the scatter observed
for iron–peak elements. Consequences for the formation of these elements and
the Galactic evolution are discussed.

Constraints on Early Galactic Enrichment from a Large Sample of
Extremely Metal-Poor Stars Observed with VLT+UVES
V. Hill1, R. Cayrel1, M. Spite1, B. Plez2, F. Spite1, P. François1, E. Depagne3,
J. Andersen4, B. Barbuy5, T. Beers6, P. Bonifacio7, P. Molaro7, B. Nord-
ström4,8, F. Primas3 1Observatoire de Paris-Meudon; 2GRAAL–Université de
Montpellier; 3European Southern Observatory; 4Astronomical Observatory, Copen-
hagen; 5Universidade de São Paulo; 6Michigan State University; 7INAF–OA
Trieste; 8Lund Observatory, Sweden.

Abstract. The overall results from an large effort conducted at ESO-VLT+UVES
to measure abundances in a sample of extremely metal-poor stars (EMPS) from
high-resolution and high signal-to-noise spectra are presented. More than 70
EMPS with [Fe/H]< −2.7 were observed, equally distributed between turnoff
and giants stars, and very precise abundance ratios could be derived thanks to
the high quality of the data. Among the results, the abundances of the ele-
ments from C to Zn of the 35 extremely metal-poor giants of the sample (Cayrel
et al., 2003, A&A, in press), are presented, including the much debated abun-
dance of oxygen in the early galaxy (we present [OI] line measurements down to
[O/Fe]=−3.5), and the trends of alpha elements, iron group elements and zinc.
The remarkably small scatter around these trends is also discussed, together
with its implications on the early Galactic enrichment. More specific topics
covered by this large effort (and large team) are addressed in devoted posters
presented at this JD: Bonifacio et al., François et al., Spite et al.

Molecules in Damped Lyα Systems: Spatial Distribution
H. Hirashita1, A. Ferrara2, K. Wada3, P. Richter4 1Graduate School of Science,
Nagoya University, Japan; 2SISSA, Trieste, Italy; 3National Astronomical Ob-
servatory of Japan, Tokyo; 4Osservatorio Astrofisico di Arcetri, Firenze, Italy.

Abstract. To interpret H2 (hydrogen molecule) quasar absorption line observa-
tions in damped Ly-alpha clouds (DLAs), we model the H2 spatial distribution
within a DLA. Based on numerical simulations of disk structures with parame-
ters similar to those derived for such absorbers, we calculate the H2 distribution
as a function of ultraviolet background (UVB) intensity and dust-to-gas ratio.
For typical values of these two quantities we find that the area in which the H2

fraction exceeds 10−6 (typical observational detection limit) only covers < 10%
of the disk surface, i.e., H2 has a very inhomogeneous, clumpy distribution even
at these low abundance levels. This explains the relative paucity of H2 detec-
tions in DLAs. We also show the dependence of the covering fraction of H2 on
dust-to-gas ratio and UVB intensity and we comment on the physics governing
the H2 chemical network at high redshift. We finally comment on our implica-
tion on the statistics of the H2 column density distribution. (See Hirashita, H.,
Ferrara, A., Wada, K., & Richter, P. 2003, MNRAS, 341, L18)
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Subaru/HDS Studies of r-process Elements in Metal-Poor Stars
S. Honda1, W. Aoki1, T. Kajino1, H. Ando1, T.C. Beers2 1National Astronom-
ical Observatory, Japan; 2Michigan State University, USA.

Abstract. We have obtained high-quality spectra of 22 very metal-poor stars
with Subaru/HDS, in order to conduct detailed abundance studies of the neutron-
capture elements including Th. As has been found by previous abundance stud-
ies, the star-to-star scatter in the abundances of neutron-capture elements is
very large. The abundance patterns of the heavy neutron-capture elements (56
≤ Z ≤ 70) in seven objects with moderate to large excesses of the neutron-
capture elements are similar to that of the solar system r-process component.
These results strongly suggest that the heavy neutron-capture elements in these
objects are primarily synthesized by the r-process. On the other hand, the
abundance ratios of the light neutron-capture elements (38 ≤ Z ≤ 46) exhibit
a rather large dispersion. Our results support previous suggestions that the
light neutron-capture elements are likely to have been produced in different as-
trophysical sites from those associated with the production of the heavier ones.
The abundances of Th in a number of these stars are slightly higher than the val-
ues expected from the solar system r-process pattern. The Th/Eu ratio, which
has been commonly used for nuclei cosmo-chronometry, exhibits a dispersion of
about 0.3 dex in our sample.

Synthetic Lick Indices as a Function of Stellar Abundance Ratios
M.L. Houdashelt1, S.C. Trager2, G. Worthey3 1Johns Hopkins Univ., Baltimore,
USA; 2Kapteyn Astronomical Inst., The Netherlands; 3Washington State Univ.,
USA.

Abstract. Tripicco & Bell (1995) used synthetic stellar spectra to character-
ize the sensitivities of the optical Lick indices to changes in the abundances of
specific elements. These results allowed Trager et al. (2000; hereafter TFWG)
to estimate the chemical abundances in elliptical galaxies from the differences
between the Lick indices observed in these galaxies and those predicted by the
evolutionary synthesis models of Worthey (1994). For this poster, we have cal-
culated two new evolutionary synthesis models, one of which incorporates the
TFWG chemical abundances, while the other uses standard solar abundances.
We compare the integrated Lick indices from these two models and find general
agreement with the differences predicted by TFWG. The only Lick indices that
vary by more than two times the observational errors in these models are the
CN indices, C24668, the Mg indices, and Na D. To examine the potential of
using spectral features at redder wavelengths to further refine the TFGW abun-
dances, we have also compared the integrated models between 0.6 and 1.0 µm.
However, we find no spectral features that vary by more than 1% between these
two models in this wavelength regime.

Abundance Ratios in Ba-Poor Stars
J. Johnson1, M. Bolte2 1Dominion Astrophysical Observatory, Canada; 2UCO/Lick
Observatory, USA.

Abstract. We present abundance ratios for four stars with [Fe/H] < −3.0 and
[Ba/Fe] < −1.0. These include three stars from the sample of McWilliam et al.
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(1995) which only had upper limits. These observations will be used to define
the lower envelope of [Ba/Fe] abundances in the very metal-poor stars in the
Galaxy. Also, the abundance ratios of the light elements will be compared to
predictions of Type II SNe ejecta and to those in Ba-rich stars to see if the stars
that do not make the r-process can be identified.

Type Ia Supernova Progenitors and Elemental Abundance Ratios
C. Kobayashi1 1Max-Planck-Institute for Astrophysics, Garching, Germany.

Abstract. Elemental abundance ratios are much related to the progenitor
model of Type Ia supernovae (SNe Ia). We make a comparison of the lifetime
distribution function derived from several models of SNe Ia, and evaluate the
SN Ia models from several observational constraints. With our single-degenerate
model, the SN Ia rate in the system with [Fe/H] ≤ −1 is supposed to be very
small. Such metallicity effects may conflict with [α/Fe] observed in the Damped
Lyα systems (DLAs) and dwarf spheroidal galaxies (dSphs). However, both
theoretically and observationally, SNe Ia should increase [Mn/Fe]. From the
abundance pattern from O to Zn, we argue that low [alpha/Fe] observed in the
DLAs and dSphs is caused not by SNe Ia but by low-mass supernovae (13–15
M¯), because their [Mn/Fe] is as low as in the Milky Way halo stars.

The Composition at the Outer Edge of the Galaxy
D.A. Lubowich1, G. Brammer2, H. Roberts3, T. J. Millar4, J. M. Pasachoff5, C.
Henkel6, P. Ruffle4 1Hofstra University, Hempstead, NY, USA; 2STScI, Balti-
more, USA; 3Ohio State University, USA; 4UMIST, Manchester, UK; 5Williams
College, Williamstown, USA; 6Max-Planck Institut für Radioastronomie, Bonn,
Germany.

Abstract. We present cm and mm-wave observations of a molecular cloud at
the outer edge of the Galactic disk (kinematic galactocentric distance of 28 kpc).
We detected CO, 13CO, 18CO, CS, CN, SO, HCN, HNC, C2H, HCO+, H13CO+,
HCS+, NH3, H2CO, C3H2 and CH3OH, while 17CO, 34CS, SiO, SiS, N2H+,
DCN, DNC, DCO+, SO2 and HC3N were not detected. From the NH3, H2CO,
and CS data we derived a kinetic temperature of Tkin ∼ 20 K and a density of
n(H2) ∼ 5×103 cm−3. The lines from N-containing molecules that we detected
were weak and we did not detect the usually strong N2H+ or HC3N lines. Using
our 5300 chemical reaction network we calculated that this cloud is depleted
in N by ∼ 24× and metallicity is reduced by 5× (similar to dwarf irregular
galaxies or damped Lyman alpha systems) relative to the solar neighborhood.
This unique composition probably results from the infall of halo gas enriched
in O, C, and S from a burst of massive star formation shortly after the Galaxy
formed. This activity would have produced both O and S which are produced
by massive stars; C which is produced by massive and intermediate mass stars;
but less N abundance because the secondary element N is produced primarily
from low mass stars. Thus the edge cloud probably results from infalling halo
gas that was not significantly processed during the last 10 Gyr.
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The mystery of CH stars frequency at low metallicity
S. Lucatello1, R.G. Gratton1, E. Carretta1, T.C. Beers2, N. Christlieb3, J.G.
Cohen4 1INAF, Osservatorio Astronomico di Padova, Italy; 2Michigan State
University, USA; 3Hamburger Sternwarte, Germany; 4Palomar Observatory,
USA.

Abstract. One of the results of the spectroscopic HK and the Hamburg/ESO
surveys of metal-poor stars is the high frequency of C-enhanced stars among
very metal poor stars. This is still unexplained, as well as the mechanisms re-
sponsible for the production of C in the few C-enhanced extremely metal poor
(CEMP) stars studied so far with high resolution, high S/N spectroscopy. The
results of the follow-up works to date seem to suggest that there are different
kinds of CEMP stars, exhibiting, besides the C-enhancement, s- and r-process
element enhancements, as well as normal n-capture elements abundances; and
hence possibly as many C production mechanisms. To shed light on such mech-
anisms, a wider sample of CEMP stars is crucial. We present the preliminary
results of abundance analysis of UVES and HIRES spectra of a sample of 10
CEMP stars, suggesting that there is no definite trend of [Pb/Ba] with [Fe/H],
contrary to what was supposed on the basis of the Aoki et al. (2002) sample,
and also at odds with the the predictions of the shell nucleosynthesis models.
Moreover, the coupling of our results with those published in the literature show
a clear correlation between [Pb/Ba] and [N/Fe], especially when considering the
more metal poor stars ([Fe/H]< −2 dex), suggesting that the most extreme
s-process signatures are present in stars with high N abundances. This is some-
what surprising, as N is a poison for the s-process and a high content of such
element is expected to inhibit the s-process.

Sulphur and Zinc Abundances in Halo and Disk stars
P.E. Nissen1, Y.Q. Chen2, M. Asplund3, M. Pettini4 1University of Aarhus,
Denmark; 2National Astronomical Observatories, Beijing, P.R. China; 3MSSSO,
Australia; 4Institute of Astronomy, Cambridge, UK.

Abstract. High resolution spectra of 34 halo population dwarf and subgiant
stars have been obtained with VLT/UVES and used to derive sulphur abun-
dances from the λλ8694.0, 8694.6 and λλ9212.9, 9237.5 S i lines. In addition,
iron abundances have been determined from 19 Fe ii lines and zinc abundances
from the λλ4722.2, 4810.5 Zn i lines. The abundances are based on a classical
1D, LTE model atmosphere analysis, but effects of 3D hydrodynamical model-
ing on the [S/Fe], [Zn/Fe] and [S/Zn] ratios are shown to be small. We find
that most halo stars with metallicities in the range −3.2 < [Fe/H] < −0.8 have
a near-constant [S/Fe] ' +0.3; a least square fit to [S/Fe] vs. [Fe/H] shows a
slope of only −0.04 ± 0.01. Among halo stars with −1.2 < [Fe/H] < −0.8 the
majority have [S/Fe] ' +0.3, but two stars (previously shown to have low α/Fe
ratios) have [S/Fe] ' 0.0. For disk stars with [Fe/H] > −1, [S/Fe] decreases
with increasing [Fe/H]. Hence, sulphur behaves like other typical α-capture el-
ements, Mg, Si and Ca. Zinc, on the other hand, traces iron over three orders
of magnitude in [Fe/H], although there is some evidence for a small systematic
Zn overabundance ([Zn/Fe] ' +0.1) among metal-poor disk stars and for halo
stars with [Fe/H] < −2.0. (See Nissen et al. 2003, A&A, submitted)
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Metallicities and Ages in the Galactic Disk
B. Nordström1,2, J. Andersen1, J. Holmberg1, B. Jørgensen2 1Niels Bohr Insti-
tute, Copenhagen, Denmark; 2Lund Observatory, Sweden.

Abstract. Metallicities, ages, and full Galactic orbits have been derived for
a complete, kinematically unbiased sample of 14.000 F and G dwarfs in the
Solar neighborhood. The observational data are Strömgren uvby photometry,
Hipparcos/TYCHO astrometry, and extensive new radial-velocity observations
from which duplicity information is available for all the stars as well. The
sample is magnitude complete to V ∼ 8.5 and volume complete to 40 pc. Special
attention has been given to developing and testing a new algorithm for age
determination of field stars from theoretical isochrones, with particular emphasis
on deriving realistic error estimates also for the oldest stars, and on identifying
the stars for which no meaningful ages can in fact be derived. The results
challenge traditional views of the chemical enrichment history of the Galactic
disk. Full details are given in Nordström et al. (A&A 2003, in prep.).

Sub-Damped Lyman-alpha Systems: Implications for the Cosmologi-
cal Evolution of Metals
C. Péroux1, M. Dessauges-Zavadsky2, S. D’Odorico2, T. Kim2,3,
R.G. McMahon3 1Osservatorio di Trieste, Italy; 2European Southern Observa-
tory, Germany; 3Institute of Astronomy, Cambridge, UK

Abstract. Damped Lyα Systems (DLAs), with N(H i) > 2 × 1020 cm−2, ob-
served in the spectra of quasars have allowed us to quantify the chemical content
of the Universe over cosmological scales. Such studies can be extended to lower
column densities, in the sub-DLA range (1019 < N(H i) < 2 × 1020 cm−2),
which are systems believed to contain a large fraction of the neutral hydrogen
at z > 3.5. We use a homogeneous sample of sub-DLAs from the ESO UVES
archives presented in Dessauges-Zavadsky et al. (2003, MNRAS, 345, 447), to
analyze their chemical content in conjunction with a compilation of abundances
from 72 DLAs taken from the literature. In particular, we analyze the H i col-
umn density-weighted mean abundance which is believed to be an indicator of
the Universe’s metallicity. The results suggest a slightly stronger evolution of
this quantity in the sub-DLA range. Therefore these systems might be asso-
ciated with a different class of objects which better trace the overall chemical
evolution of the Universe. Finally, the elemental ratios in sub-DLAs are similar
with those from DLAs. The metallicities are compared with two different sets
of models of galaxy evolution in order to provide constraints on the morphology
of quasar absorbers. Further details of this study can be found in Péroux et al.
(2003, MNRAS, 345, 480).

Sgr dSph: a Bridge between Dwarf Galaxies and DLAs?
L. Sbordone1, 2, P. Bonifacio3, G. Marconi1, L. Pasquini4, V. Hill5 1European
Southern Observatory, Santiago, Chile; 2Dipartimento di Fisica, Universita di
Roma, Italy; 3INAF–OA, Trieste, Italy; 4European Southern Observatory, Ger-
many; 5Observatoire de Paris-Meudon, France.

Abstract. We present abundances for 12 giants in the Sagittarius Dwarf
Spheroidal Galaxy (Sgr dSph) obtained from VLT-UVES spectra. Moving on a
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short period, polar orbit around the Milky Way, the Sgr dSph is undergoing tidal
disruption and will eventually dissolve in the Galactic Halo. Our sample appears
dominated by a Fe-rich, α-element-poor and young population, indicative of a
long chemical processing of the dSph gas during a slow, probably bursting star
formation history. This population is the most metal-rich ever observed in a
dwarf galaxy of the local group, and has the lowest α-element content. The “ex-
treme” composition observed in the Sgr dSph may be attributed to an unusually
prolonged star formation, related to its strong interaction with the MW. Placing
the known abundances of the LG dwarfs on the [α/Fe] vs. [Fe/H] plane allows
now to recognize a well defined evolution sequence. The “dwarf sequence” re-
sembles the one followed by the MW disc star, but at a consistently lower [α/Fe]
ratio for each given [Fe/H]. Conversely, it is apparently superimposed to the one
followed by many of the Damped Lyman alpha systems.

Bimodal Metallicity Distribution Function of OLD Stars
T. Shigeyama1, T. Tsujimoto1, Y. Yoshii1 1National Astronomical Observatory,
University of Tokyo, Japan.

Abstract. The external pollution of the first stars in the Galaxy is investi-
gated. The first stars were born in clouds composed of the pristine gas without
heavy elements. These stars accreted gas polluted with heavy elements while
they still remained in the cloud. As a result, it is found that they exhibit a dis-
tribution with respect to the surface metallicity that is easily distinguished from
the metallicity distribution of Population II stars. This metallicity distribu-
tion function strongly suggests that the recently discovered most metal-deficient
star HE0107–5240 with [Fe/H]=−5.3 was born as a metal-free star and accreted
gas polluted with heavy elements. Future observations for a number of metal-
deficient stars with [Fe/H]< −5 will be able to prove or disprove this external
pollution scenario.

CS 29497-030: Lead in the Early Galaxy
T. Sivarani1, P. Bonifacio1, P. Molaro1, R. Cayrel2, M. Spite2, F. Spite2, B.
Plez3, J. Andersen4, B. Barbuy5, T. C. Beers6, E. Depagne7, V. Hill2, P.
François2, B. Nordström4,8, F. Primas7 1INAF–OA, Trieste; 2Observatoire de
Paris-Meudon; 3GRAAL–Université de Montpellier; 4Astronomical Observatory,
Copenhagen; 5IAG, Universidade de São Paulo; 6Michigan State University;
7European Southern Observatory; 8Lund Observatory, Sweden.

Abstract. We present an abundance analysis of the halo blue straggler CS 29497-
030, based on high-resolution, high S/N spectra from the ESO VLT/UVES.
The star has very low metallicity ([Fe/H]=−2.8), large overabundances of C,
N, and O ([C/Fe]=+2.38, [N/Fe]=+1.88, and [O/Fe]= +1.67), and large en-
hancements of heavy s-process elements. Most strikingly, the Pb enhancement
([Pb/Fe]=+3.5) is the highest yet observed in very metal-poor s-process rich
stars. The occurrence of several very metal-poor stars with large overabun-
dances of heavy s-process elements, e.g Ba, La, Ce, Nd, and particularly Pb,
suggests that the s-process was operating at early times in the Galaxy, at least
locally. This appears to contradict the long-accepted view that the neutron cap-
ture elements in low-metallicity stars originate from the r-process only. However,
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like some (but not all) similar stars, CS 29497-030 is a binary (P=342d), and the
Pb and other s-process elements could have been synthesized in the envelope of
a former AGB companion, perhaps significantly later than the formation of the
star itself. Full details of our analysis and discussion are reported in Sivarani et
al. (A&A accepted).

Abundance of Nitrogen in the Early Galaxy from the NH Band at
336nm
M. Spite1, B. Plez2, V. Hill1, F. Spite1, R. Cayrel1, P. François1, E. Depagne3,
J. Andersen4, B. Barbuy5, T. Beers6, P. Bonifacio7, P. Molaro7, B. Nord-
ström4,8, F. Primas3 1Observatoire de Paris-Meudon; 2GRAAL–Université de
Montpellier; 3European Southern Observatory; 4Astronomical Observatory, Copen-
hagen; 5Universidade de São Paulo; 6Michigan State University; 7INAF–OA
Trieste; 8Lund Observatory, Sweden.

Abstract. As part of the ESO Large Programme ”First Stars”, high-resolution,
high-S/N spectra of 35 extremely metal-poor giants selected from the HK survey
(Beers et al. 1992, 1999) have been obtained at the VLT. The spectra were
analyzed with the LTE spectral line code ”Turbospectrum” and OSMARCS
model atmospheres (Gustafsson et al. 1975, Plez et al. 1992, Asplund et al.
1997). Element abundances from C to Zn are presented in Cayrel et al. (2003,
A&A, in press), but nitrogen abundances from the CN band are lacking for
most of the stars. We have used the NH band at 336nm to determine nitrogen
abundances for all our stars. The dispersion in the relations of [N/Fe] vs. [Fe/H]
(and [C/Fe] vs. [Fe/H]) is very large, However, a group of stars displays very
low values of C/N, suggesting that their atmospheres are mixed with internal
layers where the CN cycle has converted C to N. Supporting this theory, the
relation (C+N) vs. [Fe/H] is flat, and the dispersion around the mean value is
much smaller. For unmixed stars with [Fe/H]< −3.4, [N/Fe] is close to +0.1
and [N/O] close to −0.6, suggesting these ratios for the primordial production
of N.

Behavior of Sulfur Abundances in Halo Stars Observed with HIDES
at OAO
M. Takada-Hidai1, Y.-j. Saito2, Y. Takeda3, S. Honda3, K. Sadakane4, H.
Izumiura5, S. Masuda5 1Liberal Arts Education Center, Tokai University, Japan;
2Physics Department, Tokai University, Japan; 3National Astronomical Obser-
vatory of Japan, Tokyo; 4Osaka Kyoiku University, Kashihara, Japan; 5National
Astronomical Observatory of Japan, Okayama .

Abstract. LTE and non-LTE (NLTE) abundances of sulfur of 21 metal-poor
stars (mainly halo stars) and one normal star were explored in the metallicity
range of
−3 <[Fe/H]< 0, using high-resolution (∼ 50000), high-signal-to-noise (∼ 100–
450) spectra of S i lines with the multiplet numbers of 1 and 6, which were
observed with the 1.88 m telescope equipped with the High Dispersion Echelle
Spectrograph (HIDES) at the Okayama Astrophysical Observatory (OAO). Equiv-
alent widths of S i(1) (9212, 9228, 9237 Å) and S i(6) (869 3.9, 8694.6 Å) lines
were analyzed to obtain the abundances. Iron abundances were determined from



Contributed Papers for JD15 595

Fe ii lines and used to investigate the behavior of S against Fe. Our main results
are: (1) The LTE abundances of S i(6) are systematically smaller than those of
S i(1) with the average difference of 0.07 ±0.09 dex. (2) The NLTE corrections
for S i(6) abundances are in the range from −0.01 to −0.05 dex with the average
of −0.03 dex, while those for S i(1) are from −0.14 to −0.33 dex with the aver-
age of −0.22 dex. Consequently, NLTE abundances of S i(6) are systematically
larger than S i(1) with the average of 0.13 dex ±0.14 dex. (3) As for the behavior
of NLTE [S/Fe], it forms a plateau with the average of [S/Fe]= +0.49±0.12 dex
in the range of −3 < [Fe/H]≤ −1.

Chemical Evolution of MgII Absorption Systems
T. Tsujimoto1, N. Kobayashi1, M. Iye1, Y. Yoshii1 1National Astronomical Ob-
servatory, University of Tokyo, Japan.

Abstract. Based on the [Mg/Fe] ratios for the high-z Mg II absorption systems
obtained by the near-infrared camera and spectrograph for the Subaru 8.2 m
Telescope, we construct the chemical evolution model for these high-z objects.
It is found that host galaxies for these systems formed within a short time scale
of a few hundred million years, suggesting that they are progenitors of modern-
day dwarf galaxies. The elemental abundance relation between stars and gas in
dwarf galaxies will also be discussed.

The Heavy Element Abundance Pattern in Lead Stars
L. Zac̆s1, R. Spelmanis1, F. Musaev1 1Department of Physics, University of
Latvia.

Abstract. A quantitative understanding of evolution of nuclei heavier than
iron in the Galaxy has so far been a challenging problem. Only recently have
the observational data grown in number and precision to allow a direct com-
parison with theoretical predictions. In order to reconstruct the evolutionary
history of neutron-capture elements in the Galaxy, one must disentangle the
s- and r-process contributions of all their isotopes and follow their abundances
as a function of Galactic age. A new series of abundance analysis of lead star
candidates is presented here starting with spectroscopy of the lead-rich star
HD196944 ([Fe/H] = −2.45; [hs/ls] = +0.8). High resolution CCD spectra in
a large spectral region from 3 500 to 10 000 Å have been used to determine
detailed abundance patterns for a large number of species. The results are com-
pared with available spectroscopic observations of stars at different metallicities
in both the Galactic halo and the disc and with calculations of neutron-capture
nucleosynthesis.





JD16

The International Celestial Reference System:
Maintenance & Future Realization

Chairpersons: D.McCarthy and F. Mignard

Editors: R. Gauma, D.McCarthy (Chief-Editor) and J. Souchay





Highlights of Astronomy, Vol. 13
International Astronomical Union, 2003
O. Engvold, ed.

Summary of IAU Joint Discussion 16, “The International
Celestial Reference System, Maintenance and Future
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Dennis D. McCarthy

U.S. Naval Observatory, Washington, DC 20392, USA

Abstract. The IAU Joint Discussion 16 (JD16) was held in conjunction with
the XXVth General Assembly in July, 2003. Papers related to the maintenance
of the International Celestial Reference System were presented in the one-day
session, and these were followed by discussion that pointed out the need for
standard nomenclature. This issue was addressed by the formation of a Division
1 Working Group on the subject. JD16 also pointed out the requirement for a
dynamical expression for precession which was addressed by the creation of a
Division 1 Working Group on Precession and the Ecliptic. It also showed that
although plans are being implemented to provide reference frames for the future,
there is a need for improved coordination of astrometric observations. Finally
it should be noted that the discussion pointed out the concern for the future
organization of IAU Division 1.

1. Introduction

The international Astronomical Union (IAU) Joint Discussion 16 (JD16) was
held in connection with the XXVth General Assembly of the IAU in Sydney,
Australia in July 2003. The title of the meeting was “The International Celestial
Reference System, Maintenance and Future Realizations.” The International
Celestial Reference System (ICRS) has recently been redefined with the adoption
of an International Celestial Reference Frame (ICRF) and revised concepts and
models to access the system. The ICRF is a radio reference frame and the current
realization in optical wavelengths is the HIPPARCOS Catalogue. Maintenance
and improvement of the ICRF requires continuing, coordinated observations.

Extension and densification of the system to other wavelengths remains
as a work to be accomplished. It is also necessary at this time to anticipate
the maintenance and extension of the ICRF to meet future needs. The models
currently used in the definition of the system also require maintenance to ensure
that they are able to meet improving observational accuracy in all wavelengths.
The potential significant improvement of reference frames from the results of
future space astrometry missions requires planning for the long-term realization
of the ICRS. These topics were addressed by a series of invited and contributed
presentations
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2. Presentations

Session 1 of JD 16 was entitled “The International Celestial Reference Frame.”
It was introduced with a paper by A. Fey and J. Souchay entitled “Status of the
International Celestial Reference Frame.” C. Ma presented a paper, “Potential
refinement of the ICRF” outlining plans to improve the frame. This was followed
by a review of recent work done in the Geoscience Australian IVS analysis center
by O. Titov. A. M. Gontier and M. Feissel provided a presentation “Contribution
of stable radio sources to ICRF improvements” showing the importance of source
position stability to the astrometric observations. M. Hosokowa completed the
session with a paper that he prepared in conjunction with his colleagues entitled
“Astrometric microlensing and degradation of reference frames” that pointed
out the limitations on accuracy imposed by microlensing.

Session 2, “Extension of the International Celestial Reference Frame” con-
tained presentations dealing with providing realizations of the reference system
in other wavelengths. C. Jacobs in a paper that he prepared with his colleagues
entitled “Extending the ICRF to higher radio frequencies: 24 and 43 GHz”
pointed out the advantages to moving to higher frequencies. S. Urban followed
with a presentation “Densification of the ICRF/HCRF in visible wavelengths”
showing plans to improve the reference frame of most concern to the astronom-
ical community. Extension to the infrared was discussed in the paper by N.
Zacharias et al. entitled “Extending the ICRF into the infrared: 2MASS-UCAC
astrometry.” C. Pinigin et al. presented a paper,“About progress of the link
optical-radio systems,” and P. Charlot finished the session with a paper, “Source
structure” describing recent work in characterizing source structure.

Session 3 dealt with models needed to analyze the astrometric observations
that are used to produce the ICRF. V. Dehant in a paper “Geophysical nutation
model” described the geophysical background of the recently adopted IAU 2000
precession-nutation model. P. Wallace provided practical implementation pro-
cedures in his paper, “Practical consequences of improved precession-nutation
model.” The philosophy and status of the International Earth Rotation and Ref-
erence System Service (IERS) Conventions was described in a presentation by
D. McCarthy and G. Petit. T. Fukushima showed a new determination of pre-
cession formulas and M. Soffel et al. discussed the relativistic concerns with the
ICRS in their paper entitled “ICRS, ITRS and the IAU resolutions concerning
relativity.” J. Vondrak described a reference frame provided largely by histori-
cal observations in visual wavelengths made to determine the Earth’s orientation
in his paper “Earth orientation catalogue - An improved reference frame.” I.
Platais closed the session with his paper “Astrometry with large un-astrometric
telescopes” that outlined work that could be done to improve the ICRF that
made use of instrumentation not usually used to make astrometric observation.

The final session was devoted to Space-Based Astrometry and Dynamical
Reference Frames. It was introduced with a review of the status of space-based
astrometric missions by R. Gaume. F. Mignard followed with a review of recent
work on GAIA in his paper “Future space-based celestial reference frame,” and
the Radio Astron project was described in a presentation by W. Zharov and
colleagues. F. Mignard presented a paper by J. Kovalevsky entitled “Misleading
proper motions of galactic objects at the mas level.” The relationship of modern
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dynamical ephemerides to the ICRS was covered by M. Standish in his paper
“Relating the dynamical frame and the ephemerides to the ICRF.”

3. Posters

The work of JD16 was enhanced by a large number of poster contributions.
These are listed below.

Wang Wen-Jun, “Celestial three-pole rotations of the Earth.”
Hu Hui, “Optical positions of 55 radio stars.”
W. Dick, “The ICRS and the IERS information system.”
V. Martin, “Ground-based astrometry: optical-radio connection.”
P.C. Rocha Poppe, “Relativistic reference systems transformations.”
E. Khrutskaya, “Pul-3 catalog of 58483 stars on the Tycho-2 system.”
I. Kumkova, “ICRS-ITRS connection consistent with IAU(2000) resolutions.”
E. Pitjeva, “The planetary ephemerides EPM and their orientation to ICRF.”
M. Stavinschi, “Report of the WG: Future development of ground-based astrom-
etry.”
B. Bucciarelli,“Astrometric measurements of radio-stars optical counterparts.”
M. Stavinschi, “Reference frames and ground-based astrometry.”
S. Lambert, “Coupling between the Earth’s rotation rate and nutation.”
G. Bourda, “Temporal gravity field and modelisation of Earth rotation.”
G. Damljanovic, “ICRF densification via Hipparcos-2MASS cross identifica-
tion.”
F. Mitsumi, “On the construction of radio reference frame using VERA.”
A. Fey, “Extending the ICRF to higher frequencies: imaging results.”
P. Fedorov, “The star positions and proper motions of stars around ERS.”
T. Yano, “Japanese astrometry satellite mission - JASMINE project.”
M. Zacharias, “The USNO extragalactic reference frame link program.
A. Kahrin, “An-all wave classification and principle astrometry problem.”
D. Boboltz, “Testing the Hipparcos/ICRF link using radio-stars.”
J. Souchay, “Numerical approach to the free rotation of celestial bodies.”
G. Kaplan, “Another look at non-rotating origins.”
O. Roopesh, “IDV sources as ICRF sources: viability and benefits.”
O. Roopesh, “USNO/ATNF astrometry and imaging of southern ICRF sources.”
F. Bustos, “CDD-based astrometric measurements of photographic plates.”
M. Crosta, “Relativistic satellite attitude in the realization of space-borne as-
trometric catalogues.”

4. Discussion

An open discussion prepared and led by P. K. Seidelmann followed the scheduled
presentations. Notes from that discussion were taken by N. Zacharias and they
form the basis of the following. To initiate the discussion, a list of reference
system issues was presented to the participants. These are listed below along
with relevant comments by participants.
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Items for Discussion

a. Precession-nutation Model
New precession theory?
What angles - Newcomb or Williams?
What nutation model?
An abbreviated nutation theory with less accuracy?
Include geodesic precession and nutation?
Is it a BCRS or GCRS model?

b. Future of Equinox
Introduce Earth Rotation Angle?
Revise definition of ERA?
Dual system by IERS?
Dual system in almanacs?
Transition period specified?
For how long? 2004? Indefinitely?

c. Definition of equinox
Inertial or rotating

d. Introduce Conventional ecliptic
How defined, through x axis of ICRF? by node angle and obliquity?
For what purpose?
With what accuracy?

F. Mignard emphasized that the ecliptic moves and will change with time. D.
McCarthy pointed out that this is a subject for the Working Group on precession
and that a precise definition of the ecliptic is needed for planetary precession.

e. Terminology issues
CIO and TIO or CEO and TEO?
Stellar angle or Earth Rotation Angle?
right ascensions from equinox only?
right ascensions from CIO?
other terms?

C.Hohenkerk remarked that some concepts seem odd, and that the user is not
concerned “which” RA,Dec is used, as long as there is some RA, Dec.

f. Unification of Lists of Constants
IAU Best Estimates
IAU 1976 Astronomical Constants
IERS Best Estimates
IUGG List of Constants
JPL DE 405 Constants
Astronomical Almanac Constants Used
Are all these necessary?
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A joint IAU/IUGG committee?

g. Redefinition of UTC
UTC tied to UT1?
Use of “mean solar time”?
Leap seconds or not?

h. Implementation Issues
Who are the users?
What do users need?
What is really used by the IERS?
What is necessary for almanacs offices?
Standardized software?
Documentation required?
Dual availability for how long?
What to do now?

i. Roles of Organizations
WG on Reference systems of IAU Div I
IERS
IAU Comm 5
Others involved?

j. Possible Procedure
IAU /IUGG? WG on Reference Systems with subgroups established now
Dec 2004 WG proposals circulated
Mid 2005 Colloquium for discussion of proposals and draft resolutions
2006 Clarifying resolutions

k. Education Plan
Clear and convincing presentation of reference systems and justifications
Dissemination of information with proposals in Dec 2004
Distribution of 2005 Colloquium Proceedings
Wide distribution of any proposed resolutions well before IAU GA in 2006

In the general discussion following the presentation of the items for discus-
sion K. Johnston said that some issues might not be solved earlier than 2006. P.
Wallace argued that we need to get away from the “one-or-the-other” concept
and that algorithms are now available for both paradigms so the user can choose.
C. Jacobs noted that users need more education so that they can decide how
complex they need to go for a given goal in accuracy. P. Wallace replied that
there is a misconception that the “new paradigm is more complex,” and that
this was not true. The non-rotating origin procedure is simpler in concept; like
spherical trigonometry and vectors: they are both there to choose. A participant
said that this is difficult at the moment, that there is a need for education, and
that currently we don’t even know what to call things. K. Johnston suggested
that there is no need for the general astronomers to make a change because
current procedures are sufficient for their requirements. It is only the IERS and
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space astrometry applications that are concerned about sub-milliarcsecond ac-
curacies and need to use the new more accurate system. It was pointed out that
this was true, but people needed to realize that the basic values were coming
from new definitions and methods.

Division I Organization

At that point there was a break in the discussion, and T. Fukushima, Pres-
ident of Division I, presented some details regarding the future structure of
Division I in the context of this discussion. He said that the ICRS WG has been
dissolved because it was too large, with too many sub-tasks. As follow-up for
two of the sub-tasks, two new Working Groups were being established. These
are (1) precession and the ecliptic chaired by J. Hilton and (2) nomenclature in
fundamental astronomy chaired by N. Capitaine.

The new IAU structure puts more emphasis on the Divisions and the Com-
missions are now dynamic, with a finite life time. It is possible to terminate
commissions and to create new commissions upon request by the Division and
approval by the IAU Executive Committee. Working groups can be established
by approval of the Division, without Executive Committee contact. The ap-
proval process is fast, and can be done by e-mail, with no need to wait for a
General Assembly.

Fukushima initiated a special committee for the re-organization of Division
I. Members are T. Fukushima (chair), F. Mignard, I. Platais, G. Petit, and K.
Seidelmann. For the 2003-2006 period (i.e. before the special committee issues
their recommendations), the proposal for ICRS related issues is that Celestial
Reference Frame issues will be directed to Commission 8 and that IERS related
issues will be directed to Commission 19. A general discussion followed about
the roles of Commissions 8 and 19.

A. Fey asked about the current members of the ICRS WG and whether their
expertise would be lost until a re-organization was accomplished. Following some
discussion T. Fukushima responded that the “WG ICRS” will continue to exist
for the next six months. During that time a re-arrangement can be organized
by e-mail.

5. Conclusion

The Joint Discussion pointed out the need for standard nomenclature. This
issue was addressed by the formation of a Division 1 Working Group on nomen-
clature. It also pointed out the requirement for a dynamical expression for
precession which was addressed by the creation of a Division 1 Working Group
on Precession and the Ecliptic. JD 16 also showed that although plans are be-
ing implemented to provide reference frames for the future, there is a need for
improved coordination of astrometric observations. Finally it should be noted
that the discussion pointed out the concern for the future organization of IAU
Division 1. The proceedings will be published and distributed by the U.S. Naval
Observatory.
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Joint Discussion JD16: Abstracts

Status of the International Celestial Reference Frame:
Alan L. Fey (U.S. Naval Observatory, 3450 Massachusetts Avenue NW, Wash-
ington DC, 20392-5420, USA); Jean Souchay (Observatoire de Paris, DANOF,
61, avenue de l’observatoire, 75014 Paris, France)

Abstract. We present a brief report on the status of the International Ce-
lestial Reference Frame. There have been two extensions (updates) of the ICRF
since its initial definition in 1998. The primary objectives of extending the ICRF
were to provide positions for the 109 extra-galactic radio sources observed since
the definition of the ICRF and to refine the positions of candidate and other
sources using additional observations. A secondary objective was to monitor
sources to ascertain whether they continue to be suitable for use in the ICRF.
Positions of the ICRF defining sources have remained unchanged. Improved
positions and errors for the candidate and other sources were estimated and
reflect the changes in the data set and the analysis. The 109 new sources were
added with ICRF coordinates. We also discuss current efforts toward ICRF
maintenance and the International Celestial Reference System Product Center.

Potential Refinement of the ICRF:
Chopo Ma (NASA Goddard Space Flight Center, Code 926, Greenbelt, MD
20771, USA)

Abstract. The ICRF analysis and data represented the state of the art in
global, extragalactic, X/S band microwave astrometry in 1995. Similar anal-
ysis has been used to extend the ICRF with subsequent data consistent with
the original catalog. Since 1995 there have been considerable advances in the
geodetic/astrometric VLBI data set and analysis that would significantly im-
prove the systematic errors, stability, and density of the next realization of the
ICRS when the decision is made to take this step. In particular, data acquired
since 1990, including extensive use of the VLBA, are of higher quality and as-
trometric utility because of changes in instrumentation, schedule design, and
networks as well as specifically astrometric intent. The IVS (International VLBI
Service for Geodesy and Astrometry) continues a systematic extension of the
astrometric data set. Sufficient data distribution exists to select a better set of
defining sources. Improvements in troposphere modeling will minimize known
systematic astrometric errors while accurate modeling and estimation of station
effects from loading and nonlinear motions should permit the re-integration of
the celestial and terrestrial reference frames with Earth orientation parameters
though a single VLBI solution. The differences between the current ICRF and
the potential second realization will be described.

The CRF Solution by the Geoscience Australia IVS Analysis Center:
Oleg Titov (GPO Box 378, Canberra, ACT, 2601, Australia)

Abstract. The Geoscience Australia IVS Analysis Center is working for
improvement of the ICRF. The catalogue of 659 radio-source positions estimated
from a 23-year set of the VLBI data (1980-2003) in a homogeneous solution
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(TRF, CRF, EOP) has been obtained using the OCCAM software. Statistical
analysis of the results shows that the median accuracy of the source positions is
0.2-0.3 mas in both coordinates. The long-term apparent motions of two quasars:
0923+392 (4C39.25) and 2145+067 are also analyzed.

Contribution of stable sources to ICRF improvements:
A.-M. Gontier & Martine Feissel-Vernier (Observatoire de Paris, SYRTE, 61,
avenue de l’observatoire, 75 014 Paris France)

Abstract. A set of stable compact radio sources is proposed for the future
maintenance of the ICRF axes, based on time series analysis of VLBI-derived
coordinates of extragalactic radio sources. The selection scheme makes a com-
bined use of statistical and deterministic tests. It identifies 199 stable sources,
to be compared to the current 212 defining sources. Their consideration for the
maintenance of the frame axes is expected to improve the frame stability by a
factor of five, reaching the level of less than 10 microarcseconds in the medium
term. The improved stability and internal consistency of the frame also enhances
the quality of the Earth orientation determinations.

Astrometric Microlensing and Degradation of Reference Frames:
Mizuhiko Hosokawa (Communications Research Laboratory, Tokyo, 184-8795,
Japan); Kouji Ohnishi (Nagano National College of Technology, Nagano, 381-
8550, Japan); Toshio Fukushima (National Astronomical Observatory, Mitaka,
Tokyo, 181-8588, Japan)

Abstract. We have pointed out that the positions of extragalactic radio
sources fluctuate on the order of a micro arcsecond (µas) because of astrometric
microlensing by stars and MACHOs in our galaxy (Hosokawa et al. 1997).
This means that the kinematical reference frames based on the positions of
extragalactic radio sources will be degraded by this kind of fluctuation. Recently,
we have shown that in the case of the extragalactic sources in the direction close
to the Galactic Center, the optical depth of 10 µas fluctuation is about a quarter
for the standard model of our galaxy (Hosokawa et al. 2002). Further, macro
scale astrometric gravitational lensing by the collective mass of the Galactic
Center appears in a different manner. In this paper we discuss the type, the
magnitude and the time scale of the degradation of reference frames due to the
astrometric gravitational lensing. For the astrometric gravitational lensing event
of a few µas caused by each star, the event duration is expected to be several
years. On the other hand, the induced motion due to macro scale astrometric
gravitational lensing is practically regarded as secular.

Extending the ICRF to Higher Radio Frequencies: 24 & 43 GHz:
Christopher S. Jacobs (Jet Propulsion Laboratory, California Institute of Tech-
nology, 4800 Oak Grove Drive, Pasadena, CA 91109, USA); Patrick Charlot,
David Gordon, Gabor Lanyi Chopo Ma, Charles Naudet, Ojars Sovers, Liwei
Zhang, and the KQ VLBI Survey Collaboration

Abstract. Astrometric observations of active galactic nuclei have been used
to construct quasi-inertial global reference frames, most notably the Interna-
tional Celestial Reference Frame (ICRF) which now forms the basis for all as-
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trometry including deep space navigation. The ICRF was defined using X- (8.4
GHz) and S-band (2.3 GHz) observations collected over 20+ years. There are
several motivations for extending this work to higher frequencies, namely, to
construct a more stable frame based on more compact sources, to provide cal-
ibrators for phase referencing, and to support spacecraft navigation at higher
frequencies.

Survey observations using the Very Long Baseline Array at K-band (24
GHz) and Q-band (43 GHz) have been undertaken to pursue these goals. Three
observing sessions have covered the full 24 hours of right ascension and declina-
tion down to −30 deg. The resulting catalog of 80+ sources has K-band median
formal position uncertainties of < 200 micro-arcseconds. The Q-band positional
uncertainties are about 1.5 times larger. Group delay residuals were excellent at
approximately 20 psec weighted RMS. Comparison of the K-band frame to the
S/X-band ICRF shows systematic errors which we will discuss.

The research performed at JPL-Caltech and GSFC was done under contract
with NASA.

Densification of the ICRF/HCRF in Visible Wavelengths:
Sean E. Urban (U.S. Naval Observatory, 3450 Massachusetts Ave. NW, Wash-
ington DC, 20392-5420, USA)

Abstract. With the release of the Hipparcos Catalogue and the IAU res-
olution designating its 100,000 star subset as the HCRF, the optical reference
frame increased 20-fold in the number of stars over the FK5. For many appli-
cations, even these 100,000 stars are inadequate in spatial density and limiting
magnitude. However, Hipparcos is dense enough and deep enough to reduce
many astrometric catalogs directly; the resulting data can be used to densify
the HCRF and extend its magnitude limit. The initial major densification ef-
forts of the HCRF utilized the Tycho data, culminating in the Tycho-2 Catalogue
of 2.5 million stars. Over the last few years, several groups have been working
toward even greater densification. Some resulting catalogs, such as the CMC
13, M2000, and SPM 2.0 are zonal, covering selected areas of the sky. Others,
such as UCAC, USNO-B, and GSC 2.3 aim at global coverage but with vary-
ing degrees of accuracy and magnitude regimes. Others, namely DENIS and
2MASS, are extending the HCRF into the near IR realm. The current state of
many of these projects, and what is expected in the next few years in terms of
densification of the optical frame, is presented.

Extending the ICRF into the Infrared: 2MASS−UCAC Astrometry:
Norbert Zacharias (U.S. Naval Observatory, 3450 Massachusetts Ave. NW,
Washington DC, 20392-5420, USA); Howard L. McCallon, Eugene Kopan &
Roc M. Cutri (IPAC, Caltech, MS 100-22, 770 S. Wilson Ave., Pasadena, CA
91125, USA)

Abstract. An external comparison between the infrared 2MASS and the
optical UCAC positions was performed, both being on the same system, the
ICRS. About 48 million sources in common were identified. Random errors of
the 2MASS catalog positions are about 60 to 70 mas per coordinate for the KS

= 4 to 14 range, increasing to about 100 to 150 mas for saturated and very faint
stars. Systematic position differences between the 2 catalogs are very small,
about 5 to 10 mas as a function of magnitude and color, with somewhat larger
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errors as a function of right ascension and declination. The extension of the
ICRF into the infrared has become a reality.

Progress on Linking Optical-Radio Reference Frames Using CCD
Ground-Based Telescopes:
N.Maigurova, G.Pinigin, Yu.Protsyuk (Nikolaev Astronomical Observatory, Ob-
servatorna 1, Nikolaev, 54030 UKRAINE); R.Gumerov (Kazan State University,
Kremlevskaya 18, Kazan, 420008 RUSSIA); Z.Aslan & I.Khamitov (Turkish Na-
tional Observatory TUG, Antalya, 07058 TURKEY); W.Jin, Z.Tang, S.Wang
(Shanghai Astronomical Observatory, Nandan Road 80, Shanghai, 200030 CHINA)

Abstract. Results of the Joint Project between observatories from China,
Russia, Turkey and Ukraine on improvement of linking optical and radio refer-
ence frames are discussed. The 300 extra-galactic radio sources (ERS) obser-
vation program is extended due to the increase of observations in the southern
hemisphere up to −40◦ declination. At present, observations of more than 150
ERS were used for reduction. The intermediate internal estimation of the link
between optical and radio reference frames showed values near zero within an
accuracy of about 6 mas by using secondary reference stars from UCAC2. A
comparison of presented results with those of other investigations was made.

Extragalactic Source Structure:
Patrick Charlot (Observatoire Aquitain des Sciences de l’Univers–CNRS/UMR 5804,
BP 89, 33270 Floirac, France)

Abstract. The compact extra-galactic radio-emitting objects used to define
the I nternational Celestial Reference Frame (ICRF) are only imperfect fiducial
points in the sky on milliarcsecond scales. Many sources show frequency- and
time-dependent extended emission structures with varied morphologies that are
explained in the framework of unified theories of active galactic nuclei. Such
theories are also useful to make predictions about the expected source morphol-
ogy at optical and IR wavelengths. Various imaging surveys are now available
to evaluate the source compactness and astrometric suitability on a statistical
basis. Additionally, exploratory work is being conducted to correct for the effect
of source structure in actual astrometric analysis by using hundreds of source
maps, as available from ongoing structure monitoring. Recent progress in these
areas are reviewed in the framework of future possible ICRF realizations.

Geophysical Nutation Model:
Véronique Dehant (Royal Observatory of Belgium, Ringlaan 3, B-1180 Brussels,
Belgium)

Abstract. The nutation model that has been adopted by the IAU in 2000
is the semi-analytical model MHB2000 of Mathews et al. (2002, JGR 107(B4),
DOI: 10.1028/ 2001JB000390). We show how robust this model is and examine
the information about the interior of the Earth that has been derived. The ob-
servations used to derived the parameters of MHB2000 as well as the amplitude
of the Free Core Nutation (FCN) are examined in terms of their stability and
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precision. Additional contributions from the external geophysical fluids (atmo-
sphere, ocean) are also studied and shown to be non-negligible.

Practical Consequences of the Improved Precession-Nutation Models:
Patrick T. Wallace (Space Science & Technology Dept., CLRC / Rutherford
Appleton Laboratory, Chilton, Didcot, OX14 4HH, United Kingdom)

Abstract. The IAU 2000 precession-nutation models are classical in form,
unlike the associated Earth rotation model. The counterpart of GST in the
new system is “Earth Rotation Angle”, which is directly proportional to UT1
and is reckoned with respect to a kinematically-defined “non-rotating origin”,
the CEO. Though essential for interpreting Earth-rotation at VLBI accuracies
and simplifying the computation of (h, δ), the introduction of the CEO has
aroused considerable controversy. The new models came into use for VLBI
analysis at 2003 January 1, and subsequent IERS Bulletins provide (δX, δY )
relative to the IAU 2000 celestial pole in addition to the existing (δ∆ψ, δ∆ε)
corrections to IAU1976/80. The almanac offices face interesting choices of how
to present the new quantities and which, if any, of the existing tabulations can
be omitted. Most astronomers will, however, be little affected. In parallel with
developing the new canonical models, considerable efforts have been made also
to provide classical equivalents of similar accuracy, to give users a choice of when
(or whether) to adopt the new methods. The models, both new and classical,
have been implemented as Fortran subroutines and published through the IERS
website. An extended set of routines has been released through the IAU SOFA
initiative.

IERS Conventions:
Dennis D. McCarthy (U.S. Naval Observatory, 3450 Massachusetts Ave. NW,
Washington DC, 20392-5420, USA); Gerard Petit (Bureau International des
Poids et Mesures, Paris, France)

Abstract. The International Celestial Reference Frame (ICRF) is currently a
radio reference frame accessed through Very long Baseline Interferometry (VLBI)
and refined with technique-dependent improvements described in this Joint Dis-
cussion. An important component of the International Celestial Reference Sys-
tem (ICRS) that is the basis for this frame is the set of conventional models and
procedures that are used to define the system. The International Earth Rota-
tion and Reference System Service (IERS) Conventions Center, provided jointly
by the U.S. Naval Observatory (USNO) and the Bureau International des Poids
et Mesures (BIPM), produces the IERS Conventions that contain the models
and procedures needed to realize and access the ICRS. The key elements of
the Conventions related to the ICRS are outlined, and recent improvements are
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highlighted. Improvements in the IERS Conventions (models and procedures)
should play a role by globally improving IERS products.

New Precession Formula:
Toshio Fukushima (NAO Japan, 2-21-1, Ohsawa, Mitaka, Tokyo, 181-8588,
Japan)

Abstract. We adapted J.G. Williams’ expression of the precession and nu-
tation using the 3-1-3-1 rotation (Williams 1994) to an arbitrary inertial frame
of reference. The modified formulation avoids a singularity caused by finite pole
offsets near the epoch. By adopting the planetary precession formula numer-
ically determined from DE405 (Harada and Fukushima 2003) and by using a
recent theory of the forced nutation of the non-rigid Earth, SF2001 (Shirai and
Fukushima 2001), we analyzed the celestial pole offsets observed by VLBI for
1979-2000 (McCarthy 2000, private communication) and determined the best-fit
polynomials of the luni-solar precession angles. Then we translated the results
into the classic precession quantities and evaluated the difference in them due to
the difference in the ecliptic definition. The combination of these formulas and
the periodic part of SF2001 serves as a good approximation of the precession-
nutation matrix in the ICRF.

ICRS, ITRS, and the IAU Resolutions Concerning Relativity:
Mike Soffel & Sergei Klioner (Lohrmann-Observatorium, Institut fur Planetare
Geodasie, Technische Universitat Dresden, Mommsenstrasse 13, D-01062 Dres-
den, Germany)

Abstract. The IAU2000 Resolutions concerning relativity introduce two ce-
lestial reference systems, a barycentric one, BCRS with coordinates (t,x), and
a geocentric one, GCRS with coordinates (T,X). The two sets of coordinates
are related by 4-dimensional space-time transformations. So far the relations
of the BCRS and GCRS with the ICRS and ITRS have NOT been discussed.
This will be done here. It is argued that the ICRS is a special representation
of the BCRS, and the ITRS-coordinates differ from the GCRS ones by a time
dependent rotation of spatial coordinates plus possible scale factors. This im-
plies that also the ICRS- and the ITRS- coordinates are related by a generalized
Lorentz-transformation.

Earth Orientation Catalogue - An Improved Reference Frame:
Jan Vondrák & Cyril Ron (Astronomical Institute, Academy of Sciences of the
Czech Republic, Bočńı II, 14131 Prague 4, Czech Republic)

Abstract. Optical observations of latitude/universal time variations of nearly
five thousand stars (made during the twentieth century at 33 observatories in
Earth orientation programmes) are used, in combination with the Hipparcos and
Tycho catalogues and their combination with ground-based observations (AR-
IHIP), to derive a new improved star catalogue called the Earth Orientation
Catalogue (EOC). The first version of the catalogue, EOC-1, based on the ob-
servations with instruments observing in local meridian, is now finished. The
improved proper motions and/or positions are more convenient for long-term
extrapolation of apparent places than those of the original Hipparcos and Ty-
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cho Catalogues. The catalogue EOC is planned to be used for another new
re-analysis of Earth orientation parameters based on optical astrometry obser-
vations in the 20th century.

Astrometry With Large Un-Astrometric Telescopes:
Imants Platais (Department of Physics and Astronomy, Johns Hopkins Univer-
sity, Baltimore, MD 21218, USA)

Abstract. Over the last few decades the number of large-sized telescopes
has grown dramatically. These new telescopes were designed to produce sharp
images of stars and galaxies and are not necessarily optimized for astrometric
measurements. Despite this and some other limitations cutting-edge astrometry
can be done with such instruments. Space-based CCD imagers can easily break
the 1-mas precision limit, while ground-based telescopes are currently limited to
accuracies of 3-5 mas. It is expected that the Large Synoptic Survey Telescope
will produce a 15 petabyte imaging database down to V = 28 and over 30,000
square degrees of the sky, which opens new horizons for astrometry.

Status of Space-Based Astrometric Missions:
Ralph Gaume (U.S. Naval Observatory, 3450 Massachusetts Ave. NW, Wash-
ington DC, 20392-5420, USA)

Abstract. Since the highly successful Hipparcos space-based astrometry mis-
sion, a number of follow-up programs have been proposed to accomplish a wide
variety of scientific goals. Due in part to funding pressure and technical chal-
lenges, the status of these missions has changed on a nearly continuous basis
(proposal, selection, descope, cancellation, rescope, reproposal). The status, ca-
pabilities, operational concept, science goals, schedules, and technical challenges
of the current set of space-based astrometric missions will be discussed.

Realization of the Inertial Frame with GAIA:
François Mignard (OCA/CERGA, av. Copernic, F06130 Grasse, France)

Abstract. The European Space Agency astrometry mission Gaia scheduled
for a launch in mid-2010 will observe thousands of extra-galactic sources together
with nearly one billion stars. With a target accuracy of 10 microarcseconds at
V = 15 and 50 microarcseconds at V = 18, this will open a new era in the
realization of the primary reference frame. The very principles of this direct
realization in the visible are outlined in this paper together with a discussion of
modeling problems or intrinsic limitations due to the galactic rotation, source
instability or the occurrence of gravitational lensing.

Astrometric Goals of the RadioAstron Mission:
Vladimir E. Zharov, Igor A. Gerasimov, Konstantin V. Kuimov (Sternberg State
Astronomical Institute, 13, Universitetskij prospect, 119992 Moscow Russia);
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Aleksander E. Rodin & Yury P. Ilyasov (Puschino Radio Astronomy Observa-
tory, 142290 Puschino Russia)

Abstract. The high-apogee elliptical orbit of the RadioAstron international
mission impacts precision astrometry on the level of about a microsecond of arc
(µas). Optimal launch of the RadioAstron mission could be on March 2006.
The RadioAstron program is the next generation of the radioastrometry pro-
grams. According the RadioAstron program, initiated by the Astro Space Cen-
ter of Lebedev Physical Institute of Russian Academy of Science (supervisor
N.S.Kardashev) in collaboration with other institutes of Russia and abroad,
the satellite SPECTR carrying a 10-meter radio telescope will be launched in
a highly eccentric orbit with eccentricity e = 0.853. Apogee distance will be
350 000 km. It is planned that the VLBI observations will be conducted with
the largest ground-based radio telescopes. The period of revolution of the satel-
lite will be about 9.5 days, and observational time during one revolution can be
about 9 days. Observations can be made at P, L, C, and K frequency bands
with a bandwidth of 32 MHz. For the shortest wavelength 1.35 cm and baseline
of about 350 000 km resolving power of order of 8 µas can be achieved. It is
planned to solve both astrophysical and astrometry problems during a total ex-
pected lifetime of the satellite of three years. The main astrometric goal of the
mission is the realization of a new International Celestial Reference Frame based
on measurements of the coordinates of ∼ 100 defining sources with microarcsec-
ond accuracy. Observations of some pulsars on the space-ground interferometers
and by the timing technique will allow us to connect kinematical and dynamical
systems with unprecedented accuracy. Coordinates of ground radio telescopes
will be determined with respect to the geocenter.

Misleading Proper Motions of Galactic Objects at the Microarcsec-
ond Level:
Jean Kovalevsky (Observatoire de la Cote d’Azur, Avenue Copernic, 06130
Grasse, France)

Abstract. At the microarcsecond (muas) level of accuracy of observations
foreseen by the GAIA program, the effects of the curvature of stellar orbits
around the center of the galaxy cannot be neglected. The curvature of the
solar system barycentric motion induces a time dependent component of the
aberration, which reaches, in some regions of the sky, 4 muas per year. In the
case of stars, it is combined with a similar effect due to the curvature of the
galactocentric orbit of the star, which may reach 600 muas per year for a star
situated at 50 parsecs from the center of the galaxy, and much larger closer to
it. The formulae permitting us to compute these apparent proper motions are
given together with the maps describing this effect within the galaxy. They
disappear if one uses a galactocentric rather than a barycentric reference frame.
The advantages and difficulties of this frame are discussed.
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Relating the Dynamical Reference Frame and the Ephemerides to the
ICRF:
E. M. Standish (CalTech/Jet Propulsion Laboratory; 301-150; Pasadena, CA
91109, USA)

Abstract. In the past, the motions of solar system bodies were used to
establish a non-rotating “inertial” reference system, often referred to as “the
dynamical reference frame”. With the establishment of the ICRF, the use of a
dynamical reference frame has become obsolete in this context.

Planetary ephemerides, on the other hand, continue to play vital roles in
a number of other applications, such as spacecraft navigation, mission design,
etc. For present-day ephemerides, the accuracies of the inner planet positions
are 1 km or less in all coordinates, including the orientation of the system onto
the ICRF. Certain quantities are much better known over specific time intervals
(e.g., Earth-Mars distance over the past few decades, throughout which it has
been accurately measured). The outer planet positions are significantly less well-
known, being established during the present era by CCD observations to about
0."05 or so, but quickly deteriorating for decades away from the present.

The ICRS and the IERS Information System:
Wolfgang R. Dick, Bernd Richter, & Wolfgang Schwegmann (IERS Central Bu-
reau, BKG, Richard-Strauss-Allee 11, 60598 Frankfurt am Main, Germany)

Abstract. This paper discusses the role of the International Earth Rotation
and Reference Systems Service (IERS) for the International Celestial Reference
System (ICRS) with emphasis on the IERS Information System, consisting of
data, publications, documentation, and other information in printed and online
form. Plans for a new database-driven information system are outlined.

ICRS — ITRS Connection Consistent with IAU (2000) Resolutions:
Irina Kumkova (Institute of Applied Astronomy RAS, 10, Kutuzov emb, St.Petersburg,
191186 RUSSIA); Michael Stepashkin (Saint-Petersburg Institute for Informat-
ics and Automatics RAS)

Abstract. Algorithms of direct and reverse relativistic 4-dimensional trans-
formation of barycentric and geocentric celestial reference coordinate systems
(BCRS and GCRS) according to IAU Resolution B1(2000) are developed. Trans-
formation between BCRS and GCRS is considered as a part of general process
of linking the International Celestial Reference System to the International Ter-
restrial Reference System, provided by the International Earth Rotation and
Reference System Service.

Reference Frames and Ground-Based Astrometry:
Magda Stavinschi (Astronomical Institute of the Romanian Academy, Str. Cuti-
tul de Argint 5, RO-040558 Bucharest, Romania, E-mail: magda@aira.astro.ro)

Abstract. We try to analyze the contribution to the extension of optical ref-
erence frame to faint stars in crowded fields, the production of input catalogues
for future space projects, re-observation of existing catalogues for proper motion
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determination, link of optical and radio reference frames, position of radio-source
optical counterparts, stellar catalogues, etc. It is one of the tasks of the WG on
The Future Development of Ground-Based Astrometry.

The Future Development of Ground-Based Astrometry:
Magda Stavinschi (Astronomical Institute of the Romanian Academy, Str. Cuti-
tul de Argint 5, RO-040558 Bucharest, Romania, E-mail: magda@aira.astro.ro);
Jean Kovalevsky (Observatoire de la Côte d’Azur - CERGA, av. Copernic, F-
06130 Grasse, France, E-mail: Jean.Kovalevsky@obs-azur.fr)

Abstract. This WG was created following the decision of Division 1 at the
XXIVth IAU GA at Manchester. During the three years it was chaired by
M. Stavinschi (Romania) and Jean Kovalevsky (France). Members are Daffydd
Wyn Evans (UK), Carlos Lopez (Argentina), Dan Pascu (USA), Antonio Pugliano
(Italy), Manuel Sanchez (Spain), Ramakhrisna Teixeira (Brazil), and Arthur Up-
gren (USA).

Astrometric Measurements of Radio Sources Optical Counterparts.
OATo Campaign: Some Final Results:
B. Bucciarelli, M.T. Crosta, M.G. Lattanzi, G. Massone, R. Morbidelli (Astro-
nomical Observatory of Torino, I-10025, Italy); W. Jin, Z. Tang (Astronomical
Observatory of Shanghai, 200030 China); G. Deiana, A. Poma, S. Uras (Astro-
nomical Observatory of Cagliari, I-09012, Italy)

Abstract. We present photographically determined positions of a sub-set
of 20 radio sources from a larger sample collected by OATo during a dedicated
campaign, as described in this paper. Targets are from the list of extra-galactic
objects adopted by the IAU for the realization and maintenance of the ICRF.
The results obtained so far are in agreement with the VLBI-determined radio
positions at a significance level of better than 100 microarcseconds.

Coupling Between the Earth’s Rotation Rate and Precession-Nutation:
Sébastien Lambert (SYRTE - UMR8630/CNRS, Observatoire de Paris, 61 av-
enue de l’Observatoire, 75014 Paris, France)

Abstract. For different Earth models, we computed the effects of variations
in the Earth’s rotation rate on precession-nutation. In the case of a refined model
with elastic mantle and decoupled liquid core, we found a major contribution
of -136.56 µas and 6.18 µas on the 18.6-year nutation respectively in longitude
and in obliquity, and a decrease of -3222.80 µas/century on the precession rate
in longitude.

ICRF Densification Via HIPPARCOS-2MASS Cross-Identification:
Goran Damljanović (Astronomical Observatory, Volgina 7, 11160 Belgrade, Ser-
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bia and Montenegro); Jean Souchay (Observatoire de Paris, DANOF, 61, avenue
de l’observatoire, 75 014 Paris, France)

Abstract. We developed a cross-identification programme of stars of any
two catalogues, and applied it to HIPPARCOS and 2MASS. It found 37940
common stars, after selecting a rejection criterion, that we set to a 3σ value. The
procedure was more than 68.5% successful by using the data of catalogues. There
were 117955 HIPPARCOS stars, and 162195232 2MASS Second Incremental
Data Release (∼ 47% of the sky) ones in our basic selection. Then, we calculated
a preliminary systematic error (∼ 0.′′10) of differences ∆α and ∆δ of detected
common stars, included it into the programme, and the cross-identification was
near 80% successful.

Extending the ICRF to Higher Radio Frequencies - First Imaging Re-
sults:
A. L. Fey, D. A. Boboltz (U.S. Naval Observatory - 3450 Massachusetts Avenue
NW, Washington DC, 20392-5420, USA); P. Charlot (Observatoire Aquitain des
Sciences de l’Univers - CNRS/UMR 5804, BP 89, 33270 Floirac, France); E. B.
Fomalont (National Radio Astronomy Observatory - 520 Edgemont Road, Char-
lottesville, Virginia 22903–2475, USA); G. E. Lanyi, L. D. Zhang (Jet Propul-
sion Laboratory - California Institute of Technology, 4800 Oak Grove Drive,
Pasadena, CA 91109-8099, USA); and the K-Q VLBI Survey Collaboration

Abstract. We present first imaging results and preliminary source structure
analysis of 108 extra-galactic objects observed using the Very Long Baseline Ar-
ray (VLBA) at 24 GHz and 43 GHz as part of a joint NASA, USNO, NRAO and
Bordeaux Observatory program to extend the ICRF to higher radio frequencies.

Japan Astrometry Satellite Mission — The JASMINE Project:
Taihei Yano, Naoteru Gouda, Yukiyasu Kobayashi, Takuji Tsujimoto Yukitoshi
Kan-ya (National Astronomical Observatory, Mitaka, Tokyo 181-8588, Japan);
Yoshiyuki Yamada (Graduate School of Science, Kyoto University, Sakyo-ku,
Kyoto 606-8502, Japan); Hiroshi Araki, Seiichi Tazawa, Kazuyoshi Asari,Seiitsu
Tsuruta, Hideo Hanada, Nobuyuki Kawano (National Astronomical Observa-
tory, Mizusawa, Iwate 023-0861, Japan)

Abstract. JASMINE is the name of a Japanese infrared (z-band: 0.9 µm, or
K-band: 2.2µm) scanning astrometric satellite, planned to be launched between
2013 and 2015. The main objective of JASMINE is to study the fundamental
structure and evolution of the disk and the bulge components of the Milky Way
Galaxy. Its important objective is to investigate stellar physics. In order to ac-
complish the objective, JASMINE will measure parallaxes, positions and proper
motions with a precision of 10 microarcsec (µas) at z =15.5mag or K=12mag.

The USNO Extragalactic Reference Frame Link Program:
Marion I. Zacharias (USRA, 1101 17th St. NW, Suite 1004, Washington DC,
USA and U.S. Naval Observatory, 3450 Mass. Ave. NW, Washington DC, 20392,
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USA); Norbert Zacharias, & Theodore J. Rafferty (U.S. Naval Observatory, 3450
Mass. Ave. NW, Washington DC, 20392, USA)

Abstract. The objective of this project is to improve the link between the ra-
dio and optical reference frames over the initial Hipparcos effort. The alignment
of the radio-optical systems is important for absolute proper motions and source
identification across the wavelength spectrum. There are 717 ICRF+extensions
radio sources. The U.S. Naval Observatory (USNO) extra-galactic reference
frame link program includes all applicable (≈ 600) sources with optical coun-
terparts. Furthermore, USNO is involved in the extra-galactic link of the Space
Interferometry Mission (SIM) and plans for a new astrometric, ground-based,
1-meter class telescope.

Testing the Hipparcos/ICRF Link Using Radio Stars:
D. A. Boboltz, A. L. Fey, K. J. Johnston, N. Zacharias & R. A. Gaume (U.S.
Naval Observatory, 3450 Massachusetts Avenue NW, Washington DC, 20392-
5420, USA)

Abstract. We have undertaken an effort to verify and improve the ra-
dio/optical frame link through connected element interferometer astrometry of
radio stars. In our first epoch, we observed 19 radio stars using the Very Large
Array in A-configuration plus the Pie Town Very Long Baseline Array antenna
(VLA+PT). Differences in right ascension and declination were computed be-
tween our VLA+PT data and the Hipparcos positions updated to our epoch
(2000.94). A weighted least-squares fit to the position differences was performed
and the three rotation angles between the radio and optical frames were deter-
mined. We found that the two frames are aligned to within the formal errors of
approximately 3 milliarcseconds per axis. Presented here are the results of this
work and the plans for future work.

Another Look at Non-Rotating Origins:
George H. Kaplan (U.S. Naval Observatory, 3450 Massachusetts Ave. NW,
Washington DC, 20392-5420, USA)

Abstract. Two “non-rotating origins” were defined by the IAU in 2000 for
the measurement of Earth rotation: the Celestial Ephemeris Origin (CEO) in
the ICRS and the Terrestrial Ephemeris Origin (TEO) in the ITRS. Universal
Time (UT1) is now defined by an expression based on the angle θ between the
CEO and TEO. Many previous papers, e.g., Capitaine, Guinot, & McCarthy
(2000), developed the position of the CEO in terms of a quantity s, the difference
between two arcs on the celestial sphere. A similar quantity s′ was defined for
the TEO.

As an alternative, a simple vector differential equation for the position of
a non-rotating origin on its reference sphere is presented here. The equation
can be easily numerically integrated to high precision. This scheme directly
yields the unit vector of the CEO in the ICRS, or that of the TEO in the ITRS,
as a function of time. This simplifies the derivation of the main transformation
matrix between the ITRF and the ICRS. The directness of the development may
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have pedagogical and practical advantages for the vast majority of astronomers
who are unfamiliar with the history of this topic.

IDV Sources as ICRF Sources: Viability and Benefits:
Roopesh Ojha (Australia Telescope National Facility, CSIRO, PO Box 76, Ep-
ping, NSW 1710, Australia); Alan L. Fey (U.S. Naval Observatory, 3450 Mas-
sachusetts Ave. NW, Washington DC, 20392-5420, USA); David L. Jauncey
(Australia Telescope National Facility, CSIRO, PO Box 76, Epping, NSW 1710,
Australia); Kenneth J. Johnston (U.S. Naval Observatory, 3450 Massachusetts
Ave. NW, Washington DC, 20392-5420, USA); James E. Lovell & Lucyna
Kedziora-Chudczer (Australia Telescope National Facility, CSIRO, PO Box 76,
Epping, NSW 1710, Australia)

Abstract. Radio sources that exhibit rapid variability in their light curves,
as a result of radio wave propagation through turbulent electron density fluc-
tuations in the interstellar medium, appear to be the most compact sources
in the sky. In particular, the most variable weak sources, might be the most
point-like and, thus, some of the best candidates for densification of the Inter-
national Celestial Reference Frame (ICRF) and consequent improvement in its
accuracy. Further, the advent of the Mk IV/V VLBI system will make use of
weaker sources easier. We will discuss the viability of this idea and state the
benefits that might flow from this approach.

USNO/ATNF Astrometry and Imaging of Southern Hemisphere ICRF
Sources:
Roopesh Ojha, David L. Jauncey (Australia Telescope National Facility, CSIRO,
PO Box 76, Epping, NSW 1710, Australia); Alan L. Fey, Kenneth J. John-
ston (U.S. Naval Observatory, 3450 Massachusetts Ave. NW, Washington DC,
20392-5420, USA); Richard G. Dodson, Simon D. Ellingsen, Peter M. McCulloch
(University of Tasmania, Hobart, Australia); George D. Nicolson, Jonathan F.
H. Quick (Hartebeesthoek Radio Astronomy Observatory, Krugersdorp, South
Africa); John E. Reynolds, Anastasios K. Tzioumis & Warwick E. Wilson (Aus-
tralia Telescope National Facility, CSIRO, PO Box 76, Epping, NSW 1710,
Australia)

Abstract. The USNO and the ATNF are collaborating in a continuing VLBI
research program in southern hemisphere source imaging and astrometry. The
goals of this program are two fold: to image all southern hemisphere ICRF
sources at least twice for structure monitoring and to search for new astrometric
sources for densification of the ICRF. All 184 existing ICRF sources south of -20
degrees, have been observed for imaging at least once. Imaging and a second
epoch of observations are underway. In order to identify new extra-galactic radio
sources to be added to the ICRF, survey observations of selected ATCA cali-
brator sources have been interspersed among the imaging observations. These
survey observations have, to date, identified a total of 29 possible astromet-
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ric targets. Dedicated astrometric VLBI experiments have been scheduled to
determine accurate positions for these sources.

CCD-Based Astrometric Measurements of Photographic Plates:
I. H. Bustos Fierro & J. H. Calderon (Observatorio Astronomico, Universidad
Nacional de Cordoba, Rep. Argentina)

Abstract. A methodology for the astrometric measurement of photographic
plates making use of a scientific grade CCD camera was developed and tested
on a Carte du Ciel plate. In order to measure a complete CdC plate a mosaic
of f64 frames with partial overlap in both coordinates was made. With the
aim of evaluating the accuracy of stellar centroids a MAMA-based digitization
of the same plate was employed as a pattern. We found a noticeable radial
distortion produced by the optical system of the camera that was corrected.
The reduction to celestial coordinates was performed by means of the block-
adjustment technique, using Tycho-2 as a reference catalog. Differences with
Tycho-2 suggest that the errors of CCD-based positions obtained ftom the CdC
plate are between 0.20 and 0.25 arcseconds. These positions are intended to be
employed in the determination of proper motions at few mas/yr level, therefore
allowing densification of the proper motion system in regions of interest of the
sky up to photographic magnitude 14.5 (for CdC plates), using a relatively low
cost device available at our own observatory.

Relativistic Satellite Attitude: Joining Local and Global Reference
Frames for the Realization of Space-Borne Astrometric Catalogues:
Donato Bini (Istitute “M. Picone”, C.N.R., and I.C.R.A., Rome, Italy); Beatrice
Bucciarelli, Maria T. Crosta, Mario G. Lattanzi, and Alberto Vecchiato (Turin
Astronomical Observatory, Pino Torinese, Turin, Italy); Fernando de Felice (De-
partment of Physics, University of Padova, Padova, Italy)

Abstract. The definition of the satellite rest frame plays a fundamental
role in the relativistic treatment of space observations. We find a mathematical
representation of this frame which is an analytical solution accurate to (v/c)3 and
corresponds to the expected attitude of the astrometric satellite Gaia. We named
this frame attitude frame since it takes into account the satellite’s actual orbital
motion and attitude law, both computed in global BCRS coordinates. Moreover,
we show that the running time on Gaia is compatible with IAU resolution B1.5
(2000).
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IAU XXV JD17: Atomic Data For X-Ray Astronomy

Anil K. Pradhan and Sultana N. Nahar

Department of Astronomy, The Ohio State University, Columbus, OH
43210, USA

Peter L. Smith

Harvard Smithsonian Center for Astrophysics, Cambridge, MA 023138,
USA

Abstract. The Joint Discussion on Atomic Data For X-ray Astronomy ad-
dressed all aspects of X-ray astronomy: (I) New Observations, (II) Atomic The-
ory, (III) Laboratory Measurements (IV) Numerical Simulations, (V) Databases.
There were 22 invited presentations and approximately 40 contributed papers.
Following papers are brief summaries of the proceedings.

A detailed description of the aims and contents of JD17 are given at:
www.astronomy.mps.ohio-state.edu/∼pradhan/Iau/iau.html. The SOC consisted
of: N. Brickhouse (USA), H. Hasan (USA), J. Houck (USA), A. Fabian (UK), J.
Kaastra (Netherlands), F. Keenan (UK), S. Kahn (USA), T. Kallman (USA), H.
Netzer (Israel), A.K. Pradhan (USA, Chair), P.L. Smith (USA), K.Yamashita
(Japan).

Acknowledgments. The SOC would like to thank the Executive Commit-
tee and the Secretariat of the IAU for approving the JD, local arrangements in
Sydney, for several travel grants to invited speakers. The chair (AKP) would
especially like to thank Dr. Hans Rickman for great and prompt assistance in
all of these.
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Probing X-ray Emitting Plasma with High Resolution
Chandra and XMM-Newton Spectra

Julia C. Lee

Chandra Fellow, MIT Center for Space Research, 77 Massachusetts
Ave. NE80-6073, Cambridge, MA. 02139 USA

Abstract. Highlights of interesting astrophysical discoveries are reviewed
in the context of high resolution X-ray spectroscopy made possible with Chan-
dra and XMM-Newton , and its relevance to atomic physics calculations and
measurements is discussed. These spectra have shown that the overlap between
astrophysics and atomic physics is stronger than ever, as discoveries of new X-ray
lines and edge structure is matching the need for increasingly detailed theoretical
calculations and experimental measurements of atomic data.

1. X-ray spectral probes of astrophysical systems at high resolution

High resolution X-ray spectroscopy provides a powerful new tool for advanc-
ing our understanding of the physical environments of energetic astrophysical
systems. As demonstrated with Chandra and XMM-Newton spectral studies,
the scientific impact is far reaching, encompassing studies of stars, supernova
remnants (SNR), X-ray binaries (XRBs), active galactic nuclei (AGN), clusters,
and the interstellar and intergalactic medium (respectively ISM and IGM). To
give a flavor for some of the newly X-ray discovered spectral features and their
relevance to spectral modeling and calculations, I will draw mostly on examples
from observations of AGN and XRBs with which I have been involved. See
Paerels & Kahn (2003) for a complete review of Chandra and XMM-Newton
results.

1.1. Narrow emission and absorption lines

Narrow (i.e. barely resolved) emission and absorption lines are nearly ubiquitous
in the astrophysical sources seen at high resolution. From the lines strengths
alone, we can deduce much about the conditions of the plasma, which range from
the “X-ray cold” where fluorescent emission and photoionzation prevail to the
“X-ray hot” where collisional ionization dominates. From the view of atomic
calculations and spectral modeling, the parameterization of the emitters and
absorbers are at an advanced state as demonstrated by high resolution spectral
studies of the photoionized plasma in Seyfert galaxies (e.g., Sako et al. 2000;
Ogle et al. 2000; Branduardi-Raymont et al. 2001; Collinge et al. 2001; Lee et.
l2001, 2002a; Kaspi et al. 2000, 2001, 2002; Brinkman et al. 2002; Kinkhabwala
et al. 2002; Blustin et al; Sako et al. 2003). Specific features which demonstrate
the power of high resolution spectroscopy come from the detection of high order
(low oscillator strength) resonance absorption lines (i.e. higher than Lyman γ)
which are the mark of high optical depth clouds (e.g., Lee et al. 2001; Kaspi
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et al. 2002). Commonly used atomic codes include 5Cloudy: Ferland et al.
(1998), 6XSTAR: Kallman & Bautista (2001) and 7photoion: Kinkhabwala et
al. (2003).

Strong evidence for non-equilibrium collisionally ionized plasma can be seen
in SNRs observed with Chandraand XMM-Newton. One of the best examples is
1E 0102.2-7219 where spectral-line images reveal progressive ionizations in the
remnant attributed to a reverse shock (Flanagan et al. 2003b; and Fig. 5 of
Flanagan et al. 2003a).

1.2. P-Cygni Profiles, Line Variability, Doppler Shifts, and Spatial-
Spectral Doppler mapping

Outflows have been seen in many different forms in Chandra and XMM spec-
tra. Key spectroscopic signatures include (1) Doppler-shifted absorption and/or
emission lines which provide information on the kinematics and geometry of
the outflow, (2) P-Cygni profiles (red-shifted/rest-frame emission from material
out of the line-of-sight, accompanied by blue-shifted absorption lines from the
foreground, line-of-sight part of the wind) as seen in both X-ray binaries (e.g.
Circinus X1: Brandt & Schultz 2000; Schultz & Brandt 2002) and AGN (e.g.
NGC 3783: Kaspi et al. 2001; 2002), and (3) more subtle variability effects
(e.g. the micro-quasar GRS 1915+105: Lee et al. 2002b). Of these, the most
remarkable are those which show relativistic velocities (e.g. the BHC SS 433
where vjet ∼ 0.27c, Marshall, Canizares & Schultz 2002), and more recently also
seen in QSOs and Narrow line Seyfert galaxies. From the X-ray measurements
of these lines and shifts, a great deal can be learned about the X-ray portion
of the flow. For example, based on the line broadening, information about the
flow opening angle can be deduced while density diagnostics using observed He-
like lines can provide important limits on the mass flow rate. For some of the
brighter SNRs, spatial-spectral Doppler mapping can be used to reveal the 3-D
structure of the SNR (e.g. 1E 0102, Fig 6 of Flannagan et al. 2003a) – see
Dewey (2002) for technique; for Cassiopeia A, see Willingale et al. (2002).

1.3. Inner Shell lines

‘Low’ ionization (in the X-ray sense) lines such as O iii-vi or Fe vi-xvii are
typically only seen in other wave-bands (e.g. UV), but photoexcitation of the
ion’s inner shell electron followed by auto-ionization causes resonance lines to
appear in the X-ray band. These lines have been detected in the X-ray spectra
of AGN: (1) the broad structure between ∼ 15.5 − 17 Å (∼ 0.72 − 0.8 keV)
known as the ‘unresolved transition array’ (UTA) of inner-shell 2p-3d resonance
absorption lines in weakly ionized M-shell Fe vi-xii (for calculations, see Behar,
Sako & Kahn 2001) was first detected in the Seyfert galaxy IRAS 13349+2438
(Sako et al. 2001) and since seen in NGC 3783 (Kaspi et al. 2002), (2) similarly,
the K-L resonance absorption (inner shell 1s-2p transition) of Li-like oxygen

5http://www.nublado.org/

6http://heasarc.gsfc.nasa.gov/docs/software/xstar/xstar.html

7http://xmm.astro.columbia.edu/research.html
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for calculations, see Pradhan 2000) was also first discovered in a Seyfert galaxy
(MCG-6-30-15: Lee et al. 2001). Since then, lower ionization oxygen lines have
also been seen in this source (Sako et al. 2003; Lee et al. in prep), and inner
shell lines of Si vii-xii and S xii-xiv have been reported in NGC 3783 (Kaspi
et al. 2002). Low ionization oxygen lines have also been detected in the X-ray
binaries and attributed to the line-of-sight ISM or that intrinsic to the source
(e.g., Paerels et al. 2001; Takei et al. 2002; Juett, Schultz & Chakrabarty 2003).

For highly extincted extragalactic sources where a UV spectrum cannot be
seen, the inner shell lines can eventually provide a powerful alternative for study-
ing the “lukewarm” part of the partially ionized gas in the AGN environment
(i.e. the warm absorber). For ISM studies, these lines provide an important
diagnostic for the abundance distributions in our local Universe.

1.4. Edge Structure (XAFS) and Shifts

Photoelectric edges are seen as prominent spectral features in X-ray spectra
of sources with significant absorption, from which we can deduce the optical
depth and hydrogen column of the absorbing medium. However, based on the
edge discontinuity alone, we cannot distinguish between gas versus dust phase
absorption. In some cases, dust has been inferred as the source of an Fe L pho-
toelectric edge at ∼ 17.7 Å (∼ 0.7 keV) (e.g., Lee et al. 2001, 2002a). However,
the most direct probe of dust is if the X-ray Absorption Fine Structure (XAFS),
which probes material in solid form can be extracted from high resolution data
of bright highly absorbed XRBs. Tentative detections of these features have
been reported in the Chandraspectrum of GRS 1915+105 (Lee et al. 2002b).

2. Concluding Thoughts

The wealth of high resolution Chandraand XMM-Newton spectra accumulated
over the course of the last ∼ four years has provided us with a very rich labora-
tory for probing the details of astrophysical plasma. While the atomic physics
calculations appear to be well suited to model the high resolution X-ray data in
hand, much of the detailed modeling has been parametric. Our next step should
be to take the wealth of atomic and satellite data and connect it to the detailed
models of the astrophysical sources themselves.

Acknowledgments. I thank Claude Canizares for his generosity & insight-
ful discussions. I also thank the MIT CXC & HETGS members. I am grateful
for the financial support of the Chandra fellowship grant PF2–30023, issued by
the Chandra X-ray Observatory Center which is operated by SAO for NASA
under contract NAS8–39073.
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The First Results from ”Solar X-ray Spectrometer
(SOXS)” Mission

Rajmal Jain, Hemant Dave, P. Sreekumar*, A. B. Shah, N. M. Vadher,
K. S. B. Manian, G. P. Ubale, V. M. Shah, K. J. Shah, S. L. Kayasth,
V. D. Patel, Sumit Kumar and M. R. Deshpande

Physical Research Laboratory, (Dept. of Space, Govt. of India)
Navrangpura, Ahmedabad - 380 009, India

Abstract. ”Solar X-ray Spectrometer (SOXS)” mission on-board GSAT-2
Indian spacecraft was launched on 08 May 2003 by GSLV-D2 and deployed in
geostationery orbit to study the X-ray emission from solar flares with high spec-
tral and temporal resolution. The SOXS consists of two independent payloads
viz. SOXS Low Energy Detector (SLD) payload, and SOXS High Energy De-
tector (SHD) payload. The SLD consists of two solid state detectors Si PIN
and CZT, which cover the energy range from 4-60 keV, while the SHD has
NaI(Tl)/CsI(Na) sandwiched phoswich detector that covers energy range from
20 keV to 10 MeV. We present very briefly the science objectives and instru-
mentation of SLD payload. After the successful In-orbit Tests (IOT), the first
light was fed into SLD payload on 08 June 2003 when the solar flare was already
in progress. We briefly present the first results from the SLD payload.
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The Iron Project and the RmaX Project

Anil K. Pradhan

Department of Astronomy, The Ohio State University, Columbus, OH
43210, USA (www.astronomy.mps.ohio-state.edu/∼pradhan)

Abstract. Ongoing activities under an international collaboration of atomic
physicists and astrophysicists under the Iron Project and the RmaX Project,
with applications to X-ray astronomy, are briefly described.

1. Introduction

The Iron Project (IP; Hummer et al.1993) is an extension of the erstwhile Opac-
ity Project (OP; Seaton et al.1994), devoted primarily to collisional and radiative
processes of the Iron-peak elements. The RmaX Project is a part of the IP aimed
at X-ray astronomy. The IP/RmaX work deals with highly charged ions and
inner-shell processes.

To date 55 publications on Atomic Data From the Iron Project have
appeared in Astronomy and Astrophysics. More details are on the IP website
www.usm.uni-muenchen.de/people/ip/iron-project.html, or the author’s web-
site above. Additional details are provided in reviews in this volume by Palmeri
and Mendoza on the OP/IP database TIPTOPBASE, and by Nahar on ”New
Radiative Data” not yet generally available. The IP/RmaX collaboration con-
sists of about 20 members from Canada, France, Germany, UK, US, and Vene-
zuela. Some RmaX publications are also reported in the Journal of Physics B:
Atomic, Molecular, and Optical Physics.

2. Methodology

The IP/RmaX calculations, like the OP, are carried out using the R-matrix
method, based on the close-coupling approximation from atomic collision theory
(Burke and Robb 1975; Seaton 1987). Unlike the OP radiative calculations that
were in LS coupling, the IP/Rmax calculations generally take account of fine
structure and some relativistic effects using the Breit-Pauli R-matrix method
(BPRM; Berrington et al.1995).

3. Radiative and Collisional Calculations

One of the primary activities under the IP has been collisional calculations for
all Fe ions (see references in the IP series), and radiative data for a many Fe and
other ions.

Most recent collisional work has been on highly charged ions from H-like
to Ne-like sequences, and K- and L-shell radiative transitions. In the following
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subsections we exemplify the nature of the IP/RmaX work, on various atomic
processes and using the same approximation (BPRM), for the important ion
Ne-like Fe XVII that gives rise to a number of well known X-ray lines (see the
Grotrian diagram in Chen et al.2003).

3.1. Electron impact excitation

BPRM calculations for a benchmark study of electron scattering with Fe XVII
showed extensive series of resonances that significantly enhance the effective
(averaged) cross sections and rate coefficients (Fig. 1, Chen and Pradhan 2002;
Chen et al.2003). These calculations resolved longstanding discrepancies be-
tween two sets of experimental measurements using Electron-Beam-Ion-Traps
(EBIT) at the Lawrence Livermore National Laboratory (Brown et al.2001)
and at the National Institute for Standards and Technology (NIST, Laming et
al.2000). The measured and calculated cross sections and line ratios in ques-
tion are due to three prominent x-ray transitions labeled 3C,3D, and 3E, to the
ground level 1s22s22p6 1S0 from excited levels:
3C (λ 15.014Å) 1s22s22p5[1/2]3d3/2

1Po
1, 3D λ 15.265Å 1s22s22p5[3/2]3d5/2

3Do
1,

and 3E λ 15.456Å: 1s22s22p5[3/2]3d5/2
3Po

1. While the 3C is dipole allowed,
the 3D and 3E are spin-forbidden inter-combination transitions. The so called
’3s/3d’ problem, also due to discrepancies between the two sets of EBIT mea-
surements, has also been solved using (a) the Gaussian average, and (b) the
Maxwellian average, over the cross sections in the collisional-radiative model
(Chen and Pradhan, in preparation). Chen et al.(2003) discuss the factors that
affect the accuracy of the collision strengths for many other transitions up to n
= 4 levels in Fe XVII.

3.2. Transition probabilities

Relativistic BPRM transition probabilities for Fe XVII have been calculated for
over 2.6×104 allowed (E1) transitions that are of dipole and inter-combination
type, and about 3000 forbidden transitions that include electric quadrupole (E2),
magnetic dipole (M1), electric octopole (E3), and magnetic quadrupole (M2)
type, representing the most detailed calculations to date for the ion (Nahar et
al.2003).

3.3. Photoionization and Electron-Ion Recombination

BPRM photoionization and recombination calculations for (hν + Fe XVII ←→
(e + Fe XVIII) have been reported by Zhang et al.(2001), using the unified
method for (e + ion) recombination that includes both the radiative and the di-
electronic recombination processes in an ab inito manner. Both the level-specific
and the total cross sections for the two inverse processes are obtained. In an ear-
lier work, Pradhan et al.(2001) demonstrated that the theoretical unified rates
agree with experimental data from ion storage rings to within 20%. The unified
and self-consistent approach to photoionization and (e + ion) recombination is
reviewed by Nahar and Pradhan (2003, astro-ph/0310624).
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Figure 1. Enhancement of collisional rates of Fe XVII by resonances: (a)
BPRM collision strength Ω for the forbidden 3F line 2s22p53s→ 2s22p6, J =
1 → 0, λ16.780Å; the filled circles and square are non-resonant DW calcula-
tions; (b): line ratio 3F/3C vs. T from a 89-level C-R model. The electron
densities for solid-line and dot-line curves are 1013 and 109 cm−3 respectively.
The 4 open circles with error bars are observed and experimental values: from
the solar corona at Tm ∼ 4MK, from the corona of solar-type star Capella at
∼ 5MK, and from the EBIT experiment at 0.9 keV (log T = 7). The filled
squares are values using DW results. Owing to Maxwellian averaged rate co-
efficients, resonance enhancement is particularly large at low temperatures,
such as in photoionized plasmas, as opposed to higher temperatures in coronal
equilibrium.
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3.4. Opacities, inner-shell excitation, and databases

The review by Palmeri and Mendoza on TIPTOPBASE describes recent calcu-
lations on K-shell Auger processes and the Opacity Project/Iron Project atomic
and opacities databases.

4. Summary

Atomic data for a variety of processes and ions are being calculated under the
Iron/RmaX projects. The R-matrix approach is capable of taking account of
all important atomic effects, and produce data of definitive accuracy that can
be bencmharked against state-of-the-art experiments. Self-consistent ab initio
calculations for Fe XVII are presented as an example of large-scale data ob-
tained for all collisional and radiative processes in an ion using the same basic
approximation (BPRM method) and wavefunction expansions.

Acknowledgments. The work reported herein is partially supported by
the NASA Astrophysical Theory Program and the Space and Astrophysics Re-
search program.
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Abstract. Absorption L-lines of iron ions are observed, in spectra of Seyfert 1
galaxies by the new generation of X-ray satellites: Chandra and XMM-Newton.
Lines associated to Fe 23+ to Fe 16+ have been already observed in emission, in
the solar corona and in laboratory. Whereas, those corresponding to Fe 15+ to
Fe 6+ have not been observed as emission lines, the upper level of the transition
decaying preferentially by autoionization. Many atomic data are available for
the first ion set. For the second set, some data have been recently published for
n=2 to n’=3 transitions. We have recalculated them using another theoretical
approach and have extended them to n’=4.

1. Introduction

The new generation of X-ray satellites (Chandra and XMM-Newton) produces
very detailed spectra, thanks to a high spectral resolution combined to a high
sensitivity of the spectrometers on board. For the first time, it is possible to
have access to X-ray spectroscopy of extra-solar astrophysical objects: e.g., stel-
lar coronae, Active Galactic Nuclei (AGN), X-ray binaries, etc. In particular,
observations of Seyfert galaxies, show numerous lines of highly ionized elements:
predominantly in absorption, for Seyfert 1 and only in emission for Seyfert 2
galaxies.

Much atomic data have already been calculated to analyze X-ray spectra
of solar corona or laboratory plasmas. The well-known He-like ion diagnostics
of Gabriel and Jordan (1969), have been extended from solar to non-solar coro-
nae and also to photoionized plasmas by Porquet, Dubau (2000), Porquet et al.
(2001). Besides these K-lines, Fe-L lines have also been observed in X-ray spec-
tra, for Seyfert 1 (Sako et al. 2001, Blustin et al. 2002, Kaspi et al. 2002), and
for Seyfert 2, (Kinkhabwala et al. 2002) galaxies. To analyze the “unresolved
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part” of the Fe-L spectra (Fe 16+ to Fe 6+), atomic data for the transitions from
n=2 to n’=3 have been calculated and presented as an abbreviated set, assum-
ing a UTA (unresolved transition array) statistical model of Behar et al. (2001),
i.e. mean wavelengths, statistical spectral widths of transition arrays, etc. The
arguments used by the authors to justify statistical treatment is that various
processes, such as turbulence, will merge lines into a broad UTA, independent
of the spectral resolution of the measuring device. Comparisons of the Seyfert
1 NGC 3783 spectra with different spectral resolutions, XMM (Bustin et al.
2002), and Chandra (Kaspi et al. 2002), show that the statistical assumption is
not justified at least for this object : fine details can be clearly resolved. Indeed,
for such a low density plasma the number of possible absorption transitions is
quite limited and as the absorption changes dramatically over the ionization
stages, the use of a statistical width artificially increases the real width of the
lines (Iglesias et al. 2003). We have therefore re-calculated all the atomic data
of Behar et al. (2001) , extending them to n’= 4 transitions, giving a particular
importance to the numerous possible autoionization channels (Dubau, Porquet,
Zabaydullin, 2003).

2. Calculations of atomic parameters

2.1. Method

Wavelengths λ, oscillator strengths f and radiative transition probabilities Ar

have been calculated using the SUPERSTRUCTURE code (Eissner et al. 1974)
which uses a multi-configuration expansion of the wave functions. The atomic
Hamiltonian includes most of the Breit Pauli relativistic corrections (one-body
and two-body terms). The non-relativistic and relativistic eigenstates are ob-
tained by diagonalizing the Schrödinger and Breit Pauli Hamiltonian respec-
tively. The matrix transformation between both eigen-states is then used to
transform non-relativistic autoionization transition matrix elements to fine- struc-
ture autoionization probabilitiesAa, in the AUTOLSJ code, (TFR Group, Dubau,
Loulergue 1981). The radial parts of the one electron wave-functions are calcu-
lated in scaled Thomas-Fermi-Dirac potentials, the scaling parameters, for each
l orbital, being derived by minimizing the energies of some selected LS terms.

2.2. Results

Calculations have been done for 11 ions from Fe16+ to Fe 6+ using the ground
state configuration and the excited configurations accessible by absorption (i.e.,
by electric-dipole transitions). For example:

Fe 6+: 1s22s22p63s23p63d2, 1s22s22p53s23p63d3, 1s22s22p53s23p63d24s,
1s22s22p53s23p63d24d, 1s22s2p63s23p63d24p.

For Fe 23+ to Fe 16+, the excited configurations give bound states. Whereas
for Fe+15 to Fe+6, the excited configurations correspond to autoionizing states.
As example, we provide in Table 1, the wavelengths, absorption oscillator strengths,
radiative and autoionization probabilities for Fe 14+ and Fe 8+. One can observe
the dramatic increase in the autoionization probabilities from Fe 14+ to Fe 8+.
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Moreover, the number of possible autoionizing channels increases also. In par-
ticular, this explains why one does not observe the emission lines in Seyfert 2
which could correspond to the absorption lines in Seyfert 1. That is, for L-lines,
the photo-excited bound states, Fe 23+ to Fe 16+, decay by the reverse radiative
transition whereas the photo-excited autoionizing states, Fe 15+ to Fe 6+, decay
preferentially by autoionization.

Table 1. Absorption oscillator strengths, wavelengths, radiative and au-
toionization probabilities

(from the ground level 1s22s22p63s2 1S0

of Fe 14+)
to the upper level) f (abs) Ar(s

−1) λ(Å) Aa(s−1)

1s22s22p53s23d 3D1 0.59 5.49 (+12) 15.51 7.75 (+12)
1s22s22p53s23d 1P1 2.55 2.44 (+13) 15.26 1.43 (+13)
1s22s2p63s23p 1P1 0.27 3.05 (+12) 14.09 8.99 (+13)

1s22s22p53s24d 3D1 0.37 5.12 (+12) 12.74 8.49 (+12)
1s22s22p53s24d 1P1 0.41 5.80 (+12) 12.60 8.78 (+12)
1s22s2p63s24p 1P1 0.08 1.42 (+12) 11.38 8.82 (+13)

(from the ground 1s22s22p63s23p6 1S0

of Fe 8+)
to the upper level) f (abs) Ar(s

−1) λ(Å) Aa(s−1)

1s22s22p53s23p63d 3D1 0.66 5.37 (+12) 16.59 4.19 (+14)
1s22s22p53s23p63d 1P1 1.52 1.27 (+13) 16.33 4.77 (+14)
1s22s22p53s23p64d 1P1 0.26 2.67 (+12) 14.59 4.05 (+14)
1s22s22p53s23p64d 3D1 0.18 1.89 (+12) 14.39 4.00 (+14)
1s22s2p63s23p64p 1P1 0.06 8.52 (+11) 12.80 6.20 (+13)
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Iron Kα Spectra from an Atomic Modeling Perspective
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Abstract. In order to upgrade the diagnostic capability associated with Fe
Kα spectra, we have calculated detailed atomic models that include the effects
of inner-shell photoionization, autoionization, collisional excitation at relatively
high particle number densities, and photoexcitation in plasmas with high X-ray
and/or UV energy densities. I discuss some of the potential uses of these models
in the context of compact X-ray sources.

1. Introduction

Observations and analysis of Fe Kα spectra have long been a mainstay of astro-
physical X-ray spectroscopy. This will continue to be true in the future, with
Astro-E 2 and Constellation-X in the offing. Solar X-ray observations (Seely,
Feldman, & Safranova 1986) and laboratory plasma experiments (Beiersdorfer
et al. 1993) have shown that Fe Kα spectra can be extremely complex, com-
prising several charge states crowding a relatively narrow spectral band. This is
not observed in extra-solar objects, since, to date, the data have been of poor
spectral resolution. Advancements in detector capabilities, however, exemplified
by the XRS on Astro-E 2, promise to uncover the spectral complexity in the Fe
Kα spectrum in several classes of celestial X-ray source.

Owing to the poor resolving power with which Fe K spectra are measured,
analyzes are typically restricted to dealing with “the iron line,” even if the un-
derlying structure is suspected to be rich; obviously, it would be ill-advised to
apply a complicated spectral model to a feature that can be described with a
simple Gaussian model. Unfortunately, many potentially useful plasma diagnos-
tics become obscured by detectors with poor resolution, which, in turn, tends to
inhibit the development of these diagnostics. In light of the imminent launch of
Astro-E 2, with a resolving power ≈ 6 eV, this situation is improving, and de-
tailed calculations of the atomic physics processes associated with Fe K spectral
formation, using state-of-the-art computer codes, are now becoming available
(for example, Palmeri et al. 2003).

We have used the HULLAC (Hebrew University/Lawrence Livermore Atomic
Code; Bar-Shalom et al. 1988) atomic physics package to search for plasma diag-
nostics involving Fe K spectra. Thus far, this research has focused on the L-shell
species (Fe XVII-XXIV), which is a natural follow-on to similar work on Si Kα
spectra, which was motivated by an observation of the high-mass X-ray binary
Vela X-1 using the high-resolution gratings on the Chandra satellite (Liedahl
et al., in prep.). We find that the part of the Si Kα line complex formerly at-
tributed to neutral or near-neutral species (Sako et al. 1999) is actually made
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up of features corresponding to Si III – Si XII. The Kα spectra of L-shell ions
provide unique diagnostic capability, and provide information on plasmas that
exist at an intermediate range of ionization parameter. There is the possibility
that, at least in some sources, the Fe Kα complex will be observed as consist-
ing of several charge states, some of which are L-shell ions. Not only will such
detections provide corollary or corroborative information relative to Kα spectra
from lower-Z elements, but Fe Kα spectra, typically possessing larger equiva-
lent widths than lower-Z elements, might be found to contain the superior set
of diagnostics.

2. Results

The main results of this research are described below. A more thorough presen-
tation will appear in a future paper.

2.1. Density Diagnostics

A detailed treatment of the level population kinetics shows that the Kα fluo-
rescence spectrum can be a proxy for the local electron density. Underlying the
mechanism is collisional excitation from ground to low-lying meta-stable levels,
which, when photoionized out of the 1s shell, leads to fluorescence lines that are
distinct from those produced in the low-density limit (Jacobs et al. 1989). The
critical electron densities are ∼ 1013 cm−3 (Liedahl et al. 1992).

2.2. Direct Photoexcitation by a Continuum Radiation Field

Sources characterized by a hard X-ray continuum, in which fluorescence following
inner-shell photoionization can be important, can also host gas for which direct
photoexcitation of bound levels can drive line emission. This has been shown
for the case of Seyfert 2 galaxies (Kinkhabwala et al. 2002) and high-mass X-
ray binaries (Wojdowski et al. 2003). Similarly, line emission from quasi-bound
auto-ionizing levels can be driven by the continuum radiation field. The essential
difference, as found in this work, is that photoexcitation of auto-ionizing levels
can give rise to bright lines that are not strongly driven by any other process
under conditions of photoionization equilibrium. Lines of this type thus provide
relatively unambiguous constraints on the column densities of the relevant charge
states.

2.3. Level Population Dependence of Resonant Auger Destruction

Resonant Auger destruction (Ross, Fabian, & Brandt 1996) can efficiently sup-
press Kα emission from L-shell ions, since, as opposed to simple resonant scatter-
ing by bound levels, when the upper level is autoionizing, the photon destruction
probability per scatter is equal to the autoionization branching ratio, which of-
ten exceeds 0.5. The other quantities of interest are, of course, the line optical
depths. For a given fluorescence line, the optical depth depends on the level
population density of the lower level of the radiative transition, which, in turn,
depends on the local electron density. Therefore, the efficacy of resonant Auger
destruction depends on both the ionic column density, a macroscopic quantity,
and the local electron density, a microscopic quantity. It has been found that
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there are bright Kα fluorescence lines from Fe L-shell ions that may survive the
resonant Auger destruction process and escape to infinity. To compare with the
case of Vela X-1, as mentioned above, where we clearly see Kα lines from Si
L-shell ions, the fluorescing gas in that object appears to be of relatively low
ionic column density. We have found a set of transitions that can survive large
ionic column densities, such as may be found in accretion disk atmospheres, for
example. The action of resonant Auger destruction can produce spectra that
differ dramatically from the “zero-D” limit.

3. Concluding Remarks

Through detailed treatments of atomic level population kinetics, we have found
that Fe Kα spectra are, at least on “paper,” exceptionally versatile diagnostics
of physical conditions in X-ray photoionized plasmas, such as are found in active
galactic nuclei and X-ray binaries. Since the spectra can differ dramatically from
what one might expect from an assessment of a “zero-D,” isolated ion model,
care must be taken in identifying individual fluorescence lines. This will clear
the way for the application of the rich diagnostic potential of these ions.

Acknowledgments. D.A.L. was supported in part by the NASA Long
Term Space Astrophysics Program grant S-92654-F. Work at LLNL was per-
formed under the auspices of the U.S. Department of Energy by the University
of California Lawrence Livermore National Laboratory under contract No. W-
7405-Eng-48.
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Abstract. A multi-faceted, multi-institutional laboratory astrophysics pro-
gram is carried out at the Livermore electron beam ion trap facility, which is a
mature spectroscopic source with unsurpassed controls and capabilities, and an
unparalleled assortment of spectroscopic equipment, including a full complement
of grating and crystal spectrometers and a 6x6 micro-calorimeter array. Recent
results range from the calibration of x-ray diagnostics, including the Fe XVII
and Fe XXV emission lines, extensive lists of L-shell ions, the first laboratory
simulation and fit of a cometary x-ray emission spectrum, and the discovery of
new spectral diagnostics for measuring magnetic field strengths.

1. Introduction

Addressing the atomic needs of the ASCA and EUVE missions, we initiated
a laboratory astrophysics program in the the early 1990’s. The need for reli-
able laboratory data continued with the advent of observations with Chandra
and XMM-Newton, which provide both CCD-quality and high-resolution grat-
ing spectroscopic data. Our laboratory astrophysics program has various facets
tailored to address the particular needs for atomic data and calibrated line di-
agnostics. These include measurements in the extreme ultraviolet and X-ray
regions, including measurements of charge exchange, relevant to space astro-
physics and planetary science research.

Our program is centered on the electron beam ion traps at the University
of California Lawrence Livermore National Laboratory. In over 15 years of use,
this facility has been optimized for laboratory astrophysics and provides a unique
resource for assessing atomic data and addressing spectroscopic issues. A large
suite of spectrometers has been developed, including high-resolution crystal and
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grating spectrometers and a 6x6-pixel, square-array microcalorimeter. We also
make use of additional laboratory sources to address a specific astrophysical
problem.

A review of laboratory X-ray astrophysics was recently given by Beiersdorfer
(2003). Here we only briefly mention a few results and their implications for
astrophysics.

2. Spectral Catalogues

Line lists covering the X-ray and extreme ultraviolet wavelength bands are still
grossly incomplete making it difficult to identify many lines observed with Chan-
dra and XMM or to assess line blends appropriately (Lepson et al. 2000; Beiers-
dorfer et al. 2000b). In response, we have embarked on an ambitious program to
provide wavelengths, line identifications, and relative intensities of all relevant
lines in the EUV and X-ray region. Recently, we have reported line lists for
the L-shell transitions of Ar IX through Ar XVI, Fe VII through Fe IX, and Fe
XVIII through Fe XXVI (Brown et al. 2002; Lepson et al. 2002; Lepson et al.
2003).

Our wavelengths are being incorporated in various spectral modeling codes,
where they make a decisive difference in line identification and modeling. This
was pointed out, for example, by Behar, Cottam, & Kahn (2001) in their analysis
of the L-shell iron emission from Capella observed by Chandra. Our line lists
have also resulted in new line identifications, such as that of an Ar IX line near
50 Å in Procyon (Lepson et al. 2003), as well as several revised line assignments.

Our line surveys have uncovered new spectral diagnostics. We recently
discovered the first X-ray line that can be used for magnetic field measurements
(Beiersdorfer et al. 2003b).

A typical spectrum showing the iron L-shell emission between 15–17 Å is
shown in Fig. 1. The spectrum was recorded with our high-resolution grating
spectrometer and illustrates the blending of the Fe XVII lines with lines from
Fe XVI.

3. Excitation Cross Sections

Knowledge of line formation processes and accurate excitation cross sections are
needed for modeling observed line intensities and for deriving plasma conditions
of the sources under investigation. Focusing on the iron L-shell emission, we have
reported detailed excitation cross sections for Fe XXI through Fe XXIV (Gu et
al. 1999; Gu et al. 2001; Chen et al. 2002). Our measurements illustrated the
importance of resonance excitation and blending with satellite lines produced
by dielectronic recombination into high principal quantum numbers. Very im-
portantly, our measurements pointed out inaccuracies in the energy scaling of
the excitation rates used, for example, in the MEKAL spectral model. Contri-
butions by dielectronic satellite lines were also studied in the K-shell spectrum
of neon and reported recently (Wargelin, Kahn, & Beiersdorfer 2001).
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Figure 1. L-shell X-ray emission from iron. The Fe XVII line 3D is blended
with a Fe XVI line increasing its apparent intensity relative to that of the Fe
XVII line 3C.

4. The Fe XVII spectrum

The difficulties of spectral models in predicting reliable line intensities are illus-
trated by the Fe XVII spectrum. Invariably, the Fe XVII emission could not be
described by calculations. The discrepancies between the modeling calculations
and the astrophysical spectra have been attributed to various source-specific
processes, such as resonant scattering. However, this did not make sense in
many instances.

We have studied the L-shell emission of neon-like ions in general and Fe
XVII in particular since the beginning of our laboratory astrophysics program
(Beiersdorfer et al. 1990; Beiersdorfer & Wargelin 1994). We showed that the
laboratory data reproduce nicely the astrophysical spectra. To do so we used not
only the Livermore electron beam ion traps but also tokamak plasmas generated
at the Princeton Plasma Physics Laboratory (Brown et al. 1998; Beiersdorfer
et al. 2000a; Beiersdorfer et al. 2001; Brown et al. 2001a; Brown et al. 2001b;
Brown et al. 2002). Our measurements showed that the discrepancies between
models and astrophysical spectra are clearly a problem with the atomic data
in all but a few exceptional cases. By contrast, laboratory data obtained with
a single-pixel calorimeter by Laming et al. (2000) at the National Institute of
Standards and Technology seemed to confirm simple Fe XVII models and to
disagree with solar and astrophysical data. We showed these conclusions to be
erroneous (Beiersdorfer et al. 2002).

5. The Fe XXV spectrum

We have made extensive high-resolution crystal spectrometer measurements of
the K-shell iron spectrum in the past (Brown et al. 1989; Beiersdorfer et al.
1992; Wong et al. 1995; Decaux et al. 1995; Beiersdorfer et al. 1996; Decaux et
al. 1997; Jacobs, Decaux, & Beiersdorfer 1997). Most recently, we reported on
K-shell line formation by inner-shell ionization (Decaux et al. 2003). We have
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Figure 2. K-shell X-ray emission from iron. Top: Single-pixel calorimeter
spectrum obtained at the National Institute of Standards and Technology
[adapted from Silver et al. (2002)]. Bottom: Spectrum obtained with the 6x6
array calorimeter at Livermore. Lines β, q, and w are used to determine the
relative abundances of Fe XXIII, Fe XXIV, and Fe XXV, respectively.
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also used the 36-pixel microcalorimeter to measure the Fe XXV spectrum on
one of the Livermore electron beam ion traps (Porter et al. 2000), as the iron K
spectrum will be a focus of the upcomming ASTRO-E2 mission. The spectrum
is shown in Fig. 2 and compared to the spectrum measured with the single-pixel
calorimeter by Silver et al. (2002) at the National Institute of Standards and
Technology.8

Our spectrum shows the Fe XXV resonance line w, inter-combination lines
x and y, and forbidden line z, and the Fe XXIV line q and Fe XXIII line β.
The spectrum matches our crystal spectrometer data as well as the spectra
obtained from other high-temperature plasmas such as tokamaks or the Sun
(Bitter et al. 1979; Doschek 1990; Kato et al. 1997). The single-pixel calorimeter
spectrum, however, whose L-shell branch was used in consecutive measurements
to determine Fe XVII ratios mentioned above, differs remarkably from ours.
The large intensity of lines w and β and small intensity of line q (blended with
y) indicates a large abundance of helium-like and beryllium-like iron (Fe XXIII
and Fe XXV) and little lithium-like iron (Fe XXIV). This is in contrast to any
expected reasonable charge state distribution. Moreover, the 1s2p 3P2 → 1s2 1S0

inter-combination line x is the second strongest line in this spectrum, although
line formation processes do not preferentially favor this transition.

6. X-rays from Comets

Our laboratory measurements successfully simulated the X-ray emission spec-
trum of comet Linear S4 1999 observed with Chandra. We showed that charge
exchange between heavy ions found in the solar wind and neutral cometary gases
completely reproduces the observed emission (Beiersdorfer et al. 2003a). This
laid to rest the question whether the emission is from the solar wind or from
the comet itself. The laboratory simulation shows that all X-ray emission stems
from the solar wind ions.

Work by the University of California Lawrence Livermore National Lab-
oratory was performed under the auspices of the US Departments of Energy
under Contract No. W-7405-Eng-48. Support from NASA’s Space Research and
Analysis Program and NASA’s Planetary Atmospheres Program is gratefully
acknowledged.
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Abstract. Recent experimental work on the photorecombination and the
photoionization of astrophysically relevant atomic ions employing the merged-
beams technique at heavy-ion storage-rings and synchrotron-light sources, re-
spectively, is summarized. The resulting absolute photoionization cross sections
and recombination rate coefficients benchmark corresponding theoretical calcu-
lations and are needed for the accurate determination of ionization equilibria in
astrophysical plasmas.

1. Introduction

Photoionization (PI) and Photorecombination (PR) are basic atomic processes
that govern the charge state balance in any plasma. Therefore, the accurate
knowledge of these processes is a prerequisite for any plasma modeling and,
hence, for any meaningful interpretation of many astrophysical observations.
To date, most PI and PR cross sections used in plasma modeling stem from
theoretical calculations. Their accuracy is often difficult to assess and, therefore,
experimental PI and PR cross sections and rate coefficients are vitally needed
as benchmarks and guidelines for the development of the theoretical methods.
Moreover, in the near future, experiments will probably be the only reliable
source for PR and PI cross sections of complex ions such as ions with an open
M-shell (Schippers et al. 2002a; 2003a).

The measurement of PR and PI cross sections of atomic (and molecular)
ions is experimentally challenging because the ion densities that can be ex-
perimentally prepared are very low — some 106 cm−3 (to be compared with
≈ 1013 cm−3 for gaseous and ≈ 1022 cm−3 for solid targets). Consequently,
signal rates from electron-ion and photon-ion collision experiments are compar-
atively weak. In order to make up for the low ion density in such experiments an
arrangement is chosen where the colliding particle beams are merged collinearly
over a distance of the order of 1 m. The merged-beams arrangement (Phaneuf
et al. 1999) provides a relatively large interaction volume, and the directionality
of the ion beam facilitates the effective collection of the PI or PR reaction prod-
ucts, i. e., of ions that have changed their charge state due to either ionization
or recombination. For the measurement of absolute PR and PI cross sections
the merged-beams method was implemented at heavy-ion storage rings (Müller
& Wolf 1997; Müller & Schippers 2001) and at synchrotron-light sources (West
2001; Covington et al. 2002), respectively.
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2. Photorecombination of atomic ions

Figure 1. Dielectronic recombination (DR) of C3+(1s2 2s)-ions at low en-
ergies: experiment (full symbols: Schippers et al. 2001, open symbols: Man-
nervik et al. 1998), many body perturbation theory (full line: Mannervik et
al. 1998) and Breit-Pauli R-Matrix theory (dashed line: Pradhan et al. 2001).

The basic procedure for producing plasma rate coefficients from PR mea-
surements at storage rings was outlined by Müller (1999). Recent examples are
the PR rate coefficients of the lithium-like ions C iv (Schippers et al. 2001),
O vi (Böhm et al. 2003) and Ni xxvi (Schippers et al. 2000). Figure 1 shows
a comparison between measured and calculated C iv dielectronic recombination
(DR) rate coefficients at low electron-ion collision energies. The two experi-
mental results, which were obtained a two different storage-rings, agree with
one another to within the 15% experimental error for the absolute cross sec-
tion. This exemplifies the reliability of recombination measurements at storage
rings. Mannervik et al. (1998) also calculated the C iv DR rate coefficient us-
ing relativistic many-body perturbation theory (RMBPT, Tokman et al. 2002).
They pointed out that even for a light ion such as C iv, a relativistic treatment
of the recombination process is necessary to reproduce the experimentally ob-
served 2p 4l DR resonance structure. Presently, RMBPT is only applicable to
relatively simple systems and it is therefore instructive to see in how far more
standard ”production” codes are able to reproduce low-energy resonance posi-
tions and strength. For C iv the Breit-Pauli R-Matrix results of Pradhan et al.
(2001) differ by less than 20 meV from the measured resonance positions (figure
1). It should be kept in mind, however, that there are pathological systems,
e. g. Mg ix, where a mere 50 meV uncertainty of low-energy resonance positions
can translate into a nearly one-order-of-magnitude uncertainty on the plasma
rate-coefficient scale in a temperature range where the ion is expected to form
in photoionized gases (Schippers et al. 2004). Such findings strongly emphasize
the need for experimental benchmarks, especially for low-temperature PR rate
coefficients.

Photorecombination measurements responding to astrophysical data needs
were carried out for L-shell iron ions at the Heidelberg storage-ring TSR by
Savin et al. (1997; 1999; 2002a; 2002b; 2003) who already published DR rate
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coefficients for the ions Fe xviii through Fe xxii. In a series of measurements
with lithium-like ions, the influence of external electromagnetic fields on DR
cross sections was thoroughly investigated by Bartsch et al. (1997; 1999; 2000),
Böhm et al. (2001; 2002) and Schippers et al. (2000). This work is also of
astrophysical interest. It was recently summarized by Müller & Schippers (2003).

3. Photoionization of atomic ions

Figure 2. Photoionization of B+-ions: experiment and Breit-Pauli R-
Matrix theory (Schippers et al. 2003b). From the comparison between ex-
periment and theory, it is concluded that 29% of the ions in the experiment
were in the metastable state.

More recently, experiments aiming at measuring absolute PI cross sections
of atomic ions and employing merged photon-ion beams were set up at 3rd gen-
eration synchrotron light sources. Measurements of astrophysical relevance were
carried out, e. g., for singly charged boron (figure 2, Schippers et al. 2003b), car-
bon (Kjeldsen et al. 2001), nitrogen (Kjeldsen et al. 2002a), oxygen (Covington
et al. 2001; Kjeldsen et al. 2002a; Aguilar et al. 2003a), neon (Covington et al.
2002), magnesium (Kjeldsen et al. 2000; Aguilar et al. 2003b) and iron (Kjeldsen
et al. 2002b) as well as for the multiply charged ions C iii (Müller et al. 2002),
Ne iv (Aguilar 2003c), and Al iii (Aguilar et al. 2003b).

Finally, it should be mentioned that the possibility to relate the time-inverse
processes of PI and PR via the principle of detailed balance can be exploited
for consistency checks between PI and PR measurements (Müller et al. 2002)
and to obtain more comprehensive results than from only one experiment alone
(Schippers et al. 2002b, 2003a).
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Abstract.
The 900 ks Chandra spectrum of NGC 3783 was analyzed in various ways

to study the properties of the absorbing gas. The main findings are: 1) On a
time scale of 20–120 days, the source exhibits two very different spectral shapes
with different softness ratios. The absorbing gas is not responding to these con-
tinuum variations. 2) Detailed photoionization modeling based on 10 silicon and
sulphur lines near 5–7Å produces a satisfactory fit of the entire 3–25 Å spectrum
of the source. The only discrepancy is in the central wavelength of the iron UTA
feature. 3) A combination of three ionized absorbers, each split into two kine-
matic components, can explain the strengths of almost all the absorption lines
and bound-free edges. The three components span a large range of ionization
and have a total column of about 4×1022 cm−2. Moreover, all three components
are thermally stable and seem to have the same gas pressure.

1. Introduction

The barred-spiral galaxy NGC 3783 (V ' 13.5 mag., z = 0.0097) hosts a well-
studied, type-I active galactic nucleus (AGN) with prominent broad emission
lines and strong X-ray absorption features. The object has been observed ex-
tensively with almost all X-ray instruments, most recently by Chandra (Kaspi
et al. 2002) and XMM-Newton (Blustin et al. 2002; Behar et al. 2003). The
Chandra observations consist of a relatively short observation performed in 2000
January, and five longer observations performed in 2001 February – June, sep-
arated by various intervals from 2 to 120 days. Here we summarize the main
findings of a detailed spectroscopic analysis of this spectrum. A more detailed
work is presented in Netzer et al. (2003, hereafter N03).

2. The two-state X-ray spectrum of NGC3783

The N03 study of the 900 ks Chandra spectrum reveals a a two-component
continuum and large changes in softness ratio between “low” and “high” states
of the central source. Crucial to the spectroscopic analysis is the fact that
there are no obvious effects of the large continuum variations on the absorption
spectrum and hence we can deduce lower limits on the distance of the absorbing
gas. The present spectroscopic study is based on the low-state spectrum which
is a combination of four 170 ks individual spectra (Chandra observations nos.
2090, 2091, 2092 and 2094).

648



The Nuclear Environment in NGC 3783 649

4.6 4.8 5 5.2 5.4 5.6 5.8 6 6.2 6.4 6.6 6.8 7 7.2

Rest Wavelength [Å]

2

4

6

8

10

12

14

Fl
ux

 [1
0-4

 ph
ot

on
s 

cm
-2

 s
-1

  Å
-1

]

Figure 1. A comparison of the low-state NGC 3783 Chandra spectrum (680
ks) with the three component model described in the text.

3. Spectral analysis

The underlying idea is that the absorbing gas in NGC 3783 is photoionized by the
central X-ray source and that the observed low and high-state spectra represent
the physical conditions in the gas during the two phases. The principles and
the ingredients of such modeling were outlined in Netzer (1996) and previous
applications to the case of NGC 3783 were discussed by Kaspi et al. (2001).
In the present case, the incident continuum is taken to be the broken power-
law defined in Kaspi et al. (2001, Table 4) and the gas composition is “solar”.
The measured line profiles suggest two kinematic components per ionization
component and the turbulent velocity in each is approximately 250 km s−1.

3.1. The silicon and sulphur line method

We have developed a method to model the spectrum based on the EW measure-
ments of various lines in the 5–7.1 Å band. This wavelength range contains lines
from Si vii to Si xiv as well as the strongest lines of S xv and S xvi. Most of these
lines are not blended. The range of ionization and excitation is very large and
represents the ionization of almost all line-producing ions in the Chandra spec-
trum. The column densities of the various ions are deduced from the mesured
EWs.

We searched for the best combination of photoionization models (i.e. a
combination of ionization parameter, UOX , and column density, N cm2 ) that
fit the observed 5–7Å spectrum. We found that at least three ionization com-
ponents (i.e. six kinematic components) are required to fit the data to within
the observational accuracy. The need for three components arise from the very
large difference in ionization between the lowest (e.g. Si vii and Si viii) and the
highest (e.g. S xvi) ionization lines. This requires at least one component to
fit the EWs of the lowest ionization lines, one to fit the intermediate ionization
lines and one for the highest ionization lines. A generic model with the required
properties is the following three-component model: a low ionization component
with log(UOX) = −2.4 ± 0.1 and log(N) = 21.9 ± 0.1, a medium ionization
component with log(UOX) = −1.2 ± 0.2 and log(N) = 22.0 ± 0.15, and a high
ionization component with log(UOX) = −0.6±0.2 and log(N) = 22.3±0.2. This
model is compared with the observations in Fig. 1.
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Figure 2. Thermal stability curves for a low density gas exposed to the
low-state continuum of NGC 3783. The two curves marked by Γ are for a
bare continuum with a 0.1–50 keV slope as marked. The dotted line is the
stability curve for a gas exposed to a Γ = 1.8 continuum seen through a
log(UOX) = −2.4 absorber. Thick sections mark the locations of the three
absorbers considered in this.

The next step is to test the combination of components that fit the 5–7 Å
spectrum over other wavelength bands. The results are surprisingly good and
the very same combination provides a proper fit to the entire spectrum (this
depends somewhat on the definition of the SED - see N03). The only significant
discrepancy is in the wavelwngth of the M-shell iron UTA feature (see Behar,
Sako & Kahn 2001) that indicates a lower ionization for iron compared with
silicon and oxygen. We suggest that this is related to the unknown dielectronic
recombination rates of M-shell iron ions (e.g. Savin et al. 2003; Gu 2003).

4. Discussion: the three component absorber

We found that three ionization components with different properties and a large
range of ionization, are required to fit the spectrum of NGC 3783. Each of those
components is split into two kinematic components, as implied by the observed
line profiles.

A significant new aspect of our model is that the product ne × T is similar
(within a factor <2) for all three absorption components. This raises the inter-
esting possibility that all the components are in pressure equilibrium (assuming
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gas pressure dominates the total pressure, i.e. radiation pressure and turbulent
pressure are not important), and they all occupy the same volume of space. To
test this idea, we have calculated a large number of thermal stability curves
(log(T ) vs. log(UOX/T ) changing the assumed SED and metalicity. Some re-
sults are plotted in Fig. 2. The interesting feature of the stability diagram is
that all radiation fields considered here result in extended, almost vertical parts
between T ' 3× 104 K and T ' 2× 106 K (the curve for Γ = 1.6 has a more ex-
tended vertical part since the higher mean energy of the radiation field results in
a Compton temperature). All three ionization components required to explain
the spectrum of NGC 3783 lie on the stable part of the curve. This suggest that
the three can coexist in the same volume and provide important constraints on
the location and density of the absorbing gas. More details on those models, as
well as on the emission line spectrum and other physical properties of this gas
are given in N03.
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Abstract. We discuss the most recent developments of the spectral analysis
package SPEX. We report on the progress made in updating the atomic data
that are used in the spectroscopic code. We also present a set of spectral models
that are used for the analysis of high-resolution X-ray spectra of photo-ionized
plasmas such as occur in active galactic nuclei. These models include absorption
line spectroscopy of photoionized layers. The importance and diagnostic power
of inner-shell transitions is shown. We illustrate our results with several exam-
ples of observed spectra obtained with the XMM-Newton and Chandra grating
spectrometers.

1. Introduction

Starting in the early seventies (Mewe 1972) we have developed a spectral code
for the X-ray emission of optically thin plasmas. Milestones in this development
were the Mewe-Gronenschild code (Mewe et al. 1985, 1986), the mekal model
(Mewe et al. 1995) and the start of the SPEX project (Kaastra et al. 1996). The
mekal model is a model for the calculation of emission spectra from optically
thin, collisionally ionized plasmas. It is included in the popular XSPEC package
and in a more complete form (including thermal Doppler broadening and non-
equilibrium ionization (NEI) variants) in our own SPEX package, version 1.
The SPEX package contains apart from the software to produce these thermal
emission spectra also modules to calculate other line/continuum emission or
absorption models, hydrodynamical models for supernova remnants, differential
emission measure (DEM) analysis tools, spectral fitting and plotting tools, and
tools to display relevant physical information of the plasma, ions or transitions.

Already at the time of the release of the mekal code and the SPEX package
it became clear that updates are needed for various reasons. The advent of high-
resolution X-ray spectroscopy through the launch of Chandra and XMM-Newton
demanded for higher precision in wavelengths, a larger number of spectral lines to
be included and more accurate atomic data. This also required more efficient use
of computing power. Therefore we started updating our SPEX package. Version
2.0 is now available (see http://www.sron.nl/divisions/hea/spex/index.html).
More background information on version 2.0 is given by Kaastra et al. (2002a).

We have made several updates of the mekal code that are available now in
version 2.0 of SPEX. These include wavelength corrections according to Phillips
et al. (1999), based upon Solar flare spectra; update of the line power of the
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strongest Fe XVII lines according to Doron & Behar (2002), and several minor
corrections.

Figure 1. Fe XVII emission
spectrum using mekal (”old”)
and our updated calculations
(”new”).

Figure 2. O VIII Hα emission
spectrum using mekal (dashed
line) and our updated calcula-
tions (solid line).

We are also working on a more ambitious project to improve and extend the
atomic data for all transitions using different sources of data, such as calculations
obtained using the HULLAC and FAC atomic codes and data available from the
literature. For example, the mekal code has a subset of the strongest Fe XVII
lines; the line powers used in that code were determined by scaling the old Mewe-
Gronenschild temperature-dependent line powers to the level as calculated with
HULLAC at the temperature of maximum emissivity. In our new work, we
make full use of the HULLAC calculations (provided by D. Liedahl) for this ion
and the other L-shell ions of iron. This also allows us to include many more
transitions, see Fig. 1 for an example. In particular in the soft X-ray and EUV
band we have many more lines now. At the harder X-rays the differences are not
very large, although the inclusion of higher principal quantum numbers in our
updated calculations produces more flux in specific narrow wavelength bands
(cf. Brickhouse et al. 2000).

Another example of our update is given in Fig. 2. The Mekal code contains
for hydrogenic ions only the Lyman α, β, γ, δ and ε lines, as well as Hα. We used
the FAC code of M.F. Gu to extend the calculations to include all transitions up
to n = 10. The figure shows the importance of the inclusion of the appropriate
atomic data, since Hα is now resolved into its 6 components.

Currently we are testing the newly included data and as soon as this has
been finished they will be included in the latest SPEX version; we will announce
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this at the afore mentioned web page. Up to then, SPEX version 2.0 contains
the updated mekal code.

We have also included absorption models for photo-ionized plasmas in ver-
sion 2.0 of SPEX. For more details about these models we refer to Kaastra et al.
(2002a). Examples of their application can be found in Kaastra et al. (2002b)
and Steenbrugge et al. (2003).

Of particular interest in the application of these absorption models are the
inner shell transitions. The importance of these lines in the context of absorp-
tion models has first been demonstrated by Sako et al. (2001) in their discovery
of the Fe-M Unresolved Transition Array in a quasar spectrum. Since then, also
the importance of 1s–np inner shell transitions in oxygen ions has been shown.
For instance, in the Seyfert 1 galaxy NGC 5548, XMM-Newton RGS observa-
tions showed the presence of O IV–O VIII absorption lines. In fact it can be
shown that for low ionization parameters and unsaturated columns, these inner
shell oxygen transitions are the strongest absorption features expected in the
RGS and Chandra LETGS bands (mainly due to the large cosmic oxygen abun-
dance). Unfortunately, different atomic codes predict different wavelengths for
these transitions, with differences up to the resolution of the RGS and LETGS.
Laboratory measurements of the wavelengths are urgently needed.
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Spectral Modeling with APEC

Nancy S. Brickhouse and Randall K. Smith

Harvard-Smithsonian CfA, 60 Garden St., Cambridge, MA 02138

Abstract.
The Astrophysical Plasma Emission Code (APEC) collaboration now pro-

vides public models for X-ray spectra of collisional equilibrium plasmas. These
models facilitate the diagnosis of temperature, density, elemental abundance,
charge state, and optical depth. We report benchmarking studies of the APEC
models from the Emission Line Project, a project to test these models using high
quality stellar coronal spectra. We discuss the implications of the benchmarked
atomic data for non-equilibrium collisional models as well. Finally, we discuss
the extension of APEC to other applications, such as opacity models for AGN.

1. Introduction

APEC V1.3.1 (http://cxc.harvard.edu/atomdb) provides detailed spectral anal-
ysis capability for X-ray grating data. APEC line and continuum models are
reasonably accurate and complete for collisional ionization equilibrium for λ <
40 Å. Ongoing project efforts include non-equilibrium ionization modeling and
opacities for X-ray photoionized plasmas. We note several issues that require
better atomic data.

2. Collisionally Ionized Plasmas

Our goal is to provide calculations of populations and corresponding line emis-
sivities for all levels ≥ n = 5 for K- and L-shell ions and n = 3 for M-shell
ions for the Chandra and XMM-Newton gratings. When available, accurate
wavelengths from laboratory measurements replace the original theoretical wave-
lengths. Good spectral coverage and accurate wavelengths allow diagnostic ap-
plications even in heavily blended spectral regions (e.g. near Ne IX, Ness et al.
2003). We will soon complete the line database in the range 40 Å < λ < 100 Å.

Published uncertainty estimates suggest that 30% accuracy in diagnostic
ratios is a reasonable goal for strong lines. We note significant problems with
other groups’ calculations of H- and He-like line emissivities, stemming from in-
correct energy extrapolations and inadequate treatment of recombination-driven
cascades, (Smith et al. 2001), and our calculations should now meet this goal.
The Emission Line Project is providing observational tests (Brickhouse & Drake
2000). While issues with Fe XVII are well known (Silver et al.; Beiersdorfer et
al., these proceedings), similar discrepancies exist for other Fe L-shell ions as well
(Fig. 1). We are now adding inner-shell transitions that become important for
ionizing and recombining plasmas. Fig. 1 shows a wealth of satellite lines from
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Figure 1. Left. Observed vs predicted line fluxes for Fe XVIII in Capella
(P. Desai et al. 2003, in prep.). While the Gu (2003) calculations somewhat
improve the agreement among the X-ray lines, a 40% discrepancy remains be-
tween the EUV and X-ray resonance lines. Right. Chandra Capella spectrum
with APEC lines marked (+). Lines not due to Fe XVII DR are overplotted
with ¦ symbols.

Fe XVII that could help diagnose the ionization state; however, line-resolved
calculations and laboratory wavelengths exist for only a few satellites.

3. Opacity Models

Krongold et al. (2003) have recently applied the APEC line list, plus additional
inner-shell transitions, to the 900 ks Chandra summed spectrum of NGC 3783,
using only a few parameters to fit more than 100 absorption features. A discrep-
ancy exists between the best-fits to the Fe M-shell unresolved transition array
(UTA) and to the Si absorption lines. To resolve this discrepancy, complete and
unabbreviated models are needed.
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Liedahl and John Raymond. Support for this project is provided by NASA
NAS8-39083 to SAO for the CXC and LTSA NAG5-3559.
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Abstract. The CHIANTI database contains assessed atomic energy levels,
wavelengths, radiative transition probabilities and excitation rates necessary to
calculate line emissivities and synthetic spectra of a large number of ions of
astrophysical interest. CHIANTI also includes a suite of programs to carry
out plasma diagnostics. In the present paper we describe the contents of the
CHIANTI database, its main applications and its future developments.

1. Introduction

The launch of new space-born spectroscopic instrumentation has led to an in-
creased need for a comprehensive and accurate database of atomic data that
enables the astrophysical community to interpret the wealth of observed data
now available. Over the years, we have built up the CHIANTI database in an
effort to provide the astrophysical community with a database that would allow
spectral analysis, plasma diagnostics and synthetic spectra calculations to be
carried out at wavelengths from X-rays to the UV.

CHIANTI has been continually expanded since its first release in 1997 (Dere
et al. 1997), and now includes new data for minor ions and continuum radiation
(version 2 - Landi et al. 1999), data for the X-ray wavelength range (version 3
- Dere et al. 2001), and proton excitation rates and photoexcitation (version 4,
Young et al. 2003). CHIANTI synthetic spectra have been compared with high-
resolution spectral observations of the Sun and have been found to be complete
and accurate in most cases (Young et al. 1998, Landi et al. 2002a,b, Del Zanna
et al. 2002).

CHIANTI has been used extensively by the solar physics community, and
has become the standard resource for atomic data for the interpretation of
the solar spectrum. Also, CHIANTI has been extensively used for the anal-
ysis of data from Hubble, EUVE, FUSE, XMM, and Chandra. The accuracy
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and completeness of the CHIANTI database has led to the inclusion of CHI-
ANTI emissivities in the software of current (SOHO/EIT and TRACE) and
future (STEREO/SECCHI, Solar-B/XRT) broad-band imagers observing the
Sun. CHIANTI is also part of the data analysis software for the SOHO/CDS
spectrometer, and will be used for the Solar-B/EIS spectrometer to be launched
in 2006. Because of their completeness and accessibility, CHIANTI data have
been included in other spectral codes: XSTAR (Bautista & Kallman 2001),
APEC/APED (Smith et al. 2001) and the Arcetri Code (Landi & Landini
2002).

CHIANTI is freely distributed by SolarSoft and it is also available at the
web site

http : //wwwsolar.nrl.navy.mil/chianti.html.

2. CHIANTI data

CHIANTI calculates line and continuum emission of optically thin plasmas, and
includes the following processes:

- spectral line emission for more than 200 ions;
- radiative recombination continuum;
- bremsstrahlung continuum;
- Two-photon continuum.

Spectral line emission is calculated by solving the equations for level population
under the assumption of statistical equilibrium, including electron and proton
excitation, stimulated and spontaneous radiative decay and photoexcitation. All
data come from the refereed literature.

The aim of the CHIANTI database is to provide a compact and easy-to-
access set of data that is completely transparent to the user. CHIANTI data
are stored in ASCII files, where the original literature sources of the data are
reported at the end of each file.

3. Applications

Plasma diagnostics: CHIANTI emissivities have been used to carry out plasma
diagnostics on a variety of astrophysical objects to measure plasma density, tem-
perature, elemental abundances, velocities, emission measure, and differential
emission measure in many different sources.

For example, Feldman et al. (2001) found agreement between the observed
spectrum of the Jupiter-Io plasma torus and CHIANTI predictions, and esti-
mates of the electron density and temperature made by CHIANTI complement
in-situ measurements made by the Voyager and Galileo spacecrafts.

CHIANTI data have been used to measure physical properties of the solar
atmosphere, in a wide variety of conditions: coronal holes (Del Zanna & Bromage
1999), quiet Sun (Landi et al. 2000), active regions (Mason et al. 1999), and
flares (Landi et al. 2003). Plasma structures in the solar atmosphere, such as
loops, have also been studied (i.e. Schmelz et al. 2001).

Density sensitive line pairs have been used to measure electron density in
classical T-Tauri stars by Johns-Krull et al. (2000), using UV spectral lines



The CHIANTI Database 659

observed with IUE and CHIANTI emissivities. Such estimates help in discrimi-
nating between different accretion shock models and allow the search for corre-
lations between density and mass accretion rate.

CHIANTI has also been applied to X-ray and UV spectra of cool stars by
a number of authors, in order to investigate the quiescent and active state of
their coronae. For example, Robinson et al. (2001) measured plasma emission
measure, temperature and density using CHIANTI and UV/optical observations
from Hubble. Woitke & Sedlmayr (1999) used CHIANTI data for Fe II to
investigate the role of iron in the energy balance in the extended atmospheres
and circum-stellar envelopes of cool stars. Swartz et al. (2002) used CHIANTI
to model the X-ray emission from sources detected by Chandra in M81.

Dixon et al. (2001) used O VI emissivities from CHIANTI to address the
problem of the excess of EUV and soft X-ray flux present in the spectra of two
clusters of galaxies, concluding that current warm gas models of the EUV excess
should be revised.

Instrument calibration: In order to determine quantitative information
from broad-band imagers, such as SOHO/EIT and TRACE, it is necessary to
understand precisely the spectrum that is detected in each of the instruments’
band passes. CHIANTI has been adopted as part of the standard EIT and
TRACE calibration software to convert count rates into temperature and emis-
sion measure maps.

Comparison of line intensity ratios predicted by CHIANTI and observations
from high-resolution spectrometers can provide a powerful means for determin-
ing their relative intensity calibration. Such technique has been recently applied
to the SERTS rocket-borne spectrometer by Brosius et al. (1998) and Young
et al. (1998). Del Zanna et al. (2001) applied CHIANTI to the calibration of
SOHO/CDS, determining the relative intensity calibration of its six channels.

Atomic data assessment: The accuracy of atomic data and transition
rates is crucial to reliable plasma diagnostics. The accuracy can only be as-
sessed by comparison with observations, but direct laboratory measurements of
transition rates are difficult. Comparison between CHIANTI predictions and
line ratios observed by high-resolution spectrometers can be a powerful tool to
investigate the accuracy of transition probabilities.

As part of the CHIANTI project we have compared CHIANTI emissivities
with observations from the 1989 SERTS flight (Young et al. 1998), SUMER and
CDS (Landi et al. 2002a,b). The comparisons have shown excellent agreement
for the vast majority of ions, and CHIANTI accounts for all the most important
lines in the EUV spectral range. Also a few ions whose atomic data need im-
provements were identified in these works (i.e. Fe XII). These comparisons have
triggered new calculations aimed at improving the data available in CHIANTI
and in the literature.

Of particular importance is the comparison between CHIANTI and the
X-ray spectra observed with Chandra and XMM. Preliminary work has been
carried out by Del Zanna et al. (2002), who showed that CHIANTI is able to
reproduce most of the observed lines, but in the 10 to 13 Å wavelength range
more work is needed to include the n ≥ 4 transitions of highly ionized iron ions.



660 Landi et al.

4. Future steps

The CHIANTI team is committed to continually update and expand the CHI-
ANTI database in order to include more accurate data and more processes. The
two main areas of development currently underway in CHIANTI are

1: Inclusion of ionization and recombination rates
2: Inclusion of data for the n ≥ 4 transitions

Ionization and recombination rates will be included to enable CHIANTI users to
investigate the effects of transient conditions often present in astrophysical plas-
mas. The inclusion of data for the n ≥ 4 transitions will improve dramatically
the emissivities in the X-ray range.

Acknowledgments. E. Landi is supported by NASA. K.P. Dere is sup-
ported by the Office of Naval Research. G. Del Zanna and H.E. Mason are
supported by PPARC.
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Abstract. Tables of wavelengths, line classifications, and transition proba-
bilities have been critically compiled for ionized spectra of neon (Ne V-VIII),
magnesium (Mg V-X), silicon (Si VI-XII), and sulfur (S VIII-XIV) in the 20 Å-
170 Å region. The tables provide basic atomic data for about 3300 transitions
in support of astronomical studies from the Chandra X-ray Observatory.

1. Introduction

We have critically compiled spectral tables for higher ions of the cosmically
abundant elements Ne, Mg, Si, and S in the spectral range of interest for the
Low Energy Transmission Grating (LETG) of the Chandra X-ray Observatory.
Our tables which include 3300 transitions will also be of use for diagnostics of
plasmas found in fusion energy research devices such as tokamaks.

The wavelengths in the tables are Ritz-type values derived from experimen-
tal energy level values in the NIST Atomic Spectra Database (1999) (ASD).
That is, the wave number of a particular transition is found as the difference of
the values of the combining energy levels in cm-1, and the wavelength in vacuum
is the reciprocal of the wave number.

In compiling the transition probabilities we selected only values obtained
with the most advanced theoretical and experimental methods. Our general
evaluation criteria were those that have been developed at NIST (Wiese, Fuhr,
& Deters 1996). We normally list here only values having estimated uncertainties
of 50% or less. A few exceptions have been made for important lines. Because
of the very limited amount of experimental results available for highly ionized
ions, for most transitions we had to rely on theoretical data.

The most extensive source of theoretical data was the Opacity Project
(2002) (OP), which has produced multiplet f -values for the spectra of many
elements. However, since the OP calculations do not include spin-orbit interac-
tion, they do not provide values for individual lines of a fine-structure multiplet.
Therefore for the present work the average values for LS multiplets were decom-
posed into their LSJ fine structure components using LS coupling rules. For the
present light atoms LS coupling should be a good approximation. For ions where
this is clearly not the case we have used results of calculations that do include
spin-orbit effects. Tachiev & Froese Fischer (2002) have performed calculations
for Be-, B-, C-, N-, O-, F-, and Ne-like ions with the multi-configuration Hartree-
Fock (MCHF) method with Breit-Pauli corrections and have made their results
available on the World Wide Web. Blackford & Hibbert (1994) have carried out

661



662 Podobedova et al.

extensive calculations for F-like ions with the CIV3 code (CIV3 indicates Con-
figuration Interaction code Version 3). The same method was used by Aggarwal
(1998) for several C-like ions. Calculations with the many-body perturbation
approach including Breit-Pauli corrections were also found to be very useful
(Safronova et al. 1999; Vilkas et al. 1996). For comparative analysis data from
several other sources were used in our work.

2. Graphical and Numerical Comparisons in Support of the Assess-
ment Procedure

In order to reaffirm the uncertainty estimates of transition probabilities for the
present compilation we made graphical and numerical comparisons of the results
of different advanced calculations for as many transitions as possible, regardless
of wavelength. Later we selected data for the Chandra spectral range 20 - 170
Å. To fit the data into systematic trends, or deviations from them, we found
useful the theoretically predicted scaling of data along isoelectronic sequences.
If available, we always selected data from detailed configuration-interaction cal-
culations with intermediate coupling. As usual, these calculations are performed
for transitions to the ground state or between low excited configurations. For
the transitions involving high-lying configurations, only OP data are available.
For the stronger transitions of many spectra, good agreement exists between
the OP data and data from more detailed calculations that consider spin-orbit
interactions.

The agreement among the OP calculations and different relativistic calcu-
lations gets worse for weaker transitions and for transitions between those levels
where one or both are appreciably mixed due to breakdown of LS coupling.
Large disagreements are often observed for weaker transitions when calculations
for the transition probabilities of weak transitions have encountered considerable
problems due to appreciable cancellations of positive and negative components
of the transition integral.

Problems concerning large discrepancies in transition probabilities for fluo-
rine-like spectra between the OP and CIV3 (Blackford & Hibbert 1994) results
were recognized for some time and discussed earlier by Wiese & Kelleher (1998).
At that time extended relativistic calculations for individual lines were available
only from CIV3 calculations. In recent years new MCHF data became available
(Tachiev & Froese Fischer 2002) which show that the agreement between MCHF
and CIV3 is clearly better, but for many transitions it is still not good.

In studying the transitions for which the agreement is not good, we found
that for almost all of them, one or both of the levels involved in the transition
could be considered as mixed. By mixed we mean that the main contribution
to the wave function of the level is less than 80%. Correspondingly, a pure level
here means that that the main contribution to the wave function composition
of this level is more than 80%.

Figure 1 shows a comparison of oscillator strengths of allowed transitions
between mixed levels for the F-like ion S VIII. The ratios of CIV3 oscilla-
tor strengths (Blackford & Hibbert 1994) to the corresponding MCHF values
(Tachiev & Froese Fischer 2002) are plotted on a logarithmic scale versus the
MCHF oscillator strengths. The dashed lines indicate a band of 50% around a
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Figure 1. Comparison of oscillator strengths for S VIII for transitions with
mixed levels
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Figure 2. Comparison of oscillator strengths for S VIII for transitions with
pure levels

perfect ratio of 1.00. It is seen that for most ”mixed” transitions the agreement
is better than 50%, which is within the range of data listed in the NIST reference
tables.

For the ”pure” transitions shown in Fig. 2 the agreement improves drasti-
cally. Out of 33 transitions, 31 have agreements between the CIV3 and MCHF
calculations better than 10%. The others agree within 20%. The study of such
cases is very valuable when we have transition probabilities available from only
one source and we need to estimate their accuracy on the basis of extrapolations
from comparisons with other sources in areas, where they overlap.

3. Arrangement of the tables

Atomic Spectral Data for the Chandra X-ray Observatory are presented by
Podobedova et al (2003) on the world wide web. The tables are ordered for
each chemical element by increasing ionization stage. Individual lines are ar-
ranged in order of wavelength, but otherwise in a format similar to the cus-
tomary arrangement of the NIST ASD and the earlier NIST publications. Each
transition is identified by its wavelength, the energy levels of the lower (i) and
upper (k) states, the statistical weights of the levels (g = 2J +1), and the level
designations. All of the present values are for electric dipole transitions, E1.
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For each line, the transition probability for spontaneous emission Aki (in
units of 108 s-1), the oscillator strength f ik (dimensionless), and log g if are given.
Also, the line strength S is given and expressed in atomic units (a.u.). Finally,
the estimated accuracy and the references are given. The estimated accuracy is
indicated by the following letters, which are the same as used in earlier NIST
references (see, e.g., Wiese et al. 1996):

A - uncertainty less than 3%
B - uncertainty less than 10%
C - uncertainty less than 25%
D - uncertainty less than 50%
E - uncertainty greater than 50% (but typically within factors of 2-3)
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Abstract. An overview of the online atomic database referred to as TIP-
TOPbase is given, in particular its opacity server (OPserver) and current de-
velopments regarding online atomic structure calculations. Efforts to include
atomic data for X-ray line modeling and to integrate TIPTOPbase within the
International Virtual Observatory Alliance (IVOA) are also mentioned.

1. Introduction

TIPTOPbase is a public atomic database service for astrophysical applications
that has been available on the Internet since 1993, being currently accessible from
the URL http://heasarc.gsfc.nasa.gov/topbase. It offers the community
the atomic data sets that were generated in the Opacity Project (The Opacity
Project Team 1995,1996), IRON Project (Hummer et al. 1993), and more recent
efforts (e.g. UKRmaX) to compute atomic data for X-ray line modeling. It lists
both LS-coupling and fine-structure data, includes graphic processing, and is
fully documented. We briefly describe below its present modules and some
recent developments to improve data content and access capabilities.

2. TOPbase

TOPbase (Cunto & Mendoza 1992; Cunto et al. 1993) lists LS term energies, f -
values, and photoionization cross sections for astrophysically abundant ions (Z =
1–20 and Z = 26). They have been computed under the Opacity Project (Seaton
1987, The Opacity Project Team 1995, 1996) with the R-matrix method (Burke
et al. 1971, Seaton 1985, Berrington et al. 1987) using multi-configuration
target representations obtained with the atomic structure codes superstruc-

ture (Eissner et al. 1974) and civ3 (Hibbert 1975). The emphasis is both
on accuracy and completeness. Physical and numerical issues have been exten-
sively discussed in the series of papers “Atomic Data for Opacity Calculations
(I–XXIII)” in the Journal of Physics B.
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3. TIPbase

TIPbase contains the atomic data sets produced in the IRON Project (Hummer
et al. 1993), namely fine-structure level energies, radiative transition proba-
bilities, electron impact excitation collision strengths and rates (effective colli-
sion strengths), photoionization cross sections, recombination coefficients, and
Auger decay rates. They have been computed using the relativistic Breit–Pauli
R-matrix method (Scott & Burke 1980; Scott & Taylor 1982; Berrington et
al. 1995) and atomic structure codes superstructure (Eissner et al. 1974,
Nahar et al. 2003) and civ3 (Hibbert 1975). Extensive data have been calcu-
lated for ions of the iron isonuclear sequence and for the forbidden transitions
(specially the infrared transitions) of the 2pq and 3pq (q =1–5) ions. Methods
and approximations are documented in detail in the paper series “Atomic Data
from the IRON Project (I–LII)” in Astronomy & Astrophysics and Astronomy
& Astrophysics Supplement Series.

4. OPserver

OPserver computes with high time efficiency online Rosseland mean opaci-
ties (RMOs) and their temperature and density derivatives for a user specified
temperature–density range and chemical mixture (Seaton, M.J., unpublished).
The RMO for a chemical mixture M with mass density ρ and temperature T is
defined as the harmonic mean (Seaton et al. 1994)

κR(ρ, T,M)−1 =

∫

1

κ(u)
fR(u)du (2)

where fR(u) is the Rosseland weighting function

fR(u) =
15

4π4
u4 exp(−u)[1− exp(−u)]−2 (3)

with u ≡ hν/kT . The monochromatic opacities are given by

κ(u) =
∑

i

Ni{σabs
i (u)[1− exp(−u)] + σscat

i (u)} (4)

where Ni is the number density of the ith ion and σabs
i and σscat

i its absorption
and scattering cross sections. Therefore, the computation of the RMO for an
arbitrary chemical mixture involves the reading of a large volume (∼ 1 Gb) of
ionic cross sections from secondary memory (disk) before the harmonic mean
can be calculated. Data reading from disk takes up to 90% of the computing
time; typical running times on the SGI Origin-2000 at the Ohio Supercomputer
Center (OSC) in Columbus, Ohio, USA, are 126 s for disk reading and 14 s for
computing the actual mean. On OPserver (see Figure 1), by having all the ionic
cross sections permanently pre-loaded in main memory and by parallelizing the
routines that take part in the calculation of the mean, the total time required to
satisfy a user request on the OSC Origin-2000 is reduced to under 2 s. A small
overhead for internet data transmission must be however added, but the RMO
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Figure 1. Online implementation of OPserver at the Ohio Supercomputer
Center (OSC). User requests for Rosseland mean opacities (RMOs) for a chem-
ical mixture can be submitted via a web page through the web server at God-
dard Space Flight Center (GSFC) or from a stellar modeling code by means
of linked routines.

data volume is usually small (∼ 100 Kb). A user request can be performed
through a web page (see Figure 1) or a stellar modeling code, say, by means of
linked routines. OPserver is at present being updated with a new set of codes
and monochromatic opacities that include the inner-shell contributions.

5. Online structure calculation

Since TIPTOPbase cannot always satisfy a user request for atomic data, an
online implementation of the extended version of the atomic structure code
superstructure (Eissner et al 1974) referred to as autostructure (Badnell
1997) is being developed that will allow the user to carry out via a web page quick
calculations of acceptably accurate level energies, A-values and Auger rates for
any ion. While distinct from TIPTOPbase, this service will become available in
the first quarter of 2004.

6. Atomic data for X-ray line modeling

Most of the research groups that took part in the IRON Project are now involved
in the computation of atomic data for X-ray applications, in particular of K and
L lines in the iron isonuclear sequence. Radiative and Auger decay rates, and
photoionization and electron impact excitation cross sections involving the inner
shells are being studied. Lighter isonuclear sequences with Z ≤ 20 and other
systems of the iron group are also of interest. These data will progressively
become available from TIPTOPbase.
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7. IVOA

As from the beginning of 2004, TIPTOPbase’s home will be moved from HEASARC
at Goddard Space Flight Center to the Centre de Données astronomiques de
Strasbourg (CDS), France, where the possibilities of integrating it within the
International Virtual Observatory Alliance (http://www.ivoa.net) will be con-
sidered.

Acknowledgments. Technical assistance and help in the installation and
tuning of the different components of TIPTOPbase from Steve Fantasia (Labo-
ratory for High Energy Astrophysics, Goddard Space Flight Center, Maryland,
USA), Paul Buerger (Ohio Supercomputer Center, Columbus, Ohio, USA), and
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The Astrophysical Plasma Emission Database: Progress
and Plans
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Department of Physics and Advanced Technologies, Lawrence Livermore
National Laboratory, P.O. Box 808, L-41, Livermore, CA 94550

Abstract. The Astrophysical Plasma Emission Database (APED) contains
atomic data for the 14 most abundant astrophysical elements, collected from
the literature. Although APED was originally designed for use in calculating
a collisional-equilibrium X-ray spectrum suitable for analysis of high-resolution
data, it is in a general format which can be efficiently used to calculate ab-
sorption spectra, photoionization models, and non-equilibrium collisional mod-
els. We emphasize original sources; each transition, rate, and energy level in
APED contains a bibliographic reference. The APED can be downloaded from
http://cxc.harvard.edu/atomdb/, or our website WebGUIDE
(http://obsvis.harvard.edu/WebGUIDE/) can be used to search for individ-
ual lines or transitions. We are continually working to expand APED (current
version 1.3.1) and regularly issue updated collections.

1. Introduction

The goal of the Astrophysical Plasma Emission Database (APED) is to organize
accurate and complete atomic data in a well-defined format that includes errors,
original references, and version information as part of the electronically-available
data. APED is used by a number of packages, including the Astrophysical
Plasma Emission Code (APEC), which calculates the emission from a hot (104−
109 K) plasma, WebGUIDE (http://obsvis.harvard.edu/WebGUIDE/, a web
tool that creates line lists and displays data from APED, and PHASE, a photo-
absorption code (Krongold et al. 2003).

APED was designed to address the needs of the high-resolution X-ray data
coming from the Chandra and XMM/Newton grating spectrometers, and so
focuses on the hydrogen-like, helium-like, and iron and nickel L-shell lines that
form most of the X-ray emission. The data are taken from the literature (e.g.
Sampson, Goett & Clark 1983, Jacobs et al. 1989) when available and from
unpublished calculations if necessary. Some data for longer-wavelength lines
was included from the CHIANTI 2.0 database as well (Landi et al. 1999)

When distributed, we combine the APED with the tables of calculated emis-
sion lines and continuum output from APEC; together, these form the atomic
database ATOMDB, available at http://cxc.harvard.edu/ATOMDB. This site
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also contains documentation, software that can be used to access the ATOMDB,
and any known caveats or issues with using the data.

2. Future Plans

Currently, APED includes a number of different ionization balance calculations.
We plan to add ionization and recombination data so that APEC can calculate
an equilibrium or non-equilibrium ionization balance as needed. In addition,
we plan to add more inner-shell excitation/autoionization transitions, improve
wavelengths for L-shell ions of carbon through calcium (based on lab data, e.g.
Lepson et al. 2003), and add more dielectonic recombination lines.

3. AstroAtom

In creating APED, we have discovered that there is a gulf between atomic physi-
cists and astrophysicists; frequently data exist in the atomic literature but are
difficult for an outsider to discover. We have therefore begun a new website
called “AstroAtom” (http://cfa-www.harvard.edu/astroatom/), which is de-
signed to foster communication between atomic physicists and astrophysicists.
The website is a joint venture of the Chandra X-ray Center and the Institute
for Theoretical Atomic and Molecular Physics, and allows scientists to post ab-
stracts, conference announcements, and questions in a search-able database.

4. Acknowledgments

The author acknowledges APED collaborators John Raymond and Priyamvada
Desa. Support for this project is provided by NASA NAS8-39083 to SAO for
the CXC and LTSA NAG5-3559.
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New Radiative Atomic Data

Sultana N. Nahar
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Abstract. Large amount of new radiative atomic data for I) energy levels, II)
oscillator strengths (f), line strengths (S), radiative transition probabilities (A),
III) photoioniztion cross sections (σPI) - total and level-specific, and IV) unified
total and level-specific electron-ion recombination rate coefficients, αR, including
radiative and dielectronic recombination (RR and DR) are reported for various
astrophysical applications. Most of the data are with fine structure. These data
are not yet available from any databases. Photoionization and recombination
data are self-consistent, using the same wave-function for both processes.

1. Introduction

Atomic parameters for radiative processes are obtained from ab initio quantum
mechanical calculations using the close coupling approximation employing the
R-matrix method, as developed under the OP (The Opacity Project 1995, 1996)
and Iron Project (IP, Hummer et al. 1993, Berrington et al. 1995) and new
theoretical developments for total electron-ion recombination using the unified
method (Nahar and Pradhan 1992, 1994, Zhang et al. 1999), and large-scale
theoretical spectroscopy calculations (Nahar and Pradhan 2000). Relativistic
effects are included through the Breit-Pauli R-matrix (BPRM) method for most
of the radiative data.

Compared to earlier results, such as those under the OP, present results
include much more data in addition to σPI and f -values. Present calculations
are more elaborate and extensive with the following important features:

i) wave-function expansions used for the new results are in general larger,
i.e., they include more excited core states, Et, yielding (1) more complete set
of energy levels (Eν = Et - z2/ν2), (2) larger sets of f , S, A-values for bound-
bound transitions, (3) more Rydberg series of resonances in the cross sections
belonging to the additional core states, (4) more accurate background cross
sections at higher energies.

ii) observed energies, where available, are used for the core states which
provide more accurate resonance positions determined from Eν = Et - z2/ν2.

iii) calculations are carried out using finer energy mesh.

2. Bound-Bound Transitions: X+n + hν ↔ X+n∗

Present A, f , and S-values are mainly for electric dipole (E1), i.e, dipole allowed
and inter-combination (∆J = 0,±1, parity change) transitions. However,
forbidden transitions (∆J > 1), e.g., electric quadrupole (E2), octupole (E3),
magnetic dipole (M1), quadrupole (M2), are obtained for a number of ions.

672



New Radiative Atomic Data 673

One important advantage of BPRM method is that large number of bound-
bound transitions can be considered. The spectroscopic identification of the
computed levels and transitions are carried out with newly developed identifi-
cation procedure based on quantum defect and channel contribution analysis.
Each level is assigned with a spectroscopic notation, (Ct St Lt Jt πtn` [K] s) J π
where C denotes configuration and subscript t denotes target (or the core). The
forbidden transition of type E2, E3, M1 and M2 are obtained through atomic
structure calculations using updated version of SUPERSTRUCTURE (Eissner
et al. 1974, Nahar et al 2003).

Data for Fe XVII (Nahar et al. 2003) is an example of new results. A total
of 490 fine structure levels are obtained for this ion, compared to observed 52
levels. The calculated energies agree within 1% with the observed energies. A,
f , and S-values are obtained for over 2.6×104 for allowed and inter-combination
transitions; a comparison table of Fe XVII transitions is given below:

Table. Comparison of BPRM calculations for decay AE1(j, 1) to the Fe XVII
ground state C1T1 = 2s22p6 1S0 with other work

Cj Tj A(s−1)
BPRM others

2s22p53s 1Po
1 7.96(11) 8.28(11)a, 8.01(11)b, 7.75(11)c, 8.30(11)e, 9.40(11)‡

2s22p53s 3Po
1 9.35(11) 9.76(11)a, 9.44(11)b, 9.09(11)c, 9.34(11)e, 8.00(11)‡

2s22p53d 3Po
1 7.58(10) 9.19(10)a, 8.27(10)b, 7.77(10)c, 9.00(10)e, 8.89(10)‡

2s22p53d 3Do
1 5.93(12) 6.33(12)a, 5.68(12)b, 5.23(12)c, 6.01(12)e, 5.72(12)‡

2s22p53d 1Po
1 2.28(13) 2.24(13)a, 2.64(13)b, 2.44(13)c, 2.28(13)e, 2.52(13)‡

2s2p63p 3Po
1 4.03(11) 4.51(11)a, 3.66(11)b, 4.12(11)d, 3.40(11)e, 3.52(11)‡

2s2p63p 1Po
1 3.30(12) 3.34(12)a, 3.21(12)b, 3.29(12)d, 3.30(12)e, 3.25(12)‡

a – Safronova et al 2001, b – Bhatia & Doschek 1992, c – Cornille et al 1994,
d – present MCDF, e – NIST, ‡ – SS with all magnetic FS-components.

Following is the list of atoms and ions for which transition probabilities (f , A,
S) are available or calculations are in progress.
Fe ions: Fe I, Fe II, Fe III, Fe IV, Fe V, Fe XIII, Fe XVII, Fe XX, Fe XXI, Fe
XXIII, Fe XXIV, Fe XXV
Ca ions: Ca VII, Ca XVIII
Ar ions Ar V, Ar XIII, Ar XVI, Ar XVII
S ions: S II, S III, S XIV
Si ions: Si I, Si II, Si XII
Ne ions: Ne V, Ne VIII
O ions: O II, O III, O IV, O VI
C ions: C II, CII, C IV
Li-like: N V, O VI, F VII, Na IX, Mg X, Al XI, Ti XX, Cr XXII, Ni XXVI
He-like ions (elements as for Li-like)

3. Photoionization and Recombination: X+ + hν ↔ X++ + e

The unified method for total electron-ion recombination developed by Nahar
and Pradhan (1992, 1994) enables self-consistent sets of data for photoionization
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Figure 1. Comparison between theory - Nahar and experiment (Kjeldsen
et al. 1999) of photoionization cross sections of C II

cross sections, σPI , and total recombination rate coefficients, αR(T ) for atoms
and ions.

For highly charged ions, σPI and αR(T ) are obtained for fine structure levels
including relativistic effects; radiation damping is important for Li-like and He-
like ions. For complex multi-electron systems, these quantities are obtained in
LS coupling. Contrary to OP data in LS coupling, present results include much
more data, including partial photoionzation cross sections. Complete data sets
include total and level specific photoionization cross sections and recombination
rate coefficients for hundreds of levels (with n ≤ 10) for each ion.

Both the photoionzation cross sections and unified recombination cross sec-
tions have been benchmarked with recent sophisticated experiments. Figure 1
shows comparison of C II σPI with the measurement by Kjeldsen et al (1999).
Figure 2 presents total and level-specific αR(T ) for Ni XXVI of interest to X-ray
astrophysics.

Self-consistent sets of data for σPI , and unified recombination rate coeffi-
cients have been obtained or are in progress for over 50 ions:
Nickel: Ni II, Ni XXVI
Iron: Fe I, Fe II, Fe III, Fe IV, Fe V, Fe XIII, Fe XVII, Fe XXI, Fe XXIV, Fe
XXV, Fe XXVI
Ca: Ca VII, Ca XV, Ca XVIII
Ar: Ar V, Ar XIII, Ar XVI
S: S II, S III, S XI, S XIV
Si: Si I, Si II, Si IX, Si XII
Oxygen: O I, O II, O III, O IV, O V, O VI, O VII, O VIII
Nitrogen: N I, N II, N II, N IV, N V, N VI, N VII
Carbon: C I, C II, C III, C IV, C V, C VI
C-like: F IV, Ne V, Na VI, Mg VII, Al VIII
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Unified Recombination Rate Coefficients of Ni XXVI
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Figure 2. (a) Total unified recombination rate coefficient, αRC , and (b)
level-specific recombination rate coefficients of Ni XXVI.

Li-like: Ti XX, Cr XXII and others
He-like (elements as for Li-like)

Data Accessibility - Ohio State University: (i) 1. Anonymous ftp: ftp.astronomy.ohio-
state.edu, (ii) http://www.astronomy.ohio-state.edu/∼ nahar, (iii) Email: na-
har.1@osu.edu
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NIFS Atomic Numerical Databases

Izumi Murakami and Takako Kato

National Institute for Fusion Science, Toki 509-5292, Japan

Abstract. We have compiled the atomic and molecular numerical databases
which are available through internet. The databases provide basic atomic data,
such as collisional ionization and excitation cross sections, which are important
for modeling and diagnosing astrophysical plasmas.

1. Introduction

Atomic data are important for modeling and diagnosing astrophysical plasmas.
For instance, ion abundances are calculated with ionization and recombination
rates, and spectral line intensities are estimated with transition probabilities,
excitation rates, and etc. The NIFS atomic and molecular numerical databases
have numerical data of cross sections and rate coefficients for collision processes
between electron, ion, atom, and molecules. The data compilation was started
for elements which are important for fusion plasma in 1970s first (Takayanagi &
Suzuki 1976), but extended for other elements later.

2. NIFS databases

The NIFS databases consist of sub databases (DBs) categorized with the atomic
processes: “AMDIS” is the DB of electron-impact ionization, excitation, and
recombination cross sections and rate coefficients. Compilation of ionization
and excitation rate coefficients will start soon; “CHART” is the DB of charge
transfer and ionization cross sections of ion-atom/molecule collision; and there
are other DBs for molecule collision processes and plasma-material interaction.
These DBs are available at
http://dbshino.nifs.ac.jp/ since 1997 and registration is required for using
them (free of charge for academic research). Now more than 800 people are
resisted and more than half of them are international users from 47 countries.

Atomic data are retrievable and numerical data tables and graphs are dis-
played in a browser. The data shown in a graph can be compared, which is
useful for data evaluation. Figure 1 shows an example of the web page for data
search. Data are search-able by element, ionic state, author name, and so on.

Data compilation has been done as international and domestic collabora-
tions with atomic physicists and their help and understandings are important
and necessary. We are grateful for all their help in past and future. Feedback
such as data needs from the data users is also important for developing the
database.
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[ Help ]

AMDIS IONIZATION
Search Data Form Clear

 

Element*  Fe 

Initial ionic state:  23 

Number of electrons: (if you want to search for isoelectronic sequence.)
Final ionic state:

Theoretical Experimental Evaluated 

Author* : 

Year of Publication : From :  To :  (YYYY) 

Additional conditions for search:
[Type Table] [Journal Table]

 
Record number
Author(s)* 
First Author* 
Element* 
Journal Name* 
Journal Name Abbreviated 
Title* 
Reference number 
Type of theory or experiment 

Transition energy (eV) From : To : 

Minimum incident energy From : To : 

Maximum incident energy From : To : 

SORT KEY

For items marked with *, put a word as an input string without using %, which is faster for
getting results. Please do not bracket string with "%" character. For more details, see the help
page.

Figure 1. Example of web page image for data search of the NIFS database:
AMDIS IONIZATION is the database of electron-impact ionization cross sec-
tions.
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Future NASA Programs and Funding Support
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Abstract. The future of Astronomy and Physics programs in the Office of
Space Science is presented in the context of the overall NASA Strategic Plan.
The highlights of the new road maps for the Origins and Structure and Evolution
of the Universe science themes are given. A new initiative, Beyond Einstein, is
discussed. New opportunities for technology development, building small mis-
sions, and conducting basic research and analysis to support NASA’s strategic
goals are outlined. The status of NASA’s archives for data from its astronomy
missions is presented.

Introduction

The science conducted by OSS is divided into four scientific themes.
• Astronomical Search for Origins (ASO)
• Structure and Evolution of the Universe (SEU)
• Sun Earth Connection (SEC)
• Solar System Exploration (SSE)

Road maps produced by the scientific community for each of these science themes
form the basis for the Space Science Strategy. The first two science themes listed
above, ASO and SEU, encompass the Astronomy and Physics program.

Astronomy and Physics Program

Astronomical Search for Origins
The science of the ASO science theme is focused around the following three
research areas and the related science questions.
Emergence of the Modern Universe
-How did the cosmic web of matter organize into the first stars and planets?
-How do different galactic ecosystems (of stars and gas) form and which can lead
to planets and living organisms?
Stars and Planets
-How do gas and dust become stars and planets?
-Are there planetary systems around other stars and how do their architectures
and evolution compare with our own solar system?
Habitable Planets and Life
-What are the properties of giant planets orbiting other stars?
-How common are terrestrial planets? What are their properties? Which of
them might be habitable?
-Is there life on planets outside the solar system?
The ASO road map defines a series of space flight missions, often supported by
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ground based programs which may be required as scientific or technology pre-
cursors to a flight program. The philosophy followed by both ASO and SEU is
that the science and technology feeds forward from one mission to the next.

The ASO mission, Space Infrared Telescope Facility (SIRTF), the last of NASA’s
Great Observatories, is scheduled for launch in August 2003. The Infrared As-
tronomy (SOFIA), James Webb Space Telescope (JWST), Space Interferometry
Mission (SIM), Terrestrial Planet Finder (TPF) and Kepler are in development.
Ground based missions in support of SIM and TPF are the Keck interferometer,
and the Large Binocular Telescope Initiative (LBTI). Vision missions, such as
large UV and IR telescopes, leading ultimately to a Planet Imager (PI) and Life
Finder (LF) are mentioned as future possibilities.

Structure and Evolution of the Univ aunch in August 2003. Flight missions in
development are the Stratospheric Observatory for erse
The SEU road map is divided into two parts. The first, Beyond Einstein, de-
scribes a bold new initiative which aims to address some of the unsolved ques-
tions raised by Einstein’s theories. The second, Cycles of Matter, addresses the
remaining SEU science.

The three tantalizing questions Beyond Einstein attempts to answer are as fol-
lows.

• What powered the big bang?
• What happens at the edge of a black hole?
• What is dark energy?

The road map proposes three inter-linked elements that work together.
Einstein Great Observatories providing breakthrough increases in capabilities to
address all Beyond Einstein science:
-LISA: Gravitational waves from merging black holes and the early Universe
-Constellation-X: Spectroscopy close to the event horizon of black holes and
place constraints on dark side of the Universe
Einstein Probes to address focused science objectives:
-Determine the nature of the Dark Energy
-Search for the signature of inflation in the microwave background
-Take a census of Black Holes of all sizes in the local Universe
A technology program, theoretical studies and an education program to inspire
future generations of scientists and engineers towards the vision:
-Directly detect the gravitational waves emitted during the Big Bang
-Image and resolve the event horizon of a Black Hole

Explorer and Discovery Programs

The objective of the Explorer and Discovery programs is to provide frequent
flight opportunities for world-class scientific investigations from space utilizing
innovative, streamlined, and efficient management approaches within ASO, SEU
and SEC space science themes for Explorer and SSE and ”search for planets”
component of ASO for Discovery. The programs seeks to enhance public aware-
ness of, and appreciation for, space science and to incorporate educational and
public outreach activities as integral parts of space science investigations.
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The Explorer Program provides several classes of projects:
• Medium-class Explorers (MIDEX) - are investigations characterized by defi-
nition, development, launch service, and mission operations and data analysis
costs not to exceed $180 million (FY02 $) total cost to NASA.
• Small Explorers (SMEX) - are investigations characterized by definition, devel-
opment, launch service, and mission operations and data analysis not to exceed
$120 million (FY03 $) total cost to NASA.
• University-class Explorers (UNEX) - are investigations characterized by def-
inition, development, launch service, and mission operations and data analysis
costs not to exceed $15.0M (FY00) total cost to NASA. (Currently on hold).
• Missions of Opportunity (MO) - are investigations characterized by being part
of a non-NASA space mission of any size and having a total cost to NASA under
$35 million (FY03). They are conducted on a no-exchange-of-funds basis with
the organization sponsoring the mission. NASA solicits proposals for Missions of
Opportunity with each Announcement of Opportunity (AO) issued for UNEX,
SMEX, and MIDEX investigations.

The cost cap for Discovery missions is $299 million (FY01 $), with an MO option
as above.

Technology Development Opportunities

Several technology development opportunities exist for investigators working in
U.S. institutions. Collaboration with non-U.S. investigators is permitted on a
no exchange of funds basis. The following is a sample of existing technology
development programs within OSS.

Focused Technology Programs
-The primary source of advanced space observatory technology
Space Science Research and Analysis Technology Programs
-Appropriate technology source for Explorers and PI class instruments
-Limited effectiveness in supporting strategic technology needs of ASO/SEU
Partnerships With Other Agencies, e.g.
-Advanced Mirror System Demonstrator (AMSD) Partnership
-Advanced Hybrid Mirror Demonstrator (AHM) with X-Sat
Small Business Innovation Research(SBIR)/Small Business Technology Trans-
fer (STTR)
-Continues to be a viable source of niche technologies (Cryogenic high precision
deformable mirrors, for example)
Aerospace Technology(AT) Programs
-Restructuring of AT programs looks promising for Science driven technology
New Millennium Program(NMP)
- has yet to fly an astrophysics focused validation mission
-ST7/DRS will be first

Research Opportunities for Space Science (ROSS)

Scientists working in U.S. institutions have the opportunity to perform basic
research to support the goals of OSS by submitting proposals in response to
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the ROSS solicitation. All proposals undergo a competitive peer review process
before being selected for funding. The Astronomy and Physics component of
ROSS can be summarized as follows.

Astronomy & Physics Research and Analysis
• Suborbital (sounding rocket and balloon payloads)
• Supporting Technology
• Laboratory Astrophysics
• Fundamental Physics
• Ground Based Astronomy (U.S. Government funded institutions only)

Astrophysics Theory Program
Long Term Space Astrophysics
Astrophysics Data Program
Origins of Planetary Systems(partially)
Astrobiology Instrument Development (partially)

NASA’s Astrophysics Data Archives and Data Services

Archives:
-HEASARC (High Energy Astrophysics) at GSFC – holdings for RXTE, HETE,
Chandra, etc.
-MAST (Multi-mission UV/Optical) at STScI – holdings are HST, GALEX,
FUSE, etc.
-IRSA (Infra-red, submm) at Caltech – holdings are 2MASS, ISO, IRAS, soon
SIRTF, etc.
-LAMBDA (Cosmic Microwave Background) at GSFC – holdings for WMAP,
COBE, etc.
-MSC (Michelson Science – interferometry) at Caltech – holdings are for Keck
interferometry data, etc.
Data services: -ADS (astrophysical Data Service) at SAO – holdings of scans
of all journals and a great deal of astronomical literature.
-NED (NASA Extra-galactic Database) at Caltech – holdings of cross-correlated
extra-galactic data in all wavelengths.

Acknowledgments. The contents of this paper are taken from a variety of
NASA publications given in the reference section.
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Distinguishing Models for ACIS Data of Diffuse Emission

D.A. Leahy

University of Calgary, Alberta T2N 1N4, Canada

Abstract. Discussed here is the issue of discriminating different spectral
models for diffuse emission observations with the Chandra ACIS. First back-
ground models are considered. Then standard source models such as non-
ionization equilibrium and ionization equilibrium models and models with dif-
ferent metal abundances are considered. The datasets used are from Chandra
ACIS observations of diffuse emission, in particular of the Cygnus Loop super-
nova remnant.

1. Introduction

Here the issue of modeling of x-ray spectra of diffuse x-ray emission is studied.
With the availability of data from new instruments like the Chandra ACIS,
moderately good spectral resolution studies of diffuse emission can be carried
out. Previous to Chandra and XMM, only low spectral resolution data of diffuse
emission was available. Dispersed spectra of diffuse emission are not yet very
useful, since the spatial extent of the diffuse emission severely compromises the
spectral resolution.

In this study, diffuse emission from the Cygnus Loop taken with the Chan-
dra ACIS is studied to determine what are the limitations of current data in
determining the physical properties of the diffuse x-ray emitting gas. A bright
region on the south- western limb is seen in ROSAT PSPC observations of the
Cygnus Loop with a high hardness ratio filament directly adjacent to a low
hardness ratio filament (Aschenbach & Leahy 1999). This region was observed
with the Chandra ACIS, with a field that was able to cover both filaments using
the ACIS CCDs I0, I1, I2, I3 as well as cover a background region outside the
Cygnus Loop with CCDs S2 and S3. The background was analyzed, then the
source region was divided into several sub-regions for modeling of the diffuse
emission spectrum. The use of data from a relatively old supernova remnant
limits the discussion to models of thermal emission from low temperature gas
(kT <∼ 1keV).

2. Observations and data analysis

A 10 ks exposure of the southwest V region was obtained on 2000 May 21 with
the Chandra ACIS. The field of view is roughly 17 arcmin by 25 arcmin, and
included the data from the six ACIS CCDs I0, I1, I2, I3, S2 and S3. All data
processing was carried out using the CIAO2.3 package. Fig. 1 (left) shows a
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Figure 1. The Chandra ACIS image of the SW Cygnus Loop (left). The
ACIS spectrum of the background region fit with the Gendreau et al. (1995)
model (right).

processed image with north up. The image covers the energy band 0.3 to 1.4
keV and includes destreaking and exposure map corrections.

2.1. Background data analysis

A large region on ACIS S3 chip (as shown in Fig.1, left, labelled ”chip8”) was
selected to yield the background spectrum. The background fitting was first
carried out using pha channels 1-600 (∼ 0− 8.7keV). Since the data for regions
including Cygnus Loop emission did not show any excess above background
above ∼ 2keV, the background fitting was redone to better match this energy
range, i.e. over pha channels 1-210 (∼ 0−3keV). The results for the background
modeling were not significantly different. The fitting was done by minimizing
the Cash statistic, C = −2× ln(likelihood)).

The initial model for the background was based on the results of Gendreau
et al. (1995). They modeled the x-ray background for ASCA data as a sum
of two power laws, with spectral indices of 1.37 and 3.90 and a thermal plasma
emission with temperature 0.16 keV. This best fit model (normalizations free) is
shown in Fig. 1 (right) compared to the data: it is clearly not adequate, being
systematically too low from 0.6 to 1 keV and systematically to high from 1 to
1.6 keV.

Next the mekal model(Kaastra 1992), was used to replace the xsraymond
model for thermal plasma emission. To improve the systematics in the residuals
it was necessary to free the power law index of the flat power law and the
temperature. The result is shown in Fig. 2 (left). To improve the fit in the
0.5-0.8 keV range, the oxygen abundance was made a free parameter. This
resulted in a significant improvement in the 0.5-0.8 keV residuals and gave zero
amplitude to the steep power law with γ = 3.9. Thus the steep power law was
removed from the model. The resulting parameters were γ = 0.051, kT=0.19
keV and O abundance=0.175× solar. This fit is shown in Fig. 2 (right). Freeing
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Figure 2. The ACIS spectrum of the background region fit with modified
model (see text) (left). The ACIS spectrum of the background region fit with
final background model (right).

abundances of other elements, including iron and neon, were tested but did not
result in any significant improvement to the fit. Thus the final background model
for the ACIS was determined.

2.2. Comparison of source models using ACIS spectra

The Cygnus Loop emission was spatially divided into a number of regions for
spectral analysis. The brightest region (shown in Fig. 1 left) of those se-
lected for spectral analysis was chosen as a test case for comparing source
models. The best fit mekal model had kT=0.23 keV and normalization of
0.0038 × 10−14/(4πD2)

∫

nenHdV . The fit is systematically bad 0.6-0.8 keV
and around 0.9 keV. Freeing the oxygen abundance greatly improves the fit (by
' 15σ). Freeing the neon abundance further improves the fit (by ' 7σ). Free-
ing the iron abundance also improves the fit (by ' 6σ). However, freeing other
element abundances individually does not further significantly improve the fit
(< 3σ). Freeing the hydrogen column density gave an improvement of 3.6σ.
Allowing non-equilibrium ionization did not further improve the fit.

3. Discussion

The availability of data from the different ACIS CCDs has allowed a diffuse
background and a diffuse source data analysis to be carried out on the same
dataset. An improved background model was derived, which has allowed a
better modeling of the source data.

During the fitting process no binning of spectral channels was carried out.
The fitting was done by minimizing the Cash statistic. However the χ2 statistic
was also computed for every fit. In several cases the improvement in the Cash
statistic was significant but the improvement in χ2 statistic was not. At the same
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time a significant improvement in the fit residuals could be seen by eye. The
conclusion is that the Cash statistic is more powerful than χ2 in distinguishing
spectral fits.

The fits were carried out for a number of separate spatial regions. For the
Cygnus Loop all of the spectral variation could be accounted for by variations
in kT , NH , and O, Ne and Fe abundances. None of the spectra required any
non-equilibrium ionization. The ACIS data has proven sufficient to distinguish
spectra of small regions in the Cygnus Loop, whereas earlier data of spatially
resolved spectra, such as that from the ROSAT PSPC, could not.

Acknowledgments. This work supported by the Natural Sciences and En-
gineering Research Council of Canada.
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X-ray and Optical Properties of Radio Jets

D.M. Worrall

Dept of Physics, University of Bristol, Tyndall Ave, Bristol BS8 1TL

Abstract. Over the last few years the high-quality imaging and spectroscopic
data from Chandra and XMM-Newton have added greatly to our knowledge of
the physics of radio jets. Supported by optical data, we are now able to under-
stand much about jet energetics. Here I review the current state of knowledge.

1. Introduction

Chandra, XMM-Newton and HST have revitalized the study of active-galaxy
radio jets. Studies using only radio data reach a natural limitation. The emission
is known to be of synchrotron origin, and thus an inseparable function of the
magnetic-field and electron energy densities. To progress further, the usual
assumption has been that a source is “in equipartition”, with these two energy
densities equal, which is roughly equivalent to the source radiating at minimum
energy. But this assumption was largely untested.

The electron population producing radio synchrotron emission must also
lose energy by scattering ambient photons to higher energies via the inverse
Compton process. If this process dominates the production of the higher-energy
radiation that is measured, the electron population is probed directly. Both
the electron energy density and magnetic field strength can then be estimated,
and the equipartition assumption can be tested. The ambient photons may be
the radio synchrotron emission itself (synchrotron self-Compton), the cosmic
microwave background (CMB) radiation, or photons from the nucleus of the
active galaxy.

Inverse Compton scattering is not the only mechanism which may produce
radiation at energies above the radio. An electron spectrum that extends to
sufficiently high energy will produce high-energy synchrotron radiation. The
highest-energy electrons have correspondingly fast energy losses, and in situ
particle acceleration may be required to ensure their supply.

Thus, once the emission mechanism of the X-ray and optical radiation is un-
raveled, the underlying physical processes provide insights not readily available
from measuring the radio synchrotron emission alone.

X-ray detection has a further important role in probing the physics of active-
galaxy radio jets, since the medium through which jets propagate is X-ray emit-
ting. The new X-ray data provide unprecedented information on the hydrody-
namical interactions between the jet and gaseous medium. This can help us
understand jet content and models for jet propagation.

The high spatial resolution of Chandra has been key to the study of X-ray
jets, and the large throughput of XMM-Newton has assisted studies of the X-
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ray-emitting environments. While historically the search for optical jet emission
has been carried out using ground-based telescopes, a major problem has often
been one of low contrast with light from the host galaxy. HST’s sharp focus
helps to overcome this difficulty, and it is playing a particularly important role
in polarization studies.

2. Resolved X-ray Jets

For high-power radio sources, if we discount hot-spot emission, which is thought
to arise from sub-relativistic flows at jet termination (but see Georganopoulos &
Kazanas 2003), resolved X-ray jets are detected with Chandra mostly in quasars
(e.g., Schwartz et al. 2000; Marshall et al. 2001; Sambruna et al. 2001, 2002;
Siemiginowska et al. 2002, 2003), with the bright radio sources Pictor A and
Cygnus A (Wilson et al. 2001a,b) being the galaxy exceptions. The quasar X-
ray jet emission is one-sided, always on the same side as the brighter radio jet,
implying that relativistic beaming is important. Two-sided X-ray emission, such
as that in the quasar 3C 9 (Fabian et al. 2003) most likely does not imply the
presence of counter-jet emission, but rather the more isotropic lobe, hot-spot,
or cluster-related emission expected at some level in all sources and detected in
many (e.g., Worrall et al. 2001b; Hardcastle et al. 2002a). Tests, using lobe
and hot-spot X-ray inverse Compton emission, have generally found magnetic
field strengths within a factor of a few of their equipartition (minimum energy)
values (e.g., Brunetti et al. 2002; Hardcastle et al. 2002).

Currently there are at least 24 quasar X-ray jet detections. They have
mostly been found through targeted programs to observe bright, prominent, one-
sided radio jets. In most cases there has been no pre-existing reported optical
jet detection, but there has been reasonable success in subsequent detection.
The level of many detections lies below an interpolation between the radio and
X-ray spectra, and so the optical flux densities are key in showing that the X-
rays do not arise from synchrotron emission of a single power-law distribution
of electrons (e.g., Schwartz et al. 2000; Sambruna et al. 2002). In order to
avoid the total energy in particles and magnetic field being orders of magnitude
above its minimum value, as would arise from a simple synchrotron self-Compton
explanation, the most widely favored model is that the X-rays are produced
by inverse Compton scattering of CMB photons by the electrons in a fast jet
that sees boosted CMB radiation and emits beamed X-rays in the observer’s
frame (Tavecchio et al. 2000a; Celotti et al. 2001). The model can produce
sufficient X-rays with the jet in equipartition, but only if the bulk motion is
highly relativistic (bulk Lorentz factor, Γ ≈ 5−20) and the jet at small angle to
the line of sight. Although such a speed and angle are supported on the small
scale by VLBI measurements, at least for the source which has guided this work,
PKS 0637-752 (Lovell et al. 2000; Schwartz et al. 2000), the jet must remain
highly relativistic hundreds of kpcs from the core (after projection is taken into
account) for the X-rays to be produced by this mechanism. This conclusion,
based on multi-wavelength data, has been something of a surprise, since earlier
statistical studies of the structures of powerful radio sources suggested that jet
velocities average only about 0.7c at distances of tens of kpc from the core
(Wardle & Aaron 1997; Hardcastle et al. 1999).
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Whether high-power jets are electron-positron, or have a significant pro-
ton content, is still somewhat unclear. For example, Tavecchio et al. (2000b)
argue, based on near-equipartition models applied to the emission from quasar
sub-pc-scale inner jets, that a significant proton contribution may be required
to boost the kinetic power sufficiently to match the total radiated power. In
contrast, Hardcastle et al. (2002a) find cases where the radio lobes would be
over-pressured with respect to the ambient X-ray-emitting medium if a proton
contribution were included.

Resolved X-ray jets in active galaxies with low radio power are detected
with Chandra in sources covering the whole range of orientation suggested by
unified schemes, suggesting that beaming is less important than in their more
powerful counterparts. The more than 18 detected sources range from beamed
jets in BL Lac objects (Pesce et al. 2001; Birkinshaw et al. 2002) to two-sided
jets in radio galaxies (Chiaberge et al. 2003; Hardcastle et al. 2003), with most
X-ray jets corresponding to the brighter radio jet (e.g., Hardcastle et al. 2001,
2002b; Harris et al. 2002a,b; Marshall et al. 2002; Worrall et al. 2001a, 2003).
Several of the observations have been targeted at sources already known to have
optical jets, from ground-based work or HST. However, it’s easier to detect X-
ray jets in Chandra observations than to detect optical jets in HST snapshot
surveys (Worrall et al. 2001a), because there is generally better contrast with
galaxy emission in the X-ray band than in the optical.

Inverse Compton models for any reasonable photon field suggest an un-
comfortably large departure from a minimum-energy magnetic field in most
low-power X-ray jets (e.g., Hardcastle et al. 2001). Synchrotron emission from
a single electron population, usually with a broken power law, is the model of
choice to fit both the radio, optical, and X-ray flux densities and the relatively
steep X-ray spectra (e.g., Böhringer et al. 2001; Hardcastle et al. 2001). X-ray
synchrotron emission requires TeV-energy electrons which lose energy so fast
that they must be accelerated in situ.

It has been known for some time that the minimum pressure in low-power
jets (calculated assuming an electron-positron plasma) is typically below that
of the external X-ray-emitting medium (e.g., Morganti et al. 1988; Killeen et
al. 1988; Feretti et al. 1995; Worrall & Birkinshaw 2000). However, this
cannot be used simply to infer that the jets are launched as an electron-proton
plasma to give them the extra required pressure component. Low-power jets
are believed to slow down to sub-relativistic speeds within kpc distances, via
significant entrainment of thermal material (e.g., Bicknell 1994), and even the
most detailed hydrodynamical modeling, such as that which has been applied to
3C 31 by Laing & Bridle (2002), does not decide the issue of primary jet content.

3. Centaurus A and Particle Acceleration

The above arguments, applied to the bright northeast jet of the nearest radio
galaxy, Centaurus A, find in favor of X-ray synchrotron emission (e.g., Kraft et
al. 2002), and the proximity of Cen A allows us to probe its acceleration sites in
the greatest possible detail. Unfortunately the dramatic dust lane spanning the
galaxy masks any optical jet emission. The source is the subject of a detailed,
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continuing, X-ray and radio study using Chandra, XMM-Newton, the VLA, and
the ATCA, and here I report some of the results from Hardcastle et al. (2003).

Looking first at the radio measurements, when we compare our new VLA
map with archival data from 1991, we find proper motion of order 0.5c in some
knots. Given that the proper motion is also apparent in the diffuse emission,
we conclude that it is bulk motion rather than a pattern speed. If the jet is
at about 50 degrees to the line of sight, as parsec-scale properties and other
considerations suggest is reasonable, then the sub-luminal proper motion means
that the strong jet-counterjet asymmetry seen on kpc scales is intrinsic and not
due to beaming.

In the X-ray, we see both diffuse jet emission and much resolved structure,
including substructure in some knots. Some bright X-ray knots have only weak
radio emission with no indication of proper motion, but with the radio emission
brightening down the jet in the direction away from the nucleus. While the radio
association confirms that these X-ray knots are indeed jet related, the emission
profiles are not what are expected from a simple toy model where the electrons
are accelerated and then advect down the jet, with the X-ray emitting electrons
losing energy faster than the radio-emitting electrons. Instead, we propose a
model where there are obstacles in the jet (gas clouds or high-mass-loss stars).
Both radio and X-ray-emitting electrons are accelerated in the standing shock
of this obstacle, and a wake downstream causes further acceleration of the low-
energy, radio-emitting, electrons. The resulting radio-X-ray offsets, averaged
over several knots, could give the radio-X-ray offsets seen in more distant jets
(e.g., Hardcastle et al. 2001).

What observations might help us to learn more about the acceleration pro-
cesses in low-power jets? Optical polarization is one way. In M 87, Perlman et al.
(1999) found evidence for strong shock acceleration at the base of bright emit-
ting regions, in compressed transverse magnetic fields. Perlman is now leading
an HST program to extend these polarization studies to other low-power radio
galaxies. Variability is also an important probe of energy losses, and we are
monitoring the resolved jet of Cen A in the X-ray and radio. A knot in the jet
of M 87 has been observed to vary in the X-ray and optical on the time-scale of
months, consistent with shock acceleration, expansion, and energy losses (Harris
et al. 2003; Perlman et al. 2003).

4. Jet interactions with the X-ray-emitting medium

Most results on the interaction between jets and the X-ray-emitting medium
obtained so far are for low-power sources. For example, Laing & Bridle (2003)
have extended the modeling of Bicknell (1994) and use radio-jet sidedness to
deduce a velocity model for twin radio jets. This model predicts the mass
entrainment needed for their deceleration, and thus a density and pressure model
in the ambient medium. They have applied this to 3C 31, and find that Chandra
observations of the galaxy atmosphere (Hardcastle et al. 2002b) give an excellent
match to the predicted pressure profile.

There is much current interest in the possibility of radio sources heating the
interstellar and inter-cluster medium. Such heating would help to explain the
weakness or absence of lines from gas cooling below 1 keV in the densest central
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regions of the atmospheres, as seen in reflection-grating observations with XMM-
Newton (e.g., Peterson et al. 2001). The first definitive evidence for heating by
a supersonically-expanding lobe is found in the inner regions of Cen A, where
a rim of gas that is significantly hotter than the surrounding medium is found
to cap the inner southwest radio lobe (Kraft et al. 2003). From the density
and temperature measurements, we infer that gas is heated as it crosses the bow
shock in front of the lobe, and then adiabatically cools from about kT = 6.8 keV
to the kT = 3 keV shell that is seen. The kinetic energy in the shell exceeds
the thermal energy in the nearby ambient interstellar medium, so that when the
shell dissipates it will have a major effect on the interstellar medium and provide
distributed heating.

There have been several reported examples where radio-emitting plasma ap-
pears to be shoving away X-ray-emitting gas, most notably Perseus A (Böhringer
et al. 1993) and Hydra A (McNamara et al. 2000). 3C 66B is an interesting new
example in which we see direct evidence of associated heating, as measured with
XMM-Newton (Croston et al. 2003). Firstly, the group X-ray gas is hotter than
expected based on a temperature-luminosity relationship for similar groups void
of radio sources. Secondly, there is a region of gas which appears to have been
compressed by the eastern radio lobe, and which is measurably hotter than the
overall atmosphere.

5. Conclusions

The new results on radio jets which have resulted from complementary X-ray
and optical observations have brought some surprises. Firstly, synchrotron X-ray
jets are common in low-power sources, which implies that the intrinsic electron
spectrum continues to TeV energies, and requires substantial in situ particle
acceleration. Secondly, the detection of so many quasar X-ray jets, interpreted
as due to beamed CMB photons, means that highly relativistic bulk flows exist
far from the cores. This was not expected based on earlier statistical studies of
radio sources. Jet theory has had some pleasing successes, such as the agreement
of the X-ray pressure profile with the prediction from a hydrodynamical model
for 3C 31.

There is still much observational work to be done. Firstly, there is con-
siderable bias in the jets which have been observed in the X-ray, and we need
observations of unbiased samples over broader luminosity and redshift ranges.
Secondly, we need more deep X-ray observations (and refined theory) to under-
stand jet-lobe/inter-cluster medium interactions. Finally, to study acceleration
sites and processes, more detailed knot mapping and temporal monitoring is
required. In combination with multi-frequency polarization measurements, such
data could map the spatial distributions and follow the acceleration of the elec-
trons responsible for the radiation in the radio to X-ray bands.
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Abstract. The form of the quasar luminosity function and its redshift de-
pendence to z∼1 has long been established; powerful evolution is required so
that by z=1 there is an increase of order 102 - 103 in the space density of the
most luminous sources. However it is more difficult to deduce the form of the
LF at high redshifts. In this contribution we discuss how a sample of relatively
bright radio sources has been used to determine the high-redshift behavior of the
radio-loud quasar luminosity function, and the particular advantages of using a
radio-selected sample. Our results illustrate how radio-loud quasar samples can
be an efficient probe of the high-redshift Universe.

1. Introduction

Historically, the study of the quasar luminosity function (LF) and its evolution
over cosmic time has centered on large spectroscopic samples of optically-selected
bright stellar objects from photographic plates. Since the ultraviolet-excess sam-
ples of the 1980s (Marshall et al. 1983, Green, Schmidt & Leibert 1986, Boyle
et al. 1990) it has been known that luminous quasars have undergone strong
cosmic evolution to z∼2.2. The extension of the color-selection technique to six
optical band passes with the large bright quasar survey yielded confirmation,
first deduced by Schmidt & Green (1983), that the optical quasar LF declines in
the range z = 3.5 – 4.5 (Warren, Hewett & Osmer 1994). However this decline

696



The Cosmic Evolution of Quasars 697

could be induced by intervening dust absorption, rather than representing a real
decline in the space density.

More recently the 2dF Quasar survey team (2Qz: Boyle et al. 2000) ob-
tained spectra for an optically color-selected sample of more than 23,000 quasars.
This huge sample yields a clear determination of the LF and its evolution be-
tween z∼ 0.35 and 2.3 (Boyle et al. 2000). However, at low redshifts (z < 0.35)
and and at high luminosities, the quasar population is poorly sampled: low-
redshift objects appear non-stellar and are rejected, whilst the high-luminosity
objects have too low a space density to figure in the modest-area 2Qz survey.

The difficulty in determining the behavior of the quasar LF at redshifts
between ∼2.3 and ∼4 is that quasars at these redshifts have the same colors as
Galactic stars. Whilst the three-band color selection of 2Qz was highly efficient -
with ∼50% of all targets found to be quasars - the extension of the 2Qz sample-
selection technique to z ∼3.3 results in only 2% of the color-selected objects
being quasars (Chiu et al., private communication).

To detect quasars at very high redshift, extremely red color selections can
be used. From the Sloan Digital Sky Survey (SDSS, York et al. 2000, Stoughton
et al. 2002), Fan et al. (2003) selected i-band drop-out objects with red z-
band colors in order to find quasar candidates at z > 5.7. To date Fan et
al. have detected 3 quasars above z = 6.0, all with luminosities brighter than
M1450 = −26.8. Their results confirm that there is apparently a much reduced
space density of quasars between z = 5.7 to 7 compared to that at z = 2.2.

2. Radio-selected quasar samples

Optically-selected quasar samples trace clearly the evolution of the LF from
z∼0.4 to z∼2. Assuming that radio-loud and radio-quiet quasars race the same
phenomenon, at either side of this redshift range the subset of radio-loud quasars
provides an efficient probe of the LF. In particular, the radio-quasar LF spans
a very wide range in luminosity – over more than six magnitudes, compared to
two in the optical passband – allowing straight-forward selection of both local
and distant quasar samples.

At the low-to-moderate power end of the LF large samples of radio galaxies
and quasars can be extracted from optically-bright galaxy catalogues to reveal
their absolute local space density. Condon, Cotton & Broderick (2002) deter-
mined the local radio LF for galaxies in both the Uppsala Galaxy Catalog (UGC:
Nilson 1973) and the NRAO VLA Sky Survey (NVSS: Condon et al. 1998). Fur-
thermore the 2dF Galaxy Redshift Survey (2dFGRS: Colless et al, 2001) and
NVSS sample of radio galaxies and quasars have been used to map the radio
LF between 0.05 < z < 0.3 (Sadler et al. 2002). The results show the extent
of the local evolution in a redshift range poorly represented in optically-selected
quasar samples.

At the other end of the radio LF, high-power radio quasars provide an effi-
cient probe of the very distant Universe. Compared to the optical passband, the
radio regime is un-obscured and there are no ‘color’ degeneracies by which bright
radio-loud quasars might overlap radio properties with other known cosmic ob-
jects. In the flux-density range 100 mJy to 10 Jy and at survey frequencies
of between 1 and 5 GHz almost all radio sources are radio-loud galaxies and
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quasars. This means that bright radio sources can be used to trace the LF of
powerful radio quasars; as long as we optically-identify all sources in a radio-
selected sample we can avoid any optical bias which might be due to intervening
obscuration.

To this end we set out to obtain a completely-identified sample of radio-
selected quasars, large enough to map directly their space density behavior and
to decide whether the optically-selected quasar LF turnover is real or induced by
dust obscuration. To ensure that our initial sample was dominated by quasars,
we use the ‘flat-spectrum’ criterion – compact radio-loud quasars characteristi-
cally have flat, undulating or inverted spectra at GHz frequencies (Kellermann
& Pauliny-Toth 1969, 1971) due to synchrotron self-absorption. The advantage
of this class of source is the relative ease of determining the arcsecond radio
position of the bright quasar core, and hence the ease of making a secure optical
identification of the host object.

We selected our sample from the machine-readable version of the Parkes
radio source catalogue (PKSCAT90: Wright & Otrupcek 1990). The catalogue
contains radio and optical data for 8264 radio sources south of +27◦ and was
compiled from a series of surveys at 2.7 GHz performed by John Bolton and
colleagues between 1969 and 1979 (Bolton, Savage & Wright 1979 and references
therein). PKSCAT90 also contains data from 5 GHz flux-density measurements,
compiled within a few months of the original 2.7 GHz surveys. As described
in detail in Jackson et al. (2002) we selected all flat-spectrum sources from
PKSCAT90 with α5GHz

2.7GHz > −0.4, where S ∝ να, yielding an initial sample of
878 sources. Imaging and spectroscopy campaigns (Jackson et al. 2002; Hook et
al. 2003) yielded a final sample of identifications. We found that 677/878 sources
had stellar host objects (quasars and BL Lac objects). From this resulting set
of quasars we selected a complete sub-sample to map the high-redshift LF.

3. Radio quasar cosmic evolution

In calculating the high redshift LF we had to allow for the fact that ‘flat spec-
trum’ radio sources in reality have curved radio spectra. This could have a large
biasing effect, particularly if many sources have radio spectra which steepen at
high frequencies. In our sample, a number of quasars are only marginally flat-
spectrum between 2.7 GHz and 5 GHz, i.e. −0.4 < α < −0.3. Using cataloged
data at other radio frequencies we devised a methodology to predict the num-
ber of quasars expected at large redshifts based on the number seen at lower
redshifts. The procedure accounts for the individual spectra of each quasar and
maximizes the number of sources available to our analysis. We named this pro-
cedure, a variant of the Vmax method, the ‘single source survey’ (‘sss’, Wall et
al., in preparation): each individual source is considered a ‘complete survey’ if
it lies above the Parkes survey limit relevant to its area.

Our first sss analysis used only the PKS 2.7 GHz and 5 GHz survey data,
and predicts 53.5 sources lying between 3 ≤ z ≤ 8 if the space density found
between z = 1 and 3 remained constant out to z = 8. We improved our analysis
by tracing the spectral shape of each source using data from two lower-frequency
surveys – Texas at 365 MHz (Douglas et al 1996) and the NVSS at 1.4 GHz
(Condon et al. 1998). This modified the ‘observable volume’ for a number of
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sources up to their observed redshift. The adjustments work in both the positive
and negative senses so that the overall result is only marginally amended to 54.0
sources at 3 ≤ z ≤ 8. With some additional analysis based on higher-frequency
radio data (Wall et al. in preparation) we concluded that our sample should
have contained 40 to 50 quasars with redshifts 3 to 8, if the quasar space density
between z = 1 and 3 remained constant to z = 8. In the redshift range 3 to 8 we
actually found 16 quasars and we infer another 1.8 from the small (unbiased) set
of candidate quasars with no spectroscopy. Given that the difference between
the observed and predicted quasar number is significant at the > 3σ level, we
conclude that the space density of our radio-loud quasar sample shows a real
diminution at z > 3. The similar high-redshift results from optically-selected
samples thus are not induced by dust obscuration.

The LF results for our radio quasar sample are shown in Figures 1 and 2.
The strong evolution in space density is clearly seen for the LFs of Figure 1
(left) computed in redshift bands from 0 to 2; Figure 1 (right) shows that this
evolution has reached a plateau at z = 2, with the LFs for the ranges 2 < z < 3
and 3 < z < 5 lying successively lower.

Figure 1. The radio luminosity function (h0 = 0.5, Ωm = 1, ΩΛ = 0) for the
quasars of the Parkes 0.25-Jy flat-spectrum sample, in log (number per Mpc3

per ∆log(P2.7GHz) = 0.2 per ∆z = 0.5). Left: computed in three redshift
ranges, 0 − 0.5, 0.5 − 1.0, and 1.0 − 2.0; right: in redshift ranges 0 − 0.5
(repeated from the left diagram), 2.0 − 3.0 and 3.0 − 5.0. Increasing line
weight represents increasing redshift. Dash-dot vertical bars indicate lower
limits of completeness for each redshift range, due to spectral-index spread.

The quasar LF as a function of redshift for different radio luminosities is
shown in Figure 2. Numbers are small for each power range; but in general
the space density is seen to decrease at redshifts greater than 2, mirroring the
results from our sss analysis described above.
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Figure 2. The space densities of Figure 1 shown as a function of redshift
for 6 power ranges, logP2.7 = 26.0 to 26.2, 26.2−26.4, 26.4−26.6. 26.6−26.8,
26.8− 27.0 and 27.0− 27.2, distinguished by decreasing line weight. Abscissa
values are at the mean redshifts in each of the 5 redshift ranges in the caption
to Figure 1.

4. Future quasar LF studies

Our radio-selected sample demonstrated the utility of bright radio samples to
probe the high redshift quasar LF. The selection function ensured that most
objects in our initial sample were quasars whose radio positions were readily
measured to arcsec accuracy. Even though the quasars are radio-bright, a 4-m
class telescope was required for the optical identifications and spectra.

The greatest lesson we learnt with this sample is the necessity for contempo-
rary flux-density measurements. At GHz frequencies, a large fraction of quasars
– perhaps 30% or more – are variable. It is vital to sample the population at
one state, whether it is in the ‘up’, ‘down’ or ‘intermediate’; and the problem is
that surveys of objects obeying a steep power-law source count are dominated by
objects in the ‘up’ state. Our use of survey data from one epoch and flux-density
measurements from later epochs means that we do not have a clean sample of
radio spectra from which to trace the high redshift LF. The range of our results,
e.g. the prediction of 40 to 50 quasars at 3 < z < 8, reflects the uncertainty
in taking this bias into account (Wall et al. in preparation), and highlights the
dangers in using different-epoch data for any study of quasar attributes. The
bias may well explain the much lower significance ascribed to a redshift cutoff
from a similar sample by Jarvis and Rawlings (2000).

Current and future multi-wavelength large-survey-area campaigns covering
radio to X-ray pass bands (SWIRE, CDFs, ELIAS-S1, etc.) promise that much
will be learnt about the quasar LF. Radio surveys and radio-selected quasar
samples have a major role to play in these projects. In the course of these,
to obtain single-epoch radio spectra we propose to exploit the wide field of
view and multi-frequency agility of modern interferometers such as the Australia
Telescope Compact Array.
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The refined definition of the quasar LF will lay a foundation for understand-
ing the physical nature of the evolution of these objects as well as the relation
between radio-loud and radio-quiet quasars. More detailed knowledge of the
internal quasar mechanism would provide important insights into the feedback
loop with the IGM, particularly for studying the re-ionization epoch. Before
this, we have to determine how best to recognize these rare objects at such
epochs.
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Abstract. The physical and kinematical conditions of the gas surrounding
an active galactic nucleus (AGN) offer key diagnostics for understanding the
processes occurring in the inner few kpc around the nucleus. Neutral hydrogen
can give important insights on these regions. Apart from probing the presence
of gas in relatively settled conditions (i.e. circumnuclear disks/tori) it can also
trace the presence of extreme outflows. Some examples of these phenomena are
briefly presented.

1. Introduction

The origin of activity in galaxies is often explained as triggered by merger and/or
interaction processes. This idea is supported by morphological and kinematical
evidence (e.g. Smith & Heckman 1989, Tadhunter et al. 1989, Baum et al.
1992). Torques and shocks during the merger can remove angular momentum
from the gas in the merging galaxies and this provides injection of substantial
amounts of gas/dust into the central nuclear regions (see e.g. Mihos & Hernquist
1996). It is, therefore, likely that in the initial phase of an AGN, this gas still
surrounds (and possibly obscures) the central regions. AGN-driven outflows
have powerful effects on this dense ISM. This feedback process could play an
important part also in the evolution of the host galaxy as it may limit the growth
of the super-massive black holes (BHs) and regulate the correlation between BH
and bulge properties (see e.g. Silk & Rees 1998).

Part of the gas will end up settling into a circumnuclear disk/torus. The
presence of tori is an essential ingredient for the unified schemes for active galac-
tic nuclei. Although it has been generally assumed that the tori are composed of
dusty molecular clouds, it is now clear that, under certain conditions, they can
be partly formed by atomic hydrogen (Maloney et al. 1996). Nuclear (optical)
disks - with size ranging from 0.1 and 1 kpc - are also detected in a large number
of early-type galaxies (both radio-loud and radio-quiet). These disks (mainly de-
tected by HST) can be seen either in ionized gas or through their strong dust
absorption (van der Marel 2001, Capetti et al. 2000 and ref. therein).

All the above illustrates how important is the gas in the study of AGNs. As
the gas is likely to be found in different phases (atomic, molecular and ionized),
the study of all of these is crucial to obtain a complete view of the processes
occurring. Neutral hydrogen is one of these components and in the nuclear
regions of radio loud AGNs it has been very often detected in absorption against
the stronger radio cores (see e.g. Heckman et al. 1983; van Gorkom et al. 1989;
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Figure 1. H I absorption detected with the WSRT and the VLA against
the core of two radio galaxies: NGC 315 and B2 1322+36. The continuum
images are also shown.

Morganti et al. 2001, 2002a; Vermeulen et al. 2003). From the detection of
the H I we can study: i) the gas that is settled in circumnuclear disks/tori. As
highlighted above, this is relevant in the context of the unified schemes for AGNs;
ii) the unsettled gas that might represent the leftovers from the merger that
triggered the activity. From its kinematics we can study whether it represents
in-falling gas (e.g. feeding the AGN) or out-flowing gas (perhaps relevant for
feedback effects). Here, I briefly discuss some of the most recent results in this
area.

2. Settled gas

As described above, settled H I gas can be associated with circumnuclear disks
and tori. In powerful (i.e. Fanaroff-Riley II) radio galaxies, evidence for H I
associated with tori has been found, e.g., in the case of the Cygnus A. In this
object, a 50 pc-scale, rotating, flattened structure has been found from the VLBI
observations (Conway 1999). Due to the weakness of the radio core in these type
of galaxies, this study can be done only in very few cases. More promising is
the study of H I absorption in powerful compact (steep spectrum) radio sources.
These sources are uniquely suited for investigations into the physics of the central
engines, in particular to study the kinematics of the gas within 100 pc of the core
(see e.g. Vermeulen et al. 2003). Evidence of H I associated with circumnuclear



704 Morganti

tori has been reported for some of these compact sources (see e.g. Conway 1997,
Peck & Taylor 2001) with thickness of about 100 pc and column density of the
order of 1023 cm−2 (with Tspin of several thousand K). The information derived
from the H I can be particularly useful to constrain characteristics the central
torus when combined with hard X-ray data. This has been done in the case of
two possible Compton-thick galaxies studied by Risaliti et al. (2003).

In low luminosity radio galaxies the situation could be different. The high
detection rate of optical cores, the lack of large absorption in X-ray (Chiaberge
et al. 1999) and possibly also the relatively low detection rate of H I absorption
(Morganti et al. 2001) suggest that the standard pc-scale geometrically thick
torus is not present in these radio galaxies. The presence of thin disks has been
claimed from H I observations in the case e.g. NGC 4261 (van Langevelde et al.
2000). For this object, the VLBI data suggest that the H I absorption is due to
a disk of only ∼1.3 pc thick projected against the counter-jet. In NGC 4261,
evidence for the presence of such nuclear disk are also found in HST images. The
idea of thin disks can be investigated in more detail by correlating the presence
(or absence) of H I absorption with the optical characteristics. This has been
done for a sample of radio galaxies (selected from Capetti et al. 2000) for which
information about the presence of optical cores and nuclear dusty disks/lanes
(from HST images) is available. Fig. 1 shows two examples of the detected
objects. Interestingly, H I absorption was detected in the two galaxies that have
dust disks/lanes and no optical cores. In these cases, the column density of the
absorption is quite high (> 1021 cm−2 for Tspin = 100 K) and the derived optical
extinction AB (between 1 and 2 magnitudes) is such that it can, indeed, produce
the obscuration of the optical cores. In the other two cases, H I absorption has
been detected despite the presence of optical cores. However, the column density
derived from the detected absorption is much lower (∼ 1020 cm−2 for Tspin = 100
K) and the derived extinction is of the order of only a fraction of a magnitude.
This is, therefore, consistent with what expected if the circumnuclear disk are
thin in these radio galaxies.

3. Unsettled gas

3.1. Any evidence for infall?

Evidence for in-falling gas was reported by van Gorkom et al. (1989). In a
sample of radio galaxies, H I absorption was detected either close to the systemic
velocity or systematically red-shifted, indicating therefore a prevalence of gas
falling into the nucleus. This result does not appear to be confirmed by more
recent observations. For example, the study of H I absorption in compact radio
sources by Vermeulen et al. (2003) shows that there is evidence for significant
gas motions and not only positive but even more negative H I velocities (up to
more than 1000 km s−1 compared to the systemic velocity) are found. This is
indicating that gas flowing out of the galaxy is also present. Indeed, clear cases
of fast gas outflows have now been detected as described below.

One of the most promising case of in-falling gas was found in the radio
galaxy NGC 315. A very narrow and highly red-shifted (∼ 500 km s−1) H I
absorption (see also Fig. 1) was reported by Heckman et al. (1983) and Dressel
et al. (1983). VLBI observations (Peck 1999, Morganti et al. 2002) are now
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Figure 2. The H I absorption profile detected in 4C 12.50 (left) and 3C 293
(right) from the WSRT observations. The spectra are plotted in flux (mJy)
against optical heliocentric velocity in km s−1.

showing that this absorption appears to cover a region of about 9 pc of the
source, from the core to the first part of the jet. A likely explanation for this
absorption is that of a cloud at large distance from the nucleus (like tidal debris)
detected, in projection, against the nucleus (Morganti et al. 2002). This seems
to be more favorable over the possibility of a small cloud falling into the nucleus
and feeding the AGN.

3.2. Outflows

Fast nuclear outflows of ionized gas appear to be a relatively common phenomena
in AGNs. It is, therefore, not too surprising to find such outflows also in radio
galaxies (see Morganti et al. 2003a for a summary of recent results). However,
it is extremely intriguing the discovery of a number of radio galaxies where the
presence of fast outflows is associated not only with ionized but also with neutral
gas. This finding gives new and important insights on the physical conditions
of the gaseous medium around an AGN. The best examples so far are the radio
galaxies 3C 293 (Morganti et al. 2003b) and 4C 12.50 and the Seyfert galaxy
IC 5063 (Oosterloo et al. 2000). It is also worth noticing that outflows of ionized
gas are also associated with these neutral outflows (see Morganti et al. 2003a).
A number of possible hypotheses can be made about the origin of the gas outflow
(e.g., star-burst winds, radiation pressure from the AGN adiabatically expanded
broad emission line clouds) although at the moment the hypothesis that they are
driven by the interaction of the radio jet with the ISM is favored. To investigate
whether this is indeed correct, high-resolution (VLBI) studies are in progress
to find the exact location of the out-flowing gas. So far these outflows have
been found in objects that are either in the early-stage of their evolution (like
4C 12.50) or, perhaps, in a phase of re-started activity (as might be the case
for 3C 293). Another characteristic of these galaxies is the presence of a young
stellar population (from their optical spectra, see e.g. Tadhunter et al. 2002).
Such a component (with ages between 0.5 and 2 Gyr) can be considered an
indication that the galaxy is indeed in a particular stage of its evolution, when
large amounts of gas/dust - likely from the merger that triggered the activity
- are still present in the inner region and the radio jet is strongly interacting
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with it. A more systematic search for fast gas outflows in radio galaxies is now
in progress (with the WSRT) and has already revealed more cases of broad,
blue-shifted H I absorptions.
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Abstract. PKS 1257−326 is one of three quasars known to show unusually
large and rapid, intra-hour intensity variations, as a result of scintillation in the
turbulent Galactic interstellar medium. We have measured time delays in the
variability pattern arrival times at the VLA and the ATCA, as well as an annual
cycle in the time-scale of variability for this source. Results of the two-station
time delay observations are presented here. Implications for the scintillation of
this source are discussed in the light of these results, together with results from
two years of monitoring with the ATCA.

1. Introduction

The flat-spectrum radio source PKS 1257−326 was first cataloged in the Sixth
Part of the Parkes 2700 MHz Survey, with a measured flux density of 0.23 Jy
at 2.7 GHz (Shimmins & Bolton 1974). The source is identified with an X-
ray emitting, B=18.7 magnitude, quasar at z = 1.256 (Perlman et al. 1998).
Extremely rapid flux density changes were discovered in ATCA data during 2000
(Bignall et al. 2003), making PKS 1257−326 the third known “intra-hour” radio
variable, after PKS 0405−385 (Kedziora-Chudczer et al. 1997) and J1819+3845
(Dennett-Thorpe & de Bruyn 2000).

In recent years, considerable evidence has accumulated to demonstrate that
interstellar scintillation (ISS) in the turbulent interstellar medium of our Galaxy
is the principal mechanism responsible for the intra-day variability (IDV) seen at
cm wavelengths in many flat-spectrum AGN. Two unequivocal demonstrators of
ISS are (i) annual cycles in time scales of variability (e.g. Dennett-Thorpe & de
Bruyn 2001; Rickett et al. 2001; Jauncey & Macquart 2001; Bignall et al. 2003),
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and (ii) measurement of a delay in the IDV pattern arrival times at two, widely
separated telescopes (e.g. Jauncey et al. 2000; Dennett-Thorpe & de Bruyn
2002). Both of these types of observation can be used to extract information
on the ISS process and on the source brightness distribution, on scales of order
10–100 microarcseconds (e.g. Macquart & Jauncey 2002). The three “extreme”
rapid variables have played a key role in realizing the dominant role of ISS
in radio IDV, because their variations can be well-sampled in a typical, 12-
hour observing session. Furthermore, pattern arrival time delay measurements
are only feasible when the variations are large and rapid enough that the IDV
patterns can be located in time to a precision of tens of seconds, i.e. there must
be a measurable change in flux density on time scales of order 1 minute.

Here we present results of simultaneous observations of PKS 1257−326 with
the VLA and the ATCA, and discuss their implications for the ISS of this source,
particularly when combined with the results of two years of ATCA monitoring.

2. Results of simultaneous observations with the VLA and the ATCA

The rapid, large-amplitude fluctuations observed in PKS 1257−326 make this
source an excellent candidate for measurement of the variability pattern arrival
time delay between two, widely separated telescopes. A significant delay of ∼ 2
minutes was found for PKS 0405−385 (Jauncey et al. 2000), between the IDV
patterns at the VLA and the ATCA, before its episode of rapid ISS ceased.
J1819+3845 was observed simultaneously with the VLA and WSRT on two
days in 2001 January, and the IDV pattern arrival time delay was observed to
change, and in fact reverse its sign, due to the rotation of the Earth during the
simultaneous observation (Dennett-Thorpe & de Bruyn 2002). In the case of
J1819+3845, the VLA-WSRT baseline rotates in the plane of the sky through
approximately 50◦ over the course of the observation, and hence a significant
change in delay was observed, as the direction in which the baseline cut through
the scintillation pattern changed.

PKS 1257−326 has been observed simultaneously with the ATCA and the
VLA at three different times of the year. The observations in each period were
made on two consecutive days, and used two frequencies simultaneously, 4.9
and 8.5 GHz. On each day, PKS 1257−326 is visible to both telescopes for 2.7
hours. The baseline vector rotates through only 20◦ during this time. However,
the scintillation velocity changes over the course of a year due to the Earth’s
orbital motion, so the two-station time delay will be different at different times
of the year. Repeated measurements of the time delay at different times of the
year help to constrain both the velocity and spatial structure of the observed
scintillation pattern, which in turn reveals information both on the source, and
on turbulence in the local ISM.

The top panels in Figure 1 show VLA and ATCA data for PKS 1257−326
observed on 2002 May 14 and 2003 March 7. The frequency range covered by
the data from each telescope is identical, and the 32 second decrement needed to
convert the time stamps of the VLA data from IAT to UT has been applied. It is
immediately apparent that on each day, the IDV patterns seen by each telescope
are almost identical, and that in each case, the pattern arrives at the VLA
several minutes before it reaches the ATCA. This is unequivocal evidence that
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Figure 1. Top panels show simultaneous 4.9 GHz VLA and ATCA flux den-
sity measurements of PKS 1257−326, on two different days of the year. VLA
data are represented by circles; ATCA data by crosses. The lower left panel
shows an illustration (not to scale) of the time delay geometry. Part of the
scintillation pattern is represented by elliptical contours. Arrows indicate
scintillation velocity at three different times of the year when the source has
been observed simultaneously with the VLA and the ATCA. The VLA-ATCA
baseline is indicated. The lower right panel shows time delays calculated from
the 2003 March data.

the observed rapid variations are predominantly due to interstellar scintillation.
We can also immediately infer that the scintillation length scale is much larger
than the ∼ 10, 000 km baseline between the two telescopes.

The time delays were clearly evident in the data after applying only a con-
stant correction factor to data from one telescope in order to make the flux
density scales comparable. However, in order to best constrain the scintilla-
tion parameters it is necessary to compare the flux densities of the scintillating
component seen by each telescope with the greatest possible accuracy. As both
telescopes are observing at low elevation where pointing errors and atmospheric
effects are most severe, it is important to correct for these effects, as well as
for any differences due to resolved structure in the source. The flux density
measurements shown in Figure 1 have been calibrated using PKS 1255−316, an
unresolved, non-IDV source ∼ 1◦ from PKS 1257−326. The calibration source
was observed every 15 minutes for∼ 1 minute at both telescopes. PKS 1257−326
itself has a few percent of its flux density in components which are extended on
arc-second scales. If not subtracted, this contributes to differences in the total
flux density seen by each telescope, as well as adding slight apparent variations,



710 Bignall et al

in addition to the IDV, due to the changing (u, v) coverage over the observation.
These changes with time are more significant in the ATCA data due to the linear
configuration of the array. To remove the effects of resolved source structure,
we have modeled the extended components, starting with a short “snapshot”
of the VLA data, and subtracted them from the visibilities for both telescopes,
leaving only the central part of the source which is unresolved at both telescopes
and contains the scintillating component. Flux densities are then obtained by
averaging Stokes I data over all baselines. Any residual errors, after apply-
ing antenna gain corrections from PKS 1255−316 and subtracting the extended
component model, are too small to have a noticeable effect on the measured
pattern time delays. Data from both telescopes are directly comparable to an
estimated accuracy of ∼ 0.3%.

In the data shown from 2002 May 14, there is evidence that the IDV patterns
seen by each telescope are not exactly identical; the trough and peak in the
ATCA data reach flux densities ∼ 1.5% lower than those in the VLA data,
which is significantly different compared with the expected measurement errors.
This could be a result of a slightly different part of the scintillation pattern being
seen by each telescope. The scintillation pattern can be thought of as a series
of bright and dark patches or “scints”, assumed to be temporarily “frozen-in”,
which drifts past each telescope. The time delay depends on both the velocity
of the pattern with respect to the projected baseline between the two telescopes,
and also on the spatial structure of the pattern. This is illustrated in the lower
left panel of Figure 1. The ellipses represent contours of constant intensity
in the scintillation pattern. The observed quasi-sinusoidal variations occur as
the Earth passes through this pattern. If the scintillation velocity has a large
component perpendicular to the baseline, which from the model discussed in
Section 3 is expected to be the case in May, then a slightly different part of
the pattern would be seen by each telescope. This could easily account for the
observed flux density differences.

The lower right-hand panel of Figure 1 shows time delays fitted to the March
data for both frequencies and both days. Delays were found by minimizing the
sum of squares of the residual flux density difference, assuming that for these
data, the scintillation pattern seen by each telescope is identical apart from
being shifted in time. For the March data this assumption is reasonable, as no
significant difference is evident in the flux density of peaks and troughs measured
at each telescope. For each dataset, a running time delay was calculated using a
40-minute window of data, to test whether any change in delay was observable
over the observation. The delay estimates were averaged into three UT bins, and
the error bars plotted are based on the scatter in the individual delay estimates.
From this preliminary analysis, it is evident that the pattern arrival time delay
is almost identical at both frequencies and on both days, and does not change
significantly over the course of the observations. From this we can infer that
successive contours of constant intensity in the scintillation patterns are close to
parallel to each other as they cross the baseline. In the data from January, the
observed time delays are very similar to those in March, ∼ 5 minutes, while the
data from 2002 May show larger time delays, on average ∼ 8 minutes at both
frequencies and on both days.
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3. Discussion

Two-station time delay measurements can be combined with observations of
annual cycles in the characteristic time scale of variability, tchar, to constrain
the velocity and spatial structure of the scintillation pattern, which in turn can
be used to constrain the source angular size and brightness temperature, as
well as the distance to the scattering material. More than a year of monitoring
PKS 1257−326 with the ATCA, since early 2001, revealed a clear annual cycle in
tchar, and subsequent observations have confirmed its continued presence. The
annual cycle, reported in Bignall et al. (2003), was best fit with a screen velocity
offset by ∼ 5 km s−1 in RA from the local standard of rest, and an anisotropic
scintillation pattern elongated at ∼ 55◦ to the RA axis, although the axial ratio
of the “scints” was not well constrained from the annual cycle.

The model from the annual cycle is consistent with the observed time delays.
In fact the time delays are consistent with the successive contours of constant
intensity being always close to parallel to each other over the ten months be-
tween the first and last time delay measurements. One would not expect to
see this unless the scints were consistently highly elongated, which could be a
result of anisotropic scattering and/or anisotropic source structure. The other
two rapid scintillators, PKS 0405−385 and J1819+3845, also show evidence for
highly anisotropic scintillation patterns (Rickett et al. 2002, Dennett-Thorpe &
de Bruyn 2003). Rickett et al. (2002) argue that the origin of the anisotropy for
PKS 0405−385 is in the scattering screen rather than the source. It will be im-
portant to confirm this for PKS 1257−326, and also to determine whether highly
anisotropic scintillation patterns are a common property of slower scintillators,
such as those found in the Micro-Arcsecond Scintillation-Induced Variability
(MASIV) Survey recently undertaken with the VLA (Lovell et al. 2003). The
MASIV Survey found that sources such as J1819+3845 and PKS 1257−326 are
extremely rare. Intra-hour scintillations are thought to be due to unusual, lo-
calized scattering “screens” less than ∼ 30 pc from the observer, whereas more
common, slower scintillations are most likely due to scattering material at dis-
tances of order 100 pc or more. Anisotropy in the scintillation pattern would
strongly influence observed time scales and annual cycles in scintillating sources,
and thus has important implications for extracting information via “Earth Or-
bital Synthesis” (Macquart & Jauncey 2002).
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Abstract. The discovery of relativistic jets in radio emitting X-ray binaries
in our own galaxy has led to the term ’microquasar’ being coined for these
objects. In this paper the properties of microquasars are compared with those
of quasars and radio galaxies, with the aim of trying to see how the similarities
and differences can inform us about the physical conditions and evolution of jets.
GRS1915+105 and SS433 are also discussed in more detail.

1. Introduction

X-ray binary stars display a wide range of interesting phenomena particularly
in X-rays and perhaps offer the best laboratory for the study of the accretion
process and the physics of extreme environments. The strong X-rays indicate
the existence of a deep gravitational potential well and so imply the presence
of a neutron star or black hole. Radio emission has been found in ∼50 of the
280 known X-ray binaries listed in the catalogues of Liu et al. (2000, 2001)
of high and low mass binaries (e.g. Fender 2003). Radio emission is a strong
indicator of the presence of a radio jet. If the maximum brightness temperature
(neglecting beaming effects) is limited by inverse Compton radiation to 1012 K,
then a diameter of 1 au for a source of 100 mJy at 5 GHz at a distance of 1
kpc is implied. The radio emission therefore extends beyond the likely diameter
of an accretion disk around a compact object, and the variability suggests that
the emitting region is ejected from the central engine. Indeed high resolution
observations show that about half of the radio-emitting X-ray binaries (REXRB)
have radio jets.

The first REXRB found to show apparent superluminal velocities of knots
in its radio jets was GRO J1655-40 (Tingay et al. 1995). Since then a further 5
objects have been found to show features moving down the radio jet at apparent
speeds >c (Fender 2003). This phenomenon, together with the presence of a
jet has led to the objects being called ‘Microquasars’ by analogy to the more
powerful (and ∼106 times further away) quasars (Mirabel et al. 1992, Mirabel
& Rodŕıguez 1999). The fundamental energy source is the same i.e. they are
powered by accretion onto a compact object. Perhaps all REXRBs should be
labeled microquasars, if indeed they all have radio jets.

2. Radio Properties

Properties of microquasars such as the radio morphology, component proper mo-
tions and other derived parameters can be compared with those of extragalactic
objects covering a wide range in luminosity from the relatively nearby Active
Galactic Nuclei to the distant quasars (e.g. De Young 2002). Many images of
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the radio emission from extragalactic sources have been published, a convenient
compendium is given by the Atlas of DRAGNs by Leahy, Bridle & Strom (2000).

2.1. Morphology

The most obvious difference between REXRB and quasars is that there are no
obvious extended lobes situated on either side of the REXRB for nearly all the
known objects. The exceptions are the nebulae which surround SS433 (W50)
(Dubner et al. 1998) and Circ X-1 (Haynes et al. 1986). These extended regions
are likely to be the remains of the supernovae associated with the formation of
the compact objects rather than formed by the action of the jets alone. However
the ‘ears’ of W50 are probably formed by the precessing jets of SS433 moving out
into the interstellar medium, and so perhaps can be thought of as the equivalent
of lobes. Similarly the jet in Circ X-1 may be passing energy into its nebula
(Fender et al. 1998), analogous to M87 where the jet appears to feed into an
extended halo (Owen, Eilek & Kassim, 2000).

Similarly there are no ‘hotspots’, where the jets may be interacting with
the interstellar medium in a working surface. Compact IRAS sources have been
found aligned with GRS1915+105 (Rodŕıguez & Mirabel 1999), but these may
be HII regions.

The morphology of REXRB jets is similar to that of the core-jet quasars
like 3C345 and 3C273, etc., and also the low luminosity FRI type of radio
source where the jets are brighter towards the nucleus of the object. The jet
in BL Lac (Stirling et al. 2003) looks like the jets in Cyg X-1 and SS433.
Indeed the precession found in BL Lac is an interesting result, suggesting a
close analogy to SS433 and is worth investigating further. We should therefore
think of microquasars as naked jet sources, though the energy flowing through
the jet must be deposited somewhere in the interstellar medium.

2.2. Proper Motions

Measurements of the proper motion of components within microquasar jets lead
to estimates of velocities ranging from ∼ 0.3 to 0.98 c or more. While the high
velocity objects have Lorentz factors which are not too dissimilar to those in
quasars, there is an outstandingly different effect. Several objects have been
detected with two-sided ejections (e.g. GRO J1655-40, GRS 1915+105) even
though their velocities are high, whereas jet-dominated quasars and BL Lac
objects are exclusively one-sided. Doppler boosting causes this effect for quasars,
which on the whole have been selected by their radio emission. Microquasars on
the other hand have been selected by their X-ray emission, the bulk of which is
not Doppler boosted.

2.3. Derived Parameters

Typical jet powers in microquasars are ∼ 1037 erg sec−1, compared to 1046 erg
sec−1 for quasars and FRII sources, and 1042 erg sec−1 for FRI objects (Spencer,
de la Force & Stirling 2001) We should therefore perhaps call REXRB Nano-
Quasars! The jet powers in microquasars are an appreciable fraction of the total
accretion powers available (1038 – 1039 erg sec−1); the fraction may approach
unity if there there is a large contribution from protons.
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Jet synchrotron flux density has been shown to scale with black-hole mass
(∝ M1.4, Heinz & Sunyaev 2003, Sunyaev 2003), implying that extragalactic jets
are more radio loud and therefore suffer higher energy losses than microquasar
jets, i.e. lose a higher fraction of their kinetic power in the form of radiation.

The length of jets in microquasars varies from ∼10 au to ∼ 106 au (Spencer
et al. 2001). VLBI scale (10’s au) “mini-jets” have been found in SS433 (Ver-
meulen et al. 1993) and GRS1915+105 (Dhawan, Mirabel & Rodŕıguez 2000) as
well as large scale jets extending over 10000 au. The mini-jet sources (e.g. Cyg
X-1, Stirling et al. 2001) have flat radio spectra and are rather similar to the flat
spectrum core jet extragalactic sources in overall appearance. The different size
scales however result in different conditions: a typical equipartition magnetic
field of ∼ 100 mgauss for microquasars means that the electron lifetime at cm
wavelengths is much longer than the dynamical time and adiabatic rather than
radiative losses dominate. There is no need for particle re-acceleration along the
jets of microquasars in order to maintain the jet intensity at radio wavelengths.
Jets in microquasars also propagate though a dense interstellar medium and
so pressure in the jet needs to be higher than in quasars in order for a jet to
propagate.

3. Individual Microquasars

GRS 1915+105 shows complicated X-ray behavior and is perhaps the best lab-
oratory for studying accretion flows. Radio flaring has been associated with
X-ray outbursts, and flares are accompanied by the ejection of radio emitting
components at velocities of ∼0.98c (Mirabel and Rodŕıguez 1994, Fender et al.
1999). The radio flares appear after a period of steady radio flux with a flat
spectrum (the plateau state) when the X-ray emission changes from a steady
low-hard state to a variable high flux soft state. Persistent mini-jets have been
found when the source is in the plateau state, however this region is weaker after
the strong flaring occurs.

It was possible to follow the motion of the ejected clouds in the Fender et
al. (1999) observations by making images with MERLIN every 2 days. Extrap-
olating the positions of the components indicated an ejection date of around 1
day after the onset of the soft X-rays. Recent observations of a flaring event in
July 2001 (McCormick 2003) confirm this behavior. It seems that a disk which
is strong in soft X-rays is necessary for the ejection of radio clouds, but it is not
required for the formation of the mini-jet.

It is interesting that the superluminal radio galaxy 3C120 also shows the
ejection of radio clouds just after a restoration of high X-ray emission. Marscher
et al. (2002) showed that a dip in X-rays occurred just before radio flaring.
The presence of a newly formed and unstable disk seems to be necessary for the
ejection of radio emitting components at relativistic velocities.

The presence of the low level compact jet in the low-hard state suggests
that an underlying jet may exist at all times. The flaring could then be due
to the development of a strong shock in the jet, rather than the ejection of a
discrete cloud of relativistic electrons and magnetic field.

Shock in jet models (Marscher & Gear 1985) have been used to describe
high radio frequency outbursts in extragalactic core-jet objects like 3C273 (e.g.
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Türler, Courvoisier & Paltani 2000) rather well. The outbursts in 3C273 are
remarkably similar to those on GRS 1915+105. Türler, Courvoisier & Chaty
(2003) have applied the model to the May 1997 outburst on GRS 1915+105.
They predict a steep electron energy spectrum and rapid expansion of the jet
(i.e a trumpet shape rather than a cone). Stevens et al. (2003) found that the
variability of GRO J1655-40 can also be explained using the generalized shock
model. However the expanding plasma cloud model has also been used success-
fully to describe the June 2001 outburst in GRS 1915+105 at 23-cm wavelength
(Ishwara-Chandra, Yadav & Pramesh Rao 2002). A detailed comparison of the
two models applied to GRS 1915+105 is clearly needed.

SS433 is famous for its precessing jets and has shown evidence for radio
emission from a component extended roughly perpendicular to the jet and cen-
tered close to the core (Paragi et al. 1999, Blundell et al. 2001). Regions
of extended emission also exist in some DRAGNS where the ‘back-flow’ from
the advancing lobes interact. To investigate this further we have undertaken 2-
dimensional hydrodynamic modeling (Smponias 2003) where multiple ejections
of radiating knots takes place (as seen in MERLIN and VLBI observations of
the SS433 jets). It appears that the multiple bow shocks interact and heat and
compress gas in the central region. The effect is more dominant when a wind is
present.

4. Conclusions

Micro-quasar jets are more similar to those in FRI radio galaxies and BLLacs
rather than the more luminous FRIIs. Jet formation and ejection are strongly
associated with changes in X-ray state for microquasars, and as recent results on
3C120 suggest perhaps for extragalactic sources also. Shock in jet models may
work for both, further progress requires frequent multi-wavelength observations.
Studies of jets in both microquasars and quasars complement each other and
indeed lead to further understanding of relativistic jets.
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JD18: Quasar Cores and Jets - poster-paper summary

J V Wall

Department of Physics & Astronomy, University of British Columbia,
Vancouver, BC V6T 1Z1, Canada

1. Introduction

Of the 17 poster papers presented at IAU25 Joint Discussion 18, three (1821,
1824, 1834) are essentially theoretical, three (1828, 1829, 1831) deal with polar-
ization, screens and absorbers, one (1818B) considers galaxy formation and evo-
lution, 7 (1817, 1820, 1826, 1830, 1835, 1836, 1837) describe source structure and
spectra, and three (1812, 1818, 1823) deal with Intra-Day Variability (IDV).

2. Theory

Paper 1821, Microphysics of AGN central engines by Zdenka Kuncic explores
the energetics and dynamics of accretion-disc coronae in AGN. A solar analogy
is used to identify the mechanisms: bulk plasma heating, particle acceleration,
bulk kinetic energy. Spectral signatures from the radiative cooling processes are
presented. A particularly useful feature of this paper that it lays out all the
physical processes involved.

Y. Lu, K.S. Cheng and S.N. Zhang in poster 1824 describe An ac-
cretion model for the growth of the central black hole. Their model, requiring
but two parameters, shows how ionization instability produces an S-curve in the
log(mass) vs log(surface density) plane. The bottom branch of the S-curve is
ADIOS, advection dominated accretion, while the upper branch is rapid accre-
tion and represents the QSOs we see now. The bulge-mass relation reported
by Magorrian et al (1998) arises naturally in the model. However, time scales
are such that low-mass black holes may have to grow with a different (faster)
process if the accretion rate is Eddington-limited.

Paper 1834 by S. Ramotholo considers Possible optical identification of
gamma-ray blazars, pointing out that detection is important in understanding
particle acceleration processes. With missions HESS, GLAST, and MAGIC
coming it is important to consider efficient detection methods. The peak position
of synchrotron emission is crucial in determining whether a blazar will be seen
at GeV or TeV energies. The paper is a combined theoretical and observational
study suggesting how to determine this peak from optical observations.

3. Polarization, screens and absorbers

In paper 1828, Nakai Naomasa considers Water maser disks in AGN - two
types of cold absorber. The objects in question are H2O megamasers and the
two types are distinguished by the flux ratio of high-velocity to systematic H2O
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features. The former (prototype NGC 4258) shows weak or no Fe Kα lines; the
latter (prototype NGC 1068) strong Fe Kα lines. The model has the effect caused
by the former having thin disks, the latter thick disks - and VLBI observations
have now revealed these disks. The paper has an excellent illustration of how
the Fe fluorescence works with the two disk types to give the dichotomy in
line-strength ratios.

VLBA polarimetry: a Faraday screen in 3C273, paper 1829 by R. Ojha
et al., describes tracking the polarization of 3C273’s superluminal radio compo-
nents with VLBA over 6 epochs at 2-month intervals. The fractional polarization
increases as a component moves out. It could be that the field becomes more
ordered with distance; or that the components are moving out from behind a
screen blocking polarized radiation. The observations favor the latter - but the
drawback is that this now requires some kind of filamentary Faraday screen pro-
ducing the same optical depth at 15 and 22 GHz, with little Faraday rotation.

W. Cotton (paper 1831) describes Evidence for a low filling factor in the
NLR of CSS QSOs. The Compact Steep-Spectrum (CSS) sample of Fanti et
al (2001) has complete linear-size measurements from VLBA observations. A
plot of integrated polarization (from the NVSS) against size shows an absence of
polarization at sizes < 6 kpc. Detailed examination of 3C43, 3C138, key sources
in the sample, shows that some weakly polarized emission remains, despite the
known amounts of ionized gas in Narrow Line Regions (NLR). The implication
is that the NLR plasma has a low filling factor but high covering factor. A model
in which the plasma is arranged in sheets will work, and is testable by looking
for Faraday rotation at high frequencies.

4. Galaxy evolution

A possible Radio - X-ray connection in high-z quasars on the sub-kpc scale is dis-
cussed in 1818B by A.P. Lobanov, L.I. Gurvits and S. Frey. VLBA observa-
tions have revealed unusually prominent sub-kpc-scale jets at rest-frame frequen-
cies of 7.2 GHz (with VLBA) and 25 GHz (with VSOP) for the QSOs 2215+020
and 1713+218 respectively. Both have the jets pointing toward ROSAT X-ray
extensions. Both have redshifts of ∼ 4. There are 71 QSOs in the current sam-
ple with z > 3; the authors suggest that such objects may serve as beacons for
protoclusters in the early universe, providing a resource for tracing galaxy and
structure development.

5. Spectra and Structure

N. Gizani and M. Garret consider Jet misalignment in radio galaxies - the
unification theory (paper 1817). The radio sources Her A and 3C 310 are FRI/II
objects of large overall double structures (arcmin scales) with ring-like features
around the nucleus. The structures on VLBI scales show relatively high mis-
alignments with the axes of the huge outer lobes of these objects. At face value
this lack of alignment is troubling for unified models, which prescribe that cen-
tral jet structures should lie along the ejection/lobe axis. The authors point out
that the objects resemble CSS-class QSOs in this misalignment, and a relatively
high-density ISM (interstellar medium) is ascribed to CSS QSOs to explain their
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small size by confinement of the radio lobes. If by analogy Her A and 3C 310
also have high density ISMs, then their misalignments present much less of a
challenge to unified models.

X-ray measurement of energetics in lobes of radio galaxies is discussed in
paper 1820 by Naoki Isobe. Measurements with ASCA, Chandra and XMM
for a small sample of radio galaxies have mapped diffuse X-ray emission from
the lobes of these radio galaxies, due to Inverse Compton scattering of CMB
photons by the synchrotron electrons of the lobes. The X-ray and synchrotron
radiation was compared in order to measure energy densities Ue and Um. The
following results were obtained: (1) Ue ∼ 10Um; (2) Ue in lobes ∝ luminosity of
nucleus, shown to follow if jet-luminosity ∝ accretion; (3) Um does not depend
on luminosity of the nucleus; and (4) in several lobes, Ue is uniform but Um is
higher towards the lobe periphery.

The expanding lobe of 3C 84 is the subject of paper 1826 by K. Asada
et al. (Note that 3C 84 is Per A, NGC 1275, etc; z = 0.0172, with extended
structure dominated by the bright southern lobe.) Asada et al. have made multi-
epoch observations with VSOP/HALCA, the VLBA and the full VLA; the paper
presents superb maps. There is a monotonic decrease of flux, presumably due to
adiabatic expansion; the southern lobe is going south at 0.3c; and some of the
knots within the lobe are in motion while others are stationary. It appears as
though the jet is hitting/pushing the inner edge (the northern top) of the main
lobe.

A major observational program is sketched out in paper 1830 by R. Ojha
et al., which presents Results from 8.4 GHz VLBI imaging of 184 southern
QSOs. This is the single largest sample of QSOs studied with VLBI; many of
these QSOs have never before been examined at milliarcsec resolutions. The
VLBI network used in the survey comprises the Australia Long Baseline Array
together with telescopes in South Africa and Hawaii. Some early maps are shown
– only half the data have been reduced, but from this it appears that ∼ 50%
show extended structures on milliarcsec scales and ∼ 10% are doubles. There is
much to come from this extensive observing program.

Zhi-Qiang Shen, J.M. Moran and K.I. Kellermann describe A bent
superluminal jet in the central parsecs of OV-236 (paper 1835). OV-236 is PKS
1921-293, with z = 0.325 at which 1 millarcsec = 4.6 pc; the object is compact,
variable and bright at mm wavelengths. Multi-epoch multi-frequency VLBA
observations were carried out at 5 and 43 GHz, 1994 to 2002; additional VLBA
observations were made at 12, 15 and 86 GHz. In two VLBA images of OV-236
obtained simultaneously at 5 and 43 GHz in 2000, a misalignment of about 700

can be seen in the overall structure. The central 1 pc region consists of two
equally compact (∼ 0.1 milliarcsec) components whose relative position appears
unchanged in all 7-epoch 43 GHz images over the 8 years. It is possible that they
are associated with a massive binary black hole. A schematic model is drawn to
show how the jet emission observed at different scales may be explained with a
single smoothly-curving trajectory.

The Radio spectra of the Parkes half-Jansky FS sample are considered by
O.I. Wong and R.L. Webster in paper 1836. ATCA flux-density measure-
ments were made simultaneously at 1.4, 2.5, 4.8 and 8.4 GHz of the 323 sources
in 3.9 sterad above S2.7GHz = 0.5 Jy. From these, the radio spectral-energy dis-
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tributions (SEDs) were characterized. Comparison of results at different epochs
showed that most SEDs move up and down flux scales at each frequency with-
out changing spectral type. The observations permit consideration of a number
of issues, e.g. long-term variability studies, development of simple models of
synchrotron mechanisms, and comparison with optical and IR SEDs.

The same sample is the subject of paper 1837: Jet vs disc: the optical output
of FSRQ by M. Whiting et al. The authors carried out BVRIJHK photom-
etry for the Parkes 0.5-Jy sample. They draw a number of conclusions from
decomposition of the SEDs, considering the accretion disk to emit as a (blue)
power-law and the relativistic jet as a (redder) synchrotron bump. Evidence
for synchrotron emission is shown by 40% of the objects, while 40% are best
fit by a single power law. BL Lac objects are best fit with disc+jet model; the
relatively weak emission lines of BL Lacs are thus not wholly due to swamping
by a boosted jet component. The disc and broad-line region emission appears
intrinsically weak, perhaps due either to a different accretion process, or to a
greater amount of outflow into the jet disrupting inner regions of the disk.

6. Intra-Day Variability

Two poster papers with authorship in common consider J1819+3845, the most
variable QSO: 1812, Structure of the IDV QSO J1819+3895 from 1 microarcsec
to 1 milliarcsec by G de Bruyn, J-P Macquart and J Dennett-Thorpe,
and 1818, J1819+3845 as seen by VSOP by L I Gurvits, G de Bruyn and J
Dennett-Thorpe. The former describes combined VLBI and IDV observations
and simultaneous multi-frequency modeling of the source structure, presenting
the results in a fine schematic diagram. Structure scales from 100 nanoarcsec
to 1 microarcsec for the scintillating component are implied, with the corre-
sponding requirement that Tb exceeds 1015 K. The latter describes detection of
J1819+3845 on all 78 baselines of a VLBI - HALCA experiment, with analysis
using closure phases and a novel “VLBI-scintillation delay” technique.

Paper 1823 by J. Lovell et al. presents the First results from MASIV,
the Micro-Arcsecond Scintillation-Induced Variability survey. In the authors’
words, this is ‘a 5-GHz VLA survey of the northern sky to obtain 100 - 150
scintillating flat-spectrum extragalactic sources with which to examine both the
microarcsecond structure and parent populations of these sources, and to probe
the turbulent interstellar medium responsible for the scintillation. Early find-
ings: (1) The fraction of sources that scintillate and their fractional scintillation
amplitude both increase for the weaker (∼ 100 mJy) sources; (2) ∼ 20% of com-
pact flat-spectrum sources vary on at least one epoch; (3) ∼ 50% show annual
cycles; (4) Non-isotropic sky distribution indicates that the majority of these
are tied to the ISM. A vast data-base will result from this major project, and
these first results are the forerunners of much to come.

The poster papers represented a vital and integral part of Joint Discussion
18 and the organizers are very grateful to the authors for their efforts.
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Welcome and Introduction

Edward F. Tedesco

TerraSystems, Inc., USA

1. Introduction

The purpose of JD 19 was to discuss what might (and might not) be generalized
from close-up observations (fly-bys and rendezvous) when combined with remote
observations (using ground-based and Earth-orbiting instruments). The orga-
nizers and participants of this Joint Discussion believe measurements from fly-by
and rendezvous missions provide unique benchmarks. However, such observa-
tions are available for only a handful of objects. Thus, by leveraging close-up
observations with remote observations for those few objects having both kinds
of data, we will not only be able to better understand the objects visited, but
also those not visited, including bodies which differ from those already studied
in detail by fly-by or rendezvous missions. In addition, understanding more
about types of objects not yet explored by spacecraft (e.g., NEOs, Centaurs,
KBO/TNOs), besides being valuable in itself, will enable us to better plan fu-
ture missions to such objects.

With the above goal in mind, approximately 150 astronomers from around
the world participated in Joint Discussion 19. In addition to the 20 invited and
26 poster presentations summarized herein, numerous substantive discussions
took place, many of which will undoubtedly lead to future collaborative projects.
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Galileo’s Exploration Of Small Bodies

Torrence Johnson

Jet Propulsion Laboratory, California Institute of Technology,
Pasadena, CA, USA

The Galileo mission to the Jupiter system afforded the opportunity to make
the first ever flyby observations of main belt asteroids. The first encounter,
with 951 Gaspra, revealed an irregular, cratered surface that shows evidence of
regolith optical space weathering processes. The second encounter, with 243 Ida,
resulted in the discovery of the first confirmed satellite of an asteroid, Dactyl.
Measurements of Dactyl’s orbit also allowed a useful determination of mass and
density for Ida. In addition to these pioneering asteroid observations, Galileo
also made observations of Jupiter’s small inner moons and found that they were
the major source for material in Jupiter’s tenuous ring system. During it’s final
data taking orbit in 2002, Galileo passed within about 250 km of the irregularly
shaped satellite Amalthea. Determination of Amalthea’s mass from tracking
data yields a bulk density for this small body of less than 1 gm/cc, suggesting
a body of relatively high porosity. This is consistent with the growing body of
data on small asteroid densities and estimates of their porosity.
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NEAR At Mathilde And Eros: An Update

Andrew Cheng

Johns Hopkins Applied Physics Laboratory, MD, USA

At the slowly rotating C-asteroid Mathilde, the Near Earth Asteroid Ren-
dezvous (NEAR) mission imaged only one face of the body but still constrained
the density to only 1.3 g/cm3, indicating high porosity. This porosity and the
approximate saturation of the surface with giant craters led to suggestions that
Mathilde must be a rubble pile. At S-type Eros, NEAR measured elemental
abundances and spatially resolved reflectance spectra that appear most consis-
tent with an ordinary chondrite composition, although the Eros composition
could not be identified with any known meteorite type. Imaging and altime-
try data were interpreted as showing Eros to be a globally consolidated, albeit
heavily fractured, collisional shard. A spectacular feature, ponding of regolith on
Eros, was discovered. Continuing analyses of NEAR data suggest that Mathilde
is not strengthless, and that if it is a rubble pile, large coherent components are
present. Both composition and internal structure of Eros pose unresolved issues.
Although almost uniform internally, Eros cannot be perfectly so. The density
of 2.67 g/cm3 is significantly less than that of ordinary chondrites and suggests
significant porosity, but this may not be explained by macroscopic fracturing if
these spaces can be filled with particulates.
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Comet Halley Observed During The ESA Giotto Fly-By

H. U. Keller

Max-Planck-Institut für Aeronomie, Lindau, Germany

The major observational results of the detection of the nucleus of Comet
Halley will be summarized with some emphasis on the images. A comparison
to or context with ground based observations will be discussed. The paradigm
set by the first observations of a cometary nucleus should be critically reviewed.
The results of the VEGA missions and the recent observations of the nucleus of
Comet Borrelly by DS-1 will also be considered.
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The Deep Space 1 Encounter With Comet 19P/Borrelly

Robert M. Nelson

Jet Propulsion Laboratory, Pasadena, CA, USA

On 22 Sept 2001 at 22h 29m 33s UTC the Deep Space 1 (DS1) spacecraft
encountered the comet 19P/Borrelly at a distance of 2171 km. Measurements
were undertaken by two dedicated science instruments on the spacecraft and by
the spacecraft’s ion propulsion system diagnostic sensors (IDS). The images are
the highest resolution ever obtained of a cometary nucleus and show topography
and albedo differences on the surface at a resolution of 47m. The disk averaged
geometric albedo is less than 0.03, among the lowest of any solar system object
observed. The surface reflectance varies by a factor of three; the most absorbing
areas having a normal reflectance of less than 0.01. Material is being emitted
of from localized regions on the nucleus generally in the sunward direction.
These regions are cylindrically shaped about 0.5 km in diameter and about
5 km in length. The cometary bow shock and other features associated with the
cometary environs are asymmetrically offset from the sun-Borrelly axis. This
suggests that the localized emission regions seen in the images may cause the
coma to be asymmetrically offset from the sun-nucleus line. Such an offset has
not been reported in previous spacecraft encounters with other comets.
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Rosetta Asteroid Candidates

M.Antonietta Barucci

LESIA, Observatory of Paris

Marcello Fulchignoni

LESIA, Observatory of Paris

Mirel Birlan

LESIA, Observatory of Paris

Pierre Vernazza

LESIA, Observatory of Paris

Elisabetta Dotto

INAF, Osservatorio Astronomico di Roma

Alain Doressoundiram

LESIA, Observatory of Paris

Abstract. The new scenario of the Rosetta mission to comet 67/P Churyumov-
Gerasimenko (launch on February 2004), includes as baseline the fly-by of one
or two asteroids. Several asteroids are now possible fly-by candidates (single or
double) within the available resources. Other candidates whose fly-bys require
a larger ∆v can be also considered if the Rosetta interplanetary orbit insertion
will cost less ∆v.

All the up to date available information on the possible targets are discussed
in this report.

The new baseline of the Rosetta mission includes the fly-by of at least an
asteroid (2009-2010) which will precede a long orbital rendez-vous with the 67/P
Churyumov-Gerasimenko comet nucleus (2014). The selection of the asteroid
target(s) depends on the ∆v available after the Rosetta probe interplanetary
orbit insertion maneuver. A few meter/sec ∆v are available for the asteroid
science in the pre-launch resource budget; but there is the possibility to allocate
to the asteroid some of the remnant ∆v, now reserved as contingency for the
insertion maneuver, as soon as the Rosetta probe will be on its way toward the
comet. The idea is to wait the results (in terms of ∆v expenses) of the insertion
maneuver and to consider the new available budget to perform the asteroid fly-
by(s). For this reason it is necessary to be ready shortly after the beginning of
the Rosetta interplanetary journey: an international observational campaign is
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started with the aim to increase at the maximum level the characterization of
the possible asteroid targets of the mission.

This paper present the situation concerning the Rosetta asteroid targets
choice as it is at the date of the IAU General Assembly in Sidney (July 2003).
Ten main belt asteroids have been found allowing the Rosetta probe to have a
single or even few double fly-bys whitin a ∆v range 10-150 m/s (see table).

21 Lutetia is the largest object between these possible targets. On the basis
of its visible spectra and IRAS albedo (Tedesco, 1992), it was classified as M
type, but new observations in near-infrared and polarimetric data (Birlan et al.
2003) suggest that it is rather a C-type object similar to carbonaceous chondrite.

No data on 2181 Fogelin are available in literature. Considering its absolute
magnitude the diameter can be estimated in the range 12-22 km. We observed
it with the IRTF/NASA on July 2003 and its near-infrared spectrum suggest a
S type object (Birlan et al. 2003).

Asteroid Diam. IRAS Extra ∆v Fly-by date Rel. Vel.
(km) albedo (km) mm.dd.yy (km/s)

21 Lutetia 96 0.22±0.02 131 07.10.10 14.9
437 Rhodia 13 0.70±0.08 87 09.17.08 11.2
1393 Sofala – – 113 09.11.08 6.9
1714 Sy – 0.11±0.03 11 03.06.08 8.2
2181 Fogelin – – 19 05.25.10 13.6
2513 Baethsle 17 0.03±0.01 16 10.05.08 8.6
2867 Steins – – 61 09.06.08 8.6
3050 Carrera – – 74 07.31.08 11.2
3418 Izvekov 27 0.07±0.01 14 12.04.10 11.3
5538 Luichewoo – – 35 04.08.09 5.6

The asteroid 437 Rhodia is an intriguing object due to its very high IRAS
albedo. The synodical period of ≥ 56 hours (Binzel, 1987) allow us to consider
it within the slow rotator asteroid group.

If we consider the family members having spectra quite homogeneous (Flor-
czak et al, 1998), we can assume that the asteroids 2513 Baethsle and 5538
Luichewoo belong to the S type which is characteristic of the members of the
Flora family. IRAS albedo of 2513 Baethsle, very far from the typical S-type,
may indicate its “interloper” character and its appurtenance to a more primitive
(C or D) asteroid class. The asteroid 3418 Izvekov belongs to the C-type Themis
family, this is in agreement with its IRAS albedo value. The visible spectrum of
the asteroid 1393 Sofala (Xu et al, 1995) indicates a S-type composition.

The final decision on the asteroid candidates will be taken after the launch.
Information on all the possible target asteroids is important to be able to con-
tribute to the best choice of the targets and to optimise the mission science
return.

21 Lutetia represents one of the most interesting candidate, in fact it’s the
only one which will allow us to obtain mass determination by radio science exper-
iments, and consequently it will be possible to determine its density. Moreover,
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if the chondritic character of this object will be confirmed, it will cope with the
scientific objectives of the mission: the exploration of the primitive bodies of the
planetary system.

If Lutetia cannot be selected due to the lack of available ∆v, the asteroid
candidate choice has to be done favouring the objects characterized by: 1) the
more primitive compositional types (C, P, D); 2 ) the slower fly-by relative
velocity; and 3) the larger diameter.

To obtain all these information we urge the observer community to partici-
pate to the observational campaign of these objects during their 2004 opposition.
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Muses-C As A Benchmark Mission For S-Type Asteroid
Group

Akira Fujiwara

Masanao Abe

Hajime Yano

The Institute of Space and Astronautical Science, Japan

MUSES-C is launched in May 2003, and arrives in the vicinity of a near-
Earth asteroid (25143)1998 SF36 in June 2005. The spectral type is S and its
diameter is 300-600 m. During four months stay multi-band imaging, near-
infrared spectra, and X-ray spectra will be taken at the nominal altitude of
about 6km above the asteroid surface.. Sampling of the surface material will be
made at two different locations. The total mass collected will be about 1 g. A
miniature hopping lander on which imaging cameras are boarded will be dropped
onto the surface. The sample will be returned to the earth in June 2007. These
methods, the close-up global observation from the spacecraft, in situ observation
from the lander, and detailed analysis of the returned sample, can, as well as
ground-based observation of the targeted asteroid, provide information of surface
material distribution in various scales, and also provide powerful benchmarks to
interpretation of spectroscopic data obtained through ground-based observation
of S-type asteroids.
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Dawn Discovery Mission: Symbiosis with 1 AU
Observations

C. T. Russell

Inst. of Geophysics and Planetary Physics & Dept. of Earth and Space
Sciences, U. California, Los Angeles, USA

Abstract. The Dawn mission, the ninth in the series of NASA Discovery
missions, is scheduled for launch in late May 2006 on a voyage to both Vesta
and Ceres. The mission carries a framing camera, visible and infrared mapping
spectrometer, gamma ray and neutron spectrometer, laser altimeter and mag-
netometer to understand and contrast these two very different bodies. Vesta
apparently accreted dry, differentiated, and formed an iron core. Ceres appar-
ently contains much water and ice and has remained relatively cool over its
lifetime. The community of 1AU observers can help optimize the Dawn mission
by improving the knowledge of Vesta and Ceres rotation axes, thus improving
our knowledge of when regions and features will be best illuminated. The detec-
tion of any satellites would not just identify a potential hazard, and a secondary
target of interest, but would also determine the mass of the primaries, enabling
better mission planning. Characterization of the surface in any way, including
identifying potential targets for detailed study, is also most welcome.

1. Introduction

The current paradigm for the formation of the solar system is that it began in
a solar nebula, a rotating disk of gas and dusk about 4.6 Ga b.p. In a period
that now is thought to be about 3 million years (e.g., Jacobson 2003) the dust
accreted into rocks and the planetary embryos, similar in size to Vesta and Ceres.
When Jupiter formed, gravitational stirring in the asteroid belt countered the
accretional process, but in the inner solar system accretion continued, forming
the larger terrestrial bodies, Mars, Earth, Venus and Mercury, over about 30
million years. The Earth’s Moon is thought to be due to the collision of a Mars-
sized object with the proto-Earth in which much of the material of the two
colliding bodies remained with the Earth and a small portion remained in orbit
later accreting into the present Moon. This scenario is summarized in Fig. 1.

The solar nebula itself was decidedly heterogeneous varying in physical and
chemical properties as a function of heliocentric distance. Near the Sun materials
that would condense and solidify at high temperature, such as iron, are believed
to have been more prevalent. Further from the sun the temperature and pressure
were less and lower temperature materials formed. Perhaps between Vesta at
2.34 AU and Ceres at 2.77 AU the dew line was passed and the accreted material
was much richer in water and organics as the temperature dropped further, with
distance as illustrated in Fig. 2.

This hypothesis is supported in the case of Vesta by the association with
Vesta, of a group of meteorites, the Howardites, Eucrites and Diogenites, or HED
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Figure 1. Schematic illustration of the sequence of formation of the inner
solar system (after Jacobsen 2003).
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Figure 2. Schematic illustration of the role of the compositional gradient in
the early solar nebula in affecting the composition of Mars, Vesta and Ceres
(Courtesy M. Sykes, 2002).
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meteorites, that constitute 5meteorites have a unique reflectance spectrum that
matches the reflectance spectrum of both Vesta and those asteroids, that may
be pieces of Vesta, known as vestoids. These meteorites indicate that Vesta
melted, formed a central iron core, and material derived from Vesta’s interior
flowed across the surface similar to flows on the lunar mare. This would make
Vesta the smallest known body that accreted and differentiated, the smallest of
the terrestrial-type planets. Thus, studying Vesta enables us to better under-
stand the primordial accretion and differentiation of planets. It enables us to
understand the role and timing of collisions in the early solar system and what
were the heat sources that contributed to planetary thermal evolution. Further
Vesta data will contribute to the understanding of the generation of magnetic
fields in planetary cores.

Ceres is believed to be very different than Vesta, forming a bridge between
the inner rocky bodies of the inner solar system and the icy bodies of the outer
solar system. Presently it is believed that Ceres began as a silicate-ice organic
mixture that is melted by long-lived radio-nuclides in all but a thin ice crust. The
warm water circulates, diapirs form in the ice crust, surface topography forms
and reforms. Presently Ceres may be completely frozen but most probably it
contains a global ocean of water. Thus Ceres is strikingly different than Vesta
and enables us to study the role and emergence of water on a planetary scale
and how it controlled planetary evolution. Further, the surface of Ceres may
teach us much about low temperature aqueous alteration, a process we believe
common in the early solar system.

2. The Mission

The spacecraft carries five instruments and obtains radiometric data for studies
of Vesta’s and Ceres’ gravitational field. A framing camera provided by the
Max-Planck-Institut für Aeronomie and DLR in Germany enables us to map
the surface in seven colors plus a clear filter. A visible and infrared mapping
spectrometer for the classification of the minearology of the surface has been
provided by the Italian Space Agency. The Los Alamos National Laboratory is
building a gamma ray and neutron spectrometer to detect the elemental com-
positions of the body and the presence of water. Goddard Space Flight Center
is providing the laser altimeter to accurately map the size and shape of the bod-
ies. UCLA is providing a magnetometer to map the crustal remanent magnetic
field and to determine the interior electrical conductivity of the bodies. The
instruments and their location on the spacecraft are given in Fig. 3.

The spacecraft is launched in late May 2006 and uses ion propulsion to
assist it to reach, and then orbit, Vesta and Ceres in 2011 and 2014 respectively.
The flight path is shown in Fig. 4. Once at Vesta or Ceres the spacecraft enters
a series of circular orbits of varying altitude. The two principal orbits are a high
altitude mapping orbit where the framing camera and the mapping spectrometer
are used and a low altitude mapping orbit where the laser altimeter, gamma ray
spectrometer and magnetometer obtain their prime data. The mission is led by
a Principal Investigator, managed by JPL, with the spacecraft being built by
Orbital Sciences Corporation.
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Figure 3. The Dawn payload.
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Figure 4. The Dawn trajectory.
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3. Participation

There are numerous ways that the scientific community can participate mean-
ingfully in the Dawn mission, in addition to the original selected core team.
Presently, as the mission undergoes detailed design, we need to understand the
illumination of the surface while the spacecraft is in orbit. This depends on an
accurate knowledge of the axis of rotation of Vesta and Ceres. An improved
knowledge of these directions would be most helpful to Dawn. Satellite searches
would also be helpful, not simply so that Dawn could avoid hitting the satellite,
but because the mass of the primary derived from the satellite’s period would
help definitize Dawn’s trajectory analysis. Identifying features on Vesta and
Ceres that need further study would be helpful. Characterizing targets of op-
portunity along the flight path to Vesta and Ceres is also important. Later in
the program there will be a participating scientist program that will add scien-
tists to the team as well as a data analysis program that will provide support
for the analysis of data that will be rapidly entered into the public archives.

4. Concluding Remarks

Dawn is a most viable mission under active development and preparing to build
hardware for a 2006 launch. It will provide exciting data to the community in
2010 and 2014. In the meantime it would benefit from the attention of the 1 AU
observing community.

Acknowledgments. The Dawn mission receives its support from the Ger-
man Space Agency, DLR, the Italian Space Agency, ASI, and the National
Aeronautics and Space Administration under contract NASW-03006 at UCLA.
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Observations Of Small Solar System Bodies With GAIA

Francois Mignard

OCA/CERGA, France

The ESA space astrometry mission has a great potential of observation and
discovery on the solar system objects. GAIA is due for launch in 2010 and the
survey mission will last five years. In addition to accurate astrometry of about 1
billion stars, the mission will survey all solar system objects brighter than 20th
magnitude, in astrometry and with multicolor photometry. Each object will be
observed about a hundred times during the five year mission. It is expected that
more than 500 000 asteroids will be repeatedly measured by the mission.

The main scientific output for the solar system physics will be a systematic
search of NEOs, in particular inside the Earth orbit, a tremendous improvement
in the orbit of the whole population of minor bodies, making all previous earth-
based position almost obsolete in this respect, a full taxonomic classification
made possible by the analysis of light over the 15 photometric bands, and the
determination of ∼ 100 masses of main belt objects thanks to the favorable close
approaches during the period 2010-2015.

In this talk I will present the current status of the mission and the expected
results for the solar system physics.

741



Highlights of Astronomy, Vol. 13
International Astronomical Union, 2003
O. Engvold, ed.
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Abstract. ISHTAR (Internal Structure High-resolution Tomography by As-
teroid Rendezvous) is a mission developed through ESA General Studies pro-
gramme. The study, led by Astrium in cooperation with several scientific insti-
tutes throughout Europe, has produced a spacecraft design capable of perform-
ing multiple asteroid rendezvous and to characterize them with a focussed set
of instruments. The ISHTAR concept is centred around a Radar Tomography
paylod able to probe the internal structure of a small asteroid to depths of few
hundred meters, combined with a small camera for investigation of the surface
properties and a radio science experiment for gravity field measurement. This
combination will allow the first detailed characterization of a NEO and will give
valuable insights into the origin and evolution processes that govern the NEO
population. In particular, ISHTAR will be able to visit at least 2 NEOs belong-
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ing to two different spectral classes, thereby allowing us to probe the diversity
of the NEO population.

1. Introduction

ISHTAR (Internal Structure High-resolution Tomography by Asteroid Rendez-
vous) is a mission proposed in response to ESA’s recent call of ideas for NEO
exploration and discovery. In particular, the focus of NEO space exploration is
to collect the information necessary to develop strategies to protect our planet
from future impacts (Morrison et al. 2003). The internal structure of NEOs is a
key parameter in this respect, as it affects the likelihood of fragmentation when
a force is applied to the asteroid.

ISHTAR will address key issues related to the threat NEOs pose to Earth:
it will help assess the impact hazard, by providing the first data on the internal
strength of NEOs, it will provide the basis for devising mitigation techniques, by
helping to discriminate between destructive and deflective strategies and it will
greatly advance our understanding of how NEOs form and collide with other
planets.

2. Mission Objectives

The principal objective of the ISHTAR mission is to characterize all the physical
parameters of an asteroid and in particular to investigate its internal structure.
This is important to assess the impact hazard and to the development of effective
mitigation strategies.

To determine how dangerous an asteroid is in case of impact, two param-
eters are crucial: the bulk mass, which determines the total energy of impact
and the internal cohesion, which determines the likelihood of fragmentation in
the atmosphere. To develop ways of deflecting or destroying an asteroid, again
internal cohesion is a key parameter, because it determines the energy neces-
sary to break it up into small fragments or the likelihood of fragmenting when
trying to deflect it. Other important parameters both for scientific aim and for
developing mitigation strategies are the asteroid surface properties, like depth
of regolith, surface geology, spin, etc.

The main goal of ISHTAR is to determine those parameters that affect
the internal cohesion of the asteroid. In particular, the radar tomographer will
probe the internal structure, while the remaining payload will determine the
mass, mass distribution, density and surface properties.

A high priority for the mission is to visit more than one asteroid, due to the
high compositional diversity of the near-Earth asteroid population (Binzel et al.
2001). In particular, a large fraction of NEOs can be classified either as stony or
carbonaceous, with significantly different density, composition and (presumably)
internal structure. Therefore, the baseline ISHTAR mission is designed to visit
2 asteroids, one supposed to be similar to carbonaceous and one similar to stony
material.
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Finally, from a scientific perspective, knowledge of the surface mineralogy,
when combined with the other key parameters listed above, would give invaluable
insights into the origin and evolution of asteroids and will contribute to the study
of the evolution of the solar system.

3. Payload

The Payload to assess all the key parameters mentioned earlier can be composed
of a small complement of instruments, centred around a radar tomographer,
essential to probe the interior of the asteroid.

The full set of instruments on board ISHTAR are:

• A Radar Tomographer to measure the internal structure

• A Radio Science Experiment to measure the asteroid gravity field (mass
& mass distribution)

• A Multispectral Imager to measure the surface properties

• An IR Spectrometer to measure the surface mineralogy

The Radar Tomographer uses low-frequency radio waves that can pene-
trate deep inside solid rock, down to depths of hundreds or even thousands of
meters. The depth of penetration is determined by the radar frequency and by
the composition of the asteroid. On ISHTAR, the radar tomographer is used in
a synthetic-aperture reflection mode, where the signal reflected off the asteroid
is measured from a ’virtual’ grid of locations around the object, allowing recon-
struction of a 3D image of the asteroid interior. The spatial resolution of this
’SAR’ radar is determined by the number of points in the grid and the frequency
used. The ISHTAR radar tomographer, operating at two frequencies of 10 and
30 MHz, will be able to penetrate to depths of over 300m below the surface with
spatial resolution of up to 10m (in length, width and depth).

The Radio Science Experiment utilizes the spacecraft communication sys-
tems to transmit and receive radio beacons from/to Earth. This will allow loca-
tion of the spacecraft with respect to Earth to within a few meters and thereby
reconstruction of the asteroid gravity field through the deflections in the space-
craft trajectory. The measurement is based on a Doppler Ranging technique
that provides both the distance and the radial velocity of the spacecraft relative
the Ground Station on Earth. The radio science experiment utilizes a dual X-
band and Ka-band transmitter for the downlink signal and an X-Band receiver
for the uplink. In addition an on-board Ultrastable Oscillatior (USO) provides
a frequency reference. This way, ISHTAR will be able to measure the mass of
the asteroid to within 0.5% and also to detect an asymmetric mass distribution
in the asteroid interior.

The Multispectral Imager is based on a miniature CCD camera operating
at visible wavelengths and provided with several broadband spectral filters to
obtain colour information. This microcamera will map the surface of the asteroid
to study its topology, geology and to measure the asteroid volume (necessary
for the density determination). The camera will also be able to measure the
asteroid rotation and to search for surface regolith. The ISHTAR camera will
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be able to resolve details of the order of 1.0 m and to determine density to within
2 % accuracy.

The IR Spectrometer will provide an IR spectrum of the asteroid surface
in the wavelength region between 1.0 µm and 2.5 µm, which can be used to
determine the mineralogical composition of the asteroid surface.

4. Mission and Spacecraft Design

The ISHTAR mission was designed to be sufficiently flexible to be able to access
a wide range of targets. A pair of asteroids was specially selected for their
scientific interest and used to size the mission, but in its current design ISHTAR
is actually capable of reaching over 30 different asteroid pairs, leaving great
flexibility for both target selection and choice of launch date. A Solar Electric
Propulsion (SEP) system was selected as the one providing the best performance
for this type of mission.

In the baseline mission ISHTAR will launch in September 2011 with a Dnepr
rocket to reach asteroid (4660) Nereus after 3 years of interplanetary cruise. Af-
ter a stay at Nereus of nearly 15 months during which extensive science measure-
ments can be performed, ISHTAR will then transfer to asteroid (5797) Bivoj,
which it will reach after another 2 years. After reaching Bivoj ISHTAR will re-
peat the same type of science measurement during a period of at least 3 months.
The total mission duration is approximately 7 years. Many other possibilities
are available.

While the radio science and imaging measurement can be performed at
relatively high altitudes from the asteroid surface (10-20 km or more), the radar
tomographer requires smaller distances, the lower the altitude the better. To
avoid excessive perturbation of the spacecraft orbit by the (potentially highly
irregular) asteroid gravity field, ISHTAR will still limit orbital altitude to about
2-3 km, where stable orbits exist. In fact, we have shown that even for a highly
elongated asteroid with a 2:1 aspect ratio, it is possible to find stable orbits at
3 km altitude that are also synchronous with the Sun, avoiding the spacecraft
going into eclipse. The good ground coverage also required by the radar can be
achieved by placing ISHTAR into a near-polar orbit.

The ISHTAR spacecraft was designed to achieve its mission goals as a low-
cost mission. To achieve this, the approach has been to keep the spacecraft
small, while minimizing the spacecraft complexity. Whenever possible the de-
sign has used existing, ’state of the art’ system, for the payload as well as the
other spacecraft subsystems. In fact, all ISHTAR components are based on ex-
isting technology, with perhaps the exception of the radar tomographer, which
is however still made of space-qualified components and it is an evolution of
ground-based instrumentation.

Consistent with this low-cost approach, ISHTAR is baselined for an inex-
pensive Dnepr launcher and a launch mass of 408 kg, including 20% system
margin. Note that this is well below the limit capacity of the Dnepr launcher,
which is capable of delivering up to 860 kg into Earth escape. The total space-
craft dry mass is only 300 kg, with 25 kg of payload. A further mass saving
of 20-30 kg is possible by the use of an Earth Gravity Assist maneuver in the
mission design, which leads to significant propellant savings.
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The spacecraft structure is based on an octagonal, wound monocoque struc-
ture in CFRP developed by Astrium Ltd, and capable of delivering high levels
of robustness and stability at very low cost. The propulsion system utilizes 3 ion
engines (1 redundant) providing up to 18 mN of thrust each. These engines re-
quire relatively large solar arrays providing 1600W of power. This, however, has
the indirect advantage that plenty of power is available for telecommunications
and the science instruments once ISHTAR reaches its target asteroids.

The communication systems is based on a dual X and Ka band transmitter
and an X-band receiver working through a 1.0m diameter parabolic High Gain
Antenna. The spacecraft is also equipped with a toroidal Medium Gain An-
tenna and two Low Gain Antennae, all working in X-band. This system allows
downloading of science data at rates of over 1000 bps from distances of around
2.0 AU from Earth.

5. Conclusion

The ISHTAR mission has the potential to revolutionize our understanding of
Near-Earth Objects and to provide us with the information needed to develop
strategies to protect the Earth. The combination of instrument and multiple
rendezvous will allow the first detailed physical characterization of the NEO pop-
ulation. The whole mission is possible within the constraint of a small spacecraft
(408kg) and the financial envelope of an ESA ’flexi’ mission (150 MEuros).

Within a relatively inexpensive package and a short implementation phase,
ISHTAR will finally be able to answer key questions about these mysterious
objects that have a long history of interaction with our planet. In so doing,
ISHTAR will help us to have the means, of protecting ourselves from this NEO
threat.

ISHTAR is one of the several studies (Simone, Don Quijote, Earthguard 1,
Euneos, Remote Observing) financed by ESA, aimed to improve the knowledge
of NEOs as potential hazardous asteroids. A mission to NEOs can be optimized
merging some of these different concepts. These studies show that the scientific
community is ready to endorse a mission to NEOs as soon as ESA or a national
space agencies will consider it.
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Abstract. Comet 67P/Churyumov-Gerasimenko has been chosen as the new
target of the Rosetta mission. A concise overview of the basic properties of the
new target comet is given.

1. Introduction

ESA’s Rosetta mission is the first comet mission that will not only fly-by a comet
nucleus. Rosetta will go in orbit around the nucleus to investigate its evolution
along a major part of its orbit and land on it to obtain in-situ information of the
surface and subsurface composition and physical properties. It was originally
scheduled to launch to Comet 46P/Wirtanen in January 2003. However, as the
launch had to be delayed owing to unforeseen problems with the launch vehicle,
the original launch window closed and alternative mission opportunities had to
be found. Comet 67P/Churyumov-Gerasimenko has now been identified as the
new Rosetta target and the mission is scheduled for launch in February 2004.
However, before this decision could be taken, a number of basic properties of
the new target comet had to be determined to ensure that the rendezvous and
landing on the nucleus will be successful. The design of the scientific instruments
on board the Orbiter as well as the design of the landing scenario had been
optimized to the characteristics of 46P/Wirtanen, as determined from ground.
Consequently, the properties of the new target comet, particularly its size and
activity had to be within the range required to guarantee the feasibility of the
mission and an optimal scientific return. Comet 67P/Churyumov-Gerasimenko
was therefore extensively observed between February and June 2003. The major
results of these observations will be summarized here.

2. Monitoring Comet 67P/Churyumov-Gerasimenko

A huge amount of observations of Comet 67P/Churyumov-Gerasimenko was ob-
tained in 2003, after it was announced to be the likely new target for Rosetta.
The most complete monitoring was conducted at the European Southern Obser-
vatory, where the comet was observed on 11 nights between 11 February and 26
June 2003. Broad-band BVR images and low-resolution long-slit spectra were
obtained at the ESO Very Large Telescope as well as the 3.6m Telescope for
morphological, colour and compositional analysis of the coma and for studying
the evolution of the comet’s activity along the postperihelion orbit between 2.29
AU and 3.22 AU. In May 2003 the observational strategy was specifically ad-
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justed to obtain data suitable for the analysis of the rotational properties of the
nucleus. A summary of the observations is given in Table 1.

Table 1. Postperihelion Monitoring from ESO in 2003

Date Telescope Type of Observation rh [AU]

10/11 Feb 3.6m BVR imaging + spectroscopy 2.29
8/9 Mar 3.6m BVR imaging + spectroscopy 2.49

30 Apr - 4 May VLT BVR imaging + spectroscopy 2.85-2.88
3-4 June VLT BVR imaging 3.08

19-20 June VLT BVR imaging 3.18
23-26 June VLT BVR imaging 3.21-3.22

3. Characteristics of Major Relevance

Although they have not yet been completely evaluated the observations obtained
in 2003 already resulted in a number of new findings that were vital to determine
the basic characteristics of Comet 67P/Churyumov-Gerasimenko. Those most
important in view to the selection of this comet as the new target for the Rosetta
mission are briefly summarized. 67P/Churyumov-Gerasimenko showed a major
drop of activity between 2.5 AU and 2.9 AU. The dust production rate (in Afρ)
decreased by more than a factor of two and the CN production rate decreased
by about one third. This confirms that although the comet is more active than
46P/Wirtanen when closer to the sun (i.e. its dust production at 2.3 AU is about
1.5 times that of 46P/Wirtanen) the activity of both comets is very similar at
around 3 AU, which is the heliocentric distance at which the Lander will be
deployed onto the nucleus surface. The effective radius of the comet nucleus
was determined to be 1.98 ± 0.02 km from HST observations obtained in March
2003 (Lamy et al., 2003). With the above information it could be confirmed
that a safe landing is possible also on the nucleus of Comet 67P/Churyumov-
Gerasimenko. Lamy et al. (2003) inferred a rotation period of 12.3 ± 0.27 hours
on the basis of the HST observations obtained in a time interval of 12 hours. The
detailed analysis of the ground based monitoring data that have been dedicated
to the determination of the rotational properties is still under way. The comet
displayed various distinct features in the coma as well as an anti-tail which can
be used to determine, or at least constrain, some basic properties of the nucleus,
such as its rotational properties and the number and location of active regions
on the nucleus’ surface.

4. Conclusions

Comet 67P/Churyumov-Gerasimenko is not only a suitable target for the Rosetta
mission, but actually a very interesting one. In contrast to 46P/Wirtanen, this
comet exhibits distinct coma features (jet structures) similar to those of Comets
1P/Halley and 19P/Borrelly, the only two comets for which images of the nu-
cleus exist. Hence, Rosetta will be able to proof whether such structures are
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indeed a direct result of the nucleus being divided in active and inactive re-
gions. Observations during previous apparition have already shown that Comet
67P/Churyumov-Gerasimenko shows a seasonal effect when it passes its perihe-
lion. Such an effect has generally been attributed to a new active region being
exposed to sunlight. The new mission scenario of Rosetta foresees a monitoring
of its target not only during its preperihelion phase, but through perihelion pas-
sage and along a significant part of its postperihelion orbit. Therefore, Rosetta
will not only be able to study the development of cometary activity at large
distances, but also very close to the sun, i.e., when the seasonal effect occurs.

Acknowledgments. A huge amount of support was received by individual
scientists and observatories in the effort to define the new target comet of the
Rosetta mission. ESO and HST granted Directors Discretionary Time on short
notice, which is gratefully acknowledged.
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Abstract. The Deep Impact mission aims at understanding the third dimen-
sion of a cometary nucleus, the physical and chemical properties as a function of
depth below the surface. General wisdom holds that comets, because they are
small and spend most of their lives far from the sun, hold primordial ices in their
interiors. However, it is universally agreed that the surface layers have evolved,
whether from cosmic rays while residing in the Oort cloud or from solar heating
during previous perihelion passages. Clearly, in order to interpret surface obser-
vations and outgassing, we must understand how the surface layers differ from
the interior. Deep Impact is the first mission to carry out a macroscopic experi-
ment on a planetary body since the Apollo program dropped a lunar module on
the moon and measured the seismic response.

1. The Mission

Deep Impact consists of two spacecraft, launched together on 30 Dec 2004 And
flying together until one day before impact on 4 July 2005. On 3 July the
two spacecraft separate very gently and are both on course to impact Comet
9P/Tempel 1 at 10.2 km/s, approaching at phase angle 63◦. The impactor,
with dry mass 360 kg, immediately goes into auto-navigation mode ensuring
that it will impact the comet in an illuminated area. Images from the Impactor
Targeting Sensor (ITS) are analyzed on board for navigation and transmitted to
the flyby spacecraft, which transmits the images to Earth in its regular telemetry.
The ITS is not expected to survive the dust in the coma unscathed, serious
damage to the primary mirror being expected at some time within the last
minute before impact, long after all auto-navigation has ceased. If the camera
on the impactor continues to take images until impact, it will provide a series
of images analogous to the series taken by the Ranger spacecraft impacting on
the moon, the last having a resolution of order 20 cm.

Meanwhile, when impactor and flyby have separated by ∼ 100 m, the flyby
spacecraft decelerates by ∼ 100 m/s and diverts by ∼ 6 m/s. This allows the
flyby to pass 500 km below the nucleus (as seen from the sun) and provides a
window of 850 sec between impact and closest approach. The flyby has a Medium
Resolution Instrument (MRI) for imaging and a High Resolution Instrtument
(HRI) that uses a dichroic beamsplitter to provide both optical imaging and
also 1− 5 µm spectroscopy. The instruments are body-mounted, the spacecraft
rotating to follow the comet as it flies by. Since the largest uncertainty in the
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position of the comet relative to the spacecraft is the down-range distance, the
flyby spacecraft measures its rotation to estimate the distance to the comet and
thus predict the time of impact. This time is transmitted to the impactor and
is used on both impactor and flyby to optimize the data-taking sequences.

From impact until 50 seconds before closest approach (14 min after impact),
the spacecraft takes all the crucial data, including high-speed imaging and spec-
troscopy of the impact event itself, images of the nucleus at various resolutions
and in all filters, infrared spectral maps of both the nucleus, and the innermost
coma. The last images will be taken at a range of 700 km, about 50 seconds
before closest approach, and the high-resolution images at this point will have a
spatial scale of 1.4 meters per pixel (the point spread function is near 2 pixels).

By the time the flyby spacecraft has reached 500 km before closest approach,
it has rotated 45◦and the slew rate is too fast to accurately track the comet.
The flyby spacecraft freezes at this position, which is designed to optimize the
protection of the spacecraft and instruments from dust damage at closest ap-
proach. When the spacecraft has safely transited the inner coma, it turns again
and views the other side of the nucleus.

2. The Expected Phenomena

The goal of Deep Impact is to understand the physical and chemical properties
of the near-surface layers of a cometary nucleus. This enables study of the
differences in composition and structure with depth and thus of the evolution
of surface layers due to heating at previous perihelion passages. However, we
know so little about the physical structure of the surface layers that cratering
experts have a wide range of mutually inconsistent predictions based on different
assumptions about which physical processes will matter. Our own team thinks
that local gravity will control the formation of the late stages of the crater, i.e.,
that material will continue to flow out of the crater until it gets to material
moving so slowly that it can not reach the rim of the crater before falling back.
Other experts favor ultimate control by compression of weak (but not totally
strengthless) material, while yet others predict that the strength of porous ice
will control the formation of the crater. This range of physical processes, coupled
with the uncertainty in key parameters such as the value of local gravity, lead to
predictions for the crater diameter ranging from > 200 m down to < 10 m, our
favored prediction being somewhat larger than 100m in diameter and 25 to 30m
deep. The personal opinion of the PI is that the three concepts above are given in
order of decreasing probability. Other predictions of the phenomenology include
suggestions that the impactor will just bury itself very deeply in the nucleus
(implying very low density for the nucleus), breaking a piece off the nucleus,
shattering the nucleus into many pieces, and even passing all the way through
the nucleus. These are also in decreasing order of probability, in the PI’s personal
opinion, with the most likely of these (burial of the impactor) being at least as
likely as strength-dominated cratering. This wide range of possible outcomes is
the primary reason that such a conceptually simple experiment as Deep Impact
is an important one.

There are many other aspects to the phenomenology as well. For example,
many of predictions imply an initial, very bright flash, with the strength or
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even the existence of the flash depending on details of the cometary structure.
The true, cratering predictions (the first three above) coincide with three very
different morphologies for the ejecta cone. Given that the surface of the comet
is thought to be mostly inactive, the impactor will likely land in an inactive
area and thus a plausible outcome is that the crater will become a new, active
area. This new active area may lead to long-lasting outgassing in a jet over days,
weeks or even months after the impact.

Using our prediction of crater volume and timescale, we crudely estimate,
with many caveats, the the impact will eject into the coma as much material in 4
minutes as is released in a month of ambient cometary activity. If it is ejected as
grains with a size distribution similar to that of ambient dust, the comet could
easily become visible to the naked eye from Earth within minutes.

3. Spacecraft Instrumentation & Earth-based Observations

Although small by the standards of NASA’s Great Observatories, HRI will be
the largest telescope/camera ever flown on an interplanetary mission, with 2
µrad/pix. The IR spectrometer is aimed at studying the spectral reflectivity
of the nucleus and dust, the thermal emission of the nucleus and dust, and the
emission bands of the most abundant volatiles, H2O, CO, and CO2. It uses a
2-prism design for high throughput and elimination of order overlap. The very
non-linear resolving power (R = λ/δλ) varies from 750 at 1.05 µm through a
minimum of about 220 near 2.5 µm and back up to 400 at 4.8 µm. The filters
on HRI are aimed at spectral reflectivity maps. At the time of the last images
before flyby, the nucleus will be significantly larger than the field of view of
HRI. The MRI has a 5× larger scale and 5× larger field of view to include the
entire nucleus at the end of pre-flyby imaging. MRI includes a subset of the
HRI filters and narrower-band filters to isolate emission bands and continuum.
The Impactor Targeting System (ITS) is identical to MRI except that the filter
wheel is omitted.

The impact will take place on 4 July 2005, at an adjustable time in the
Period 06:00-06:30 UT, when the comet is at (α, δ) = (13h38m,−9.6◦), near
the star Spica. The impact will be observable high in the sky after end of
nautical twilight from Hawaii and New Zealand and lower in the sky in total
darkness from southwestern US and Baja California. It will be observable in
daylight from Australasia. Since phenomena related to the impact are expected
to continue for at least several days, Earth-based observations are desired with
nearly continuous coverage from several days before impact through weeks after
perihelion. The uncertainty in the predicted phenomenology emphasizes the
need for observations of all possible types and at all possible wavelengths.

Further details of the mission are at http://deepimpact.umd.edu. A web
page for collaborating observers will be linked in the last quarter of 2003, provid-
ing background information for observers to assist in planning observations. and
allowing data entry regarding observing programs to enable individual observers
to best complement other observations that are being made. We acknowledge
support from NASA and from a large team of people.
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Abstract. Through a recently developed thermophysical model, observa-
tions from the Infrared Space Observatory (ISO) were combined with visual
photometry, lightcurves, close-up observations and direct measurement. In this
way, many applications were possible, ranging from simple diameter and albedo
determination of serendipitously seen asteroids to sophisticated studies of min-
eralogic aspects and regolith properties, like emissivity, roughness or thermal
inertia for well-known asteroids. The possibility to combine all sources of in-
formation in one single model lead also to a better understanding of thermo-
physical effects, like beaming or the before/after opposition effect. Thus, the
mineralogic signatures can be recognized easier and asteroid data from infrared
surveys and individual IR photometry can be interpreted more accurately, even
in cases where shape or rotational behaviour are not known. Some well-studied
asteroids are now even considered as excellent far-infrared calibrators.

1. ISO and the Thermophysical Model (TPM)

ISO (Kessler et al. 1996) observed between 1995 and 1998 more than 40 asteroids
in great detail, including some complete spectra from 2 to 200 micron and large
samples of photometric measurements (Müller 2003). The main goals of the
about 100 hours of asteroid observing time were: the identification of surface
minerals, composition, connection to meteorites and comets, surface alteration
processes and the interpretation of taxonomic classes through the identification
of mid-infrared features of well-known minerals and meteorites.

In parallel to the ISO mission, Lagerros (1996, 1997, 1998) developed new
modelling concepts for the description of asteroids. Müller & Lagerros (1998,
2002) later on combined the modelling efforts with a large variety of thermal
observations from ground-based, air-borne and space-based projects to establish
a self-standing powerful thermophysical model (TPM). This TPM was the basis
for the interpretation of most of the ISO asteroid observations. The key to the
successful applications was its capability to combine all available information for
one asteroid (e.g., spin vector, shape, size, albedo, H-G values, ...) with the full
observational information coming from ISO. In that way, it is now possible to
analyse regolith properties, emissivity behaviour, thermal inertia or to improve
size and albedo values (e.g., Müller 2002). The TPM facilitates also the inter-
pretation of thermal spectroscopic measurements with respect to mineralogic
and meteoritic studies (e.g., Dotto et al. 2002a).
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Figure 1. TPM of 951 Gaspra and a predicted thermal lightcurve at 10 µm
(Credit: J. Lagerros; Shape model: Thomas et al. 1994).

2. Results and Discussion

Different examples of TPM applications are illustrated in Figs. 1 and 2. The
temperature calculation (Fig. 1, left) assumes a default thermal behaviour of a
regolith covered surface (Müller et al. 1999). The following TPM predictions are
possible: Thermal lightcurves at any given thermal wavelength (Fig. 1, right),
disk-integrated spectral energy distributions from 5µm to the mm-wavelength
range for any given time (Fig. 2, left), and multi-epoch/-wavelengths monochro-
matic or filter band fluxes (Fig. 2, right).

This kind of modelling in comparison with thermal infrared observations
provide nice insights into the regolith properties and the emissivity behaviour of
the surface material (e.g. Müller & Lagerros 1998; Müller 2002; Müller & Blom-
maert 2003). The infrared beaming effect, caused by surface roughness/porosity
influences, can now be studied and understood (Lagerros 1996, 1998). The be-
fore/after opposition effect, caused by rotation in combination with the non-zero
thermal inertia, can be calculated and treated in a correct way. The accurate
description of the thermal emission for well-known large main-belt asteroids
through the TPM even lead to their use as reliable photometric standards in the
far-infrared, where good calibrators are scarce (Müller & Lagerros 2002, 2003).

The interpretation of ISO’s spectroscopic measurements also benefited from
detailed thermal continuum modelling: Dotto et al. (2000; 2002b) and Barucci
et al. (2002) investigated silicate features and searched for similarities with me-
teoritic samples. In all three studies the TPM supported the difficult analysis
of low level broad band emission structures on top of the modeled continuum.

A comparison between the Standard Thermal Model (STM; Lebofsky et al.
1986) and the TPM revealed limitations and problems of the STM in analysing
multi-epoch and -wavelengths observations. Müller & Blommaert (2003) found
wavelengths and phase angle dependent diameter/albedo values with the STM,
whilst the TPM produced unique solutions.
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Abstract. Many physical parameters of asteroids can be inferred from re-
mote measurements at optical wavelengths. These observations constitute the
bulk of the information we have about these objects, and nicely complement
the detailed physical studies which are made possible by in situ explorations
of a few selected targets. The discovery of many binary systems for which
mass determinations become possible, the identification of hydration features in
asteroid spectra, including unexpectedly many M-types, the detection of space-
weathering phenomena affecting S-type near-Earth objects, as well as improved
estimates of sizes, albedos, and spin properties for many objects are among the
major results obtained in recent years by means of remote-sensing techniques.
These data can be used to infer important properties of the internal structures
of the asteroids.

1. Introduction

Remote observations by means of ground-based instruments and orbiting detec-
tors have been for a long time the unique source of information about all kinds
of asteroids. Starting since the successful detection of Gaspra and Ida by the
Galileo spacecraft, however, automatic space probes begun to provide a wealth
of new information, including images at the highest possible resolutions and a
wide variety of data by means of different detectors. At present, missions aimed
at collecting and bringing back to Earth direct samples of asteroidal material
are under way (Hayabusa mission) and this can possibly lead to another major
step forward in our understanding of asteroids.

All this does not mean, however, that in the modern era of space missions
remote observations are became obsolete. In spite of the spectacular results
obtainable by means of space probes, short-distance observations cannot be ex-
pected to be performed but for a tiny sample of the whole asteroid population.
The data obtained by space probes are invaluable to produce detailed under-
standing of a few selected bodies, but equally important is the fact that in situ
exploration are a wonderful tool to confirm, reject or modify some previous in-
terpretations of remote-sensing data. In this way, an improved reliability of the
conclusions based on ground-based observations can be achieved, leading to a
much better understanding of asteroidal bodies.

In turn, remote-sensing data are essential for a successful planning of space
missions and for the identification of the most important targets, which are
normally chosen according to criteria based on available observational evidence.
Ground-based observations are also usually needed as an invaluable support dur-
ing and after a space mission. In this sense, we can conclude that remote sensing
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and in situ exploration nicely complement each other in our attempt to improve
our understanding of the origin, evolution and current physical properties of the
asteroid population.

In what follows, I give a forcedly short summary of some recent results
of ground-based observations of asteroids at optical wavelengths, using a wide
variety of techniques. Several groups in different countries are at work, and
the results of all these activities open new paths of investigation, and are the
basis for further developments, both on the observational and on the theoretical
side, in the next years. All the new ideas which are emerging will undoubtedly
influence the concepts and designs of future space missions to asteroids.

This paper is organized in different Sections, each one being devoted to
recent activities and results obtained by a different technique.

2. Photometry

Lightcurve photometry has been historically one of the main tools to derive
physical information since the early times of modern asteroid science.

The main goals of these observations have been traditionally the measure-
ment of the spin period and the derivation of the spin axis direction. In spite
of the presence of problems of uniqueness of the solutions, lightcurve data have
long been proven to be sufficient to derive reasonable estimates of the overall
shapes of the objects at least in some favourable cases, when a sufficient number
of lightcurves collected at different oppositions are available. A good example of
this was the computation of the overall shape of 951 Gaspra before the Galileo
fly-by (Barucci et al. 1992). Even before, a general model of the flattening
and albedo spot was obtained for asteroid 4 Vesta by Cellino et al. 1987. This
model has been largely confirmed by direct HST images collected ten years later
(Thomas et al. 1997).

The situation in the field of lightcurve inversion has significantly improved in
more recent years through the development of more sophisticated mathematical
techniques (Kaasalainen, Mottola and Fulchignoni 2002).

An important contribution of lightcurve studies to the general understand-
ing of asteroid internal structures comes from an analysis of the distribution of
the rotation periods as a function of the objects’ sizes. As extensively discussed
by Pravec, Harris and Michalowski (2002) it turns out that practically all ob-
jects, down to sizes of a few km, have spin periods below the fission limit for
rubble piles. This fact is interpreted as a major proof that asteroids are not
monolythic down to sizes of less than 10 km.

Further recent developments in the field of asteroid photometry include
the identification of asteroid binaries through discovery of multiple periodicities
(Pravec et al. 2002; Merline et al. 2002). In some cases (like asteroid 2000
DP107) lightcurve photometry has confirmed binaries originally discovered by
means of radar experiments (Ostro et al. 2002).

The most recent impressive result of lightcurve photometry has been the
discovery of a bimodality in the spin axis orientation of several members of
the Koronis family (Slivan et al. 2003). Such a finding can have potentially
important implications for our understanding of family-forming events and for
the determination of family ages.
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3. Spectroscopy

Asteroid spectroscopy has been traditionally the most important tool to derive
qualitative information on the likely surface composition of the objects. Re-
cently, a major observational effort has been the SMASS II spectroscopic survey
(Bus & Binzel 2002; Bus, Vilas & Barucci 2002). Among the major results of
this survey, we can quote a new taxonomic classification based on reflectance
spectra, and the discovery that asteroid families tend to be quite homogeneous
in terms of spectroscopic properties. This fact has important implications for
the collisional evolution models, as pointed out by Cellino et al. (2002).

Another important result in the field of family spectroscopy has been the
identification of former members of the big Eos family, which are now trapped
in the 9/4 mean-motion resonance with Jupiter, and are observed during the
early stages of an evolution which will decouple them from the asteroid Main
Belt (Zappalà et al. 2000).

An unexpected and very important discovery has been the identification
of spectroscopic bands diagnostic of hydration in the reflectance spectra of a
large fraction of M-type asteroids (Rivkin et al. 2002). Since hydration is not
thought to be compatible with the traditional interpretation of M-type asteroids
as metal-rich stripped cores of differentiated parent bodies, these observational
findings lead us to reconsider our interpretation of M-type asteroids, although
other pieces of evidence, like radar data, confirm that at least in some cases we
actually deal with metal-rich bodies.

Finally, a major step forward in our understanding of the origin of Ordinary
Chondrites from S-type asteroids, a long debated subject, came from the discov-
ery by Binzel et al. (2001) that S-type near-Earth asteroids tend to “fill the gap”
between typical spectra of ordinary chondrites and spectra of S-type asteroids
observed in the Main Belt. The interpretation is that such a diversity of spec-
tral behaviour is likely due to different times of exposure to space-weathering
phenomena. NEAs have short dynamical lifetimes, and they may be in many
cases collisional debris only recently injected into resonant orbits leading them
into the inner Solar System. If this is true, their surfaces may be on the aver-
age much younger than objects observed in the Main Belt. On the other hand,
even if the supply of NEAs takes place over much longer time scales (dynamical
diffusion, Yarkovsky effect) it is still true that the collisional lifetimes of small
asteroids like the NEAs observed by Binzel et al. 2001 are shorter than those
of bigger asteroids like those that are observed in the Main Belt. Thus, NEA
surfaces are expected to be on the average younger and less weathered.

4. Polarimetry

Asteroid polarimetry has been used in the past to infer information about the
likely properties of surface regolith, and to derive asteroid albedos and sizes
(Dollfus et al. 1989) through analysis of the phase - polarization curves.

Since some years, a long-term observational campaign is carried out at the
Complejo Astronomico El Leoncito (Argentina), in order to determine the albedo
of relatively small asteroids (diameters below 50 km) whose sizes and albedos
had been previously determined based on IRAS radiometric observations. The



Ground-Based Optical Observations Of Asteroids 759

reason is that there is an apparent difference between the distribution of IRAS-
derived albedos for objects of different sizes, and it is not clear if this is a
real phenomenon, or it is an artifact of the limits in sensitivity of the IRAS
detectors. Preliminary results of the polarimetric campaign show evidence of
a small systematic difference between IRAS and polarimetric albedos, although
important discrepancies have been found only in a couple of cases (Cellino et al.
1999, and Cellino et al. in preparation).

In addition to the above mentioned results, some observational effort is also
currently devoted to the possible identification of a polarimetric “opposition ef-
fect”, although the data collected so far are not yet conclusive. What seems
certain, is that merging the evidence coming from polarimetric data and photo-
metric phase curves can be important to derive improved understanding of the
light scattering on asteroid surfaces (Muinonen et al. 2002; Kaasalainen et al.
2003).

5. High-resolution imaging

One of the major step forward in asteroid science in recent years has certainly
been the discovery of a relevant number of binary systems. Here, we deal with
results obtained by means of conventional observations at optical wavelengths,
then I will not mention binary discoveries obtained by means of radar experi-
ments (for this, see Ostro et al. 2002).

A review of binary discoveries by means of high-resolution imaging is given
by Merline et al. (2002). It is clear that binaries give us unprecedented chances
to derive asteroid masses, through measurements of the orbits of the binary
components.

More in general, technical improvements of the detectors, and the availabil-
ity of increasingly larger telescopes are steadily shifting down the size limit for
which asteroids are essentially point-like sources. This certainly opens new per-
spectives to asteroid science. In addition to Adaptive Optics observations, also
the more traditional speckle interferometry technique has been recently applied
to the determination of asteroid sizes and shapes (Cellino et al. 2003).

6. Astrometry

Astrometry, with the determination of asteroid orbits, is the oldest tool of as-
teroid science. In recent years we have seen a huge enhancement of the asteroid
discovery rate, mainly as a consequence of surveys devoted to the discovery of
potentially hazardous objects (Stokes, Evans & Larson 2002). On the other
hand, another independent achievement has been the development of improved
dynamical models and algorithms for the computation of asteroid proper ele-
ments (Knežević, Lemâıtre & Milani 2002). A consequence of this, is that now
we have huge data-sets of asteroid proper elements which can be used to iden-
tify asteroid families. An example of a discovery made possible by this, is the
discovery of the small and apparently very young Karin family (Nesvorný et al.
2002).
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7. Conclusions

The results shortly described in the above Sections show that asteroid science
is currently very active, and major step forward in the understanding of the
asteroid populations have been done or are imminent.

The impressive body of observational evidence obtained by means of remote
observations at optical wavelengths shows that these observations are and will
be absolutely needed for further advancements. Some problems are also present
and deserve a careful attention in the near future. An example is the significant
discrepancy between the asteroid inventory at small sizes, as resulting from
visible observations from the ground (SDSS, Yoshida) and from thermal infrared
observations from space (Tedesco & Désert 2002). Of course, this is a critically
important point, since the inventory and size distribution of the objects are
primary constraints for any attempt at modelling the overall collisional evolution
of the asteroid population.

Some other contradictory evidence comes from the NEAR in situ explo-
ration of asteroid 433 Eros. In particular, it seems that this object is a largely
consolidated body (Cheng 2002), and this can be a problem in the framework
of recent ideas about the internal structures of the asteroids (gravitational ag-
gregates down to small sizes, as mentioned in the Section devoted to asteroid
Photometry).

Solving these problems will require further observations, both from remote
instruments and in situ.
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The availability of highly accurate synthetic proper elements for a large
number of asteroids made possible detailed studies of the structure of asteroid
families. The entire region of the Vesta family is dominated by bodies with
D < 7 km. The large spread of family members appears to be primarily due
to Yarkovsky mobility, a strongly size-dependent. The proper elements of the
asteroids the region (except close to mean motion resonances) are stable over
very long time spans; thus chaotic diffusion could not play a significant role.
The total volume of the family members with diameter less than 7 km amounts
approximately to 6×104 cubic km, the volume of a crater with 100 km diameter
and average depth 7 km. If the albedo feature, visible in the Hubble Space
Telescope images, is really a crater its volume could be even larger. Thanks to
the recently computed catalogs of proper elements for 1167 trojans, there are
now confirmed dynamical families in the trojan swarms. This allows to begin to
study the collisional evolution with constraints from observations.
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Radar Observations Of Near-Earth Asteroids

Micael C. Nolan

Lance A. Benner

Greg Black

Don B. Campbell

Jon D. Giorgini

Alice A. Hine

Ellen S. Howell

Jean-Luc Margot

Steven J. Ostro

Arecibo Observatory, NAIC, USA

The recent upgrade of the Arecibo planetary radar system, combined with
the huge increase in the near-Earth asteroid (NEA) discovery rate by large sur-
vey programs, has greatly increased our ability to observe these objects with
radar. Radar provides size, shape, rotation, and trajectory information, and in
most cases is the only ground-based technique that spatially resolves near-Earth
objects. While the resolution of radar images (typically 7.5m) is not as high as
for the very best spacecraft images, spacecraft can visit only a few such objects,
and radar observations greatly increase our understanding of the diversity of
near-Earth objects, at orders of magnitude lower cost. The single clearest re-
sult of these observations is the great variety of near-Earth objects, with binary
systems, very fast and very slow rotations, spheres, ”bifurcated” objects, and
”shards”, suggesting that a similar variety of production and delivery mecha-
nisms deliver these objects to near-Earth orbit. Spacecraft mission planning
should take into account this variety, and concentrate on broad coverage of a
wide range of objects.
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Minor Planet Binaries

Jean-Luc Margot

California Institute of Technology, Pasadena, CA, USA

The first detailed characterization of a near-Earth binary (2000 DP107)
provided significant insights into the formation mechanism, orbital evolution,
and physical properties of the system. Near-Earth Asteroid (NEA) binaries are
tidally evolved with synchronously rotating secondaries, providing constraints on
asteroid mechanical properties (tidal Q and rigidity). It is expected that radar
observations will permit measurements of orbital precession, with corresponding
implications for the distribution of mass within asteroids.

Several adaptive optics surveys of main-belt asteroid (MBA) binaries are un-
derway. Apart from obtaining critical asteroid mass and density measurements,
the goal is to measure the abundance of binary systems in that population and
to constrain the collisional environment and the binary formation mechanism.
MBA densities fall in the range 1.2-2.6, implying high porosity in main belt
asteroids.

Binary Kuiper-Belt Objects (KBOs) are most likely primordial, and their
abundance and properties constrain the environment in the early Kuiper belt.
A carefully designed program combining ground-based observations and 25 HST
visits can provide accurate orbits for 6 binary KBO systems. Such observations
are likely to give the first hints on the density and internal structure of distant
ice-rock bodies.

I will describe binary systems in those populations, their physical properties,
and formation mechanisms.
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ISO Observations of Comets

Dominique Bockelée-Morvan

Observatoire de Paris, France

The Infrared Space Observatory (ISO) offered us the opportunity to observe
celestial bodies from 2.4 to 196 microns. A wealth of new results were obtained
for comets. Spectroscopic investigations have shown band fluorescence emissions
for H2O, CO and CO2, and rotational line emissions for H2O. High resolution
spectra of water vapor around 2.7 microns in comets C/1995 O1 (Hale-Bopp)
and 103P/Hartley 2 have permitted measurement of the water rotational tem-
perature and ortho-to-para ratio. The thermal region of the spectra showed
the signatures of crystalline, Mg-rich olivine and emission features attributed to
water ice. Broad band photometry of the coma allowed to investigate several
properties of cometary dust, such has color temperature, size distribution and
production rate. For several comets, it was possible to separate the nuclear and
coma contribution in infrared images obtained from the ISO camera. Inferences
concerning the nucleus size and albedo were obtained.
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Comets

Michael F. A’Hearn

University of Maryland, USA

Earth-based observations of comets far surpass the ability of in situ ob-
servations to understand the range of cometary properties and thus provide
unique insight into the relationship between comets and the formation of the
solar system. Recent developments in composition have emphasized near-IR
and mm-wave data, although optical and ultraviolet data still play crucial roles.
Observers now realize the importance of chemistry in the coma. Surveys of nu-
clear sizes are beginning to provide a real size distribution and we have recent
examples of breakup that provide important information on structure.
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Radar Observations Of Comet Nuclei And Comae

Donald B. Campbell

John K. Harmon

Micael C. Nolan

Steven J. Ostro

Cornell University, Ithaca, NY, USA

Nine comets have been detected with either the Arecibo (12.6 cm wave-
length) or Goldstone (3.5 cm) radar systems. Included are six nucleus detections
and five detections of echoes from coma grains. The radar backscatter cross sec-
tions measured for the nuclei correlate well with independent estimates of their
sizes and are indicative of surface densities in the range of 0.5 to 1.0 g cm−3.
Like most asteroids, comets appear to have surfaces that are very rough at
scales much larger than the radar wavelength. Coma echo models can explain
the radar cross sections using grain size distributions that include a substantial
population of cm-sized grains. A long term goal of the cometary radar program
has been the high resolution imaging of a cometary nucleus. Eleven short period
comets are potentially detectable over the next two decades a few of which may
be suitable for imaging. We are always waiting for the arrival of a new comet
with an orbit that brings it within 0.1 AU of the earth.
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Contributed Papers for JD19: Abstracts

Complex of Meteoroid Orbits With High Eccentricities
Svitlana V. Kolomiyets & Boris L. Kashcheyev (Kharkiv National University of
Radioelectronics, Ukraine)

Abstract. In our work is demonstrated the method that can help to predict
the existence of distant objects in the Solar system. This method is connected
with statistical properties of a heliocentric orbital complex of meteoroids with
high eccentricities. Heliocentric meteoroid orbits with high eccentricities are es-
cape routes for dust material from distant parental objects with near-circular
orbits to Earth-crossing orbits. Ground-based meteor observations yield tra-
jectory information from which we can derive their place of possible origin:
comets, asteroids, and other objects (e.g. Kuiper Objects) in the Solar system
or even interstellar space [Kolomiyets, S. 2002, Abstracts ACM 2002, Berlin,
371; Kashcheyev, B. Kolomiyets, S. 2001, SP-495, 643]. Such information is im-
portant at planning space missions. We analyze elliptic meteor orbits with high
eccentricities that were registered in 1972 - 1978 in Kharkiv (Ukraine). Statisti-
cal distributions of radius-vectors of nodes, and aphelia of orbits of meteoroids
contain key information about position of greater bodies. We discuss the ac-
curacy of the ground-based radar observations of faint meteors. An estimation
of selectivity factors of meteor radar measurements is made on base of radio-
physical and astronomical researches of meteoric substance and its interaction
atmosphere of the Earth.

Meteor Showers In 1993 And 1998: On The Goniometric Data
Sergei A. Kalabanov, Vladimir V. Sidorov, Tamara K. Filimonova & Jury N.
Kosenkov (Kazan State University, Russia)

Abstract. On the basis of application of a new discrete quasy-tomography
approach of analysis to the goniometric data of the Kazan meteor radar it were
examined acts of known meteor showers working during six months of continuous
observation in 1993 and 1998 years.

The angular resolution of coordinates of radiants for all measured data is
2 ◦ × 2 ◦. For intensive meteor showers the resolution achieved 1 ◦ × 1 ◦. An
average heliocentric velocity of a shower was calculated by averaging individ-
ual velocities after operation of an identification of a concrete set of measured
data with an investigated meteor shower. Most stable annual meteor shower
GEMINIDS was used as a master shower.

It is revealed, that many weak meteor showers having personal names and
which should be observed within half-year in 1993 and 1998, have not detected
with expected parameters. Others however were observed as though casual show-
ers which operated within several days in immediate vicinity to expected ones,
but not repeating in the same dates and with identical parameters.
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The measured parameters of orbits of observed meteor showers are resulted
in comparison with known lists of the basic meteor showers for northern celestial
hemisphere.

Sporadic Meteor Microshowers: Data And Parameters
Vladimir V. Sidorov, Sergei A. Kalabanov & Rashid A. Ishmuratov (Kazan State
University, Ukraine)

Abstract. A development of a new quasy-tomography technology of pro-
cessing of the goniometric data from a meteor radar, allowed considerably to
increase the angular resolution of radar measuring and its application to the
data received at continuous observation within six same months 1993 and 1998
on meteor radar at KSU, has allowed to find out new astronomical objects -
sporadic microshowers and to measure parameters of their orbits.

We have named microshowers as sets of the registered meteors having close
velocities and their coordinates of radiants, acting during one or more days, but
not repeated in identical hours and dates in two different years.

Possible sources of occurrence of such formations are discussed:

• Dust traces of small comets and the asteroids which have not been found out yet
by optical astronomical tools.

• Dust traces of large meteoroids, fallen to the Earth as bolides or flown by in
immediate vicinity to the Earth at the moment of time, close to the moments of
display of microshowers.

• The groups of the meteor particles which have been pulled out from bodies of
meteor streams by consecutive gravitational perturbation of planets, with their
preserved collective properties during evolution.

Meteor Researches At KHNURE
Svitlana V. Kolomiyets, Yuri I. Voloshchuk, Boris L. Kashcheyev & Nikolay I.
Slipchenko (Kharkiv National University of Radioelectronics, Ukraine)

Abstract. The Scientific-Educational Center of Radioengineering of the
Kharkiv National University of Radioelectronics (KHNURE) is one of the oldest
radar meteor centers, which was founded by B. L. Kashcheyev in 1958. The
first automatic meteor radar system in Ukraine ”MARS” is connected with our
University. There are long-term observational series of meteor rates and orbital
data in the Center. Fields of the KHNURE researches are: a structure of meteor
showers, a determination of meteoroid orbits, an influx of cosmic rubbish in the
Earth atmosphere, search of parental bodies of meteoroids, a statistic analysis
of measurement results of radiometeors, an estimation of errors of meteor radar
measurements, a search for real hyperbolic orbits and interstellar meteoroids.
KHNURE disposes a unique electronic orbital catalogue. This catalogue con-
tains the primary information, velocities, radiants and orbits of nearly 250,000
radiometeoroids with masses from 0.001 to 0.000001 g. The ”MARS” registered
these data during observations of 1972 - 1978. From these data 5160 meteor
streams are singled out. New classification of streams is made in view of their
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structure. The study of meteor stream orbits from the KHNURE data bank
allow to predict orbits of a big number of undiscovered ”dangerous” NEOs.

Fluctuations In The Activity Curve Of The 2002 Leonids
Lola Herrera Ruiz, Luis R. Rubio Bellot & Miquel Serra-Ricart (Instituto de
Astrofisica de Canarias, Tenerife, Canarias, Spain)

Abstract. We present observations of the 2002 Leonid meteor shower taken
with four intensified video cameras from Teide Observatory (Tenerife, Spain)
on November 19, 2002. The cameras, fitted with f/1.4, 85 mm objectives, were
aimed at 6 ◦above the horizon in order to monitor the largest atmospheric volume
possible. The most sensitive camera detected 1300 meteors between 0312 and
0456 UT, i.e., the period covering the European Leonid storm of 2002. The
activity curve constructed from these data peaks at 0401 UT, about 9 minutes
earlier than indicated by the visual observations analyzed by the International
Meteor Organization. Our results thus favor the model of Lyytinen and van
Flandern, who predicted the first maximum at 0402 UT. We find statistically
significant oscillations in the activity curve. A Fourier analysis delivers a period
of about 7 minutes. These observations confirm the discovery of Singer et al.
(2000) that density fluctuations exist in the Leonid dust trails at spatial scales of
10000-30000 km. The oscillations we observe are very similar to those detected
by Singer et al., the only difference being that the dust trail is 132 years older.

Geophysical Aspects Of Dergaon Meteorite
Kalpana Duorah, Sarat Phukan, Parag Phukon, Amulya Mazumdar & Hira L.
Duorah (Physics Department, Gauhati University, India)

Abstract. The Astrophysics group, Gauhati University under the supervision
of Dr. Kalpana Duorah collected a meteorite sample in Dergaon, Assam India
having geographical location 9352/ E longitude and 26041/ 50 ′′N latitude. The
sample is registered by the International Meteoritic Society in their Bulletin
(May 2001) as Dergaon meteorite. Preliminary analysis showed that the parent
meteorite had total mass of about 50 kg out of which the collected sample
was determined to be 10.2 kg. This is found to be a stony meteorite of group
H 5. Electron probe Microanalysis of the sample revealed that the dominant
minerals are olivine and pyroxene and subordinate amount of metal phases. The
whole rock analysis has produced the element ratios Fe/Si = 0.80 and Si/Mg
= 1.074. and the trace elements and the rare earth elements are obtained by
the inductively coupled plasma mass spectrometry. The paper provides detailed
analysis of the Dergaon Meteorite.

Meteorite Physical Properties: Implications For Asteroids
George J. Flynn (State University of New York, Plattsburgh, NY, USA)

Abstract. Meteorites are believed to be samples of asteroids. We measured
the porosity of carbonaceous and ordinary chondrite meteorites by He pycnome-
ter and imaged the porosity by computed microtomography. We found fresh
samples of most ordinary chondrites have ∼ 5% to 15% porosity, while carbona-
ceous chondrites have even higher porosity (up to 30% in Allende). This porosity
occurs in three forms: extended cracks, vugs, or gaps between the matrix and
the chondrules. We performed hypervelocity impact studies on chondritic me-
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teorites to determine how the presence of chondrules in a more porous matrix
effects fragmentation. The gaps between the chondrules and the matrix appear
to enhance the ejection of whole chondrules or large chondrule fragments during
hypervelocity impact, while much of the debris significantly smaller than the
chondrules is chemically-distinct matrix material. We measured the speed of
sound, bulk modulus, and elastic modulus of several ordinary chondrite mete-
orites. The speed of sound ranges from 1,100 m/sec, in a fragment of Saratov,
an extremely friable ordinary chondrite, up to 4,000 m/sec in more compact
ordinary chondrites. The weakest meteorites exhibit physical properties more
comparable to volcanic tufts than to compact basalts. Modeling of stone aster-
oids needs to consider a wide range of physical Properties.

Cometary Features Of Newly Discovered Bodies
Milos Tichy, Jana Ticha & Michal Kocer (Klet Observatory, Czech Republic)

Abstract. The majority of new ground-based discoveries of comets comes
from large surveys. The first step of exploration of newly discovered cometary
bodies consists of the confirmatory astrometric observation and also detection
of their cometary features. Only some of both professional and amateur stations
do a preliminary analysis of cometary activity of a particular newly discovered
body. A timely recognition of cometary features of a particular body having an
unusual orbit can help in planning further observing campaigns. One of main
goals of the Klet Observatory NEO astrometric follow-up program is an analysis
of possible cometary activity of newly discovered unusual bodies. We present
here the first results obtained with our new 1.06-m KLENOT Telescope, which
we put into operation in March 2002. The CCD camera used on this telescope
enables detection of comet’s gas, plasma and dust activity in a more satisfactory
way. Acknowledgments: This work was supported by grants MSMT LA163 and
GACR 205/02/P114.

Observations And Investigation Of Comets In Kyiv University
Klim Churyumov (Kyiv Shevchenko National University, Kyiv, Ukraine)

Abstract. The following results of observations and investigation of comets
in Kyiv Natsional Shevchenko University are discussed: a) Narrow band pho-
tometry comets, peculiarities of comet nuclei gas production rates, taxonomy
of comets; b) Optical spectroscopy of comets, identification of emission lines
in comet spectra, physical parameters of the comet neutral gas atmospheres,
detection of the luminescent continuum in comet spectra: c) Near nucleus phe-
nomena in comets, the dust shells in comet C/1995 O1 (Hale-Bopp); d) Large
scale phenomena in comets and their theoretical modelling; e) Light curves of
comets and their connection with he solar activity.

Investigation Of The Comet 19P/Borrelly Spectra
Klim I. Churyumov, Igor V. Lukýanyk & Larisa S. Chubko (Kyiv National
Shevchenko University, Ukraine)

Abstract. Several hundreds of spectra and monochromatic images of Comet
19P/Borrelly were obtained with the Multi Pupil Fiber Spectrograph (MPFS)
installed in the Prime Focus of the 6-m telescope of the SAO of the RAS (Nizhny
Arkhyz) on Aug. 13 and 15, 2001, and with Spectral Camera with Optical
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Reducer for Photometrical and Interferometrical Observations (SCORPIO) in-
stalled in the Prime Focus of the 6-m telescope of the SAO of the RAS on August
16 and 17. The observations were made 41-37 days before the New Millen-
nium DS-1 probe approach with the comet nucleus. For detailed identification
we selected the spectrum of the comet 19P/2000 Borrelly, obtained Aug. 15 ,
2001. The rates of gas production (log Q) of neutral molecules from the nucleus
of the comet were calculated using Haser’s model for Aug.17, 2001: log Q(CN)
= 25.48, Log Q(C3) = 24.29 and log Q(C2) = 24.97.

Physical Parameters Of The Comet Ikeya-Zhang Atmosphere
Klim I. Churyumov, Igor V. Lukýanyk, Alexey A. Berezhnoy, Vahram H Chavushyan,
Larisa S. Chubko, Valery V. Kleshchonok, Lourdes Sandoval & Alejandro Palma
(Kyiv National Shevchenko University, Ukraine)

Abstract. Physical Parameters Of The Comet Ikeya-Zhang Atmosphere Sev-
eral middle-resolution optical spectra of Comet C/2002 C1 (Ikeya-Zhang) were
obtained on May 5, 2002 with the help of the 2.12 - m reflector of the Guillermo
Haro Astrophysical Observatory. On the basis of the intensity distribution along
the slit of the spectrograph in C2, C3, CN emission lines we determined the ve-
locities of expansion (v) and life times (τ) of these molecules: for C2 (5165 Å)
[201 m/s, 3.08 × 106 s]; for C3 (4050 Å) [166 m/s, 0.075 × 106 s] and for CN
(4200 Å) [157 m/s, 0.06× 106 s].

Changes In The Spectra of Comet C/1999 S4 In July, 2000
Larisa S. Chubko (Vinnytsia Pedagogical Kotsyubynsky University, Ukraine),
Klim I. Churyumov, Igor V. Lukýanyk & Ayyub S. Guliev (Kyiv National
Shevchenko University, Ukraine)

Abstract. The spectra of comet C/1999 S4 (LINEAR) were obtained with
the eshelle-spectrograph (and CCD) installed on the 2-m Zeiss reflector of the
Shamakhy Astronomical Observatory of the Azerbajan Academy of Sciences
(Mount Pirkuli) on July 21 and 23, 2000. The spectra of comet C/1999 S4
(LINEAR) were also obtained with the UAGS spectrograph (long slit and CCD)
installed on the 1-m Zeiss reflector of the SAO of the RAS (Northern Caucasus,
Nizhny Arkhyz) on July 23, 27 and 28, 2000. Emissions lines of the molecules
C2, C3, CN, NH, CH, NH2, CO, CO+, H2O+ and other were identified in the
spectra of comet C/1999 S4 obtained on July 21, 23 and 27, 2000 during splitting
of the cometary nucleus. Changes in the spectra are discussed.

Peculiarities of Light Curves Of Some New Bright Comets
Vitaly S. Filomenko & Klim I. Churyumov (Astronomical Institute of Kharkov
National University, Ukraine)

Abstract. The light curves of ten comets [C/2000 SV74 (LINEAR), C/2000 WM1
(LINEAR), C/2001 A2 (LINEAR), C/2001 OG108 (LONEOS), C/2002 C1
(Ikeya-Zhang), C/2002 F1 (Utsunomiya), C/2002 O4 (Hoenig), C/2002 V1
(NEAT), C/2002 X5 (Kudo-Fujiakawa) and 19P/ Borrelly] were constructed
on the basis of visual physical observations of these comets. Photometric pa-
rameters H10 (Vsekhsvyatskii’s absolute magnitude), Hy (absolute magnitude)
and n (photometric parameter that characterizes the rate of change of cometary
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brightness with heliocentric distance) were determined. The analysis of light
curves showed that the parameter n of seven comets [C/2001 A2, C/2001 OG108,
C/2002 C1, C/2002 F1, C/2002 O4, C/2002 V1 and 19P] undergoes abrupt
changes. We found that these jumps in the rate of change of the cometary
brightness were correlated with outbursts of comets. The statistically significant
(reliability > 0.95) influence of the phase dependence on the visual light curves
for three comets had been found. The values of phase coefficient (β) for these
comets were determined: (1) C/2001 A2: β = 0.086 ± 0.027 m/degree (before
perihelion), (2) C/2001 OG108: β = 0.032± 0.025 m/degree (before perihelion)
and 0.052±0.016 m/degree (after perihelion), (3) C/2002 V1: β = −0.062±0.010
m/degree (before perihelion).

Spatial Distribution Of The Halley Comet Dust Continuum From
Data Of TKS - VEGA 2
Penka (Stoeva) Muglova, V. Guineva & R. Werner (Central Solar - Terrestrial
Influences Laboratory, Bulgarian Academy of Sciences, Bulgaria)

Abstract. Spatial distribution of the solar light scattered by dust particles
in Halley comet coma towards the Sun and in the near tail is investigated us-
ing spectra measured by TKS, VEGA 2. Monochromatic composed images in
5260 Åare constructed from consequently registered two-dimensional images for
9 and 10 March 1986. Radial profiles presenting the intensity as a function of
the projected distance to the nucleus p are also used in the research.

Two strong jets are observed. One of them is in direction towards the Sun
and expands up to p = 19500 km from the nucleus, and the other is perpendicular
to it and reaches p = 19000 km. The weaker slope of the radial profile near the
nucleus is explained by the greater optical depth of the inner coma or by the
quick change of the scattering angle.

In antisolar direction, in the near tail, a weaker intensity of the dust con-
tinuum is observed. The intensity increasing, obtained far from the nucleus, and
the radial profile maxima are probably connected with a dust shells formation
due to jet activity and nucleus rotation.

Phase Dependencies Of Cometary Visual Light Curves
Vitaly S. Filomenko & Klim I. Churyumov (Astronomical Institute of Kharkov
National University, Ukraine)

Abstract. Generally, the integrated flux produced by a comet on Earth is the
sum of the fluxes produced by gas and dust in the cometary atmosphere and by
the solid cometary nucleus. The contribution from the nucleus to the integrated
comet brightness is extremely small and it can be ignored. The contributions
from the gas and dust are functions of the comet heliocentric distance. But the
flux from dust also depends on the phase angle. Therefore, the phase depen-
dence of brightness can be determined in principle from the visual integrated
light curves of comets whose dust-scattered radiation accounts for a consider-
able fraction of the total radiation. The statistical significant influence of phase
dependencies on the light curves of eight comets had been found. The values
of phase coefficient of these comets had been determined. For three comets
the values of phase coefficient are negative. For other five comets the mean
value of phase coefficients is 0.047 m/grad that practically coincides with mean
value of phase coefficients of C-type asteroids (0.041 m/grad). Apparently the
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phase dependencies of these comets determines by dark carbon particles in their
atmospheres.

Infrared Observations In The 3-Micron Region Of Comets
Karen Magee-Sauer, Michael J. Mumma, Neil Dello Russo, Michael A. DiSanti
& Erika L. Gibb (Rowan University, NJ, USA)

Abstract. The 3-micron spectral region is rich in emissions from key cometary
volatile species. Spectral lines of several molecules are identified in this region,
including C2H2, HCN, NH3 , H2O (”hot-band” emission), OH (prompt emission
and fluorescent emission), and NH2. These species are key to understanding
several important questions in cometary science. Acetylene is an important link
to the origin and processing of the natal ices in comets. The abundance of HCN
and its release from the nucleus provides important information on the process-
ing of nuclear ices from radiation and gas-phase chemistry, as well as delivery
of biogenic molecules to Earth. As the fully reduced form of nitrogen, NH3 is
the key species for understanding the nitrogen chemistry of comets and thus
chemistry in the region of comet formation. OH (”prompt”) and H2O emission
in the spectrum provide a means of measuring water production directly. Here,
we present spectra, rotational temperatures, spatial profiles, production rates,
and relative abundances of molecules detected in the 3-micron region in observed
comets from Hyakutake to the present. Results obtained through the CSHELL
instrument at the NASA IRTF and the significant gains obtained through use
of the NIRSPEC instrument at the Keck Observatory will be presented.

Results From The UMD Physical Properties Of Comets Survey
Carey M. Lisse, Michael F. A’Hearn & Yanga R. Fernandez (University of Mary-
land, MD, USA)

Abstract. We report on an ongoing statistical study of the emitted dust and
exposed nuclei of a survey of the brightest near-Earth comets over the last 13
years. Combined thermal infrared and optical observations are analyzed using
dynamical, spectral, and morphological coma models (Lisse et al. 1998, ApJ,
496, 971; Lisse et al. 1999, Icarus, 140, 189; Fernandez et al. 2000, Icarus,
147, 145) to update and improve dust emission rates (Kresak & Kresakova 1987,
in Symposium on Diversity and Similarity of Comets, ESA SP-278, 739) and
nucleus size estimates (Jewitt 1991, in Comets in the Post-Halley Era, eds. R.
L. Newburn, M. Neugebauer, & J. Rahe, Kluwer Academic, Dordecht, 19).

Using these results, we show that 1) there is more than enough dust emitted
from short period comets into bound solar system orbits to create and support
the current interplanetary dust cloud (IPD); 2) that a population of dormant or
extinct comets in the solar system is quite plausible; and 3) that the lifetime ver-
sus sublimation for the short period comets is much longer than their dynamical
lifetime.

Deep Impact Mission Target Comet Nucleus Characterization
Karen J. Meech, Jana Pittichova, Henry Hsieh, Yan Fernandez, James M. Bauer,
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Michael J. Belton, Michael F. A’Hearn, Olivier R. Hainaut, Hermann Boehn-
hardt & Gian-Paolo Tozzi (Institute for Astronomy, Hawaii, USA)

Abstract. Comet 9P/Tempel 1 is the target of the 8th NASA Discovery
Mission, Deep Impact. The focus of the ground-based observing program has
been to characterize the nucleus for mission planning. We have obtained data
over a full apparition from 11/97 through the present on a total of over 200 nights
using 16 telescopes worldwide. The nearly 2000 images represent over 250 hours
of integration. We will present the, nucleus size, heliocentric light curve, and
Afrho values vs. time, and report on the status of the analysis of the rotation
period. We will report on the color of the nucleus and dust coma (using BVRI
filters) as a function of heliocentric distance. We have analyzed the data as a
function of phase angle to infer the nucleus surface scattering properties. The
comet is quite phase darkened, with a linear phase function of 0.07 mag/deg,
and a negative value of G-parameter suggestive of a low albedo rough surface.
We will also present a series of enhanced images to search for evidence of features
(e.g. jets and other structures) in the dust coma. Acknowledgements: Support
provided by NASA Grants NAGW-4495, NAGW-5015, NAG-54080, and NAG-
59006 and through Univ. of MD subcontract Z667702 (NASA contract NASW-
00004).

Korean NEO Station In South Africa
Wonyong Han, Yong-Ik Byun, Hong-Kyu Moon, Yong-Woo Kang, Hong-Suh
Yim, Sunyoup Park, Young-Ho Bae & Sung Yeol Yu (Korea Astronomy Obser-
vatory, Korea)

Abstract. The joint Near Earth Object (NEO) project team of Korea As-
tronomy Observatory (KAO) and Yonsei University Observatory (YUO) has
recently installed a 0.5-meter robotic telescope at the Sutherland Observatory
in South Africa. This telescope with 2-degree FOV is operated in fully auto-
mated mode, making daily reports on discoveries NEOs and other significant
luminosity variability via internet. The KAO-YUO joint team plans to install
similar facility in Australia and Chile soon, making a network of survey tele-
scopes for southern hemisphere. In spite of its small aperture size, this network
will be an important tool in identifying southern NEOs, especially those in the
form of comets. This paper summarizes the observatory system, data handling,
and our parallel efforts to characterize NEOs with follow-up light curve investi-
gation. Acknowledgments: The joint project is funded by the National Research
Laboratory Program of Korean Ministry of Science and Technology (KAO) and
by the Korean Research Foundation.

Observations of 2002 NY40: An Ordinary Chondrite?
Ellen S. Howell, Andrew S. Rivkin, Michael C. Nolan, Jean-Luc Margot, Gregory
Black, Schelte J. Bus, Michael Hicks, William T. Reach, H. T. Jarrett & Richard
P. Binzel (Arecibo Observatory, Cornell University, USA)

Abstract. The near-Earth asteroid 2002 NY40 was discovered on July 14,
2002 by the LINEAR survey. The object made a close pass by the Earth on
August 18, when observations were obtained at a large range of wavelengths,
from visible to radar (12.6 cm). The combination of visible and near-infrared
spectroscopy gives some indication of the composition. Thermal emission in
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the 3-micron region gives constraints on the visible albedo, which are confirmed
independently by the radar size and visible magnitude. The lightcurve was
well measured by a large number of observers, and the rotation period is well-
determined at 19.99 hours. The spectrum and albedo are a very good match to
an LL chondrite spectrum over the range measured. No appreciable reddening
is seen in the asteroid spectrum, which suggests that the surface has not been
noticeably affected by the same processes seen in many other pyroxene and
olivine-rich asteroids. The radar images show that this asteroid looks like two
spheroidal units joined together. Analysis and implications of these observations
will be discussed.

Database For Geophysical And Geological Properties of NEOs
W. F. Huebner (Southwest Research Institute, San Antonio, TX 78228-0510,
USA)

Abstract. Collisions of asteroids and comets with Earth have occurred in
the past. About 150 impact structures on the Earth’s continents have been
identified. There may be many more impacts whose structures have eroded over
time. Asteroids and comets still collide with the planets and will again collide
with the Earth. These are random events. No asteroid is now known to be
on a collision course with the Earth and we do not know when the next catas-
trophic impact might occur. Many parameters are needed to develop credible
mitigation or collision avoidance strategies. We know little about geophysical
properties of NEOs. Here we report on progress on the database for geophysical
and geological properties of NEOs and their analog materials. The database con-
sists of four parts: An observational database, a material properties database,
a database for mission and instrument development, and a database useful for
dissemination of projects and results and for public outreach. The database will
be available at: http://neodata.space.swri.edu/. For atomic and molecular data
see: http://amop.space.swri.edu/.

The Dynamic Estimation Of The Mass Of The Main Asteroid Belt
Elena Pitjeva (Institute of Applied Astronomy of Russian Academy of Science,
Russia)

Abstract. Perturbations from asteroids affect significantly on the orbits of
the inner planets and should be taken into account when high-accuracy planetary
ephemerides are constructed. On the other hand, from an analysis of the motions
of the major planets by processing of precise measurements of ranging to the
Viking, Pathfinder, Mars Global Surveyor spacecraft and planets (1961-2002)
some physical parameters of the asteroids have been obtained. The masses of
several the biggest asteroids (Ceres, Pallas, Vesta, Juno) have been determined
individually, masses of the most relevant 296 asteroids have been derived from
their latest published diameters based on IRAS data and observations of occul-
tations of stars by minor planets, making use of the corresponding densities. The
total contribution of all remaining small asteroids is modeled as an acceleration
caused by a solid ring in the ecliptic plane. As a sequence the total mass of the
main asteroid belt was obtained: M = (14± 2)× 10−10 mass of Sun. n derived
expression for estimating the total number of minor planets in any unit interval
of absolute magnitude H was compared with the observed distributions of the
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asteroids (52224 numbered, 152451 unnumbered) and distribution of the SAM
model by Tedesco et al.

ISO Observations: Results On Asteroids
Elisabetta Dotto, Maria A. Barucci, John R. Brucato, Thomas G. Mueller &
Marcello Fulchignoni (INAF-Osservatorio Astronomico di Roma, Italy)

Abstract. We carried out observations of 16 asteroids with different ISO
instruments (PHT-P, PHT-S and SWS) obtaining low resolution spectra up to
12 micron, high resolution spectra up to 45 micron and spectrophotometric data
up to 60 micron. The aim of these observations was to investigate the physical
properties of the surface of these bodies, and to improve our understanding on
the processes which governed their formation and evolution. We interpreted the
obtained data in terms of asteroid surface composition, comparing the observed
spectra with laboratory reflectance spectra of selected mineral, mineral mixture
and meteorite particulates of different grain sizes. The characterization of the
material on the asteroid surfaces (presence, abundance and/or composition of
minerals or chemical species) was based on the interpretation of observable di-
agnostic spectroscopic properties. The obtained results will be presented and
discussed.

ESO-VLT Large Program On Centaurs And TNOS
Maria Antonietta Barucci, Hemann Boehnhardt & Project Team (Observatoire
de Paris, LESIA, France)

Abstract. The ESO Large Program on the study of Trans-Neptunian Ob-
jects (TNOs) and Centaurs has been carried out during the last two years (April
2001-March 2003) at the Paranal (Very Large Telescope VLT) and La Silla (New
Technology Telescope NTT) observatories of the European Southern Observa-
tory (ESO) in Chile.

The aim of the Large Program was to investigate the physical properties of
this population composed of cold and primitive objects.

Results has been obtained for multi-wavelength imaging, BVRI and JHK
filters of 70 and 30 objects respectively, as well as for low-dispersion visible and
near-IR spectroscopy of about 12 objects. The photometric results and analyses
of the relative correlations between colours, photometric gradients and dynami-
cal properties of the objects will be presented and discussed. The spectroscopic
results have been interpreted with models computed using geographical mixture
of organics, minerals and ices in order to constrain the surface composition. The
spectra show a wide range of slopes, some are featureless with almost constant
gradients over the visible-NIR range, while others show absorption signatures of
ices.

The limit and the utility of the ground-based observations will be discussed
together with the necessity of a space exploration.

Deep TNO Search Near Invariable Plane Using Subaru Telescope
Daisuke Kinoshita, Jun-ichi Watanabe, Naotaka Yamamoto, Tetsuharu Fuse,
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Seidai Miyasaka, Kyoko Muroi & An-Li Tsai (National Astronomical Observa-
tory of Japan, Japan)

Abstract. We have carried out deep imaging observation near the invariable
plane using Subaru telescope with its prime focus camera ”Suprime-Cam”. We
have integrated single field of 0.2 sq. deg. deeply on 5, 6 October 2002, and
followed up detected objects on 3 December 2002. SDSS r’-band filter was
used for this observation to maximize the number of detection. The limiting
magnitude is r′ = 28.0 for signal-to-noise ratio of 5. Assuming typical color of
TNO, it roughly corresponds to R = 27.7 mag. The aim of this observation
is (1) to investigate existence or non-existence of distant TNO beyond 50 AU
from the Sun and (2) to explore the faint-end of the luminosity function. All
the detected TNOs have heliocentric distances ranging 38 < RH < 45 AU. We
will report preliminary results of our deep survey.

Physical Characteristics Of Centaurs And TNOs
Alain Doressoundiram, Maria A. Barucci & Nuno Peixinho (Observatoire de
Paris, France)

Abstract. Beyond the orbit of Neptune exists a population of bodies re-
maining from the formation of the solar system. These are the Kuiper Belt or
Trans-Neptunian Objects (TNOs). Scientific interest in these bodies arises be-
cause this region of the solar system may preserve some of the most primitive
materials available to direct investigation.

We have started since 1997 a multicolor photometric survey with the aim of
collecting a large and homogeneous set of color data for TNOs and Centaurs ob-
jects. With this large dataset obtained mostly at CFHT and ESO, we performed
relevant statistical analyses to search for compositional structures, interrelations
with related populations and correlations with physical and orbital parameters.

One of the most puzzling features of the Kuiper Belt is the optical color
diversity that seems to prevail among the observed TNOs. In this work, we will
present results on the strong correlations found with some orbital parameters (i,
e, q) for the Classical Kuiper Belt. The correlations found are important because
they are diagnostic of some physical effects processing the surfaces of these icy
and primitive objects. We will give a global picture of the color properties and
trends within the Kuiper Belt.

The Albedo f Trans-Neptunian Object 1579 (1993SC)
Iwan P. Williams & Alan Fitzsimmons (Queen Mary, University of London, UK)

Abstract. ISO observations of the infrared emission from the Trans-Neptunian
object 15789 (1993SC) were obtained in 1997 and have been published (Thomas
et al. 2000, ApJ, 534, 446). Determination of the albedo, and hence the radius
also requires a knowledge of the reflected (visible) radiation. In their publica-
tion, Thomas et al used ground based data obtained in 1995. Since that time
ground based observations close in time to the ISO observations have been ob-
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tained. The paper presents the new observations and deduced albedo based on
these observations.

Detectability Of Lightcurves Of KBOs
Pedro Lacerda & Jane Luu (Leiden Observatory, Leiden, The Netherlands, &
Harvard-Smithsonian CfA, Cambridge, MA, USA)

Abstract. We present a statistical study of the detectability of lightcurves
of Kuiper Belt objects (KBOs). Some Kuiper Belt objects display lightcurves
that appear ”flat”, i.e., there are no significant brightness variations within the
photometric uncertainties. The lack of brightness variations may be due to
(1) the objects have very nearly spherical shapes, or (2) their rotation axes
coincide with the line of sight. We investigate the relative importance of these
two effects and relate it to the observed fraction of “flat” lightcurves. This
study suggests that the fraction of KBOs with detectable brightness variations
may provide clues about the shape distribution of these objects. Although the
current database of rotational properties of KBOs is still insufficient to draw any
statistically meaningful conclusions, we expect that, with a larger dataset, this
method will provide a useful test for candidate KBO shape distributions.

Frozen Volatiles In The Icy Satellites And KBO Objects
Jacek Leliwa-Kopystynski (Warsaw University, Physics Dept., Institute of Geo-
physics, Poland)

Abstract. The first physical assumption of this work is that the volatiles
were transported to the growing icy/mineral objects of the Outer Solar System
by means of accretion. The relative amounts of different volatiles in the accreting
matter depends on the local temperature of that matter therefore, roughly, on
the solar distance. The second assumption concerns degassing of the volatiles:
gases instantaneously escape from the growing body if temperature of accreting
matter in the moment of an impact is enough high. Discussion of the conditions
related to presence of pristine-originated solidified volatiles inside of the icy satel-
lites and the KBO objects is based (i) on the calculation of the impact-originated
increase of temperature of the volatile-bearing grains of accreting material, and
(ii) on the thermodynamic properties of the volatiles under consideration. It is
found that the highly volatile materials are accumulated in the deep interiors
and the less volatile are expected to survive everywhere, including the outer
layers. The particular calculations are performed for Saturnian and Uranian icy
satellites (from Epimetheus to Titania, with radii 65 - 780 km) as well as for
some of KBO objects. Considered volatiles are H20, CO2, CO, NH3, CH4, N2,
and C2H6.

Minor Body Occultations: Statistics And Survey Requirements
Asantha Cooray (California Institute of Technology, CA, USA)

Abstract. The occultation of background stellar sources by foreground mi-
nor bodies, mainly Kuiper Belt Objects (KBOs), can be used to survey physical
properties of the foreground population. We will discuss statistics related to
KBO occultations and discuss what constraints can be placed on the KBO pop-
ulation. While the optical depth for occultation is relatively high for KBOs,
lowering the number of stars one should monitor, the event duration is at the
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subsecond level and puts strong constraints on the instrumentation side. We
discuss requirements for a reasonable ground-based survey and suggest that an
array of telescopes, spread over few kilometers with imaging and timing capabil-
ities at the level of 100 millisecond or less down to a magnitude limit of 14 in the
V-band, may be used to probe the KBO population below a kilometer in size.
With an array, one also probes the projected shapes of KBOs and the presence of
binaries. We also discuss relative merits of a space-based experiment. If fainter
stars are monitored, the diffraction fringes present in certain light curves can be
used to extract physical information related to the foreground occulting body.

Existence Of The Lunar Core
Alexander Gusev & Natasha Petrova (Kazan State University, Russia)

Abstract. The question of lunar core existence is still an open question.
If core existence will be verified by future direct measurements, such a core
would give constraints to the model of origin of the Moon. A short review
of results concerning facts of core existence is given in the report. The most
advances in this study were obtained as results of the investigation of Lunar
gravity and physical libration. The accumulated data about the lunar gravity
are now very wealthy, but there is still a great deal to supplement the data
about gravity and topography picture on the far-side. Though there are many
inferential evidence of presence at the Moon of a core, nevertheless the direct
experiments on detection of the core and determination of its characteristics are
very important. The large prospects in the decision of this problem are opened
by the RISE and ILOM projects of SELENE I, II mission. Obtained data will
allow to improve the physical libration theory of the Moon and together with
theoretical and observational libration data they will provide a further study of
the lunar interior and, as a consequence, of its origin and evolution.

Centrifugal Librations Due To Lunar Core-Mantle Couplings
Eric Bois (Observatoire de Bordeaux L3AB, UMR CNRS/INSU 5804, France)

Abstract. We present a study of the dynamical behavior of a molten core
inside the Moon related to the mantle by inertial coupling. In order to integrate
the lunar core-mantle interaction in a realistic model of the Moon’s rotation,
we have used our SONYR (acronym of Spin-Orbit N-bodY Relativistic) model
of the solar System including the Moon’s spin-orbit motion. This model was
previously built in accordance with the requirements of the Lunar Laser Ranging
observational accuracy. We have extended this model to the spin-orbit couplings
of the terrestrial planets in order to compare different dynamical behaviors of
core-mantle interactions in these planets (Mercury, Venus, Earth and Mars).

Our core-mantle mechanism prove to be adequate to excite the two resonant
frequencies of the lunar physical librations, namely 2.9 and 80.1 years. ignature
of such a core with for instance a 1/10 homothetic ratio appears clearly on the
proper rotation angle; the amplitude is then around 12 milli-arcseconds and its
period 2.9 years.
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Besides, we present the results obtained for various lunar nucleus radii and
various initial nutations of the core relatively to the mantle. Other computations
and comparisons are in progress involving Mercury, the Earth and Mars.

Mid-Infrared Spectrophotometry Of Saturn’s Ring System
Padma A. Yanamandra-Fisher, Glenn S. Orton & Brendan M. Fisher (Jet Propul-
sion Laboratory, Pasadena, CA, USA)

Abstract. We observed Saturn’s main rings at the NASA/InfraRed Tele-
scope Facility (IRTF) from 1995 to 2003 with MIRLIN, a 10-micron camera at
several diagnostic wavelengths in the 8- to 24-micron spectral window, covering
one fourth of a Saturnian year, and followed the progressive march of the rings
from their edge-on presentation at the equator in 1995 to their maximum open-
ing, obscuring the northern pole of Saturn. Our preliminary results indicate
that the brightness temperature of the rings peaks near 18 microns. There also
exists an asymmetry between the East and West ansae of few degrees. This
is similar to the near-infrared albedo asymmetry between the ansae and reflec-
tivities at visible wavelengths. Our current efforts are aimed at modelling the
ring opacities in the mid-infrared as function of changes in solar elevation angle,
inclination and phase angles of the rings. In particular, the A ring had changed
from being edge on in 1994 to completely unshadowed in 2003. These observa-
tions will provide constraints on thermal asymmetries and opacity of the ring.
Current thermal models will be validated against these observations and previ-
ous data sets acquired by Voyager and ISO and data to be acquired by Cassini
and possibly SIRTF and SOFIA.
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Introducing Joint Discussion 20 – Frontiers of High
Resolution Spectroscopy

Jeffrey L. Linsky

JILA, University of Colorado and NIST, Boulder, CO 80309-0440, USA

Abstract. This paper introduces the rationale and program of Joint Discus-
sion 20, Frontiers of High Resolution Spectroscopy, which took place on 2003
July 23–24 during the IAU General Assembly in Sydney Australia.

1. Rationale for Joint Discussion 20

Major discoveries in astrophysics are usually enabled by significant increases in
observing capability – enhanced sensitivity, larger spectral coverage, higher tem-
poral resolution, long-term monitoring, decreased noise or background, better
angular resolution, and higher spectral resolution. The expectation of important
future discoveries that become possible with enhanced observing capabilities is
a major driver for the building of new instruments and telescopes.

In recent years we have seen a plethora of new high visibility projects that
push forward the observational frontiers toward greater throughput for imaging
and low-resolution spectroscopy, improved spectral coverage, and higher angular
resolution. There have also been major advances in spectral resolution, although
with less publicity and recognition in the astronomical community. Joint Dis-
cussion 20 was motivated by the desire the highlight the accomplishments and
opportunities of high-resolution spectroscopy across the electromagnetic spec-
trum. The objectives of this Joint Discussion include

(1) presenting a representative sample of new results that provide insights into
major questions in astrophysics by pushing the limits of high-resolution
spectroscopy,

(2) speculating about major questions that could be addressed with new ad-
vances in high-resolution spectroscopy, and

(3) discussing cross-cutting technologies and data analysis techniques that may
apply across the electromagnetic spectrum.

Symposia, colloquia, and workshops in astrophysics are often narrowly fo-
cused on specific phenomenola, targets, or theory. The uniqueness and virtue
of the program of Frontiers of High Resolution Spectroscopy is that it cuts
across many topics in astrophysics to concentrate on the common theme of high-
resolution spectroscopy — what it has accomplished, and what it can accomplish
with new instrumentation. The following papers describe high-resolution spec-
troscopy as a unique tool for understanding the physical properties of astronom-
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Figure 1. Jenkins’s Law is a figure of merit describing the capabilities of UV
spectrographs and telescopes with time. This figure is an update of a figure
originally presented in Jenkins (1999) and kindly provided by the author.

ical sources — their velocity structures, temperatures, densities, and chemical
compositions.

The capabilities for high-resolution spectroscopy of astronomical targets are
rapidly increasing with developing technology. As described in more detail by
Jenkins in his paper that follows, a useful figure of merit for high-resolution
spectroscopy is the product AeffMR, where Aeff is the effective area, M is the
number of independent spectral channels, and R ≡ λ/∆λ is the spectral reso-
lution. As shown in Figure 1, AeffMR for UV spectrographs and telescopes is
doubling every 16 months. Jenkins’s law is even steeper than Moore’s law for
the increase in the number of transitors on a chip. Similar plots could be con-
structed for other wavelength regions. The challenge we face is how to harness
this rapidly developing technology to astrophysical research.

2. Implementation

The program was created by the Scientific Organizing Committee: John Bally
(USA), Roy Booth (Sweden), Nancy Brickhouse (USA), David Gray (Canada),
Jeffrey L. Linsky (Chair, USA), Gautier Mathys (Chile), Michel Mayor (Switzer-
land), Roberto Pallavicini (Italy), Nikolai Piskunov (Sweden), and Alfred Vidal-
Madjar (France).

The program highlighted the astronomical results obtained with high-resolution
spectroscopy and other observational techniques that achieve high wavelength or
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velocity resolution. For example, subdiffraction limited imaging is now achiev-
able through Doppler imaging and other tomographic techniques that require
high spectral resolution data with high signal-to-noise and excellent velocity
precision.

Joint Discussion 20 presented recent accomplishments and future instru-
ment plans for high-resolution spectroscopy of astronomical sources across the
electromagnetic spectrum. At all wavelengths, increased spectral resolution with
high throughput is yielding new information on the chemical composition, ve-
locity structure, and physical properties of astronomical sources. As described
in the papers that follow, “high resolution” means different things in different
spectral regions depending on instrumental capabilities and the properties of
the targets observed. New instruments on ground-based and space telescopes
will greatly increase these capabilities. The objectives of the joint discussion are
to highlight these developments and to present some of the new techniques in
instrumentation and data analysis that cross artificial boundaries of wavelength
and scientific topic.

The following sixteen papers are short versions of the papers presented at
the Frontiers of High Resolution Spectroscopy meeting spanning the electromag-
netic spectrum from gamma rays to long wavelength radio astronomy.

I thank Dr. Ed Jenkins for the use of Figure 1 and NASA for support at
this meeting.
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Gamma-ray Spectroscopy

Jürgen Knödlseder

Centre d’Etude Spatiale des Rayonnements, 9, avenue du
Colonel-Roche, B.P. 4346, 31028 Toulouse Cedex, France

Abstract. Gamma-ray spectroscopy has made important progress with the
observations of the OSSE and COMPTEL telescopes aboard CGRO, and has
entered the domain of high-resolution spectroscopy with the launch of the SPI
telescope aboard the INTEGRAL satellite. Recent science highlights in this field
are presented, and an outlook is given to future promising projects.

1. Introduction

The gamma-ray domain around MeV-energies is rich in emission lines that arise
from transitions following nuclear de-excitation. Each isotope obeys its own
characteristic gamma-ray line pattern, hence gamma-ray spectroscopy provides
a powerful tool to analyse compositions and abundances. The opaqueness of
the atmosphere to gamma-rays requires the use of space based telescopes or
stratospheric balloons, with the unavoidable drawback of intense cosmic-ray
bombardement that leads to an overwhelming instrumental background. Ex-
tracting the generally weak celestial signal from this background is the most
challenging task in the analysis of gamma-ray spectroscopy data.

The richest harvest of gamma-ray spectroscopy results comes from the
OSSE and COMPTEL telescopes aboard the Compton Gamma Ray Obser-
vatory (CGRO) satellite (observing period 1991-2000), although several small
satellites and balloon telescopes have also provided significant contributions.
Since October 2002, ESA’s INTEGRAL satellite is in orbit, and provides with
SPI a high-resolution imaging gamma-ray spectrometer with unprecedented per-
formance. The Spectrometer on INTEGRAL (SPI) is equipped with 19 cooled
germanium detector crystals that are arranged in a hexagonal pattern and act
as the camera of the telescope. A coded mask situated 1.71 metres above the
camera modulates the incoming gamma radiation, and provides an angular res-
olution of ∼2.5o within a fully coded field of view of 16o. Typically, SPI reaches
an energy resolution of ∼ 2.5 keV at 1 MeV with a narrow line sensitivity of
(2−3)×10−5 ph cm−2 s−1 for an observation time of 106 seconds (Roques et al.
2003). The science objectives that will be addressed by SPI are the mapping of
diffuse radioactivities to explore galactic nucleosynthetic activity, the search for
the origin of galactic positrons, the study of supernova and nova nucleosynthe-
sis, the search for nuclear excitation lines, and the study of cyclotron lines. In
the following section, recent science highlights that have been achieved in these
domains will be presented.
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2. Science Highlights

The 1.809 MeV gamma-ray line of the radio-isotope 26Al (half-life 7.2× 105 yr)
is so far the best studied non-solar gamma-ray line. COMPTEL observations
provided the first all-sky map of the emission and clearly demonstrated that on-
going 26Al nucleosynthesis is a galaxy-wide phenomenon (Oberlack et al. 1996).
In particular, the gamma-ray line emission traces particularily well the distri-
bution of the most massive stars in the Galaxy, hence it is believed that those
are the nucleosynthetic sources of 26Al (Knödlseder et al. 1999). Observations
by the GRIS telescope (Naya et al. 1996) indicated a considerable broadening
of the 1.809 MeV line that theoretically was only poorly understood. New mea-
surements using the RHESSI solar observatory (Smith 2003a) and SPI (Diehl et
al. 2003), however, show that the 1.809 MeV line is narrow, having a width that
is compatible with the expected Doppler broadening that arises from the rota-
tion of the Galaxy. Hence, high-resolution spectroscopy combined with imaging,
such as provided by SPI, may allow measurements of the subtle line-shifts due
to galactic rotation, and thus may provide kinematic distance information to
galactic nucleosynthesis regions.

Recent RHESSI observations provided the first evidence for the detection
of the 1.173 and 1.332 MeV gamma-ray lines from the radioactive decay of 60Fe
(half-life 1.5 × 106 yr) in the general direction of the Galactic Centre (Smith
2003b). 60Fe is believed to be mainly synthesised during supernovae explosions,
hence a direct study of explosive nucleosynthesis becomes feasible (in contrast,
26Al also has an important hydrostatic nucleosynthesis channel). Validating the
RHESSI measurements and eventually mapping the distribution of the 60Fe lines
are major science objectives of the INTEGRAL mission.

The first gamma-ray line detected from the interstellar medium was the
511 keV positron annihilation line (Johnson et al. 1972), yet the origin of the
galactic positrons is still unclear. OSSE observations suggest at least two emis-
sion components: a prominent extended bulge, and a galactic disk. Hints of a
third component, situated above the galactic disk, have gradually faded away
with improvements of the data analysis techniques (Milne et al. 2003). Recent
SPI observations clearly confirm the bulge emission, yet do not show any hint
for a galactic disk component (Knödlseder et al. 2003). The acquired SPI ex-
posure is probably not yet sufficient to detect the faint disk emission, and more
data are needed to determine the 511 keV emission distribution in detail. Yet
once known, this distribution should provide information about the underlying
sources, and hopefully unveil the origin of the positrons.

3. Outlook

The Holy Grail of gamma-ray line spectroscopy, the study of nucleosynthesis in
nearby extragalactic supernovae, is still beyond the sensitivity limits of existing
gamma-ray telescopes. A breakthrough could come from the usage of a gamma-
ray lens, a concept that has been recently validated in a first series of balloon
flights in France (Halloin et al. 2003). A gamma-ray lens makes use of Bragg
reflection in appropriately designed and selected cristals, which if arranged in
a ring, can focus gamma-rays from a large collection area onto a small focal
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spot. The relatively long focal length (∼ 100 m) requires a two satellite con-
figuration in constellation, such as foreseen for other major astronomy missions
(e.g., Darwin, XEUS, . . . ). Equipped with a small germanium detector, the lens
telescope could reach sensitivities of 3× 10−7 ph cm−2 s−1 at 847 keV, allowing
for line profile studies of supernovae nucleosynthesis products that will provide
crucial information for the understanding of the explosion mechanism (Isern et
al. 1997).
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Astrophysics at X-Ray Spectral Resolution 1000

Nancy S. Brickhouse

Harvard-Smithsonian CfA, 60 Garden St., Cambridge, MA 02138

Abstract.
The Chandra gratings exceed a resolving power R = 1000, but only at

the longest wavelengths and with relatively low effective areas. Recent X-ray
observations of cool stars illustrate the problem of line blending at different
resolutions and give a good sense of what we will routinely be able to measure
with Constellation-X, provided it has high enough spectral resolution. We also
expect new diagnostics from weak lines and line profiles. Support for this work
is provided by NASA NAS8-39083 to SAO for the CXC and LTSA NAG5-3559.
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Figure 1. The Ne IX spectral region of Capella at different spectral reso-
lution. At 13.6 Å, the HEG spectrum (154.7 ks) has resolving power R =
λ/∆λ ∼ 1000; MEG (154.7 ks) has R ∼ 500; LEG (218.5 ks) has R ∼ 270
and RGS (52.92 ks) has R∼ 300.

791



792 Brickhouse

1. Summary

Figure 1 shows a comparison of the Ne IX spectral region of Capella observed
by Chandra and XMM-Newton (Ness et al. 2003). Although numerous strong
lines are observed, the full diagnostic potential, even at R = 1000, is not realized
because of the modest effective area. Figure 2 shows Lyman series lines, which
can provide diagnostics for optical depth and temperature, but require high S/N.
Weak lines such as Lyman series and DR satellite lines provide temperature
diagnostics for non-equilibrium ionization plasmas.
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Figure 2. Capella HEG spectrum (154.7 ks) showing two weak O VIII lines.
Although Lyβ (not shown) is blended with an Fe XVIII line at R=1000, the
other lines appear to be relatively unblended from APEC models (Smith et
al. 2001) and the observed spectrum.

Line profile diagnostics are accessible with the current gratings, but again
with limited S/N at the highest resolution. While hot star winds are resolved
even at low grating resolving power, motions from cool star coronae can be
determined in only a few systems. Brickhouse et al. (2001) measured Doppler
shifts ∼ 100 km s−1 as a function of phase and determined the locations and
sizes of active regions on the contact binary 44i Boo.

The spectral resolution required for new instrumentation depends on the
science case; ultimately, our goal should be to reach the thermal limit R ∼ 10,000
(Elvis 2001). For R between 3000 and 5000, line profiles for photoionized plasma
may be resolved (Fig. 3). The Capella spectrum shows that many diagnostics
are blended at R ∼ 1000, a problem that increases drastically at lower R.
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High Resolution X-ray Spectroscopy:
Is It Interesting? Is It Possible?

Webster Cash

University of Colorado, Boulder, CO 80309-0391 USA

Abstract. The diffraction grating spectra from Chandra and XMM-Newton
have given the astronomical community a huge step forward in x-ray spec-
troscopy of celestial sources. They have proven the scientific richness of the
field. But the spectra have resolution of only 300 to 1000 - low by the stan-
dards of the visible and the ultraviolet. We discuss some of the exciting new
science that can be addressed if spectral resolution of up to 10,000 (or more)
can be achieved in the x-ray. We then show how practical, high efficiency, high
resolution x-ray spectrographs can be built for high throughput missions like
Constellation-X and XEUS.

After nearly two decades of development, the Chandra Observatory and
XMM-Newton were successfully launched. Each features both imaging and spec-
troscopy modes in the x-ray band from 0.1 to 8 keV. Each has been spectacularly
successful. The images from Chandra, featuring unprecedented subarcsecond
resolution coupled with high collecting area, have revolutionized our view of the
x-ray universe. But, until these two observatories were launched, professional
quality x-ray spectra of celestial sources simply did not exist. All prior observa-
tories with spectroscopic capability had very low resolution, typically below 30.
Huge advances in our understanding of x-ray sources were made using this low
resolution, but most of the spectral information carrying key clues to the nature
of the sources was irretrievably blurred.

Chandra and XMM-Newton, with resolution of 300 up to 1500 and collect-
ing areas in the 50 to 300 square centimeter range, reveal the true complexity
of the spectra for the first time. The x-ray region, like the ultraviolet, is rich in
atomic diagnostics that give basic information about the state of the emitting
source and other material along the line of sight. After three years of such data,
we are only scratching the surface of what is to come.

But what is needed to continue for the future? Chandra and XMM are
limited by their size so more collecting area is needed. Planning is already
underway for the next generation of x-ray spectrographs, most prominently for
Constellation-X in the USA and XEUS in Europe. In the case of Constellation-
X, the goal is to improve the collecting area of the spectrograph by an order
of magnitude over XMM-Newton. XEUS, which will follow Con-X into orbit,
will provide another order of magnitude yet again. These future missions will
be able to reach truly faint x-ray sources.

In the visible portion of the spectrum astronomers value spectral resolution,
but usually not at the expense of collecting area. As astronomy matured over
the last century it became clear that spectral resolution can, if it comes at the
expense of sensitivity, hinder an observation. This brings to mind the question
for x-ray spectroscopy: Is high resolution interesting and if so, is it possible?
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Figure 1. Simulated spectrum of the OVII line from the intergalactic
medium smoothed to resolutions of 300, 1000, 3000 and 5000. It is clear
that resolution of 1000 is inadequate for this problem, but 3000 appears to be
sufficient. (Courtesy N. Gnedin)

What is high resolution in the x-ray band? Anything of resolution higher
than is available now is usually considered to be high, meaning that as we push
beyond the R=1000 limit of Chandra, we are considering high resolution.

One simple way to look at high resolution is to consider the case of absorp-
tion lines. Surely the next generation of observatories, with its huge collecting
area, should be designed to resolve absorption lines from gas along the line
of sight in the manner that ultraviolet astronomers have been doing for four
decades. N. Gnedin has kindly provided me with a simulation of such an ab-
sorption line as shown in Figure 1. It simulates the O VII absorption line in the
x-ray along a line of sight through the intergalactic medium. Since this obser-
vation is of fundamental importance to understanding the intergalactic medium
and the formation of structure in the early universe, it is therefore of major im-
portance to the future of x-ray astronomy (Hellston, Gnedin, & Miralda-Escude
1998). The figure shows simulated observations across a range of resolutions
from 300 to 5000. It is clear that even resolution of 1000 is not sufficient to
perform this important diagnostic: 3000 looks sufficient, and 5000 is definitely
good enough.

Next one must address the feasibility of achieving these kinds of resolutions
in a practical and affordable way. Unfortunately, the approach used by Chandra
is unsuitable to Constellation-X and XEUS because these missions will feature
large aperture, densely packed arrays of thin mirrors with spatial resolution
poorer than Chandra’s. XMM uses an array of reflection gratings to increase
dispersion and thereby achieves spectral resolution of 300. Constellation-X is
baselined on a similar configuration (Kahn et al. 1999).

Recently, at the University of Colorado, we have been studying an alter-
native. It again features reflection gratings, but used in the off-plane mount.
This concept, as a means for achieving high spectral resolution in the x-ray with
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Figure 2. The diagram shows the resolution of the Constellation-X exper-
iment as a function of spectral energy. The straight line that rises to the
right is the calorimeter experiment that is optimized for work with the astro-
physically significant Fe K line at 6 keV. The straight line in the lower left
represents the expected performance of an in-plane reflection grating spectro-
graph. The curved lines show the potential for improvement represented by
the off-plane mount.

modest quality telescopes, was described by Cash (1991). Development is now
being supported by NASA through the Constellation-X project, and so far the
results look good. Figure 2 shows the eventual possible performance of an off-
plane mount grating array on Con-X (McEntaffer, Cash, & Shipley 2002). This
approach has the potential to reach the really compelling resolution of 3000.

In summary, high resolution x-ray spectroscopy is very, very interesting,
and appears to be achievable within the constraints of the next generation of
x-ray observatories. This paper was supported by NASA grant NAG5-11850.
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FUSE and the Quest for High-Resolution Spectroscopy in
the Far Ultraviolet

H. Warren Moos

Department of Physics and Astronomy, The Johns Hopkins University,
Baltimore, MD 21218 USA

Abstract. The Far Ultraviolet Spectroscopic Explorer (FUSE) instrument
covers the spectral range 912–1187 Å with a resolving power of 15,000 to 20,000.
This spectral region provides unique access for the study of many atomic and
ionic species found in the interstellar medium, intergalactic medium, stars, and
extragalactic objects. This paper summarizes the status of the mission and
then discusses the need for higher resolution spectroscopy. Although the FUSE
instrumental resolution is sufficient to separate most species, it usually it is not
adequate for analyzing the gas velocity structure in detail. Implications for
future missions are discussed.

1. The FUSE Mission

The Far Ultraviolet Spectroscopic Explorer (FUSE) Mission was developed and
is operated by the Johns Hopkins University for NASA with participation by the
Canadian Space Agency and the Centre National d’Etudes Spatiales in France.
Covering the far ultraviolet from 905 to 1187 Å with a resolution ∼ 20, 000 (15
to 20 km s−1), it complements the intermediate resolution capabilites of the
Space Telescope Imaging Spectrograph. FUSE was launched 1999 June 24 into
a 765 km circular orbit with an instrument package consisting of four coaligned
prime focus telescopes, each imaged on the entrance aperture of a Rowland
mount spectrograph. For a more detailed discussion of the FUSE mission see
Moos et al. (2000) and Sahnow et al. (2000). The Prime Science Mission began
1999 December 1 and ended 2003 March 31. The Mission is now in the Extended
Mission Phase.

The Mission has been quite successful. As of 2002 August, ∼ 30 million
seconds of data have been obtained for more than 1700 different objects. A
broad range of science has been studied ranging from solar-system planets, e.g.,
Krasnopolsky & Feldman (2001) to the intergalactic medium, e.g., Shull, Tum-
linson, & Giroux (2003). We will not attempt to survey the rich and growing
literature reporting results from this mission. Rather, we will examine the need
for a mission with increased spectral resolution and the technical challenges
associated with such a mission.

2. High-Resolution Spectroscopy in the Far Ultraviolet

A major limitation in the extension of far ultraviolet studies to more complex
sightlines is spectral resolution. Spectroscopic studies in the far ultraviolet are
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Figure 1. A portion of the FUSE spectrum of PG0038 showing numerous
transitions of H i, D i, O i and H2. At the FUSE resolution, H2 is often blended
with other species. Courtesy of C. Oliveira.

powerful because the region provides access, often unique, to diagnostic transi-
tions in numerous atoms, ions and molecules in the interstellar medium, inter-
galactic medium, stars, and extragalactic objects. This spectral region is rich,
containing strong transitions for H i, D i, O i, O iv, N i, N ii, N iii, C iii, Ar i,
Fe ii, H2, and many other species. However, the presence of so many transitions
in this region can lead to blends. The FUSE resolution of ∼ 15 km s−1 is suf-
ficient to remove most blends between transitions, with the notable exception
of the numerous transitions of H2, which are both a blessing and a curse. See
Figure 1. However, the FUSE resolution is inadequate for understanding the
velocity structure of the gas along a sight line in interstellar medium studies.
Generally, moderate resolution will make it difficult to determine whether a line
is saturated. In addition, for finite signal to noise, unsaturated weak lines with
low b values will be hard to detect. As a result, there is increased uncertainty
and less knowledge about systematic errors for complex sightlines.

Is it possible to construct a general purpose FUV observatory with spectral
resolution of 1 to 3 km s−1? The answer is yes, but there are significant
technical challenges, both in terms of the telescope quality and the transmission
of the optical system. To provide enough photons for sensitive high-resolution
measurements, the size of the telescope mirror must be much larger than the
0.4 m FUSE telescopes. This leads to demands on both the optical quality and
overall length of the instrument package.

First, note that for a high-resolution spectrum, the geometric area of the
detector pixels must be as small as possible or the background signal from cosmic
rays and scattered light will be too high for sensitive measurements. The smallest
possible size of the pixel is set by the entrance aperture to the spectrograph,
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which in turn is set by the point spread function of the optics and the jitter in
the spacecraft pointing. Thus, for a modest 1 m telescope with a focal length of
15 m, 50 µm in the focal plane (equivalent to 2 pixels) corresponds to 0.7′′. The
point spread function and spacecraft pointing jitter need to be much less than
this, a few times the telescope optical diffraction limit at 5000 Å (0.12′′). This
requirement is important, but does not appear to be a showstopper.

Second, note that the relatively simple FUSE design (a prime focus telescope
and a Rowland circle spectrograph) with only two reflecting surfaces probably
will not be adequate for reasonably high sensitivity. An instrument with a
modest one meter telescope would be ∼ 20 m in length, too long to fit inside most
launch vehicles. In addition, the FUSE instrument design carries unremovable
residual abberrations that could limit the resolution and increase the background
signal. In order to overcome the double disadvantages of long length and residual
aberrations, a second reflection in both the the telescope and instrument are
necessary.

This second reflection is perfectly acceptable if the system operates above
1000 Å, where high reflectivity coatings exist. Copernicus, for example, used a
Cassegrain telescope (Rogerson et al. 1973). However, at shorter wavelengths
down to the H i photoionization cut off at 912 Å, reflectivies are ∼ 0.3 and about
one photon in a thousand falling on the telescope will be detected.

The obvious solution is to restrict instruments to wavelengths above 1000 Å,
but at the cost of losing many interesting transitions including the most useful
ones for D i. Alternatively, we can seek new coatings and other techniques that
will permit us to work at these wavelengths. In any case, the limitations set
by reflectivity must be taken into account in planning high spectral resolution
missions for the far ultraviolet.

Acknowledgments. This work is based in part on data obtained for the
Guaranteed Time Team by the NASA-CNES-CSA FUSE mission operated by
the Johns Hopkins University. Financial support has been provided by NASA
contract NAS5-32985.
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APEX, the Astrophysical Plasmadynamic EXplorer: An
EUV High Resolution Spectroscopic Observatory

M Kowalski

Naval Research Laboratory, Code 7655.3, Washington, DC 20375

Abstract. APEX is a proposed Small Explorer satellite that will obtain high-
resolution EUV spectra of white dwarfs, CVs, stellar coronae, and the local ISM.
The APEX effective area (30-50 cm2) and resolution (∼10,000) are an order of
magnitude improvement over Chandra.

APEX, a proposed mission Small Explorer mission, will investigate the
density, temperature, composition, magnetic field, structure, and dynamics of
hot astrophysical plasmas (log T = 5–7), which emit the bulk of their radiation
at EUV wavelengths and produce critical spectral diagnostics not found at other
wavelengths. With an effective area 1 cm2 and resolution R∼400, EUVE moved
astronomical spectroscopy into the extreme ultraviolet. Chandra and XMM-
Newton have demonstrated the promise of high-resolution X-ray spectroscopy.
The termination of EUVE has left a gap in spectral coverage at EUV wavelengths
that CHIPS fills only partially, as it is optimized for diffuse emission and has only
moderate spectral resolution (R∼150). We recently flew an APEX prototype
(effective area 3 cm2, R∼3000) on a NASA sounding rocket and successfully
obtained the first high-resolution EUV spectrum of an astrophysical object, the
white dwarf G191-B2B (Cruddace et al. 2002). However, even higher resolution
and longer observations are needed to exploit the full range of plasma diagnostic
techniques developed in laboratory and solar physics, with unambiguous line
identification and measurement of line profiles and Doppler shifts. APEX spans
the range 90-275 Å with R∼10,000 (∆v=30 km s−1) and effective area 30-50
cm2. APEX complements the Chandra, FUSE, and CHIPS missions.

APEX addresses basic questions of stellar evolution and galactic structure
through high-resolution EUV spectroscopy of white dwarf stars, CVs, the local
ISM, and stellar coronae. The science goals are to answer such basic questions
in understanding the behavior of million-degree plasmas in the Universe.:

PRIMARY SCIENCE GOALS: (1) What is the evolutionary history of
white dwarfs? (2) What are the density, temperature, ionization state, and
depletion level of the local ISM? (3) Where are the emission sites in CVs, and
what are their temperature, density, composition, and dynamics?

SECONDARY SCIENCE GOALS: (4) What are the structure and dynam-
ics of stellar coronae? (5) What causes the features in the stellar differential
EM distributions? (6) What is the relationship between coronal heating and
flares? (7) What is the relative importance of magnetic reconnection and MHD
and acoustic waves in coronal heating? (8) How do coronae evolve over stellar
lifetimes? (9) How do coronal abundances differ from the photospheric abun-
dances?

800
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Figure 1. Simulated 4 ksec APEX exposure of the DA white dwarf Feige
24 for H layer masses of 10−13 (gray) and 10−14(black) M¯. The white
histogram shows the EUVE observation. Poisson noise has been added, but
all fluctuations are real spectral features.

We illustrate APEX capabilities for the first goal (Fig. 1). The rapid post
main sequence evolution of white dwarfs into two main types, H-rich DA and He-
rich DO and DB stars, is complicated and poorly understood. Composition is
determined by core nucleosynthesis, shell-burning, and stellar mass-loss. Mea-
sured abundances should reflect their evolutionary paths. However, observed
patterns may be affected also by gravitational settling (diffusion), selective ra-
diative levitation, magnetic fields, and interstellar accretion. Teff , log g, and
the interstellar environment influence the relative importance of these processes.
Obtaining high-resolution EUV spectra of a diverse sample of white dwarfs is
the key to understanding their evolution. Determination of the photospheric He
content provides critical information. EUV spectroscopy of the He II Ly series
(228-304 Å) provides a factor of ∼100 more sensitivity than the He II lines at
FUV wavelengths. Significant quantities of heavy elements are also present in
the hottest white dwarf atmospheres. Studies have begun to correlate abun-
dance patterns with evolutionary status (Barstow et al. 2003), but trends are
challenged by unexpected complexities in photospheric structure. New measure-
ments of heavy element abundances at different atmospheric depths are required
to resolve questions of the radiative levitation/diffusion balance and its effect
on atmospheric structure. Lines are formed at different depths in the EUV and
FUV, requiring abundance measurements in both bands. High-resolution FUV
spectral data are available from IUE or HST, but EUVE lacked the spectral
resolution provided by APEX to determine unique heavy element abundances.

APEX is a suite of 8 spectrometers (Fig. 2), each slitless and with a figured
diffraction grating (focal length 3 m) operating at near-normal incidence in a
Wadsworth mount. Light enters each spectrometer through a collimated aper-
ture, and is diffracted by a grating to form a focused spectrum of a chosen order
onto a detector. All spectrometers are functionally identical, but have different
wavebands defined primarily by the multilayer coating on each grating. The
composite graphite structure has a diameter of 160 cm and a mass of 600 kg.
The instrument requires 400 W and produces 1.2 Gb/day of science data.

To obtain high sensitivity, APEX uses large diameter (350 mm) blazed
ion-etched gratings, employs multilayer coatings to enhance efficiency (Kowal-
ski et al. 2003), and records spectra with efficient (alkali-halide photocathode)
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Figure 2. APEX payload. Figure 3. APEX predicted performance.

photon-counting microchannel plate (MCP) detectors with high spatial resolu-
tion (15 microns). Unlike FUSE, APEX has no slit and thus requires only modest
pointing (∼ 1′), but accurate aspect knowledge and measurement of instrument
flexure are required for high spectral resolution. Two startrackers produce pre-
cise (< 1′′) pointing knowledge. APEX also employs two systems for measuring
flexure, a pair of EUV telescopes and an optical alignment system (OAS), the
latter providing continuous wavelength calibration for each spectrometer.

Predicted performance (effective area and R) is shown in Fig. 3. In sum-
mary, APEX will achieve effective areas of 30-50 cm2 over the range 90-275 Å.
At the location of important spectral lines the APEX effective area exceeds that
of Chandra and EUVE by an order of magnitude. The APEX R∼10,000 exceeds
that of Chandra and EUVE by factors of 5 and 30, respectively.

The instrument is mounted on a 3-axis stabilized spacecraft. The Ball
Aerospace and Technologies Corp. (BATC) RS-300 bus, suitably modified, meets
the APEX requirements with adequate margins. The payload is launched by a
Taurus vehicle, and payload size and weight fit comfortably within limits for
the 2210 fairing. APEX is proposed for an August 2008 launch into a circular
orbit with 500 km altitude and 28.5o inclination. The baseline mission is 2
years. APEX will observe ∼100 targets, which are selected carefully to maximize
science, and all have been detected in the EUVE and ROSAT WFC surveys.
The mission is a collaboration between the Naval Research Lab., the Lawrence
Livermore National Lab., the U. of Leicester, the U. of California Berkeley, and
a consortium of institutions that support the science data analysis.
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Eta Carinae HST Treasury Team

Abstract. We have used the high spatial and high spectral resolution of
the Space Telescope Imaging Spectrograph (STIS) to study Eta Carinae and
the Homunculus. Since the last minimum in 1998.0, CCD spectral modes have
followed changes in the Eta Carinae, and large-scale changes in the Homunculus.
Since 2001.7, MAMA echelle-mode observations have followed changes in the
Eta Carinae and the very nearby ejecta through the 2003.5 minimum. Very
significant changes in the star and nebular occur as the X-Ray drop occurs in
the minimum.

1. Introduction

Eta Carinae is the best known Luminous Blue Variable (Davidson & Humphreys
1999). The Homunculus (Gaviola 1950) is primarily a reflection nebulosity
ejected during the outburst in the 1840’s. It encloses the Little Homunculus
(Ishibashi et al. 2003), an ionized shell, about one quarter the linear size of the
Homunculus, consistent with ejecta from the 1890’s, when a second brightening
was noted. Weigelt B, C, and D (Weigelt & Ebersberger 1986) are three bright
emission knots within 0.′′1 to 0.′′3 northwest. The Central Source itself is highly
variable both in brightness and line profiles. Damineli (1996) found a 5.52-year
periodicity in the He I 10830 Å line profile. The RXTE monitoring (Corcoran
2003) confirms the period to be 2023± 7 days. Modelling of CHANDRA spec-
troscopy (Pittard & Corcoran 2002) shows that the hard x-ray radiation is due
to wind-wind collisions between the 600 km s−1 wind and a 3000 km s−1 wind
of a massive binary system. Ground-based observations of the star are heavily
contaminated with velocity smeared nebular line emission. With the 0.′′05/pixel
sampling of the STIS CCD and spectral coverage from 1640 to 10200 Å, spec-
tra of the Central Source were obtained apart from the Weigelt blobs. Zethson
(2001) identified over 2000 emission lines from Weigelt blobs B and D, including
many variable lines, especially Lyman-α-pumped Fe II lines in the near ultra-
violet, between the minimum of 1998.2 and the broad maximum in 1999.3 and
2000.2. Verner et al. (2002, 2003) used CLOUDY to model the Weigelt blob
spectra including Fe II during the 1998 minimum and the maximum. Hillier et
al. (2001) modelled the Central Source during the minimum. The IUE spectra
recorded between 1977 and 1996 indicate spectral changes during the approx-
imately one hundred day minimum. However, since the 5.52-year period was
not known, the observations were intermittent in time. Moreover, the relatively
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large apertures of IUE (3′′ diameter and 10′′× 18′′ oval) provided little informa-
tion on the spatial structure other than half of the uv radiation passed through
the smaller aperture.

With its high spatial and spectral resolutions, HST/STIS allowed us to
separate the star from the nebulosity. The CCD spectroscopy and long apertures
permitted sampling of the Homunculus to determine its three-dimensional shape
and mapping of the several very different nebular structures, not possible from
the ground. As we approached the minimum predicted to occur in 2003.5, a
series of observations were successfully proposed to monitor the changes across
the x-ray drop with RXTE, CHANDRA, HST/STIS, and the VLT/UVES. Much
additional background information on Eta Carinae is in a conference proceedings
(Gull, Johansson, & Davidson 2001) and references cited therein.

2. The STIS Observations

Our systematic studies of Eta Carinae provided much new insight on the struc-
ture of the overall nebula, variations of the Central Source, and detailed struc-
tures in the immediate vicinity of the Central Source. The first MAMA echelle
observations recorded of the Central Source demonstrated that the stellar emis-
sion is extended. Through the STIS 0.′′2 × 0.′′2 aperture, a nearly point source
is present, with weak extensions. In addition to the interstellar lines, seen as
absorption lines perpendicular to the spectral dispersion, other absorption lines
are tilted across the spatial extent of the aperture, some with small velocity
changes, and other broad lines are seen with large velocity changes. We chose
to use a wider aperture, 0.′′3× 0.′′2, to monitor the extended structure.

Between 2380 and 3160 Å, over 500 absorption lines with 20 velocity systems
were identified. Most of the lines are from neutral and singly ionized iron-peak
elements. Unlike ISM lines that originate from ground energy states, these
lines originate from many higher energy states, some above 20, 000 cm−1. Two
velocity systems are of note: –146 km s−1 and –513 km s−1. The former appears
to have energy populations consistent with 7000 K and the latter with 700 K.
During the minimum, a number of new velocity components appear between –
170 and –385 km s−1, and the strength of the –146 km s−1 lines change. The –513
km s−1 components do not change significantly. These systems are likely ejecta
located in the wall of the foreground lobe of the Homunculus. The –513 km s−1

component is at a considerable distance, likely 20,000 AU, from the Central
Source. The –146 km s−1 component is very close. The intermediate velocity
components appear in Fe II lines during the minimum. During the minimum,
the far and mid-uv radiation disappears, and these systems relax from Fe III to
Fe II. Up to the x-ray drop, Fe III and Si III] emission can be seen, along with
highly excited Fe II, close to the Central Source as depicted in Figure 1 recorded
seven days before the x-ray drop on June 29 (Top). Seven days later (Bottom),
both Fe III and Si III] emissions have virtually disappeared.

3. Conclusions and Acknowledgements

High spatial and high spectral resolution instruments are providing much new
insight into the structure of Eta Carinae and its ejecta. The Eta Carinae ob-
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Figure 1. Top: June 22, 2003. Bottom: July 5 2003. Arrows point to Si
III] and Fe III emission that disappears after x-ray drop

servations were accomplished through NASA and STScI under STIS GTO (T.
Gull, P.I.) and HST GO (K. Davidson, P.I.) programs. We are indebted to Don
Lindler and Keith Feggans for their systems and software support.
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Abstract. In the post-HST era, advanced missions for performing UV spec-
troscopy must excel in many ways. We must not overlook the importance of
high wavelength resolution for investigating absorption lines from gas systems
in the Galaxy and beyond. We consider here some basic principles on this topic,
both scientific and technical.

1. Fundamental Parameters

Over recent decades, UV astronomy has prospered. However, HST will not last
forever, which means that we must prepare for a more advanced facility – one
that can allow us to travel well beyond our past accomplishments.

There are a number of figures of merit that will influence an advanced mis-
sion’s capability to perform point-source spectroscopy. First, the light-gathering
power is defined by an effective area Aeff , which is the product of the unobscured
area of the telescope’s aperture, the quantum efficiency of the detector, and the
efficiency of the optics. Next, there is the multiplexing factor M , which is the
number of independent spectral channels that can be recorded simultaneously.
The product AeffM determines how rapidly information can be gathered from
a source of a given brightness. A central theme of our discussion will be the ca-
pability to deliver a high wavelength resolving power R ≡ λ/∆λ. This property,
along with the signal-to-noise ratio (S/N), governs the quality of the recorded
information. The wavelength band – not a real figure of merit – defines what
scientific problems we can approach for a system at a given redshift z.

Jenkins (1999) has summarized the advances in AeffM and R for UV spec-
trographs and telescopes. The product AeffMR has improved at a rate equiva-
lent to a doubling every 16 months. An extrapolation of this trend to the immedi-
ate post-HST era could be a 4.6 M diameter telescope with a telescope/spectrograph
optical efficiency of 5%, a detector quantum efficiency of 60% and a capability
of recording a spectrum with R = 200, 000 over a bandpass of 600 Å.

2. Secondary Parameters

There are a number of secondary parameters that are sometimes overlooked,
but which nevertheless have a bearing on how well we can meet diverse scientific
demands. First, there is the equivalent background flux Fbkg, which may or
may not be uniform with wavelength or observing conditions. Even if Fbkg is
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known with good precision, the increased statistical fluctuations will still make

the S/N degrade by a factor
√

1 + (Fbkg/Fsource). Next, there are two important

parameters that arise from the choice of the detector: (1) the maximum attain-
able S/N , which is limited by how well one can calibrate sensitivity variations,
and (2) the flux above which a detector becomes unacceptably nonlinear or is at
risk of being damaged. Finally, there may be scattered light, which arises from
either imperfections in the gratings or deficiencies in the spectrograph’s baffling
scheme. Scattered light increases Fbkg and can be particularly bothersome if it
is difficult to characterize.

3. The Importance of Achieving High Resolution

Interstellar absorptions often consist of line complexes that have narrow veloc-
ity structures with small separations. If one simply wants to measure the total
column density, it is often satisfactory to have resolutions that are far inferior to
those needed to resolve the individual features. This obviously applies to very
weak, unsaturated features, but Jenkins (1986, 1996) has shown that even collec-
tions of moderately saturated features can be analyzed if two or more transitions
of differing strength are available. While this may be true, it is sometimes nec-
essary to recognize the existence of sharp lines arising from cold material with a
small velocity dispersion that may be hidden among other, broader lines. Tripp
& Bowen (2003) illustrate the loss of such information at R = 20, 000. Also,
it may be important to recognize differences in the velocity structures between
different species within a multiphase medium, as opposed to what may be seen
for a homogeneous mixture (Tripp, Savage, & Jenkins 2000). Sometimes, signifi-
cant insights arise from small kinematical differences of different species (Jenkins
& Peimbert 1997). Small shifts in λ arise from important atomic and molecu-
lar processes, such as fine-structure excitations (Jenkins & Tripp 2001), isotope
shifts (Jenkins & Wallerstein 1999), and rotational excitations of non-hydride
molecules (Lambert et al. 1994; Lambert, Sheffer, & Federman 1995).

4. Negative Consequences that Might Arise when R is Increased

There are a number of considerations that, superficially, might be used as ar-
guments against increasing R: 1. The detector can accommodate no more than
some fixed value of M , so an increase in R means that the wavelength coverage
in a single exposure must be sacrificed. This is true for STIS on HST: for in-
stance, one must make a choice between R = 120, 000 and ∆λ = 200 Å (E140H)
or R = 46, 000 and ∆λ = 600 Å (E140M). However, the original STIS proposal
in 1985 specified a far-UV detector with 4 times as many pixels as the one finally
adopted for the instrument (to reduce development risks). It is therefore not
outlandish to propose that after 2010 a ∆λ of about 800 Å with R = 120, 000
is a realistic goal. 2. As R increases, Aeff must decrease, thereby compromis-
ing research on faint objects. Again, this is true for STIS on HST: modes with
successively higher R have lower Aeff . However, the product AeffM is an order
of magnitude higher in the high resolution modes. 3. The increased detector
area per unit ∆λ causes Fbkg to increase, thus further limiting research on faint
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targets. There are ways to reduce the detector background without resorting to
exotic technologies: (1) cool the detector and use a photocathode with a high
work function to reduce the spontaneous emission rate, (2) use materials within
the detector that have very low concentrations of naturally radioactive elements,
and (3) use a detector that can sense individual photoevents with a good timing
accuracy and then build an anticoincidence shield so that events caused by en-
ergetic charged particles can be vetoed. 4. A high-resolution spectrograph places
unacceptably large demands on the rest of the facility (e.g., small telescope point-
spread function, tight pointing requirements, etc.). This is a moderately difficult
issue. An echelle grating operating in a Littrow configuration has a sensitivity
to angular deviations given by 1/R = dλ/λ = cotαdα/2, where α is the angle
of incidence. Deviations in α are magnified by the ratio of the main telescope’s
focal length to that of the collimator, which favors a large diameter collima-
tor (and grating) to increase R. A possible solution that virtually eliminates
the angular dependence is to use a UV interferometer (Harlander, Reynolds,
& Roesler 1992; Stephan et al. 2001), perhaps working in conjunction with a
conventional spectrograph (Edelstein & Miller 1999; Erskine 2003). However,
such an arrangement will probably lower the overall optical efficiency.
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Abstract. Doppler imaging has been used to image dark spots on the surfaces
of rapidly rotating, magnetically active stars for the last 20 years. More recently,
methods have been developed for combining line-profile information from large
numbers of spectral lines simultaneously. This has allowed starspot distributions
to be mapped in sufficient detail to allow tracking of individual spots over several
stellar rotations, delineating surface differential rotation patterns for a number
of stars. Zeeman-Doppler imaging allows the creation of stellar magnetograms,
which are providing the first insights into the 3D topology of stellar coronal
magnetic fields. The advent of cryogenic infrared echelle spectrographs opens
up exciting new possibilities for Doppler imaging in molecular lines of species
such as TiO, OH, and FeH.

1. Doppler Imaging and Differential Rotation

Stellar magnetic activity is driven by the interaction between differential rotation
and convection in the outer envelopes of rapidly rotating solar-type stars. This
activity manifests itself as coronal X-ray emission, chromospheric UV and optical
line emission, and rotational modulation of the optical continuum by widespread
starspot activity.

Since rotation is a key driver of this activity, many of the most active solar-
type stars spin fast enough that the rotational Doppler effect is the dominant
line-broadening mechanism. In such rapidly rotating stars, different parts of the
stellar surface become more or less separated in velocity space. Doppler imaging
takes advantage of this separation, utilising spectra at resolving powers of order
R = 50000. Dark features on the stellar surface produce a flux deficit at all
wavelengths except those of photospheric absorption lines at the local Doppler
shift. As a result, bright pseudo-emission bumps appear in the rotationally-
broadened profiles of nearly all the photospheric lines. These bumps drift across
the profile from blue to red, following sinusoidal paths whose velocity amplitude
is determined by the spot latitude, and whose period of recurrence is determined
by the local rotation period at that latitude on the star.

This pattern of drifting features can be inverted tomographically to recover
a map of the stellar surface. This inversion method, dubbed “Doppler imag-
ing” in the pioneering paper by Vogt & Penrod (1983) that first applied such
techniques to spots on cool stars, was developed formally using a regularised in-
version techniques by Goncharsky et al. (1977) using the regularisation method
of Tikhonov (1963), and by Vogt, Penrod & Hatzes (1987) using maximum-
entropy regularisation. Since then, several groups have developed codes that use
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either these methods or the “Occamian” singular-value decomposition method
of Berdyugina (1998).

In the last two decades, many single and binary dwarf, subgiant and gi-
ant stars have been imaged by these groups. One of the more striking recent
applications has been the use of starspots as tracers of stellar surface differen-
tial rotation patterns. This has been achieved via a variety of methods, ranging
from latitude-by-latitude cross-correlation of images taken two or more rotations
apart (Donati & Cameron 1997), to more spohisticated modelling approaches in
which the differential rotation model is built into the inversion code itself (Donati
et al. 2000). The actual form of the differential rotation law has been verified
via direct tracking of individual spot signatures in data space (Cameron, Donati
& Semel 2002). By and large, these studies have revealed that most dwarf and
subgiant stars appear to have solar-like differential rotation, in the sense that
the equator rotates faster than the poles, with the equator overtaking the polar
regions on timescales of order tens to hundreds of days.

2. Zeeman-Doppler Imaging

Doppler imaging acquired a new dimension in the 1990s with the advent of
high-precision fibre-fed echelle spectropolarimeters, in particular the portable
unit deployed at the Anglo-Australian and Canada-France-Hawaii Telescopes
by Semel et al. (1993). Using this instrument, Donati et al. (1997)demon-
strated that, by creating an optimally-weighted sum of the Stokes V signatures
in thousands of photospheric lines observed simultaneously, it was possible to
detect and even map the vector magnetic field at the surface of an active star,
with a surface resolution as small as a few degrees in some cases. This work
has led Hussain et al. (2001) to investigate the three-dimensional topology of
potential fields extrapolated from Zeeman-Doppler images of young pre-main se-
quence stars such as AB Dor and LQ Hya. Models in which these field structures
are filled with X-ray emitting plasma in hydrostatic equilibrium are proving a
powerful tool in interpreting the rotational modulation of coronal X-ray emis-
sion from these stars (Jardine et al. 2002). In the near future, new-generation
spectropolarimeters such as CFHT/ESPADONS (Manset & Donati 2003) and
LBT/PEPSI-ICE (Strassmeier et al. 2003; Pallavicini et al. 2003) will enable
Zeeman-Doppler imaging to be extended to fainter objects than have hitherto
been accessible. In particular, it should be possible to map the magnetic fields
of T Tauri stars and fully-convective M dwarfs, and so to discover the dynamo
modes that are excited in the absence of a radiative-convective interface region.

3. The Infrared Frontier

One of the major deficiencies of Zeeman-Doppler imaging is that at optical
wavelengths, the Zeeman signature of the magnetic field in the dark starspots is
suppressed by the contrast between the low surface brightness in the spots and
the bright photosphere. The advent of high-resolution infrared spectrometers
such as GEMINI-S/PHOENIX (Hinkle et al. 1998) and VLT/CRIRES (Moor-
wood et al. 2003; Kaeufl et al. 2003) will enable us to produce Doppler images in
lines of molecular species such as TiO, OH, and FeH that are only present in the
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spots. In the slightly longer term, theoretical and laboratory measurements of
the Lande g-factors for these molecular transitions (e.g., Berdyugina & Solanki
2002) should allow direct measurement of the field strengths in the spot umbrae
themselves. This will represent a major step towards a full understanding of the
magnetic flux budget in the photospheres, coronae, and winds of young stars,
and its influence on the rotational evolution of both single and binary stars.
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Abstract. We briefly note several current topics concerning the properties
of interstellar clouds for which high-resolution optical spectra play a significant
role: (1) the recognition and characterization of small-scale (sub-pc) structure
in both atomic and molecular gas; (2) the discovery of variations in the 7Li/6Li
isotopic ratio in the nearby Galactic ISM; (3) the determination of atomic and
molecular abundances and physical conditions for heavily reddened (“translu-
cent”) Galactic sightlines; and (4) studies of interstellar clouds in the LMC and
SMC.

1. Introduction

High-resolution (FWHM = 0.3–1.5 km s−1) optical spectra of the interstellar
(IS) absorption due to various atomic and molecular species have revealed com-
plex velocity structure along many lines of sight (e.g., Crawford 1995; Crane,
Lambert, & Sheffer 1995; Welty, Morton, & Hobbs 1996; Welty & Hobbs 2001;
Price et al. 2001). Fits to the line profiles suggest that the median line widths
(FWHM) for individual components (“clouds”) seen in the trace neutral species
and the median separation between adjacent components are both less than 1.2
km s−1. Moreover, the adjacent components can have very different properties
(e.g., line width, Na I/Ca II ratio, molecular abundances). Such high resolution
spectra are therefore necessary for both discerning and determining the compo-
sition and physical properties of individual IS clouds in different environments.

2. Small-Scale Structure

Pervasive small-scale (sub-pc) spatial structure in the ISM has been revealed
both by differences in the line profiles of various species toward binary/multiple
systems (e.g., Watson & Meyer 1996; Lauroesch & Meyer 1999; Pan, Federman,
& Welty 2001) and by temporal variations in the profiles in some sightlines
(e.g., Blades et al. 1997; Price, Crawford, & Barlow 2000; Crawford 2002; Lau-
roesch & Meyer 2003). The physical characteristics of this seemingly ubiquitous
structure are not well understood, however. For example, do the observed pro-
file differences reflect differences in overall N(H), in local density, in ionization,
and/or in chemistry on those small scales? Toward the halo star HD 219188,
where we have both multi-epoch high-resolution optical and UV spectra, the
time-variable component is relatively cool (T < 500 K), with modest depletions,
a relatively low density nH ∼ 25 cm−3, a low overall N(H) ∼ 5 × 1017 cm−2, and
a relatively high fractional ionization ne/nH >∼ 0.03 (Welty & Fitzpatrick 2001).
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Figure 1. Complex interstellar Ca II absorption toward ε Ori.

In that particular case, the differences seem to be due to variations in density
and ionization [rather than in overall N(H)] on scales of tens of AU, without the
large local pressures and densities sometimes inferred.

3. Variations in 7Li/6Li

Abundances and isotope ratios for the light elements Li, Be, and B can provide
information on big bang nucleosynthesis, Galactic chemical evolution, and cos-
mic ray spallation processes. Determination of the 7Li/6Li ratio requires optical
spectra with both high S/N (the Li I doublet lines at 6708 Å are very weak)
and high spectral resolution (doublet separation ∼ 6.8 km s−1 for both, with the
stronger member of the 6Li I doublet almost coincident with the weaker member
of the 7Li I doublet; hyperfine structure in the 7Li I lines). Knauth, Federman,
& Lambert (2003) find interstellar 7Li/6Li ratios consistent with the solar sys-
tem (meteoritic) value of 12.3 for four of the five sightlines with detected Li I
absorption (see also Howarth et al. 2002). Toward o Per, however, fits to the
observed line profile yield isotope ratios of 2.1 (close to the value expected for
cosmic ray spallation) and 8.1 for the two components discernible in the spectra.
While there are other indications that the cosmic ray flux might be enhanced in
that direction, the resultant overall enhancement of Li is not observed.

4. Properties of Translucent Clouds

The so-called “translucent” IS clouds, with 1 <∼ AV <∼ 5, are thought to be
intermediate (transitional?) objects between diffuse and dense clouds, and (as
such) would provide useful tests for models of cloud chemistry. A survey of
several dozen moderately reddened sightlines undertaken with FUSE, however,
has not revealed the very high molecular fractions and more severe depletions
expected for such objects (Rachford et al. 2002; Snow, Rachford, & Figoski
2002). High resolution (0.3–1.8 km s−1) optical spectra of Na I, K I, and CH
absorption suggest that essentially all those sightlines contain multiple diffuse
clouds (only), with no individual translucent clouds. Knowledge of the complex
component structures in those sightlines provided by the optical spectra can be
crucial for determining column densities for species such as HD and the excited
rotational levels of H2, whose lines are observed at much lower resolution with
FUSE (Snow et al. 2000; Ferlet et al. 2000).
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5. ISM in the Magellanic Clouds

Studies of the ISM in the Magellanic Clouds (MC) explore somewhat differ-
ent environmental conditions from those typically probed in our Galaxy: lower
metallicities, lower dust-to-gas ratios, stronger radiation fields, differences in UV
extinction. Using the new “very long camera” on the coudé echelle spectrograph
at the ESO 3.6 m telescope, we have obtained high-resolution (1.2–2.0 km s−1)
spectra of IS Na I and Ca II toward SMC and LMC stars with V ∼ 11–13 mag.
These high-resolution spectra reveal numerous narrow, closely blended compo-
nents in the MC ISM (similar to those seen in our own Galactic ISM). Together
with UV spectra from IUE, HST, and FUSE, the optical spectra are being used
to determine abundances, depletions, and physical conditions for diffuse clouds
in the MC (Welty & Hobbs 2001; Welty et al. 2001 and in prep.).

Acknowledgments. DEW acknowledges support from NASA LTSA grant
NAG5-11413 to the University of Chicago. Slides for this contribution may be
obtained from ftp://astro.uchicago.edu/pub/astro/welty/IAU25/iau25.ppt.
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Abstract. The first detection and identification of deuterium Balmer lines
were recently reported in H ii regions, using high spectral resolution data secured
at CFHT and VLT. The D i lines appear as faint, narrow emission features in the
blue wings of the H i Balmer lines and can be distinguished from high-velocity
H i emission. The identification as deuterium and the excitation mechanism as
fluorescence are both established beyond doubt. The deuterium Balmer series
might lead to a new, optical method of deuterium abundance measurement in
the interstellar medium. This may be the only way to observe atomic deuterium
in objects like the Magellanic Clouds or low metallicity blue compact galaxies.

1. Introduction

Deuterium is believed to be produced within minutes of the Big Bang and then
destroyed through astration. Measuring its abundance brings constraints on
Big-Bang nucleosynthesis and on Galactic evolution. Although the evolution
of the deuterium abundance seems to be qualitatively understood, the different
types of measurements have not yet converged to definite values and still show
some dispersion. D/H measurements are mainly performed through Lyman
series observations in absorption. We explore here the possibility of using a new
method, namely the Balmer emission lines of deuterium, hitherto undetected.

2. Observations

We performed the first detection and identification of the deuterium Balmer
lines Dα and Dβ in emission in the Orion Nebula using CFHT + Gecko. The
narrowness of these lines (FWHM ' 10 km s−1) and their relative fluxes are
incompatible with recombination excitation, but could be understood in terms
of fluorescence excitation by stellar UV continuum in the Photon Dominated
Region (PDR), located behind the ionized region. The velocity shift between
the H i and D i lines agrees with this interpretation (Hébrard et al. 2000a).

By assuming that both the ionization of the H ii region and the deuterium
fluorescence are due to a 4×104 K black body, and that all of the LyβD photons
(and only them) produce Dα photons, we predict the flux ratio I(Dα)/I(Hα) '
3× 10−4, close to the observed value (∼ 2.2× 10−4). This very coarse estimate
shows that deuterium fluorescence is a plausible mechanism.

The discovery of the deuterium Balmer lines was confirmed by new obser-
vations of the whole Balmer series in Orion that we secured at the VLT with
UVES. The increase of the D i lines intensity relative to the H i lines with prin-
cipal quantum number n supports fluorescence rather than recombination as the

815



816 Hébrard

D i emission mechanism. The lack of counterparts to D i lines other than H i
(e.g., [N ii], [O ii], or [O iii]) allows any interpretation in terms of emission from
high-velocity ionized gas to be excluded (Hébrard et al. 2000b).

Deuterium Balmer lines have been detected in five H ii regions with the
VLT (M 42, M 8, M 16, M 20, and DEM S 103 in the Small Magellanic Cloud),
demonstrating that these lines are of common occurrence. One should note
that the detection of Dα in the SMC is the first detection of atomic deuterium
in this object by whatever means. Since the metallicity of the SMC is low, the
deuterium abundance should be closer to primordial in this extra-galactic region.

Another H ii region was observed at the VLT: M 17. Here the emission
features detected in the blue wings of the H i lines differ from those shown in
previous targets: (1) they are broad (FWHM ' 20 km s−1; (2) their fluxes are
proportional to the H i lines fluxes; (3) [N ii], [O ii], and [O iii] lines are present
counterparts at the same velocity. It is concluded that, in this case, the features
should be mainly due to H i emission from ionized material.

3. Identification

Here we summarize the different arguments in favor of identifying the observed
lines with the deuterium Balmer series, emitted by fluorescence in the PDR.

The lines are produced in the PDR because (1), the narrowness of the lines
does imply they originate in a cold, localized region along the line of sight; (2),
their radial velocities coincide with those of the neutral and molecular material,
not with those of the ionized gas.

They are excited by fluorescence because (1), the narrowness of the lines
excludes Raman scattering, stellar light scattering, or recombination; (2), their
relative fluxes are incompatible with recombination; (3), their fluxes are roughly
in agreement with fluorescence mechanism.

They are identified with deuterium because (1), they are not instrumental
artifacts since they have been detected using different instruments (see also
O’Dell et al. 2001) and they were not detected in wings from any lines but H i, nor
in PNe; (2), they are not due to other elements since a whole series is detected;
(3) they are not due to high velocity ionized structure, because they are not
emitted through recombination and they show no counterparts in other species;
and (4), they are not due to H i fluorescence in high velocity neutral structures:
such structures are unknown whereas these lines are of common occurrence.
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Surface Gravities and Masses in Substellar Objects
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Abstract. Using high-resolution optical spectra, we determine effective tem-
peratures and gravities for a sample of very low-mass stellar and substellar PMS
cluster objects. Masses and radii are then derived using known cluster distance
and photometry; two of our targets seem to have planetary masses. Our results
are independent of theoretical evolutionary tracks. While our results agree with
the track predictions for hotter, higher mass objects, discrepancies appear for
the coolest, lowest mass ones. This may be due to track uncertainties related to
formation effects, and/or internal conditions, in these very young, ultra-low-mass
objects.

1. Method of Analysis

Our data consists of high-resolution (R≈31000) optical spectra of mid- to late
M-type PMS objects in Upper Scorpius and Taurus. We derive Teff and gravity
(log g), from a fine analysis of of the TiO bandheads and Na I and K I alkali
doublets, through comparison with the latest synthetic spectra (Allard et al.
2001). These spectral diagnostics complement each other, removing temper-
ature/gravity degeneracies in the behavior of each; together they allow us to
determine Teff and log g to a precision of ±50 K and ±0.25 dex respectively.
Combining our values of Teff and log g with the known distance to Upper Scor-
pius and Taurus (≈140 pc) and observed and synthetic photometry, we also
derive masses (within a factor of 2) and radii (within 30%). We emphasize that
our derived quantities are independent of any theoretical evolutionary models.
Finally, various tests indicate that our results are not significantly affected by
photospheric dust, cool magnetic spots, or metallicity variations.

2. Results

Our temperature and gravity results are compared to the Lyon theoretical evo-
lutionary tracks (Chabrier et al. 2000) in Fig. 1. For Teff>∼2750 K, our gravities
are consistent (within our errors) with the theoretical predictions for the ex-
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Figure 1. GG Tau Ba & Bb are crosses, Usco 128 & 130 (both planetary
mass) are diamonds, all other Upper Scorpius objects are filled circles. In this
log g versus Teff plot most objects agree well with the Lyon tracks, except Bb
(cooler cross) and USco 128 & 130. Error bars for Teff and log g (± 50 K,
±0.25 dex) are shown; arrows show the largest possible shift in our values
(≤150 K, ≤0.25 dex) from cool spots.

pected cluster ages (Upper Scorpius: 5±2 Myr; Taurus: ∼1 Myr). However, our
log g values are much lower than predicted for our coolest targets; consequently,
they appear much younger than expected. Using distance and photometry in-
formation, we then derive masses and radii. Most of our targets turn out to
be very low-mass stars and brown dwarfs; two appear to have planetary masses
of 6–7 MJ , and are at most at the D-fusion minimum-mass boundary (Fig. 2).
While most of our objects agree very well with the Lyon track predictions for
mass versus radius, the lowest masses (M<∼30 MJ ; these are the objects with
lowest gravities in Fig. 1) have significantly larger radii than predicted for their
expected ages (Fig. 2). Once again, just as in the Teff -gravity plane, they seem
implausibly young (<∼0.5 Myr) when compared to the tracks.

Various lines of argument indicate that the age-spread in our sample sug-
gested by the tracks is not real. Instead, we think it more likely that the evo-
lutionary models have unresolved uncertainties at young ages for the lowest
masses. These might arise from a variety of causes, such as accretion effects or
non-isentropic internal structure; these issues must be addressed in the future.
Our results also indicate that the faintest very young late-M objects may be
much lower in mass (close to the D-burning limit) than previously suspected.
Our detailed analysis can be found in Mohanty et al. (2003a,b).
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Figure 2. GG Tau Ba & Bb are crosses, Usco 128 & 130 (both planetary
mass) are diamonds, all other Upper Scorpius objects are filled circles. In this
radius (log[R/R¯]) versus mass (log[M/M¯]) plot, GG Tau Bb and USco
128 & 130 are much larger than predicted; others agree reasonably with the
tracks. Arrows show shift if any object were an equal-mass binary.
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Future Groundbased High-Resolution IR Spectrometers
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Abstract. Plans for future high-resolution infrared spectrometers on large
groundbased telescopes, their capabilities and science goals are briefly reviewed.

1. Introduction

High spectral resolution astronomical observations in the infrared were pioneered
by Pierre Connes in the 1960s using Fourier Transform spectrometers, which
could yield resolving powers '106 but whose sensitivity was limited by the poor,
single pixel detectors then available. This restricted initial studies mostly to the
brighter planets - extended later to the brighter stars, for example, using the
very successful FTS operated for many years at the KPNO.

More recently, the development of highly sensitive, large format infrared
array detectors has stimulated increasing interest in the development of cryo-
genic echelle spectrometers, which are currently being limited to somewhat lower
resolving powers of ' 105 for practical reasons but are many orders of magni-
tude more sensitive than the early Fourier spectrometers. In the 1–5 µm range,
Phoenix, also developed at KPNO for use on the 4 m Mayall telescope and now
installed on the 8 m Gemini South telescope (http://www.gemini.edu/sciops/
instruments/ phoenix/ phoenixIndex.html) has pioneered this approach. A pio-
neering instrument in the 8–20 µm range is Michelle, developed by the UKATC
in Edinburgh for UKIRT but now on Gemini North (http://www.gemini.edu/
sciops/ instruments/ michelle/ MichIndex.html). The increase in science ob-
jectives possible with such instruments is illustrated in the next section, and
characteristics of the new high-resolution spectrometers CRIRES and VISIR, to
be installed on the ESO VLT in the near future, are given in section 3.

2. Infrared Astronomy at High Spectral Resolution

Table 1. Science Objectives

• Planetary atmospheres

• Exoplanets (radial velocity reflex motion searches; direct detection)

• Stars (atomic and molecular abundances, winds, pulsations, magnetic fields,
disks, outflows)

• Interstellar Medium (chemistry and kinematics)

• Galaxies/quasars (nuclear kinematics, intergalactic gas)
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3. IR Spectrometer Developments

3.1. CRIRES

CRIRES (http://www.eso.org/instruments/crires) is being developed for one of
the VLT 8 m telescopes by ESO at its headquarters in Garching under the
leadership of the author.

Table 2. CRIRES Main Characteristics

• Located at Nasmyth focus of one of the 8 m VLTs

• Wavelength range 1–5 µm

• R = 105 with 0.1′′ pixels; 50′′ long slit

• Adaptive optics feed to maximize SNR and spatial resolution

• Slit viewing camera for IR acquisition

• Echelle grating (R2) and prism pre-disperser

• 4096x512 pixel InSb detector mosaic

• Polarimetry (including circular) with Fresnel rhomb and Wollaston prism

• Calibration unit including gas cells for accurate radial velocities

• Limiting magnitudes ' 17(J) to 11(M) in 1 hr

• Installation in early 2005

3.2. VISIR

VISIR ( http://www.eso.org/instruments/visir) is a multimode imager/spectrometer
designed to operate in the 10 and 20 µm atmospheric windows. It is being de-
veloped for the ESO VLT by the Service d’Astrophysique, CEA, Saclay and
NFRA/ASTRON, Dwingeloo, The Netherlands under Pierre - Olivier Lagage
at Principal Investigator.

Table 3. VISIR Main Characteristics

• Cassegrain focus of the VLT

• Wavelength Range 5–28 µm

• Duo echelle grating + cross disperser grisms

• 256x256 pixel As:Si array

• R ' 25000 at diffraction limit

• Installation on VLT March 2004
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Abstract. NASA and the DLR are developing SOFIA, the Stratospheric Ob-
servatory for Infrared Astronomy: a 2.5 m telescope in a Boeing 747SP aircraft.
By flying in the lower stratosphere, SOFIA will allow astronomical measure-
ments covering the wavelength range from 0.3 µm to 1.6 mm, with an emphasis
on the spectral regions inaccessible from the ground, particularly the 6-8 µm and
30-300 µm regions. SOFIA will see “first light” in 2004; the science program
will start in 2005. An operational lifetime of 20 years is planned.

SOFIA will support a diverse and evolving complement of state-of-the-
art science instruments. Its spectrometers will have resolutions ranging from
∼ 108 down to ∼ 100, as needed to measure absorption and emission from
astrophysically significant atoms, ions, molecules, aerosols, and solids. This
paper describes the spectrometers being developed to fly on SOFIA soon after
first light, and summarizes some of the high-spectral resolution investigations
expected.

1. SOFIA and Other FIR/submm Missions

The 3-m class telescopes on SOFIA and Herschel will improve previously avail-
able angular resolution at far-infrared wavelengths by a factor ∼ 3. SOFIA
will fly over 100 flights per year during most of its 20 year lifetime, enabling
observations of most IR/submm wavelengths obscured from the ground. The
long lifetime and frequent flight opportunities will allow SOFIA to develop and
maintain an unmatched variety of sophisticated IR/submm instruments. Thus
SOFIA is assured a major role in future high-resolution spectroscopy at these
wavelengths.

Ten spectrometers are anticipated for future far-IR and submm (“FIR”)
space and suborbital missions: SIRTF, SOFIA, Astro-F, Herschel, and JWST.
Of the 10 planned spectrometers, five are being developed for SOFIA, and all
of these by Principal Investigators (PIs). These spectrometers together cover a
wider range of wavelengths than those of any other mission. Briefly these are

EXES (PI John Lacy, University of Texas): The Echelon Cross Echelle Spec-
trograph is a 5-28.5 µm high resolution spectrograph with a maximum
resolution ∼ 3 km s−1.
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SAFIRE (PI Harvey Moseley, NASA-GSFC): The Submillimeter And Far-
InfraRed Experiment is a versatile imaging Fabry-Perot spectrograph work-
ing in the range of 100 to 655 µm.

GREAT (PI Rolf Guesten, MPIfR): The German REceiver for Astronomy
at THz frequencies is a dual channel heterodyne instrument with high spec-
tral resolution in the 63 to 188 µm (1.6 to 4.7 THz) region.

CASIMIR (PI Jonas Zmuidzinas, Caltech): The Caltech Airborne Sub-
millimeter Interstellar Medium Investigations Receiver is a FIR hetero-
dyne spectrometer, working in the wavelength range from 150 to 600 µm
(500-2000 GHz) with spectral resolution of > 0.3 km s−1.

FIFI-LS (PI Albrecht Poglitsch, MPE Garching): The Far-Infrared Field
Imaging Line Spectrometer is a German integral-field unit spectrometer
with spectral resolution 150-300 km s−1. It will operate in the 42 to 210 µm
region with two wavelength channels and two separate array detectors.

Future spectrometers on SOFIA can be anticipated by looking at Figure 1.
Clearly there will be a need for for a high resolution instrument(s) to provide
contiguous wavelength coverage from ∼ 20-200 µm, for example.

2. FIR High-Resolution Spectroscopy

A wealth of important scientific topics remains to be explored with FIR spec-
troscopy. “High resolution” is a relative term, which we interpret to mean both
higher resolution than has previously been utilized, and resolution sufficient to
resolve the spectral features of astronomical sources. High resolution increases
sensitivity for line measurements on sources with bright continuum emission,
as does the improved angular resolution provided by the SOFIA telescope for
extended sources.

Important FIR spectral diagnostics arise in a wide variety of sources, includ-
ing AGNs, HII regions, planetary nebulae, photodissociation regions (PDRs),
circumstellar envelopes, and molecular clouds. The FIR wavelengths suffer little
extinction, and so allow observation of phenomena in highly obscured regions
such as our Galactic Center. Fine structure lines arising from low level transi-
tions in atoms and ions characterize the originating gas from cool to hot. For
example, [C II] at 158 µm is a major coolant of PDRs, which are principal con-
stituents of the ISM. The Ne VI line at 24.3 µm is a signature of hot gas in AGNs.
A wide variety of rotational molecular lines, including high-J CO, H2O, H2, HD,
OH and other hydrides extend throughout the far-IR and submm regions. These
many FIR lines enable observations to probe the pressure, density, luminosity,
excitation, mass distribution, chemical composition, heating and cooling rates,
and kinematics in the various components of the ISM. We give a few examples
of the numerous phenomena characterized by these lines:

Extragalactic Star Formation: How do interactions between high mass
stars and the ambient medium relate to the star formation history? The ISM
in irregulars and spirals can differ greatly: SN rate, stellar winds, density, IMF.
Lines of [O III] 52 µm and [O I] 63 µm, with widths ∼ 30 km s−1, probe the
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Figure 1. Future spectrometers on SOFIA

content and dynamics of photoionized and photodissociated gas. The [O III] 52
& 88 µm and [S III] 33 µm lines yield the density and excitation of ionized gas.

Star formation in the Milky Way: How do the details of infall, accre-
tion, and outflow in low mass, young stellar objects affect the resulting stellar
properties? Narrow high-J CO and [O I] 63 µm lines originating near objects in
Taurus should yield a direct measure of the mass infall rate. Material accreting
onto pre- and young stellar disks will produce OH doublets at 84 and 119 µm
that are sensitive to the preshock density and the shock velocity, which together
determine the accretion rate. The morphology and mass loss rate of outflows
will be revealed by [O I] 63 and 145 µm lines produced as the natal material is
shocked by the outflowing gas.

Mass distribution in cirumstellar disks around visible T-Tauri
stars: Planets forming in these disks should cause disk clearing, which will be
reflected in line profiles of H2 at 28, 17, and 12 µm, as well as lines of methane
and water. These observations require spectral resolutions of a few km s−1.

Interstellar chemistry: What is the relative importance of gas-phase
chemistry versus dust-grain surface chemistry in dark clouds? Depletion of
molecules onto dust grains in dark clouds would explain high deuterium frac-
tionation. The abundance of H2D+ is the key to understanding this process.
The lowest energy-level transition (101 → 000) at 219 µm (1.37 THz) should be
detectable with SOFIA’s heterodyne spectrometers.
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3. Spectroscopic Observing Opportunities with SOFIA

Development and maintenance of the first generation SOFIA spectrometers de-
scribed above will be the responsibility of the PIs. General Investigators (GIs)
will be allowed to propose observations with a PI’s instrument in collabora-
tion with him. In the future, facility spectrometers may be available for GI
investigations without the need for collaboration with a PI. Performance sum-
maries for all the first generation SOFIA instruments are currently available at
http://sofia.arc.nasa.gov/Science/instruments/sci instruments.html.

SOFIA is a joint program of NASA in the U.S. and DLR in Germany.
Observing time will be awarded by annual peer review of proposals, with roughly
80% of the time granted by the U.S. and 20% of the time granted by Germany.
International proposals may be submitted to either time allocation committee.
Observing opportunities for General Investigators are expected to begin in 2006.

4. Conclusions

The interstellar media in galaxies are complex and fundamental components
of the universe. Many physical and chemical processes — such as star and
planetary system formation and the evolution of elemental abundances through
stellar life cycles — are yet to be understood.

Far-IR and submm lines bring a wealth of knowledge about the ISM and the
processes hidden therein. These lines require measurements with high spectral
and spatial resolution from space or suborbital platforms. SOFIA and Her-
schel will improve FIR angular resolution by a factor ∼ 3 relative to past FIR
telescopes, and will provide many of the needed high spectral resolution capa-
bilities. SOFIA’s long lifetime will encourage future spectrometer development,
to extend even further the Frontiers of High Resolution Spectroscopy.
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Abstract. We present and review recent millimeter-wave observations with
interferometers, in particular, with the Plateau de Bure interferometer, that
stress the importance of high-frequency resolution for studying the chemistry
of diffuse interstellar clouds and of post main-sequence circumstellar envelopes.
The future impact of new instruments, such as the Atacama Large Millimeter
and submillimeter Array (ALMA), is also investigated.

1. Introduction

High-resolution spectroscopy in the millimeter and sub-millimeter wavelength
domains uses heterodyne reception. In most cases the sensitivity is determined
by the collecting areas and by the noise temperatures of the radio receiver front-
end parts (mixer, amplifiers). The spectral resolution is determined by the
backend part of the receiving systems, which can consist of filter banks, acousto-
optical spectrometers, or correlators.

Due to recent, steady progress in digital technology, the cost of correlators
has been decreasing, and they are or will be used in most large ground-based in-
struments (not only interferometers, but also single-dish telescopes). Correlators
have the interesting property that the spectral resolution is tunable (generally,
however, at the cost of lower total bandwidth).

Spectral correlators have a steadily increasing number of channels, so that
in a typical situation the maximum bandwith could soon be determined by the
instantaneous front-end bandwith, while the actual spectral resolution is really
limited by sensitivity, or by the affordable digital data rate. Spectral correlators
are suitable for most observational projects with the possible exception of some
spectral surveys, including the search for very narrow lines in the whole front-end
bandwidth).

In the millimeter domain, in particular, the spectral resolution is limited by
sensitivity, just like the spatial resolution in the case of aperture synthesis. As an
example, in the last fifteen years the Plateau de Bure array had two generations
of front-ends and four successive correlator systems. The latest one enables full
analysis of the available intermediate frequency band and few (if any) projects
are limited by the available spectral capability.

Correlators still suffer from a (small) loss of sensitivity due to digitization,
but the use of more bits limits this effect.
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2. Diffuse Clouds Seen in Millimeter-wave Absorption

Absorption is a powerful tool for detecting low-excitation gas, e.g., molecules in
diffuse clouds as has been observed in the optical and UV spectral ranges for
more than 60 years. For millimeter-wave absorption, we use different background
sources, e.g., quasars and distant galaxies instead of stars. Unfortunately, this
makes direct, precise comparison with optical/UV results rather difficult.

The low density makes interpretation easier: many molecules are in in equi-
librium with the cosmic background radiation, and thus only one rotational line
is enough to measure a good column density. This is not the case, however, for
CO, which can be excited at low densities (a few 100 cm−3). Due to their larger
transition probabilities, high-dipole moment molecules (HCO+, HCN) are easier
to detect than low-dipole moment ones (e.g., CO).

It is worthwhile to note that this observing method works with the same
sensitivity for gas in distant galaxies: see, for instance, Wiklind (2003).

From an observational point of view, the observations are rather easy, as
the background source is point-like and strong enough (∼ 0.5Jy) to allow self-
calibration of amplitudes and phases. Such observations can make a good use of
relatively poor weather conditions. Interferometers advantageously resolve out
the emission component if present, for instance, in the CO lines.

Among the main results is the surprisingly high abundance of molecules like
HCO+ and HCN in diffuse clonds (Lucas & Liszt 1996). There is a remarkable
relation between HCO+and OH. The turn on of CO at N(HCO+) ∼ 1012 cm−2

is observed, corresponding to the transition from C+ to C and CO (Liszt &
Lucas 1998). C2H is also a very common species; many molecules like HCN,
CN, and HNC have relative abundances comparable to those in dark clouds,
with notable exceptions (N+

2 , CH3CN). The chemical pathways leading to these
high abundances are still far from being understood.

3. Circumstellar Envelopes

Circumstellar envelopes (CSEs), which appear around stars of masses ∼ 0.8− 8
M¯ at the end of their evolution, trace the process through which these stars
return heavy elements and dust particles to the interstellar medium. They are
the sites of very rich (O- or C-rich) chemistry with complex molecules, which
is probed by line emission and dust continuum emission in the radio, sub-mm,
infrared. In the inner regions dust forms, is accelerated by radiation pressure,
and drives the gas; while in outer regions the interstellar UV radiation strongly
drives the chemistry (eventually destroying most molecules). See e.g., Glassgold
(1999) and Lucas & Guélin (1999) for reviews.

Several CSEs have detached CO shells, probably resulting from ancient
(∼ 800 to ∼ 8000y) short (a few 100y) episodes of higher mass-loss. So far
only CO is detected in large detached shells, but HCN and CN are detected
in U Cam. The outer envelopes of IRC+10216, CRL 2688, NGC7027, and
others show multiple shell structures indicating mass loss rate variations (see
e.g., Mauron & Huggins 2000; Fong et al. 2003).
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4. ALMA Perspectives

ALMA will support both high angular resolution and high-frequency resolution
observations, 0.18 and 0.018 km s−1 at 3 mm and 0.3 mm, respectively. Note
that these numbers should be multiplied by 4 for full polarization work. A
second generation correlator is under study (but not yet budgeted) for still
higher resolution and more frequency channels at the highest resolutions.

Diffuse Clouds With the full-scale ALMA (planned for 2012) the limiting
flux to reach 0.01 sensitivity in optical depth for a 1 km s−1 wide line will
be ∼ 100 mJy, compared with 1.5 Jy for the Plateau de Bure array. Several
thousands of background sources should be then observable compared to ∼ 40.
One will be able to perform more complete studies of the diffuse gas than is now
possible in the optical/UV, such as a large survey of HCO+ absorption to study
more extensively the structure and dynamics of the diffuse gas, compare diffuse
cloud chemistry in various regions of the Galaxy, and complete a line survey in
front of a few strong sources. One may also select lines of sight passing through
transluscent clouds and even denser clouds, to obtain chemical abundance mea-
surements unbiased by selective collisional excitation, and compare local results
with those from nearby external galaxies for which suitable background sources
can be found.

Circumstellar envelopes With the high angular spatial resolution of ALMA,
one may map and monitor the chemistry in the inner region (about 0.5′′ in
IRC+10216), where dust forms and gas is accelerated, using as probes CO,
SiO, SiS, and HCN. It will be possible to access submillimeter lines of higher
excitation since the inner envelopes have higher temperatures and densities.
With high sensitivity, one will perform more extensive spectral surveys in more
diverse stars and at more stages of evolution. More extensive mapping will
help us understand the mass-loss history better and the related ring structure
in extended envelopes as well as in detached shells. High angular resolution
is needed to resolve the shell structures. Surveys of CSEs will be extended to
different regions of the Galaxy and nearby galaxies (e.g., the Magellanic Clouds).
For many of these studies comparison with other large instruments such as the
VLT, VLTI, Hershel, and new generation space telescopes will be essential.
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Le Bertre, A. Lèbre, & C. Waelkens (San Francisco: ASP), 305

Lucas, R., & Liszt, H. S. 1996, A&A, 307, 237

Mauron, N., & Huggins, P. J. 2000, A&A, 359, 707

Wiklind, T., talk presented in Joint Discussion 21, IAU G. A., Sydney 2003



Highlights of Astronomy, Vol. 13
International Astronomical Union, 2003
O. Engvold, ed.

Spectral-Line Surveys at Millimeter and Submillimeter
Wavelengths: Impact of Spectral Resolution

L. M. Ziurys

Depts. of Astronomy and Chemistry, and Arizona Radio Observatory,
Steward Observatory, 933 N. Cherry Ave., University of Arizona,
Tucson, AZ 85721

Abstract. Millimeter and submillimeter astronomy has achieved very high
spectral resolution (λ/∆λ >∼ 106-107) over the past 20 years. Broad-band spectral-
line surveys at these wavelengths have only taken partial advantage of these
capabilities. Such surveys could be more effective with an increase in spectral
resolution, accompanied by improvement in the stability and bandwidth of spec-
trometers and the employment of single-sideband detectors.

1. Introduction

The millimeter/sub-millimeter region of the electromagnetic spectrum, which
covers the range ≈65-1000 GHz, is rich in molecular line emission. As a con-
sequence, numerous broad-band spectral-line surveys have been conducted of
molecular sources. The most frequently surveyed object is the Orion molecular
cloud, observed in the 3 mm (Turner 1991), 2 mm (Ziurys & McGonagle 1993),
and 1 mm windows (Blake et al. 1986, Apponi et al. 2003), as well as in the
sub-mm region (e.g., Araki et al. 2000). The Galactic center has also been
studied (e.g., Nummelin et al. 2000), as well as a few other molecular clouds.
Circumstellar envelopes, particularly that of the carbon-rich star IRC+10216,
have additionally been investigated (e.g., Cernicharo et al. 2000).

These surveys have produced numerous scientific results, including the iden-
tification of new molecules such as MgNC and C5H (Cernicharo et al. 2000).
Also, surveying different objects, or different positions within an object, has en-
abled an unbiased comparison of chemical variations (see Nummelin et al. 2000).
Detailed studies of velocity components within a source, particularly in Orion,
has also been accomplished. Futhermore, these surveys have demonstrated that
there are numerous unidentified features, which have catalyzed new laboratory
spectroscopy (e.g., Robinson, Apponi, & Ziurys 1997).

2. Limits of Spectral Resolution for Millimeter-wave Surveys

Currently, very high spectral resolution is available at mm/sub-mm wave-
lengths, through the use of devices such as filter banks and autocorrelators.
Radio telescopes are diffraction limited; hence, spectral resolution is solely de-
termined by the spectrometer “backend.” Resolutions as high as 24 kHz have
been successfully used, which correspond to λ/∆λ ≈ 107. Therefore, very high
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spectral resolution has been available for the surveys. However, what is lacking
in this regard is spectrometer baseline stability and bandwidth.

For example, most spectral surveys of Orion have been conducted with
1 MHz resolution (≈3 km s−1 at 3 mm). It would be very useful to survey
Orion with higher resolution such as 100 kHz. This increase would enable the
resolution of many velocity components in this object, as well as additional
molecular splittings. An illustration of the improvement is shown in Figure 1,
which displays a spectrum of the J = 1 → 0 transition of a common interstellar
molecule, N2H+, at 93 GHz, observed with 1 MHz (left) and 100 kHz (right)
resolutions, respectively. In the 1 MHz data, the transition appears virtually as
a single feature. With 100 kHz resolution, not only are the three components of
the nitrogen hyperfine splitting resolved, but two velocity components in each
feature become apparent as well. The two velocity components actually arise
from separate clouds in Orion (Womack, Ziurys, & Wyckoff 1991).
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Figure 1. Spectra of N2H+ (J = 1→ 0) at 93 GHz observed towards Orion-
KL using the ARO 12m telescope, showing the differences in line profiles for
1 MHz (left) and 100 kHz (right) resolution.

Data for spectral-line surveys need to be taken with reasonably large band-
width (0.5-1 GHz) for reasonable efficiency. Currently, it is difficult to make a
broadband spectrometer with good baseline stability.

3. The Double versus Single Sideband Problem

Another difficulty for spectral surveys is a consequence of heterodyne de-
tectors, which utilize local oscillators (LO) to mix down to an intermediate
frequency (IF). Two frequency ranges are observed simultaneously with such
systems, where νSky = νLO ± νIF . Hence, the term “double sideband”. Al-
though at first glance this feature may seem an advantage, it leads to extreme
spectral confusion at high sensitivity levels, and negates much of what is gained
with increased resolution. Fortunately, rejection of the unwanted spectrum, or
the “image” data, to generate a “single sideband” spectrum can be done, but
not every telescope exercises this option. An illustration of the confusion created
in double-sideband data is shown in Figure 2. This figure presents three spectra
observed at 276.5 GHz towards Orion-KL (Apponi et al. 2003). The bottom
spectrum shows the single-sideband data, the middle one displays what would
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appear as the “image,” and the top spectrum is the double sideband measure-
ment. Distinct features clearly apparent in the SSB spectrum (e.g., the triplet
near 276550 MHz), become either totally masked or blended in the DSB data.
Clearly, surveys taken in DSB mode are losing information.
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Figure 2. A comparison of spectra taken in single-sideband versus double-
sideband modes.
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Abstract. In this paper I discuss two examples of the science that can be
done with high-resolution spectroscopy at low radio frequencies.

1. Kinematics of Faint Dwarf Irregular Galaxies

Interest in the kinematics of faint dwarf galaxies has been rekindled by numerical
simulations of galaxy formation in hierarchical structure formation models which
predict that galaxy halos should have cuspy (the so called “NFW” halos) central
density distributions (Navarro, Frenk, & White 1996). Dwarf galaxies, which are
generally dark matter dominated, even in their inner parts, are best suited for
testing these galaxy formation models. While one might a priori assume that the
ideal sample would be one composed of the faintest gas rich galaxies, it turns out
that it is unclear whether the faintest dwarf irregular galaxies are rotationally
supported or not. For example, in a study of nine faint dwarf galaxies Lo et al.
(1993) found that only two galaxies showed ordered velocity fields, the remaining
galaxies all had chaotic velocity fields. In fact, it has been suggested that normal
rotation is seen only in dwarfs brighter than MB ∼ −14, and that by MB ∼
−13 one begins to find systems with misaligned axis, and other kinematical
peculiarities. However, most of the earlier studies of dwarf irregular galaxies
were done using relatively coarse velocity resolution (∼ 6 km s−1), which would
make it difficult to discern the large scale patterns, if any, in the velocity fields
of these galaxies.

To check whether dwarf irregular galaxies do indeed have systematic large
scale velocity fields, we have made deep, high velocity resolution (∼ 1.6 km s−1)
observations of a sample of dwarf irregular galaxies. We find that none of the
galaxies in our sample have chaotic velocity fields, and that in some of them,
the velocity field can be well modeled as arising from a rotating gas disk. Fig-
ure 1a shows the velocity field of Camelopardalis B (MB ∼ −10.9). As can be
seen, the HI in the galaxy has a regular velocity field, consistent with rotational
motion. Further, the implied kinematical major axis is well aligned with the
major axis of both the HI flux distribution as well as that of the optical emis-
sion. Camelopardalis B is the faintest known galaxy with such relatively well
behaved kinematics.

The rotation curve derived from the velocity field shows an (inclination
corrected) rotation velocity of only ∼ 7 km s−1 – the high velocity resolution
of our observations was hence critical to measuring the rotation curve. Further,
the peak rotational velocity is comparable to the random velocity of the gas.
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Figure 1. (a) Velocity field of Camelopardalis B. (b) Mass models fit to the
asymmetric drift corrected rotation curve.

After correcting the observed rotation velocities for random motions, we find a
corrected peak rotation velocity of ∼ 20 km s−1. We fit mass models to the
corrected rotation curve (Fig. 1b) and find a good fit for a constant density halo
with a density of ρ0 ∼ 12 M¯ pc−3, while an NFW halo model provides a poor
fit to the rotation curve, regardless of the assumed mass to light ratio of the
stellar disk.

2. Absorption from the Galactic WNM

Figure 2. 0.4 km s−1 resolution absorption spectrum toward
PKS 1814−637 (solid points), along with the 3-Gaussian fit (solid line).

Temperature measurements of HI clouds are usually carried out by com-
paring the 21 cm optical depth in a given direction (obtained through 21 cm
absorption studies toward background continuum sources) with the emission
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brightness temperature from nearby directions. This yields the “spin tempera-
ture”, Ts. While the temperature of the CNM is reasonably well measured by
such methods, the temperature of the WNM is still weakly constrained due to
the difficulties in detecting it in absorption.

A serious problem with such emission/absorption studies is that the HI
emission spectra are affected by stray radiation, non-uniformity of HI clouds
across the beam, self-absorption, etc. These make it very difficult to estimate
the spin temperature of the WNM in the standard absorption/emission searches.
Conversely, HI absorption studies toward compact sources trace narrow lines of
sight through the intervening clouds. When carried out using long baseline
interferometers one gets an uncontaminated measure of the absorption profile,
which can be then be examined for WNM features. The drawbacks are that
(1) the WNM optical depth is very low, and (2) the WNM must be searched
for in the midst of strong CNM absorption features. The second issue can be
mitigated by choosing lines of sight with simple CNM structure and using high
velocity resolution observations to model the deep narrow CNM features and
subtract them out.

Figure 2 shows a 0.4 km s−1 resolution ATCA absorption spectrum toward
the source PKS 1814−637. The profile is dominated by a single deep narrow
asymmetric component, but there is in addition a shallow broad absorption
component. The parameters derived from fitting multiple Guassians to the
absorption are shown in Table 1. As can be seen, the broad component is
consistent with arising from the WNM. Interestingly, the kinetic temperature of
this component places it in the thermally unstable range.

Table 1. Multi-Gaussian fit Parameters for the absorption spectra.

Source Component FWHM Tk NHI

(km/s) K ×1020cm−2

1 1.43± 0.01 44.6± 0.7 0.38± 0.01
PKS 1814−637 2 3.37± 0.06 248± 10 1.77± 0.15

3 12.0± 0.5 3127± 300 7.2± 1.7

Acknowledgements I am grateful to my co-authors Ayesha Begum and
Nissim Kanekar for permission to use material from joint work.
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Abstract. This review talk summarizes the main results obtained from
the just completed survey of molecular hydrogen in damped Lyman-α systems
(DLAs). Preliminary results based on modeling ionization conditions and chem-
ical network is also presented. The presence of h2 and fine-structure lines of
C i in 13-20% of DLAs allow one to investigate the physical conditions using
the techniques that are commonly used in the studies of the Galactic ISM. It is
shown that the DLAs with h2 trace regions with higher density, lower tempera-
ture, moderate to high dust depletion, and local star-formation. Absence of h2
in DLAs with moderate dust depletion could just be a simple consequence of
lower densities in the systems.

1. Introduction

DLAs are believed to originate in gas associated with protogalaxies that lie along
our line of sight to background quasars. The physical conditions within DLAs
can reveal the star formation history, determine the chemical composition of the
associated ISM, and hence document the first steps in the formation of present
day galaxies. At H i column densities typically measured in DLAs, molecular
hydrogen (h2) are conspicuous in our galaxy (Savage et al., 1977). It is known
that H2 is a very useful tracer of radiation field and dust content in the photo-
dissociation regions. Thus detecting h2 is the first major step toward a complete
understanding of physical condition in DLAs. This was the aim of our survey
using UVES installed at the ESO VLT 8.2m telescope. The survey details and
notes on the observations can be seen from (Ledoux et al., 2002, 2003; Petitjean
et al., 2000, 2002 and Srianand et al., 2000). Here we just summarize the main
results.
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2. Physical conditions in DLAs derived from the observations

Molecular hydrogen is detected in 13-20% of the newly-surveyed systems. Typi-
cal upper limits on the molecular fraction obtained in the case of non-detections
is log f ≤ -6. Absence of h2 in 80% of the systems can be explained if the forma-
tion rate of h2 on to dust grains is reduced and/or the ionizing flux is enhanced
relative to what is observed in our galaxy.

Figure 1. Mean h2 molecular fraction, f =2N(H2)/(2N(H2)+N(H i)), versus
neutral hydrogen column density. Measurements in DLAs are indicated by
dark squares for h2 detections and shaded ones for upper limits. Observations
along lines of sight in the Galaxy (Savage et al 1977) and LMC and SMC
(Tumlinson et al 2002) are indicated by, respectively, asterisks, circles and
triangles.

In what follows we will concentrate on physical conditions in the systems that
show h2. It is known in the case of Galactic ISM that h2 becomes optically thick
at log N(H i cm−2) = 20.7. However no such critical N(H i) is defined in the case
of LMC and SMC. This seems to be the case with DLAs as well (Fig. 1). The
lack of this characteristic self-shielding scale is either because the DLAs span a
wide range of physical conditions or the formation rate of h2 onto dust grains is
reduced and the ionizing flux is enhanced relative to what is seen in our Galaxy
(i.e the characteristic N(H i) is pushed to a much higher value).

Presence of dust is an important factor in the formation of h2 in DLAs (see
Fig. 2). The systems with larger molecular fractions (i.e log f ≥ −4) are always
found to have large depletion (i.e., κ ≥ −1.5). Few non-detections with high κ
seen in the figure could just be the consequence of enhanced radiation field in
these systems.
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Figure 2. h2 molecular fraction versus the amount of dust,
κX = 10[X/H](1− 10[Fe/X]), with either X=Zn or S or Si. A weak trend
between κ and f is apparent; however, several orders of magnitude spread in
f(h2) for a given κ, among the detected cases, suggests that in addition to the
amount of dust the physical conditions of the gas (density, temperature, and
UV flux) play an important role in governing the formation of h2 in DLAs.

Absorption lines of C i are invariably detected in systems that show h2 absorp-
tion. The observed fine-structure excitations of C i in DLAs are much higher
than that seen in our ISM (Fig. 3). This difference can not be explained by
the CMB pumping alone and higher gas densities are favored (≥ 20 cm−3 for
a temperature of 100 K) in the molecular gas. Rotational excitations of h2 can
as well give a handle on the physical conditions. The ortho-para ratio (OPR)
measured in individual components is distributed between 1 and 3 (see Fig. 4).
This is higher than what is seen in galactic ISM, LMC, and SMC for similar
h2 content. If we assume LTE then the observed range in OPR corresponds to
the kinetic temperatures in the range 100 to 300 K. This is consistent with the
usually preferred T01 measured in all these systems. The ratio N(J=2)/N(J=0)
is very sensitive to the collisional excitations. We notice that this ratio is higher
in the case of DLAs compared to what is measured in the local universe for sim-
ilar h2 column densities (see Fig. 4). This is consistent with the higher densities
derived based on C i absorption lines. As the excitational energy is large the
ratio N(J=4)/N(J=0) is very sensitive to the formation pumping and UV pump-
ing. The distribution of this ratio in DLAs is similar to that seen ISM, LMC,
and SMC (see Fig. 4). The meta-galactic UV background is not good enough
to pump the high J levels to the extent that is observed in DLAs. Thus local
radiation field and hence in situ star formation is most likely in these systems.
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Figure 3. The filled circles and stars are measured values in DLAs and the
Galactic ISM respectively (Jenkins & Tripp (2001)). The expected value from
the CMB pumping at z = 2 is given by the dotted line. The expected range
of the ratios when we consider CMB pumping and collisional excitation (in a
gas of density 20 and 80 cm−3 and temperature T = 100 K) is marked by the
dashed lines.

3. Preliminary results from the models

We consider the case of a cloud irradiated by the QSO dominated meta-galactic
UV radiation field (BGR) (Haardt & Madau (1996)) and cosmic microwave back-
ground radiation (CMBR) at z = 2. We model the ionization state, chemical
history, and temperature of the gas using version 96 of Cloudy. For simplicity
we consider the absorbing gas to be a plane parallel slab of uniform density.
The details of the improved grain physics (dust mediated molecular formation,
heating, and radiative transport etc.,) and molecular network (formation, inter-
action with UV photons etc.,) used here are described in van Hoof et al (2001)
and Ferland et al. (1994; 2002). Results are summarized in Fig. 5. It is
clear from the figure that our models produce detectable amounts of h2 (with
N(H2)≥ 1014 cm−2) only when n(H i)≥ 0.1 cm−3. The presence of an addi-
tional radiation field, turbulent motions, lower dust content or a lower N(H i)
will move this limit toward higher nH owing to greater photo-dissociation and
less shielding. For the range of parameters directly measured in DLAs, the ab-
sence of detectable h2 absorption lines could just be a direct consequence of
lower densities. This argument is supported by the fact that models with lower
densities, nH≤ 0.1 cm−3, show the spin temperature (Ts) in excess of 1000 K
consistent with the available observations. It is clear from Fig. 5 that, for a
randomly chosen DLA without any local source of radiation, either there will
be no h2 or most of the H will be in h2. For the derived value of density and κ
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Figure 4. The column density ratios of different J levels observed in indi-
vidual components in DLAs are plotted against N(h2).Open triangles, stars
and filled squares show the results obtained along the lines of sight through
the Milkyway, LMC, and SMC from Tumlinson et al., (2002), Savage et al.,
(1977) and Spitzer, Cochran & Hirshfeld (1974).

(see the previous section) it is clear that if only the BGR is present then all the
H will be in H2. Thus the low molecular content seen in these systems require
an extra additional radiation field probably due to local star-formation. This is
consistent with what we infer from the high J excitations.
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Abstract. Molecular absorption lines have become an important tool in
studying the astrochemistry of the dense and cold interstellar medium in both
our own Galaxy and high redshift systems. The sensitivity is to first order only
dependent on the observed continuum flux. Apart from a few nearby galaxies,
molecular absorption lines have been used to study the molecular ISM in 4 galax-
ies at redshifts 0.25-0.89. A large number of molecular species and transitions
have been observed, allowing a detailed comparison with molecular gas in our
own Galaxy. Planned instruments, such as ALMA, will allow studies of a larger
number of molecular absorption line systems.

1. Introduction

The presence of molecules in the interstellar medium (ISM) has been known
for almost 70 years. The very first detection of the molecular ISM was done
through observations of narrow absorption lines at optical wavelengths, seen
towards bright stars in our own Milky Way galaxy (Merrill 1934). Through
extensive detective work it was soon established that these lines were due to
molecules in interstellar space (Russell 1935; Swings & Rosenfeld 1937). Today
more than 120 molecular species are known to exist in interstellar space. Many
of these molecules are complex, containing as many as 13 atoms. These complex
species are interesting from an astrochemical point of view, but in order to spec-
ify the basic physical and chemical parameters of the molecular gas a smaller set
of diagnostic molecules suffice. Knowledge of the physical and chemical proper-
ties of the molecular gas allows us to gain an understanding of star formation
processes. In the Milky Way these parameters are known through observation
of rotational transitions of diagnostic molecular species, radiating at millimeter
and sub-millimeter wavelengths.

In external galaxies, however, it becomes increasingly difficult to get a de-
tailed picture of the molecular gas and its physical and chemical properties.
This is mainly due to the low covering factor of molecular gas, given the angu-
lar resolution provided by existing telescopes, resulting in a low observed signal
strength. In addition, some molecules require very high densities and temper-
atures to be excited and produce observable emission. This situation becomes
even more severe for very distant galaxies, where even the best interferometer
systems fail to resolve the molecular gas distribution. It is therefore not sur-
prising that the very first detection of molecular gas in external galaxies was
done using absorption lines rather than emission lines. With the Parkes 64m
telescope, Whiteoak & Gardner (1973) detected OH in absorption towards the
starburst galaxy NGC253. This was followed by detection of additional OH
absorption in NGC4945 (Whiteoak & Gardner 1975) in the LMC (Whiteoak &
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Gardner 1976b), and H2CO in Centaurus A (Gardner & Whiteoak 1976) and in
the LMC (Whiteoak & Gardner 1976a).

The first molecule to be observed in emission in external galaxies was CO
(Rickards et al. 1975; Solomon & de Zafra 1975). Since then CO emission has
become the standard probe for molecular gas in external galaxies, providing
us with pertinent information about the distribution of the molecular gas, its
kinematics and the total gas mass. Observation of several different rotational
transitions gives a handle on the temperature and density of the molecular com-
ponent, but little information on the chemical properties of the gas. To achieve
the latter, it is necessary to observe additional molecular species, preferably in
several different rotational transitions. The sensitivity of today’s instruments
usually limits this to a few simple molecules in the central regions of the most
nearby galaxies.

2. Molecular Absorption Lines

The use of molecular absorption lines allows observation of many more molecular
species than that possible using the corresponding emission lines. The sensitiv-
ity is, to first order, only limited by the observed strength of the background
continuum source. The drawback is that the extent of the background source is
very limited and only a very small volume of the molecular gas is probed. When
using quasars (QSOs) as background sources, the angular extent can be as small
as a few tens of µarcsec. Another, and more limiting constraint, is the fact that
suitable background sources are scarce at millimeter and sub-millimeter wave-
lengths. Nevertheless, for the most distant objects, molecular absorption lines
are the only means available for probing the details of the physical and chemical
conditions of the molecular gas.

Molecular absorption occurs whenever the line of sight to a background
quasar passes through a sufficiently dense molecular cloud. The molecular gas
in nearby galaxies is strongly concentrated to the central regions, making the
likelihood for absorption largest whenever the line of sight passes close to the
center of an intervening galaxy. Molecular absorption in intervening galaxies is
therefore likely to be associated with gravitational lensing.

For optically thin emission the observed property is the emission inte-
grated over velocity, ICO, where: ICO =

∫

Ta dv ∝ Ntot T
−1 e−Eu/kT (ehν/kT −

1) [J(T )− J(Tbg)] . Ntot is the total column density of a given molecular species,
Eu is the upper energy level of a transition with ∆E = hν, Tbg is the lo-
cal temperature of the Cosmic Microwave Background Radiation (CMBR) and

J(T ) = (hν/k)(ehν/kT − 1)−1. When T → Tbg the signal disappears. For
molecular absorption the observable is the velocity integrated opacity Iτν ∝
Ntot T

−1 µ2
0 (1 − e−hν/kT ) ≈ (hν/k)Ntot µ

2
0 T

−2, where Ntot is again the total
column density of a given molecular species and µ0 is the permanent dipole
moment of the molecule9.

The dependence on (µ0/T )2 means that the observability of molecular ab-
sorption lines increases with the strength of the permanent electric dipole mo-
ment and decreasing gas temperature - a situation which to a large extent is the

9This expression is strictly speaking only true for linear molecules but represents a reasonable
approximation for non-linear molecules as well.
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inverse to that of molecular emission. If multiple gas components are present
in the line of sight, with equal column densities but characterized by different
excitation temperatures, absorption will be most sensitive to the gas component
with the lowest temperature. The dependence of the opacity on the permanent
dipole moments also means that molecules much less abundant than CO can
be as easily detectable. For instance, HCO+ has an abundance which is of the
order 5 × 10−4 that of CO, yet it is as easy, or easier, to detect in absorption
as CO. This is illustrated in Fig. 1, where the observed opacity of the CO(1-0)
and HCO+(2-1) transitions at z = 0.25 are compared. In this particular case,
the HCO+ line has a higher opacity than the CO line.

Table 1. Properties of molecular absorption line systems.

Source za ze NCO NH2
NHI AV NHI/NH2

(abs) (emission) cm−2 cm−2 cm−2

Cen A 0.00184 0.0018 1.0 × 1016 2.0 × 1020 1 × 1020 50 0.5

PKS1413+357 0.24671 0.247 2.3 × 1016 4.6 × 1020 1.3 × 1021 2.0 2.8

B3 1504+377A 0.67335 0.673 6.0 × 1016 1.2 × 1021 2.4 × 1021 5.0 2.0

B3 1504+377B 0.67150 0.673 2.6 × 1016 5.2 × 1020 < 7 × 1020 <2 <1.4

B 0218+357 0.68466 0.94 2.0 × 1019 4.0 × 1023 4.0 × 1020 850 1 × 10−3

PKS1830–211A 0.88582 2.507 2.0 × 1018 4.0 × 1022 5.0 × 1020 100 1 × 10−2

PKS1830–211B 0.88489 2.507 1.0 × 1016 (e) 2.0 × 1020 1.0 × 1021 1.8 5.0

PKS1830–211C 0.19267 2.507 < 6 × 1015 < 1 × 1020 2.5 × 1020 <0.2 >2.5

HCO+(2-1)CO(1-0)

Figure 1. The observed opacity for the CO(1-0) and HCO+(2-1) transitions
seen at z = 0.25 towards PKS1413+135. The opacity of the HCO+(2-1) line
is larger than that of the CO(1-0) line despite of an abundance which is
10−3 − 10−4 that of CO.

3. Known Molecular Absorption Line Systems

Local absorption systems Molecular absorption line studies is a relatively new
field, both for our own Galaxy and for external galaxies. The small angular
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extent of QSOs at millimeter wavelengths (tens of µarcsec) means that for lo-
cal molecular clouds, the observed signal is dominated by emission from areas
within the telescope beam not covered by the continuum source. It is only with
interferometers operating at millimeter wavelengths that it is possible to effec-
tively utilize molecular absorption lines within our own Galaxy. This technique
has been used by Lucas & Liszt in an extended study of the diffuse molecular
component in the Milky Way (cf. Liszt & Lucas 2002; Lucas & Liszt 2002 and
references therein).

Apart from the early observations of OH and H2CO absorption in nearby
galaxies, it is only Cen A and the radio galaxy 3C390 that allows absorption
line measurements. Both these systems posses a relatively strong flat spectrum
AGN. Cen A in particular shows a rich assortment of absorption lines, with
several components spread over more than 60 km s−1 (cf. Eckart et al. 1990;
Israel et al. 1991; Wiklind & Combes 1997a).

High redshift absorption systems There are four known molecular absorption
line systems at higher redshift: z=0.25-0.89. These are listed in Table 1 to-
gether with data for the low redshift absorption system seen toward the radio
core of Cen A. For the high redshift systems, a total of 22 different molecules
have been detected, in 32 different transitions: CO, CN, CS, OH, (SO), (LiH),
HCO+, HOC+, HCN, HNC, N2H+, H2O, H2CO, HC3N, C2H, C3H2, C13O,
C18O, H13CO, H13CN and HC18O+. Molecules in parenthesis are tentative de-
tections. Some of these molecules, OH, C2H, C3H2 and HC3N, are detected at
cm wavelengths (cf. Menten, Carilli & Reid 1999; Kanekar et al. 2003). As can
be seen from Table 1, the inferred H2 column densities varies by ∼ 103. The
isotopic species are only detectable towards the systems with the highest column
densities.

Two of the four known molecular absorption line systems are situated within
the host galaxy to the ‘background’ continuum source: PKS1413+135 (Wiklind
& Combes 1994) and B3 1504+377 (Wiklind & Combes 1996b). The latter ex-
hibits two absorption line systems with similar redshifts, z=0.67150 and 0.67335.
The separation in rest-frame velocity is 330 km s−1. The two absorption line sys-
tems with the highest column densities occur in galaxies which are truly interven-
ing and each acts as a gravitational lens to the background source: B0218+357
and PKS1830-211. In these two systems several isotopic species are detected as
well as the main isotopic molecules, showing that the main lines are saturated
and optically thick (Combes & Wiklind 1995; Combes & Wiklind 1996; Wik-
lind & Combes 1996a, 1997b, 1998). Nevertheless, the absorption lines do not
reach the zero level, showing that only part of the lensed images are covered by
obscuring molecular gas.

Abundance ratios Since most molecules have been observed in two or more
transitions, it is possible to determine the excitation temperature and, with the
assumption of weak thermal equilibrium, the total column density (cf. Wiklind &
Combes 1997b). The H2 column density remains unknown, but abundance ratios
between the observed molecular species do not differ from that of corresponding
molecular gas in the Milky Way (cf. Wiklind 2003). The abundance of HCO+

is elevated relative to the models of diffuse gas, in the same manner as found
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for Galactic gas when derived through molecular absorption lines (cf. Wiklind
& Combes 1997b; Lucas & Liszt 1996).

4. Special Issues

Rare transitions Apart from the more common molecular species, such as CO,
HCN, HCO+, H2CO, N2H+, etc, redshifted molecular absorption lines can also
be used to study transitions that have frequencies which normally fall outside
transparent atmospheric windows. Such as the ground transition of water vapor,
H2O, LiH and molecular oxygen, O2. The ground transition of H2O was first
detected at z= 0.678 (Combes & Wiklind 1995), and a tentative detection of
LiH was done in the same system (Combes & Wiklind 1998). Molecular oxygen,
however, remains undetected (Combes & Wiklind 1995; Combes, Wiklind &
Nakai 1997). In fact, the upper limit to the O2 line achieved through ground
based molecular absorption lines is at par with the latest upper limits to the O2

abundance measured with dedicated satellites (Pagani et al. 2003). Both sets
of observations suggests that the abundance of O2 in dark clouds is ∼ 10−5 the
predicted abundance from chemical models. Among several different possible
explanations to this (cf. Wiklind 2003), the inclusion of grain-reactions into the
chemical models appears promising (Roberts & Herbst 2003).

Future Challenges The main difficulty with using molecular absorption lines
in studying the detailed composition of the molecular ISM in external galaxies is
that these systems are rare; about 100 times less frequent than damped Lyman-
α systems. The molecular gas is less extended than other components of the
ISM, with a relatively small volume covering factor. Several surveys of potential
absorption line systems have so far not found any (see Curran et al. these
proceedings and references therein). With planned new instruments, such as
ALMA, and a significant increase in the instantaneous wavelength coverage of
the receivers, the number of molecular absorption line systems is expected to
grow.
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Abstract. Millimetre-band scans of the frequency space towards optically
dim quasars is potentially a highly efficient method for detecting new high red-
shift molecular absorption systems. Here we describe scans towards 7 quasars
over wide bandwidths (up to 23 GHz) with sensitivity limits sufficient to detect
the 4 redshifted absorbers already known. With wider frequency bands, highly
efficient searches of large numbers of possibly obscured objects will yield many
new molecular absorbers.

1. Introduction

Webb et al. (these proceedings) discussed constraints on possible variations
in fundamental constants offered by quasar absorption lines. Optical studies
(Webb et al. 1999; Murphy et al. 2003) find a statistically significant variation
of the fine-structure constant, ∆α/α ≈ (−0.54± 0.12)× 10−5, over the redshift
range 0.2 < zabs < 3.7. Comparison between H i-21cm and molecular rotational
(millimetre) absorption lines can yield an order of magnitude better precision
(per absorption system) than these purely optical constraints (Drinkwater et
al. 1998; Carilli et al. 2000; Murphy et al. 2001): a statistical sample of
H i-21cm/mm comparisons will provide an important cross-check on varying-α.
Currently, however, only 4 such redshifted millimetre absorption systems are
known (Wiklind, these proceedings). To increase this number we have employed
the following search strategies:

1. Deep integrations of damped Lyman-alpha absorbers (DLAs), the highest
column density (NHI

>
∼ 1020 cm−2) quasar absorbers known. Since we

observe at a known redshift and therefore frequency, optical depth limits
better than τ <

∼ 0.1 are often obtained. The DLA results are discussed in
detail by Curran et al. (2004).

2. Scanning the frequency space towards visually dim millimetre bright quasars
in search of a possible absorber responsible for the visual obscuration.
Here we summarize our results as obtained with the Swedish-ESO Sub-
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millimetre Telescope (SEST) and Nobeyama Radio Observatory’s 45-m
telescope (NRO).

2. Results

From an extensive literature search we selected four millimetre-loud quasars
yet to be optically identified (Table 1, top). For each of these we performed a

Table 1. The SEST (top) and NRO (bottom) search results. V is the visual
magnitude with the Galactic extinction, AB , given. zem is the quasar redshift,
S the approximate flux density in Jy at the observed frequency band, ν, and
τ is the typical 3σ optical depth limit (quoted for a resolution of 1 km s−1,
see Curran et al. 2002).

Quasar V AB zem Ref S ν [GHz] τ

0500+019 21.2 0.289 0.58457 2 0.5 78.30–80.90 2
... ... ... ... ... 0.5 85.50–86.50 0.8
... ... ... ... ... 0.5 112.10–113.10 0.8
... ... ... ... ... 0.4 130.00–141.40 1
0648–165 – 2.456 – – 1.6 78.30–80.90 0.2
... ... ... ... ... 1.5 83.90–90.50 0.2
... ... ... ... ... 0.7 138.00–141.40 0.5
... ... ... ... ... 0.6 142.80–149.40 0.7
0727–115 22.5 1.271 – – 2.9 78.30–80.90 0.2
... ... ... ... ... 2.7 83.90–90.50 0.1
... ... ... ... ... 1.5 138.00–141.40 0.2
... ... ... ... ... 1.2 142.80–148.60 0.4
1213–172 21.4 0.253 – – 1.0 78.30–80.90 0.4
... ... ... ... ... 0.9 83.90–90.50 0.4
... ... ... ... ... 0.5 138.00–141.40 0.8
... ... ... ... ... 0.4 142.80–151.00 1

0742+103 ∼ 24 0.111 – – 0.6 46.90–47.50 –
... ... ... ... ... 0.4 77.25–87.50 0.9
... ... ... ... ... 0.4 88.45–89.35 0.4
1600+335 23.2 0.137 1.1 3 0.7 46.90–47.50 2
... ... ... ... ... 0.5 77.25–87.50 0.5
... ... ... ... ... 0.5 88.45–89.35 0.4
1655+077 20.1 0.66 0.621 1 1.5 46.90–47.50 1
... ... ... ... ... 1.2 77.25–87.50 0.7
... ... ... ... ... 1.2 88.45–89.35 0.3

References: (1) Wilkes (1986), (2) Carilli et al. (1998), (3) Snellen et al. (2000).

spectral scan along the line-of-sight. The high sensitivity and large bandwidth
(1 GHz), combined with the possibility of observing simultaneously with two
receivers, permitted us to scan a range of ≈ 10 GHz in both the 2-mm and
3-mm bands. Over these ranges we reached optical depth limits in both bands
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sensitive enough the detect the 4 known redshifted millimetre absorbers (Table
1 cf. τ ≈ 0.7 to ≈ 2 at >

∼ 4 km s−1 resolution), although no ≥ 3σ absorption
features were found (Murphy, Curran & Webb 2003).

Of the remaining visually dim quasars, 10 have 3-mm flux densities >
∼ 0.5

Jy. Four of these are located in the north and with the NRO10 we were able to
observe the three listed in Table 1. While the 6-mm limits are poor, again at
3-mm our search is sensitive enough to detect the 4 known absorbers over the
observed redshift range: For the J = 0 → 1, 1 → 2 and 2 → 3 of transitions
CO, HCN and HCO+, i.e. the most commonly detected transitions in the 4
known absorbers, the observed frequencies give a 50% coverage for 0742+103
up to z ≈ 3 and 30% for both 1600+335 and 1655+077 up to the emission
redshift11. The coverage for the SEST sources are discussed in Murphy, Curran
& Webb (2003); for the above transitions up to 90% is achieved due to the large
bandwidth and dual receiver capability.
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Abstract. We observed OH maser emission at 18cm in a circumnuclear torus
surrounding the center of IRAS10173+0828 using the 7 telescopes of MERLIN,
together with the Lovell antenna. IRAS10173+0828 is a distant super-luminous
far-infrared galaxy. The OH maser emission is remarkably narrow (FWHP =
39km s−1) for its strength, and the 1667 and 1665 MHz lines are well separated.
The 1667 transition shows two distinct peaks displaced from one another by
100 km s−1. Using our MERLIN observational results we probe the physics in
the circumnuclear torus surrounding the center of IRAS10173+0828, obtain the
kinematic properties of the torus, and study the central source.

1. Introduction

In January 2002 we observed line emission from OH masers in a region sur-
rounding the center of IRAS10173+0828 using MERLIN. Powerful OH maser
emission has been previously detected in the circumnuclear disk of Arp220, II-
IZw35, Mrk273, and IRAS17208-0014 by Lonsdale et al. (1998), Diamond et
al. (1999), Yates et al.(2000), and Diamond et al.(1999), respectively. Previous
VLBI observation and time series analysis of the spectra (Haschick, Bann &
Peng 1994) suggests that the masers originate in a rotating torus surrounding a
massive object (with a mass M of 1.5 × 107 M¯) at the center of the galaxy (Wat-
son & Wallin 1994). IRAS10173+0828 is a distant super-luminous far-infrared
galaxy (Mirabel & Sanders 1987). The OH maser emission is remarkably narrow
(FWHP = 39 km s−1) for its strength, and the 1667 and 1665 MHz lines are
well separated. The 1667 MHz transition shows two distinct peaks separated by
100 km s−1. Using our MERLIN observational results we probe the physics in
the circumnuclear torus surrounding the center of IRAS10173+0828, obtain the
kinematic properties of the torus, and study the central source.

2. Observations

We observed IRAS10173+0828 for 2 × 12 hrs on 24-25 Jan. 2002 using the 7
telescopes of MERLIN, (operated by the University of Manchester on behalf of
PPARC), and including the Lovell antenna. The point-like quasar 0552+398
was used as the bandpass and flux calibration source. IRAS10173+0828 was
observed by switching between two 4-MHz bands containing 128 frequency chan-
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nels each. The bands were centered on 1588.5 and 1591.5 MHz. The to-
tal time on IRAS10173+0828 was 14.78 hr. In between each 4 min scan on
IRAS10173+0828, the phase reference source 1015+057 was observed at 1590
MHz using a normal 16 MHz bandwidth, averaged to a single 14.5 MHz channel
for data processing. 0552+398 was observed at all frequencies and configura-
tions. All further processing was done in AIPS. The phase and amplitude of
0552+398 were calibrated and the data were used to derive tables of bandpass
corrections for the both 4-MHz data sets. These data also showed that there
were no instrumental phase changes associated with observing configuration or
frequency changes. We self-calibrated the amplitude and phase of 1015+057 and
applied these solutions and the bandpass corrections to the IRAS10173+0828.
We then re-weighted the data from each antenna in proportion to its sensitiv-
ity. 1015+057 was observed at 10 18 27.8483, +05 30 29.936(J2000) and the
pointing position of IRAS10173+0828 was 10 19 59.9, +08 13 34(J2000). The
final absolute position accuracy of the components of IRAS10173 is 20 mas,
plus a signal-to-noise-dependent relative error. We plotted the calibrated visi-
bility amplitudes and phases of IRAS10173+0828 as a function of channel. We
also converted the frequency axis to velocity. Using a line rest frequency of
1667.359 MHz, the velocity in channel 64 of the data set observed at 1588.5
MHz is vlsr=14179.26 km s−1. The data centered on 1588.5 MHz line showed a
feature at the expected position of the 1667 MHz line but the data centered on
1591.5 MHz had a flat spectrum. We also Fourier transformed these continuum
data without cleaning to give a one-channel dirty map, and similarly made a
128-channel dirty map of the data containing the line as well as continuum. We
then subtracted the continuum map from each channel of line+continuum data.
Finally we cleaned the resulting line-only data-cube, using a 200 mas FWHM
circular restoring beam to make the maps easier to interpret visually. Note that
the natural beam fitted to unweighted data is 286×171 mas; we checked that
using a circular beam did not produce artifacts. The typical noise in a quite
channel is σrms = 1 mJy beam−1, rising to 2 mJy beam−1 in the brightest chan-
nel due to dynamic range limitations arising from the sparse coverage of the
visibility plane.

3. Results

We detected a signal at > 3σ in 19 velosity channels, out of 128 channels ob-
served, and obtained the contour maps of OH maser in the 19 velocity channels.
The physical parameters of the OH maser in the 19 velocity channels are shown
in Table 1.

We find that the contour-maps of OH maser in some velocity channels
extend to both east and west. The morphology of the contour is warped. This
implies to us that the circumnuclear torus around the center of IRAS10173+0828
is warped. Using Yu’s (1996) model we obtain from Table 1 that the mass of
central black hole is 3×1010M¯, that is, evidence of a massive black hole.

Acknowledgments. This work was supported by the NATIONAL NAT-
URAL SCIENCES FOUNDATION OF CHINA. MERLIN is a national facility
operated by the University of Manchester on behalf of PPARC. I thank Dr.
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Table 1. The physical parameters of OH maser in the 19 velocity channels∗

CHAN No VELOCITY RAoffs error Decoffs error Peak
(km/s) (mas) (mas) (mas) (mas) (mJy/beam)

87 14050 4468 65 -195 67 5
88 14044 4457 68 -179 79 6
89 14039 4507 23 -127 25 14
90 14033 4482 19 -156 30 21
91 14028 4489 19 -153 21 27
92 14022 4482 19 -151 23 32
93 14016 4486 21 -169 25 29
94 14011 4493 19 -138 28 27
95 14005 4504 21 -155 27 22
96 13999 4489 28 -156 31 15
97 13994 4489 22 -208 28 14
98 13988 4504 35 -180 59 9
99 13983 4486 80 -130 74 7
100 13977 4464 41 -74 37 9
101 13971 4425 100 -144 79 5
102 13966 4529 69 -157 44 7
103 13960 4475 53 -66 68 7
104 13955 4511 45 -136 52 6
105 13949 4493 43 -100 53 6

∗Reference position is RA(J2000)= 10 19 59.9, DEC(J2000)=08 13 34.0

Anita M. S. Richards, Dr. P. Thomasson, Dr. T. Muxlow, and all staff of
MERLIN for their kind help.
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Abstract. We report new detections of three H2O megamasers and one kilo-
maser using the Effelsberg 100-m telescope. Isotropic luminosities are ∼50, 300,
1, and 230 L¯ for Mrk 1066, Mrk 34, NGC 3556, and Arp 299, respectively.
Mrk 34 contains the most distant H2O megamaser ever detected in a Seyfert.
Our targets in this survey were chosen to fit one of the following criteria: 1) to
have a high probability of interaction between the radio jet and the ISM within
the central few parsecs of the radio galaxy, yielding masers which arise in local
molecular clouds; or 2) to have very bright IRAS sources in which massive star
forming regions might yield powerful masers. The ‘jet maser’ sources can pro-
vide detailed information about the conditions in the ISM in the central 1-10 pc
of AGN. The extra-galactic ‘star formation masers’ can be used to pinpoint and
characterize locations of high mass star formation in nearby galaxies. In addi-
tion, these sources will help to provide a better understanding of the chemical
properties of molecular clouds in extra-galactic systems.

1. Introduction

To date, H2O megamasers have been thought of primarily as a means to probe
the accretion disks in active galaxies. The best known source, NGC 4258, has a
thin, slightly warped, nearly edge-on disk in Keplerian rotation around a central
mass of ∼4×107 M¯ (Miyoshi et al. 1995). There is evidence, however, for
three distinct classes of extra-galactic H2O masers. In addition to the ‘accretion
disk’ masers, there are sources in which the amplified emission is the result of an
interaction between the nuclear radio jet and an encroaching molecular cloud.
A third class of extra-galactic water masers is represented by weaker masers
with isotropic luminosities < 10 L¯. These are often associated with prominent
star forming regions in galactic disks, and have thus far been found in galaxies
containing bright IRAS point sources. We have undertaken deep searches using
the Effelsberg 100m telescope to detect emission arising from the latter two
recently discovered classes of sources.
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Figure 1. Line profiles of 4 extra-galactic maser sources detected using the
Effelsberg 100m telescope.
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2. Results

From the ‘jet-maser’ sample, we have detected two new megamasers, Mrk 1066
and Mrk 34. Line profiles are shown in Fig. 1 (top panels). The ‘star formation
maser’ sample yields new detections of a megamaser (Arp 299) and a kilomaser
(NGC 3556). Line profiles of these sources are shown in Fig. 1 (lower panels).

The only known jet maser sources prior to our survey were NGC 1068
(Gallimore et al. 1996), the Circinus galaxy (Greenhill et al. 2001), NGC 1052
(Claussen et al. 1998) and Mrk 348 (Peck et al. 2003) in the latter 2 of which
the masers appear to arise along the jet and have FWHM linewidths of ∼90 km
s−1 and ∼130 km s−1, respectively. Mrk 348 is a Seyfert 2 galaxy which has
a radio axis that appears to lie close to the plane of the larger scale galactic
disk, suggesting that the maser emission is the result of the radio jet impacting
on a molecular cloud in the central parsec of the galaxy. This unusual relative
orientation between the radio jet and the host galaxy prompted us to undertake
this more intensive search for jet masers in sources where the radio jet is thought
to be oriented close to the plane of the galaxy, or where evidence had already
been found of jet-cloud interactions. The detection rate in this jet maser survey
is 29%. This success rate is in part due to the higher sensitivity now at the
Effelsberg 100m telescope, but also due to the unique source selection criteria.
This is the first survey undertaken to look specifically for jet masers. The study
of these masers will yield information about the molecular clouds in the ISM
of the host galaxy, because population inversion in water molecules requires a
fairly narrow range of pressures and temperatures (typically n∼108–1010 cm−3

and T∼200–800 K).
We also surveyed bright IRAS sources for the star formation masers, such

as those detected in IC 10 and NGC 2146 (Greenhill et al. 1993; Tarchi et al.
2002b). These masers can be used to pinpoint locations of high mass star forma-
tion and to improve our understanding of galaxy cluster dynamics in the local
and neighboring groups of galaxies. These star formation masers occur in nearby
galaxies that are known to exhibit prominent CO lines, and contain bright IRAS
point sources at their nuclei. Observations of 3 such sources with the Effelsberg
100m telescope yielded two detections, NGC 2146 (Tarchi et al. 2002a) and
IC342 (Tarchi et al. 2002b), an unprecedented success rate. This motivated us
to perform this larger survey of similar galaxies. While the detection rates of
previous surveys of nearby bright IR galaxies have reached only a few percent,
that of the present sample is much higher (27 %).
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Abstract. We review the present knowledge of molecular line studies and
its relation to interstellar medium properties in the Large and Small Magellanic
Clouds. The physical and chemical properties of the molecular gas together with
the abundance of different molecular species will be discussed.

1. Introduction

The Large and Small Magellanic Clouds (LMC, SMC), the two nearest extra-
galactic systems of well known distance, provide a unique opportunity to study
physical processes in an interstellar medium different to that of our Galaxy.
They have a lower metallicity, higher gas to dust ratios and strong UV radiation
fields, and constitute the best target for a detailed study of the molecular gas
content, its properties, and the process of star formation. In fact, they are
the nearest metal-poor systems with active star formation (Zlmc ∼ Z¯/4 and
Zsmc ∼ Z¯/9, Kurtz and Dufour 1998) and thus, are the most appropriate
systems where the physics and chemistry of the interstellar medium (ISM) can
be investigated.

2. Observations

Simultaneous observations in CO(2-1) and CO(1-0) and isotopomers were pos-
sible at the SEST telescope after the SIS receivers were installed in 1996.

A deep CO(2-1) survey of molecular regions in the LMC and SMC was
performed as an ESO Large Programme (Rubio 2003). These observations were
done during 2000-2002 with the SEST telescope and covered a selected number
of molecular clouds from the ESO-SEST KEY PROGRAMME (Israel et al.
1993). The clouds were fully sampled at 10” spacing with an rms of 0.01 K. The
observations included 30 Doradus, 30 Dor Complex, N11, in the LMC and all
of the SMC CO clouds detected in CO(1-0). Specific programs towards N159 in
the LMC and N83/N84 in the SMC had been done by Bolatto et al. (2001) and
Bolatto et al. (2003), respectively. The LMC arc east of the 30 Doradus complex
was also observed (Mizuno, Johansson, private communication). Observations
of the 13CO(2-1) and 13CO(1-0) lines heve been done towards the center of
the strongest CO clouds mapped at 12CO(2-1). Previously, Chin et al. (1996;
1997) performed 13CO observations towards LIRS36 in the SMC and N113 in
the LMC.

The strongest CO clouds, N159 in the LMC and LIRS49 (N27) have been
used as targets for multi-line studies. HCO+ , HCN, CS, HNC, C18O, H2CO
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were detected (eg. Heikkila et al. 1998, 1999; Chin et al. 1996, 1997, 1998;
Johansson et al. 1994).

3. Results

The characteristics of the molecular clouds and their physical properties are
given in the following.

3.1. Properties of Molecular Clouds

Properties of the molecular clouds have been determined from the CO(1-0) sur-
veys done with different resolutions in the Magellanic Clouds. The ESO SEST
Key program has produced a wealth of CO data. About 150 molecular clouds
have been fully mapped. These clouds are resolved at the 45 arcsec resolution
(∼ 20 pc) of the observations. The LMC molecular clouds show the following
properties. The CO clouds have sizes ranging from 10 to 40 pc, line widths
between 2.5 and 10 km s−1, CO luminosities between 8× 102 to 1.3× 104 K km
s−1, and virial masses ranging from 103 to 7× 105 M¯. These clouds, although
larger in size and more massive than those found in the SMC, do not look like
typical GMCs in the Galaxy (Rubio 1997). They are under-luminous in CO
while they show virial masses typical of those of Galactic GMCs. Many of the
clouds associated with HII regions are smaller in size than the ionized region,
contrary to what is found in our Galaxy (Israel et al. 2003b, and references
therein).

In the Small Magellanic Cloud (SMC) the CO clouds show properties which
are significantly different to those of galactic molecular clouds. They are smaller
in size, less luminous in CO and less massive. No diffuse CO emission has
been detected and the relation between the intensity of the CO emission and
the molecular hydrogen column density is larger than the factor derived from
molecular clouds in our Galaxy and dependent on cloud size (Israel et al. 1993;
Rubio et al. 1993; Rubio, Lequeux, & Boulanger 1993).

3.2. The Physical Properties of Molecular Clouds: The CO(2-1/1-0)
Ratio

1. 30 Doradus: Figure 1(a) shows the velocity integrated CO(2-1) emission in
30 Doradus. The emission is concentrated in three large molecular complexes
which had been mapped by Johansson et al. 1998 in CO(1-0). Namely the SW
cloud (30Dor-10) the NE cloud (30Dor-6) and the N cloud (30Dor-13). The
higher resolution data shows a more complex structure which can be separated
into different smaller sizes clouds. Figure 1(b) shows the CO(2-1)/(1-0) ratio
over all the region after convolving the CO(2-1) map to the CO(1-0) resolution.
This ratio ranges between 0.5 and 1.1.

The higher sensitivity of the CO(2-1) observations revealed a series of small
molecular clouds - clumps - located in between the SW and NE molecular clouds,
not detected in the CO(1-0) observations. These are several dense regions that
show a complicated velocity structure. We have been able to disentangle at least
8 CO clumps with sizes ranging from 3.0 to 7.0 pc, CO luminosities of 0.5× 104

to 4.3× 102 K km s−1and virial masses 0.5× 104 to 4.6× 104 M¯.



860 Rubio

Figure 1. (a)Velocity integrated CO(2-1) emission of the 30 Doradus region.
(b) CO(2-1)/CO(1-0) ratio over the region.

2. N159: The study of the CO(2-1) emission line in this region has been
done by Bolatto at al. (2000). An interesting result found by these authors is
the unusually high CO(2-1)/(1-0) ∼ 3 in the molecular envelope of N159. Such
high ratios are rarely detected in our Galaxy.

3. CO Arc: An interesting new feature of the LMC NANTEN CO survey
is the CO arc located in the southeast part of the LMC (Fukui et al. 1999).
Simultaneous observations in CO(2-1) and CO(1-0) at 40” spacing have been
performed by the Nanten group in collaboration with the Swedish group at SEST
(Mizuno, Johansson, private communication). First results of these observations
indicate ratios from 0.7 to 0.9 for GMCs with no star formations and 0.8 to 1.3
for those associated with star formation.

4. SMC: In the SMC, the CO(2-1)/(1-0) ratios observed by our Large
Programme data tend to be systematically higher than 1 and in some cases,
eg N66C the ratio is found to be 2.4. Similarly, the N83/N84 region shows a
CO(2-1)/CO(1-0) integrated line brightness ratio uniformly throughout most of
the complex of 1.1. with two distinct regions showing unusually high ratios,
larger than 2 (Bolatto et al. 2003).

3.3. The Isotopic Ratio

Israel et al. (2003) report the collection of all 13CO(1-0) measurements done
towards the peak positions of molecular clouds in the LMC and SMC mapped by
the ESO-SEST Key Programme. The SMC data show relative low CO intensities
I(CO)< 10 K km s−1 and isotopic values ranging from 5 to 25. In the LMC,
the molecular clouds show a larger spread of values. For molecular clouds with
CO intensities I(CO)> 30 K km s−1, isotopic values show a similar value of ∼
10. These clouds are associated with intense star forming regions. This value is
about 2 times higher than the isotopic ratios of Galactic molecular cloud centers.
Previous isotopic studies have been done mainly towards the strongest CO cloud
in the LMC, N159, by Johansson at al. (1994), Heikkila et al. (1998) and Chin



Magellanic Cloud Molecular Lines 861

et al. (1997). Also, the brightest CO cloud in the SMC, LIRS36, was observed
by Chin et al. (1998). These studies found 13CO/12CO ratios typically of 8 to
10 in the studied clouds which are associated with strong HII regions.

3.4. Other Molecules

Heikkila et al. (1998, 1999) reported the detection of C18O, CS, SO, HCO+,
HNC, HNC, C2H and H2CO. In addition to these they reported detection of
CH3OH, CH3CCH, tentative H2CS and the first extra-galactic ortho-H2S, in
N159W in the LMC. They estimated kinetic temperatures of 25K in N159W
and 15K in N27(LIRS49), respectively, and a number density of hydrogen of
(1−10)×105 cm−3 for N159W, and (5−50)×104 cm−3 in N27. They concluded
that the metallicity difference between the LMC and SMC does not seem to affect
the physical state of the gas.

The molecular abundances determined by these authors are typically 5 to
20 time lower in N159W than in Galactic clouds. In the cloud 30Dor-10 (Jo-
hansson et al. 1998) near the center of 30 Dor region, the molecular abundance
is on average 8 time lower than in the N159W cloud. This under-abundance is
explained as due to the higher photo-dissociation rate in a region of higher FUV
radiation field. The metallicity of the HII regions in the LMC and Galaxy differs
by a factor of ∼ 3, so in order to explain the difference in molecular abundances,
a combination of lower metallicity and higher photo-dissociation rates is needed.
Chin et al. (1996, 1997, 1998) found that, in four regions studied in the LMC
(N159W, N44BC, N113, and N214D), HCO+ is stronger than HCN, and HCN
is stronger than HNC. The high relative HCO+ intensities are consistent with
high ionization from supernova remnants or young stars.

In the SMC cloud, N27 (LIRS 49), the molecular abundances derived are
6 times lower than in N159W. This result is attributed to a lower metallicity in
the SMC. An alternative explanation to these under-abundances with respect
to those found in N159W is a higher H/H2 ratio in these clouds as compared to
the rest of the sample observed.

Heikkila, Johansson, and Olofsson (1998), made a study of the C18O/C17O
ratio in four clouds in the LMC. and estimated an average gas-phase C18O/C17O
abundance ratio of 1.6±0.3. This value is significantly lower, by factor of 5, than
typical values found in Galactic clouds. In the SMC, C18O was not detected
towards N27.

4. Discussion and Conclusions

The molecular gas in the Magellanic Clouds have been extensively studied and
molecular cloud properties have been derived. In general, the CO luminosity
of the clouds is lower than those galactic molecular clouds. The higher gas to
dust ratio, and the lower metallicity are responsible for a lower amount of CO
molecules as well as a larger photo-dissociation rate due to less dust shielding.
Thus the CO molecules survive only in the dense regions. H2 molecular gas can
be much more extended and thus not completely traced by the CO emission.
Very little diffuse extended CO is seen, diffuse CO between or surrounding CO
discrete clouds is either very weak or absent.
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Throughout the Magellanic Clouds, the emission CO line ratio 12CO(2-
1)/12CO(1-0), is found to be close to unity. Optically thick CO emission arising
from thermalized gas at T > 10 K yields brightness temperatures ratios R =
CO(2-1)/(1-0) ∼ 1. Deviations from these conditions, such as low temperatures
or sub-thermal excitation in the gas with volume densities below the critical
density of the CO(2-1) transition, ncrit ∼ 104 cm−3 generally produce ratios
less than 1. However, somewhat higher ratios are found, ∼ 1.2, both in the
LMC and SMC. These are probably caused by a mixture of high and low optical
depths in the molecular clouds and cloud envelopes. Hence, departures from the
assumption of a homogeneous source characterized by a single temperature and
a single column density occur.

Unusually high transition ratios are observed in N159 in the LMC, and in
N83, SMC-N66C and other clouds in the SMC. Bolatto et al. (2000) discussed
four possible origins for them: (1) self-absorbed 12CO(1-0) emission, (2) opti-
cally thin emission from isothermal gas, (3) an ensemble of small optically thick
isothermal clumps, and (4) optically thick emission with temperature gradients.
For N159, they suggested that the high measured ratios were a direct conse-
quence of the low metallicity of the medium. The results obtained in the SMC,
in two regions in the N83/N84 complex, of R > 2, imply that the effect of metal-
licity is not straightforward. Bolatto et al. argue that the N83/N84 results are
best explained by CO emission arising from an ensemble of small (R ∼ 0.1pc),
warm (T gas ∼ 40 K) clumps. This explanation is similar to that proposed
by Lequeux et al. (1994) for the high ratios measured toward N66 and N88.
We suggest this to be the most probable explanation for the high ratios (Rubio
2003; Mizuno, private communication) found in other SMC clouds. No evidence
is found that self-absorbed CO(1-0) could be a possible explanation while higher
resolution observations would greatly improve understanding of these results.

The majority of all LMC lines of sight detected in 13CO have an isotopic
emission ratio I(12CO)/I(13CO) of about 10, twice higher than found in Galactic
star forming complexes. This ratio shows variations towards weak CO sources.
The high ratios are found toward CO photo-dissociation regions at cloud edges
while lower ratios are detected towards dense and cold molecular gas. This
isotopic ratio probably reflects the lower CO abundance in the Magellanic Clouds
and the strong radiation ambient conditions in these low metallicity galaxies.

4.1. The Conversion Factor

An important study of the molecular gas in the Magellanic Clouds is the de-
termination of the relation between CO luminosity and molecular hydrogen col-
umn density. Observations with higher angular resolution have resolved the CO
clouds and their virial masses were derived. At the resolution provided by SEST,
we find in general that in the LMC, the conversion factor X is a factor 2 to 3
times larger than the Galactic factor. A similar result is found in the SMC.
Virialization of the molecular clouds have been assumed in this determination.
However, the physical properties derived from the CO(2-1) emission, the iso-
topic, and multi-line observations show that the CO clouds are very clumpy and
that probably in the dense cores the conversion factor might tend to values sim-
ilar to that derived in our Galaxy. An important result from these new studies
is that the total CO luminosity in a determined volume remains the same inde-
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pendent of the different resolutions used in the observations. We have confirmed
that the Nanten measured CO luminosity is the sum of the SEST CO luminosity
of the clouds in different samples of regions in both LMC and SMC that have
been mapped by both surveys. The same is true for the comparison between the
Columbia survey and Nanten, and SEST. Thus, the CO emission only traces
the total H2 mass for regions where conditions are similar to those found in
our Galaxy, most likely the densest part of the Magellanic Clouds CO clouds.
The fact that the ISM does have less C and O, and therefore produces less CO,
and that the gas-to-dust ratio is larger, providing less shielding and larger photo
dissociation, is affecting the the size of the CO emitting region. Therefore, extra-
galactic CO observations, which have a low linear resolution due to the large
distances, should consider this effect in systems that show important differences
in their interstellar media. Also, systems with low metal content such as the
galaxies formed in the early universe should show this effect. ALMA, with is
sensitivity and extraordinary resolution, will be essential to perform a complete,
detailed and deep study of the properties of molecular gas in low metallicity and
low dust environments.
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Abstract. We present the first detection of 12CO (J = 7 → 6) emission
in the Magellanic Clouds toward the 30 Doradus region using the Antarctic
Sub-millimeter Telescope and Remote Observatory (AST/RO).

1. Introduction

Technological advances of sub-millimeter wave and far-infrared (FIR) spectroscopy
have made it available to provide resources for understanding the physical condi-
tion and the chemistry of atomic and molecular clouds in the interstellar medium
in external galaxies. Sub-millimeter wave and FIR cooling lines are the domi-
nant source of the cooling in the ISM, and therefore regulate star formation in
the ISM. While observations of the sub-millimeter lines such as the 12CO and
13CO rotational lines and the sub-millimeter lines of atomic carbon [C I] have
revealed a more complete picture of the photo-dissociation regions (PDRs) and
the dense gas.

At distance of 55 kpc (Feast 1991), the Large Magellanic Cloud (LMC)
can be mapped with a high spatial resolution at high excitation CO lines by
the AST/RO. The recent [C I] and CO (J = 4 → 3) study of the N159/N160
complexes in the LMC by Bolatto et al. (2000) elucidate the condition of atomic
and molecular medium in the early stage of star formation. In this paper, we
report the first detection of the CO (J = 7→ 6) emission toward the 30 Doradus
region in the LMC. The CO (J = 7→ 6) and (J = 4→ 3) lines in the 30 Doradus
region will lead to a better understanding of the distribution of C+, C and CO,
the physical and chemical structure of the ISM and the star formation activity
in the LMC.

2. Observation and Results

The observations were performed during the austral winter seasons of 2002 at
the AST/RO, located at 2847 m altitude in Amundsen-Scott South Pole Station.
This site has very low water vapor, high atmospheric stability and a thin tropo-
sphere making it exceptionally good for sub-millimeter observations. AST/RO is
a 1.7 m diameter, offset Gregorian telescope capable of observing at wavelengths
between 200 µm and 1.3 mm (Stark et al. 2001). The receivers used were a dual-
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Figure 1. Left: Contour and grey scale image of 12CO (J = 4→ 3) emis-
sion. Right: Spectrum of 12CO (J = 7→ 6) and 12CO (J = 4→ 3) emission
lines at 5h38m39.8s, −69◦03′21′′.

channel SIS waveguide receiver (Walker & Kooi 2001, private communication)
for simultaneous 461–492 GHz and 807 GHz observations, with double-sideband
noise temperatures of 320–390 K and 1050–1190 K, respectively. Telescope effi-
ciency, η`, estimated using moon scans, skydips, and measurements of the beam
edge taper, was ∼81% at 461–492 GHz and 71% at 807 GHz. Atmosphere-
corrected system temperatures ranged from 700 to 4000 K at 461–492 GHz, and
9000 to 75,000 K at 807 GHz. A beam switching mode was used, with emission-
free reference positions chosen at 20′ away from regions of interest, to make a
small map of points near 30 Doradus region. A total integration time on the
source was 16 minutes. Emission from the CO (J = 4 → 3) and (J = 7 → 6)
lines at 461.041 GHz and 806.652 GHz, together with the [C I] line at 492.262
GHz, was imaged over an 14 arc-minute square region centered on 5h38m47.3s,
−69◦03′16.1′′ (J2000) with 0.5′ spacing; i.e., a spacing of a half-beamwidth or
less. AST/RO suffers pointing errors of the order of 1′, and the beam sizes
(FWHM) were 103–109′′ at 461–492 GHz and 58′′ at 807 GHz.

We detect a strong 12CO (J = 4→ 3) emission (Figure 1) in the 30 Doradus
region (Tarantula nebulae) which is well known luminous giant HII regions in ir-
regular galaxies and bright in the Hα image (Figure 2) taken at the Siding Spring
Observatory (Kim et al. 1999). For the first time, 12CO (J = 7 → 6) emission
is detected in the LMC at 5h38m39.8s, −69◦03′21′′ and is ∼ 2.′5 away from the
peak of CO (J = 4 → 3) (Figure 1). The 12CO J = 7 → 6 and J = 4 → 3
emissions appear at VLSR=251±0.1 kms−1 and 249.6±0.1 kms−1 respectively.
The CO J = 7 → 6 emission from this region is bright as TMB=0.8±0.25 K.
Based on the current observations and previous observations of low-J CO ro-
tational lines (Israel et al. 1993; Johansson et al. 1998) and HI observations
taken with the Australia Telescope Compact Array (Kim et al. 1998; Kim et
al. 2003), we suggest that this region consists of dense clouds (density of 105

cm−3) immersed in a low density inter-clump medium with dense clump volume
filling factor of about 0.01 and area covering factor of about 0.5. The estima-
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Figure 2. 12CO (J = 4 → 3) emission (White Contours) from Tarantula
nebula (30 Doradus) in the LMC is overlaid on the Hα image (Kim et al. 1999)
made with 16 inch telescope at Siding Spring Observatory (Image Credit: S.
Kim).
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tion of Tkin ≈ 70 K and n(H2) was made by applying radiative transfer code
(http://www.astro.umass.edu/∼skim/prog2.html) to ratios of observed line in-
tensities. The lowest 30 rotational levels of the ground vibrational level for 12CO
and 13CO are included in the radiative transfer calculation by M. Yan & S. Kim.
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Abstract. With the Ultraviolet Visual Echelle Spectrograph mounted at the
Very Large Telescope, we have observed at unprecedented spectral resolution
the absorption spectrum toward reddened stars in the Magellanic Clouds over
the wavelength range of 3500-10500 Å. This range covers the strong transitions
associated with neutral and charged large carbon molecules of varying sizes and
structures. We report the first detection of diffuse interstellar bands (DIBs) at
5780 and 5797 Å in the Small Magellanic Cloud and the variation of those DIBs
toward several targets in the Large Magellanic Cloud. The variation of DIBs
in the Magellanic Clouds compared with Galactic targets may be governed by
a combination of the different chemical processes prevailing in low-metallicity
regions and the local environmental conditions. The analysis of high-resolution
absorption spectra allows us to reveal the global effects in the chemistry and
recycling of cosmic dust in the Magellanic Clouds which are relevant for the
chemical pathways forming large organic molecules in external galaxies.

1. Diffuse interstellar bands in the Magellanic Clouds

The diffuse interstellar bands (DIBs) are a large number of absorption lines
between 4000-10000 Å that are superimposed on the interstellar extinction curve
(Herbig 1995). In the last 75 years DIBs have been observed toward more than a
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hundred stars. The number of known DIBs steadily increases due to the higher
sensitivity of detectors and is currently estimated to be several hundreds. At
present, no definitive identification of any of the carriers of the DIBs exists,
though large gaseous carbon molecules are strongly favored (Ehrenfreund &
Charnley 2000). There are only a handful of DIBs which are strong enough to be
detected in extra-galactic systems. But DIBs have been observed toward other
galaxies and in particular in several star-burst galaxies (Heckman & Lehnert
2000).

Figure 1. This figure shows spectra of the two best known DIBs, the λλ5780
and 5797 DIB. All spectra are normalized to the continuum, and shifted for
display. The spectrum at the bottom shows a galactic translucent cloud source
(HD 163472). The two middle spectra show an SMC target Sk 143 (AzV456)
and an unreddened SMC standard Sk 85 (AzV242); the two top spectra show
an LMC target (HD 38029) and an unreddened LMC standard Sk -70 120.
The full vertical lines indicate the galactic rest wavelengths for those DIBs,
the dashed lines indicate the wavelengths expected for these DIBs at SMC
velocities, as determined from the NaD lines and the dash-dotted lines are
the same for the LMC velocities. Both DIBs are clearly detected in both the
SMC and LMC reddened targets (Ehrenfreund et al. 2002).

We reported recently the first detection of diffuse interstellar bands (DIBs)
at 5780 and 5797 Å in the Small Magellanic Cloud (SMC), and measured the
variation of DIBs in the SMC, the Large Magellanic Cloud (LMC) and our
galaxy (Ehrenfreund et al. 2002). For these observations we used the UVES
spectrograph on the VLT. The interest of observing the Magellanic Clouds are
the difference in metallicity (LMC: 2.5 times less and SMC: 10 times less) and the
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smaller gas-to dust ratio (4 and 30 times less for LMC and SMC, respectively).
Furthermore these irregular galaxies are nearest neighbors (60 and 50 kpc away)
and certain regions within the SMC and LMC have been rather well character-
ized in terms of UV radiation field, extinction curve, star formation conditions
and other environmental factors. In the SMC, DIBs have been exclusively ob-
served toward Sk143, the only line-of-sight which shows a reasonable bump at
2200 Å in the interstellar extinction curve (Gordon et al. 2003). This target is
located in the SMC wing. Stars in the SMC bar are devoid of the 2200 Å bump
and show instead a high far UV linear rise in the UV part of the interstellar
extinction curve. Those targets do not show evident DIBs. The LMC lines-of
sight show a varying pattern of DIBs. Several stars within 30 Dor region show
strong DIBs, but some stars very close by do not (Ehrenfreund et al. 2002). A
combination of different chemical processes prevailing in low metallicity regions
and the local environmental conditions may govern the presence, strength and
absence of DIBs in these extra-galactic targets.

2. Conclusion

In the Magellanic Clouds environmental effects are different from those in the
Milky Way. Large variations in DIB properties exist in different LMC lines-of
sight. The band strengths of DIBs in the SMC (Sk143) and 30 Dor regions
(LMC) show a strong linear relationship with those in the Milkyway. Studying
the environmental conditions that play a role in the DIB formation may help us
to constrain the identity of the carriers. The positive correlation between the
presence of the UV-bump and DIBs may indicate the carbonaceous nature of
the carrier. The carrier identification will give us a powerful diagnostic tool to
probe and explore the diffuse ISM in our and external galaxies.
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Abstract. Star cluster formation is a major mode of star formation in the
extreme conditions of interacting galaxies and violent star bursts. These newly-
formed clusters are built from recycled gas, pre-enriched to various levels within
the interacting galaxies. Hence, star clusters of different ages represent a fossil
record of the chemical enrichment history of their host galaxy, as well as of the
host galaxy’s violent star formation history. We present a new set of evolutionary
synthesis models of our galev code, specifically developed to include the gaseous
emission of presently forming star clusters, and a new tool to analyze multi-color
observations with our models. First results for newly-born clusters in the dwarf
star-burst galaxy NGC 1569 are presented.

1. Models & tests

We use our evolutionary synthesis code galev to study the basic physical pa-
rameters of star clusters in interacting galaxies and violent star bursts. Star clus-
ters can easily be approximated as simple stellar populations (SSPs), since all
stars have the same age, metallicity and extinction. However, more complicated
star formation / metallicity evolution histories can be studied by superimposing
appropriate SSPs. The main ingredients of our code are: stellar isochrones (en-
semble of stars with different masses at a given age) from the Padova group for
metallicities in the range of -1.7 ≤ [Fe/H] ≤ +0.4, a stellar initial mass function
(usually assumed to be Salpeter-like), the library of stellar spectra by Lejeune
et al. (1997,1998), and gaseous emission (both lines and continuum). From the
integrated spectra we derive magnitudes in a large number of filter systems. The
gaseous line and continuum emission contributes significantly to the integrated
light of stellar populations younger than 3 × 107 yr both in terms of absolute
magnitudes and derived colors (Anders & Fritze - v. Alvensleben 2003). The
updated models are available from

http://www.uni-sw.gwdg.de/∼galev/panders/

We developed a tool to compare our evolutionary synthesis models with ob-
served cluster SEDs to determine the basic cluster parameters age, metallicity,
internal extinction and mass independently. Using artificial clusters with various
input parameters (with cluster SEDs taken directly from the evolutionary syn-
thesis models) we systematically studied the impact of the choice of passbands,
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Figure 1. Dispersion of recovered properties of artificial clusters, assuming
availability of UBVRIJH and passband combinations with 4 out of the avail-
able 7 passbands, as indicated in the legend. Cluster parameters are: solar
metallicity, E(B-V) = 0.1 mag, assumed “observational” error = 0.1 mag,
ages = 8, 60, 200 Myr, 1, 10 Gyr.
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Figure 2. Dispersion of recovered properties of artificial clusters, using the
best 4-passband-combination UBIH. Cluster parameters are: solar metallic-
ity, E(B-V) = 0.1 mag, ages = 8, 60, 200 Myr, 1, 10 Gyr. The assumed
“observational” errors are indicated in the legend.

of finite observational magnitude uncertainties, and a priori assumptions. Two
examples of the artificial cluster tests are shown in Fig. 1 and 2. Additional tests
were performed using broad-band observations of star clusters in NGC 3310 (de
Grijs et al. 2003a,b), confirming the results from the artificial cluster tests. Due
to the young age of this cluster system these additional tests are restricted to
ages younger than approx. 200 Myr. From these tests we conclude that:

1. At least 4 passbands are necessary to determine the 3 free parameters
age, metallicity and extinction, and the mass by scaling the SED, inde-
pendently.

2. The most important passbands are the U and B bands; for systems older
than roughly 1 Gyr the V band is equally important.

3. NIR bands significantly improve the results by constraining the metallicity
efficiently.

4. A wavelength coverage as long as possible is desirable. Best is UV through
to NIR, thus tracing the pronounced kink/hook in the SEDs around the
B band.

5. Large observational errors and/or wrong a priori assumptions may lead to
completely wrong results.
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2. The case of NGC 1569

As a first application the dwarf star-burst galaxy NGC 1569 was chosen. Our
sample enlarges the number of star clusters studied in this galaxy by a factor
of 3. Our results for the derived physical parameters are in agreement with
previous results of the star-burst history in NGC 1569 in general, and of the two
prominent “super star clusters” in particular, regarding age, mass and metallic-
ity. In addition, we find a surprising change in the cluster mass function with
age: The clusters formed during the onset of the burst (approx. 25 Myr ago)
seem to exhibit an excess of massive clusters as compared to clusters formed
more recently. Using various statistical methods we show the robustness of this
result (Anders et al. 2003b).
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Abstract. NGC 4945 is with D ∼3–4 Mpc one of the nearest starburst galax-
ies known and a goldmine for molecular cloud research. A multi-line mm-wave
study has been carried out towards its nuclear region with the Swedish-ESO Sub-
millimetre Telescope (SEST). The study covers the frequency range from 82 GHz
to 354 GHz and includes 80 transitions of 19 molecules, including rare isotope-
bearing species. Applying a Large Velocity Gradient (LVG) code to the data,
H2 densities and column densities of 22 molecular species are calculated. Many
of these species indicate the presence of a prominent high density interstellar gas
component characterized by nH2

∼105 cm−3. Abundances of molecular species
are calculated and compared with abundances observed toward the starburst
galaxies NGC 253 and M 82 and galactic sources. Apparent is an ‘overabun-
dance’ of HNC and CN in the nuclear environment of NGC 4945. NGC 4945
is the second known starburst galaxy with an HNC/HCN abundance ratio ≥1.
Carbon, nitrogen, oxygen and sulfur isotope ratios are also determined. The
data indicate that high 18O/17O, low 16O/18O and 14N/15N and perhaps also
low 32S/34S ratios (6.4±0.3, 195±45, 105±25 and 13.5±2.5, respectively) are
characteristic properties of a starburst environment in an advanced evolution-
ary stage.
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Abstract. The bolometric luminosity of LFIR = 2×1012 L¯ makes ISOSS
J 15079+7247 one of the most luminous and unusual galaxies detected by the
170µm ISOPHOT Serendipity Survey (ISOSS). The detection of CO (1-0) emis-
sion identifies a giant elliptical galaxy at redshift z = 0.2136 as the counterpart
of the FIR source. The derived high gas mass of 3×1010 M¯ favours the picture
that the dust emission is associated with this elliptical galaxy. The ultralumi-
nous IR emission can be explained by a hidden starburst in the center of the
elliptical. This is supported by the strength of non-thermal radio continuum
emission. The huge dust mass of 5×108 M¯ corresponds to a visual extinction
of AV ∼ 1000 mag, being consistent with the non-detection of any signatures of
a strong starburst in ISOSS J 15079+7247 in optical spectra.

1. Introduction

The ISOPHOT Serendipity Survey (ISOSS) (Bogun et al. 1996) has observed
about 2000 galaxies at 170µm, providing a unique data base of far-infrared
spectral energy distributions beyond the IRAS 100µm limit. Stickel et al. (2000)
found that late type galaxies generally contain a cold (T ∼ 20 K) dust component
over a wide range of infrared luminosities (109−1011 L¯). For early type galaxies,
however, the traditional view is that they are less dusty and less luminous in
the infrared (see Knapp 1999 for a review). We summarize here a detailed
study of the elliptical galaxy ISOSS J 15079+7247, detected by the ISOPHOT
Serendipity Survey as an ultraluminous infrared source (Krause et al. 2003).

2. The optical counterpart of ISOSS J 15079+7247

The ISOSS source coincides in position with a compact 1.2 mm continuum source
detected with the MAMBO bolometer array. The astrometric accuracy of our
MAMBO observations allowed to identify an elliptical galaxy as the optical
counterpart of the FIR/millimetre source (Fig. 1). Optical long slit spectroscopy
revealed a pure absorption spectrum towards the nucleus. The redshift derived
from the Ca H & K, G-band and Fe 5340 Å features is z = 0.2137± 0.0003. The
detection of CO(1−0) emission at the optical redshift of the elliptical galaxy
strongly suggests that the molecular gas is physically associated with this galaxy.
The very large molecular hydrogen mass ofM(H2) = 2.9×1010 M¯ is remarkable.
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So far, significantly smaller amounts of molecular gas have been observed in
ellipticals (eg. Henkel & Wiklind 1997).

10 arcsec
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1

Figure 1. R-Band image of ISOSS J 15079+7247 obtained with the LAICA-
camera at the Calar Alto 3.5 m telescope. The giant elliptical galaxy (1) has a
close companion (2) and shows a faint tail of emission (3) towards southeast.
The slit position of the spectroscopic observations is indicated (box).

3. Evidence for a starburst in the elliptical galaxy

The far-infrared to millimetre spectral energy distribution (Fig. 2) can be well
fitted by an optically thick modified blackbody of 42 K, optical depth τ100 µm =
3.5 and dust emissivity β = 1.5, yielding a dust mass of Md = 5.4×108 M¯. The
source was barely resolved at the VLA in the cm-continuum (Condon et al. 1998)
and the deconvolved size of ∼ 4.8 × 1.6 kpc2 may be considered as an upper limit
for the starburst size, in agreement with our lower limit rb = 0.6 kpc from the
far-infrared. Assuming an average radius of 1 kpc for the nuclear starburst and
spherical distribution of dust and gas, we find a total column density of N(H) =
1.7 × 1024 cm−2 towards the center. This corresponds to a visual extinction of
AV ∼ 1000 mag and explains the absence of any optical emission lines towards
the center of the elliptical, which is very unusal for ULIRGs (Veilleux et al.
1999). ULIRGs normally show a much more disturbed morphology and emission
line spectra in their centers. ISOSS J 15080+7248 may be an elliptical galaxy
merging with a gas rich spiral inducing a powerful starburst in the center of the
elliptical. The large amount of molecular gas and dust detected in the elliptical
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galaxy ISOSS J 15079+7247 suggests an alternative explanation of the nature
of several other high-redshifted submm-galaxies.

  Bruzual
10 Gyr SB

Calar Alto
    TWIN

2MASS

MAMBO

ISOPHOTIRAS 
ISOSS J 15079+7247

Figure 2. Rest frame spectral energy distribution of ISOSS J 15079+7247.
The FIR dust emission can be well characterized by an optically thick modified
blackbody (solid line). The optical and near-infrared emission can be fitted
by a 10 Gyr old starburst following Bruzual & Charlot 1995.
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Abstract. A systematically peculiar molecular composition has been found
in a nearby starburst galaxy M 82. Molecules related to grain surface formation
and to production reactions favorable at high-temperature are deficient in M 82
among nearby galaxies with rich gas. These molecules are SO, SiO, NH3, HNCO,
CH3OH, and CH3CN. Possible reasons for this peculiarity are discussed.

1. Introduction

More than 20 molecules have been detected in external galaxies. Studies of the
relation between their abundances and the physical conditions are important to
understand physical and chemical processes in external galaxies. Two starburst
galaxies, NGC 253 and M 82, are known to be suitable for such study; the H2

column densities are high and nearly identical, and their distances are nearly
equal (about 3 Mpc) each other. Several major molecules have been detected
in both of the galaxies with similar abundances (e.g., CO, CS). However, it
is known that SO, SiO, NH3, HNCO, CH3OH, and CH3CN have been clearly
detected in NGC 253, but they have not been, or only only barely, detected with
comparable sensitivity in M 82. In Table 1 quantitative information concerning
the abundances of these molecules in the two galaxies is given. The CS molecule
is also listed as one example with similar abundances.

2. Systematically Peculiar Molecular Composition in M 82

We found a common characteristic of the above cited six molecules; they are
efficiently produced under high-temperature conditions, and/or they are origi-
nated from grain by evaporation processes (Takano, Nakai, & Kawaguchi 1995).
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Table 1. Molecular abundance (relative to H2) in NGC 253 and M 82.

NGC 253 M 82 reference

SO 2×10−9 <7×10−10 Takano, Nakai, & Kawaguchi (1995)
SiO 8×10−10 <4×10−11 Henkel & Mauersberger (1992)

0.4–3.5×10−10 Garćıa-Burillo et al. (2002)
NH3 3×10−8 <1×10−9 Takano, Nakai, & Kawaguchi (2002)

5×10−10 Weiß et al. (2001)
HNCO 1×10−9 <1×10−10 N-Q-Rieu et al. (1991);

Henkel & Mauersberger (1992)
CH3OH 1×10−9 <1×10−10 Hüttemeister, Mauersberger,

& Henkel (1997)
CH3CN 5×10−10 <5×10−11 Mauersberger et al. (1991)

CS 1×10−9 1×10−9 N-Q-Rieu, Nakai, & Jackson (1989)

The conditions of molecular formation in NGC 253 and M 82 are, therefore,
estimated to be rather different.

To study the reason for this difference, and to know which galaxy is peculiar,
we also compared the abundances of the above six molecules in other nearby
galaxies with rich molecular gas based on our observations and on literature
values. As a result, at least NH3, HNCO, and/or CH3OH are abundant enough
to be detected in NGC 6946, IC 342, Maffei 2, M 51, Cen A, and NGC 4945
with comparable sensitivity as shown in Table 2.

Table 2. Detection/non-detection of the six molecules of interest in nearby
galaxies with rich molecular gas1.

Galaxy SO SiO NH3 HNCO CH3OH CH3CN

NGC 253 (all yes) yes yes yes yes yes yes
M 82 no barely barely no no no

NGC 6946 no · · · no (yes) yes · · ·
IC 342 (yes) no yes yes yes · · ·
Maffei 2 · · · no yes yes yes · · ·
Cen A · · · no yes yes no · · ·
NGC 4945 yes no yes yes · · ·

1 “yes” means detection, “no” non-detection, “barely” weak detection (∼1 order
less than NGC 253), “· · ·” no data. References: see Takano, Nakai, & Kawaguchi
(2002)

Quantitative abundances of ammonia and methanol are shown in Figure 1.
We conclude that the molecular composition in M 82 is systematically peculiar
regarding the formation mechanisms of molecules. The molecules related to dust
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Figure 1. The abundances of ammonia (left) and methanol (right) in nearby
galaxies. The white arrows indicate upper limits. The ammonia abundances
are taken from Seaquist & Bell (1990), Takano et al. (2000), Weiß et al.
(2001), and Takano et al. (2002). The methanol abundances are taken from
Henkel et al. (1990), and Hüttemeister, Mauersberger, & Henkel (1997).

and efficiently produced under high-temperature conditions are deficient in M
82 among nearby galaxies with rich gas.

3. Discussion

As possible reasons for the peculiarity, first, we investigated the amount of dust
in these galaxies. According to the IRAS low resolution spectra (LRS), we found
that silicate (dust core) is not deficient in M 82. On the other hand, we noticed
that Devereux & Young (1990) reported that the gas-to-warm dust ratios were
increased by about a factor of 2 in M 82 compared to those in other nearby
galaxies. This result indicates that ”warm dust” is somewhat deficient in M 82,
and this may explain to some extent the deficiency of dust related molecules in
M 82.

Second, recent estimates of temperatures obtained from ammonia in these
galaxies indicate that the rotational temperature at the region with ammonia
emission in M 82 is fairly low (29 K and, for example, 100-142 K in NGC 253
reported by Mauersberger et al. 2003; Oike et al. 2003). This result is consistent
with the deficiency of dust related molecules in M 82.

It appears that the formation of molecules on dust and/or evaporation to
gas-phase is not efficient in M 82. A detailed discussion was given by Takano et
al. (2002).
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Abstract. Multi-line data of ammonia (NH3) are presented for Maffei 2,
IC 342, and the starburst galaxies NGC 253 and M 82. While in M 82 the
NH3 emitting gas is cool, presumably arising from well shielded dense cores
deeply embedded in an environment dominated by Photon Dominated Regions,
the other galaxies show ‘warm’ and ‘hot’ components that may be heated by
shocks, ion-slip or cosmic rays. Interferometric observations show the detailed
large scale distribution of NH3 in galaxies for the first time. The first multi-line
studies of ammonia at significant redshifts (z = 0.65 and 0.89) are also reported
and rotational temperatures, measures of the kinetic temperature of the emitting
gas, are derived for all sources.

Ammonia (NH3) is one of the most important species to trace physical
parameters of molecular clouds, . While in the Galaxy inversion lines up to
(J,K)=(18,18), 3130 K above the ground state, have been detected, previous
studies of extragalactic NH3 were mainly confined to low excitation transitions
in IC 342 (e.g. Martin & Ho 1986), a nearby face-on spiral similar to the Milky
Way.

While H2 number densities can be derived from a variety of molecular
species, ammonia can also be used to estimate kinetic temperatures by calculat-
ing relative populations in meta-stable (J=K) inversion doublets. The proce-
dure is straightforward in galactic sources, where hyperfine splitting permits the
direct determination of optical depths and column densities. Extragalactic lines,
however, cover such a large velocity range that it is impossible to resolve the HF
structure, so optically thin line emission has to be assumed. If we adopt this
(unproven) assumption, the determined rotation temperatures (Trot) are lower
limits to the true kinetic temperature.

New spectra were taken with the Effelsberg telescope toward the central
regions of nearby galaxies. Towards IC 342, the detected (J,K)=(1,1) ... (6,6)
and the tentatively detected (9,9) line, 848 K above the ground state, reveal a
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Figure 1. NH3 (J,K)=(1,1) (contours) and 1.3 cm continuum (grayscale)
emission towards IC 342.

‘warm’ (Trot∼50 K) and a ‘hot’ (Trot>100 K) component, similar to the other
‘normal’ spiral we observed, Maffei 2. Towards the starburst galaxy NGC 253,
a ‘hot’ component dominates the emission up to the (J,K)=(6,6) transition.
Towards the other observed starburst galaxy, M 82, weak lines reveal a surpris-
ingly ‘cold’ component with Trot∼30 K, inferring Tkin∼50 K (Weiß et al. 2001;
Mauersberger et al. 2003). 60µm/100µm dust temperatures are of order 50 K
in all sources, consistent with the cold NH3 component in M 82, but lower than
Tkin in the ‘warm’ and ‘hot’ NH3 components.

What can heat the gas to temperatures of 100 K or more? Shocks, perhaps
caused by bar-like potentials or the dissipation of tidal motions, cosmic rays and
ion-slip in the presumably strong magnetic fields of the nuclear regions can all
heat significant volumes of gas to high temperatures. The warm (Tkin∼150 K)
gas fraction as determined from H2 emission lines (Rigopoulou et al. 2002) ap-
pears to be highest in M 82, where no hot ammonia component was detected
and where the fractional NH3 abundance was <10−9 in comparison to normal
abundances (by galactic standards), i.e. 10−7...−8, in the other sources. Appar-
ently, NH3 traces a different molecular gas component in M 82 than in NGC 253,
Maffei 2 and IC 342. For M 82, the presence of an intense dissociative radiation
field and the predominance of warm molecular filaments with low H2 column
density explains not only the low abundance of NH3 and other molecules like
CH3OH, SiO and CH3CN, but also the excitation of CO. The low abundance of
ammonia with its low photodissociation energy of ∼4 eV, the properties of the
CO emission (Mao et al. 2000) and the detection of abundant HCO (Garćıa-
Burillo et al. 2002) indicate that PDRs are the main heating source in M 82, in
contrast to NGC 253, Maffei 2 and IC 342.

The first high resolution images of NH3 in galaxies have been obtained with
the VLA. D-array images of Maffei 2 and IC 342 taken in the (1,1) and (2,2)
lines reveal all the single-dish flux from the inner 40′′ (see Fig. 1). In IC 342, the
nuclear region, ‘cloud B’ (see Downes et al. 1992), is devoid of ammonia, while
in Maffei 2 NH3 is observed along the nuclear bar. Individual extended regions
can be identified in both lines. In NGC 253, the (3,3) line was observed with the
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CnD array, revealing an overall distribution compatible with that of CS (Peng
et al. 1996).

Figure 2. NH3 spectrum towards B0218+357.

While until recently the most distant source detected in NH3 was M 51
(D∼10 Mpc; Takano, priv. comm.), new measurements with the 100-m tele-
scopes at Effelsberg and Green Bank (GBT) reveal for the first time signifi-
cantly red shifted line absorption, towards the gravitational lenses B0218+357
(z=0.68466) and PKS 1830–211 (z=0.88582). In the former source, detected
lines up to (J,K) = (3,3) indicate Trot∼30 K (for a spectrum, see Fig. 2). To-
wards PKS 1830–211, detected lines up to the (7,7) transition, 535 K above the
ground state, demonstrate the presence of a ‘hot’ component. In view of the
fact that high temperatures reduce fractionation effects, it is not surprising that
searches for DCN or DCO+ did not yield positive results.
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Jupiter After the Galileo Probe
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Tobias Owen
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Honolulu, HI 96822, USA

The Galileo Mission to Jupiter, which arrived in December of 1995, provided
the first study by an orbiter, and the first in-situ sampling via an entry probe,
of an outer planet atmosphere. The rationale for an entry probe is that, even
from an orbiter, remote sensing of the Jovian atmosphere could not adequately
retrieve the information desired. This talk provides a current summary of the
most significant aspects of the data returned from the Galileo entry probe. As
a result of the probe measurements, there has been a reassessment of our un-
derstanding of outer planet formation and evolution of the solar system. The
primary scientific objective of the Galileo probe was to determine the composi-
tion of the Jovian atmosphere, which from remote sensing remained either very
uncertain, or completely unknown, with respect to several key elements. For
example, the O abundance, in the form H2O, was uncertain by two orders of
magnitude. Only a highly depleted upper abundance limit obtained near the 1
bar pressure level was known for S, and abundances of noble gases heavier than
He were unknown. The probe found that the global He mass fraction is signifi-
cantly above the value reported from the Voyager Jupiter flybys but is slightly
below the protosolar value, implying that there has been some settling of He to
the deep Jovian interior. The probe He measurements have also led to a reeval-
uation of the Voyager He mass fraction for Saturn, which is now determined to
be much closer to that of Jupiter. The elements C, N, S, Ar, Kr, Xe were all
found to have global abundances approximately 3 times their respective solar
abundances. This result has raised a number of fundamental issues with regard
to properties of planetesimals and the solar nebula at the time of giant planet
formation. The global abundance of O was not obtained by the probe because
of the influence of local processes at the probe entry site (PES), processes which
depleted condensible species, in this case H2O, well below condensation levels.
Other condensible species, namely NH3 and H2S, were similarly affected but
attained their deep equilibrium mixing ratios before the maximum depth sam-
pled by the probe. Processes that might be capable of producing such effects
on the condensibles are still under investigation. Measured isotopic ratios of
noble gases and other heavy elements are solar, and (D + 3He)/H is the same to
within measurement uncertainties as in the local interstellar medium. No thick
clouds were detected, and in particular no significant water cloud, but the PES
location clearly affected the probe measurements of clouds. In fact, the probe
data must be understood in the context of the location of the PES, which was
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within what is termed a 5 micron hot spot, a local clearing in the clouds that is
bright near the 5 µm spectral region. The thermal structure at the PES was de-
termined from approximately 1000 km above the 1 bar pressure level (10−9 bars)
to 132 km below 1 bar (22 bars). Probe measurements showed the atmosphere
to be generally stably stratified as deep as the probe made measurements, with
a typical static stability of ∼0.1 K km−1 at and below visible cloud levels. In the
upper atmosphere the probe derived a maximum positive vertical temperature
gradient of approximately 5 K km−1, and maximum temperature of ∼900 K.
The energy sources producing the warm upper atmosphere have yet to be com-
pletely identified. At first glance, Doppler tracking of the probe indicates that
the long observed cloud level zonal winds extend to levels at least as deep as the
probe made measurements. Zonal wind increases from ∼80 m s−1 at pressures
less than a bar to about 180 m s−1 near 5 bars, and remains approximately
constant with depth thereafter. However, there is a question as to whether the
winds measured from probe tracking are representative of the general wind field,
or are considerably influenced by localized winds associated with the PES.



Highlights of Astronomy, Vol. 13
International Astronomical Union, 2003
O. Engvold, ed.

Volcanism on Io: the Post-Galileo View, and a
Comparison with Earth

Ashley Gerard Davies

Jet Propulsion Laboratory-California Institute of Technology, 4800 Oak
Grove Drive, Pasadena, CA 91109, USA

Abstract. At the end of the Galileo mission in September 2003, and approx-
imately three years after the Cassini Jovian flyby, it is an appropriate time to
reflect on the recent advances made in Io science. Data have been analyzed and
volcanic processes have begun to be quantified. This paper reviews these ad-
vances from a purely volcano-logical perspective, looking at particular volcanos
of interest, and comparing styles of ionian activity with those seen on Earth.

1. Recent Observations of Io

During 2000-2002 Galileo made a number of close flybys of Io. While radiation
caused many spacecraft and instrument problems, useful data were returned at
resolutions as high as 6 m/pixel for the Solid State Imaging experiment (SSI).
A number of analysis, made from Near-Infrared Mapping Spectrometer (NIMS)
data analysis prior to the close encounters, were confirmed by these and other
high-resolution data from NIMS and the Photo-Polarimeter Radiometer (PPR).
Analysis of ground-based data, and the application of new technology in the
form of Adaptive Optics (AO) has recently generated more insights to volcanic
processes at individual sites: in the latter case, resolutions are obtained from
Hawaii that are spatially equivalent to most NIMS data.

Io has a large Fe or FeS core, but no magnetic field. Visible aurora are seen,
the result of charged particle interaction with volcanic gases. At Io, the Galileo
spacecraft almost immediately detected high-temperature volcanism, evidence
of lavas with temperatures indicative of silicate or even ultramafic composition.
These high-temperature thermal sources were discovered all over the satellite,
showing that silicate volcanism was the dominant, primary lava type, finally
settling a question dating from the Voyager epoch. Sulphur may be an impor-
tant secondary magma, and sulphur dioxide, ubiquitous on Io’s surface, is an
important volatile.

2. The volcano tour: Pele, Prometheus and Loki

Pele is the only ionian volcano that displays all the characteristics of an active
lava lake, where the crust on the surface is being constantly disrupted by vigorous
overturn, probably caused by the explosive de-gassing of lava. The sulphur-rich
plume that results still forms the red deposits on the surface seen by Voyager. A
night-time, multi-filter high-resolution SSI observation obtained in 2001 shows
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the distribution of temperatures topping out at about 1480 K, in the basaltic
composition range, confirming a previous NIMS analysis.

Prometheus has been described as Io’s ’Old Faithful’ as it was always seen to
be producing a volcanic plume. However, unlike Pele, the plume at Prometheus
appears to be generated as a result of gently effusive surface flows interacting
with a SO2-rich surface, not exsolving from the lava. Accordingly, the plume
deposits have moved with the newly emplaced flow field. Analysis of NIMS and
SSI data show that over 6000 km2 of flows have been emplaced in the 17 years
between Voyager and Galileo. The individual flow thicknesses at Prometheus
(and other locations) are approximately 1-2 m thick. Additionally, it was re-
cently discovered that volcanic activity at Prometheus was episodic in nature;
every 7 to 9 months, there is a peak in thermal output at 5 µm. What is prob-
ably happening is that a sub-surface magma chamber is pressurizing as magma
enters the chamber; the chamber eventually ruptures and magma migrates to
the surface, and erupts. Pressure in the magma chamber decreases, and the
eruption ends, the system seals, and the process starts again. Volumes of ma-
terial erupted at Prometheus are greater by an order of magnitude than at the
closest terrestrial analogue, Kilauea, Hawaii.

Loki is Io’s power house, the most powerful volcano in the Solar System.
Analysis of variation in 3.5-3.8 µm brightness revealed a periodicity at Loki of
540 days, interpreted as the foundering of the crust on an admittedly massive
lava lake (over 150 km in diameter: lava lakes on Earth are typically 100 m
across). Analysis of high-resolution NIMS data obtained in 2001 showed a sur-
face distribution that indicated a diagonal resurfacing wave originating from the
SW corner of the Patera, moving at a rate of about 1 km per day, consistent
with PPR observations. Is Loki a huge lava lake, or is it being resurfaced by
flows? It is not yet possible to say. If a lava lake, then Loki would be a window
deep into the crust of Io.

3. Thermal signatures and a comparison with terrestrial volcanism.

Study of NIMS data, with model fits constrained by SSI and PPR data, have
allowed different styles of volcanic activity to be identified on the basis of shape of
infrared spectrum, mass and energy fluxes, and temporal behavior. Prometheus
displays all the characteristics of a pahoehoe flow field; Pillan, a massive eruption
accompanied by fire-fountaining, and open-channel, possibly turbulent flows,
that were observed as they cooled over the following years.

Volcanism on Io is hotter, and produces more voluminous lavas than on
Earth.

Volcanism on Earth produces about 18 km3 of lava per year; Io produces
480-540 km3 per year. Yet similar styles of volcanism look very much alike on
these two planetary bodies. The energy and mass fluxes from pahoehoe flows,
open-channel flows and active lava lakes look very similar on Io and Earth, which
greatly aids interpretation of Io data.

This work was carried out at the Jet Propulsion Laboratory, California
Institute of Technology, under contract to the National Aeronautics and Space
Administration. The author is supported by a PG&G grant.
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New Results on the Composition of the Outer Planets and
Titan

Thierry Fouchet

Lesia - Université Pierre et Marie Curie, Observatoire de Meudon, 5
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Abstract. In this brief summary, I present recent progress on our knowledge
of the Giant Planets and Titan atmospheric composition, as well as the impact of
this progress on our understanding of Solar System formation, and atmospheric
chemistry.

1. Isotopic composition

1.1. Deuterium

The D/H ratio in Solar System objects is a powerful tool to investigate the
formation of planetary objects in the proto-solar nebula. However, most deter-
minations of D/H in Giant Planets suffered from uncertainties, due to observa-
tional difficulties, or due to the isotopic fractionation existing between HD and
CH3D. The fractionation coefficient f , that depends on reaction kinetics and
atmospheric dynamical time scale, is not precisely known.

Recently, ISO detected for the first time the rotational lines of HD . This
new situation allowed Feuchtgruber et al. (1999) and Lellouch et al. (2001)
a simple and coherent determination of D/H on the four Giant Planets. The
results (D/H=(2.25 ± 0.35) × 10−5 for Jupiter, (1.70+0.75

−0.45) × 10−5 for Saturn,

(5.50+3.5
−1.5)× 10−5 for Uranus, and (6.5+2.5

−1.5)× 10−5 for Neptune), confirmed that
Uranus and Neptune have been enriched in D during their formation, by mixing
of their atmosphere with a large, D-rich, icy core. Assuming complete mix-
ing, it is possible to retrieve the D/H ratio in the ices that formed the cores :
D/H=(8.5+10.0

−3.8 )× 10−5. This lower D/H than measured in comets bears impor-
tant implications for the dynamics of the proto-solar nebula.

1.2. Nitrogen

Different studies, either using remote sensing spectroscopy with ISO (Fouchet
et al. 2000a), or in-situ measurements (Owen et al. 2001), have shown that the
15N/14N ratio in Jupiter is significantly lower in the Jovian atmosphere than on
the Earth: (2.20 ± 0.40) × 10−3 compared to 3.67 × 10−3. As Jupiter has not
been isotopically fractionated, the Jovian ratio is similar to the solar 15N/14N. In
contrast, the comets, the Earth, Mars, and Titan have been fractionated either
during their formation or during their subsequent evolution. This situation is
especially of great value to understand the origin of terrestrial nitrogen, which
still remains unclear.
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2. Photochemistry

Photochemistry in the Giant Planets is triggered by CH4 photolysis, and leads
to the formation of heavier hydrocarbons, principally C2H6 and C2H2. The
atmospheric dynamics redistributes the product vertically and horizontally. Re-
cently, Fouchet et al. (2000b) and Nixon et al. (2002) observed for the first
time the vertical and meridional variations of C2H6 and C2H2. The results show
that C2H2 abundance decreases faster than C2H6 abundance with increasing
pressures and latitudes. This result backs photochemical models that predicted
a longer lifetime for ethane than for acetylene.

In contrast, photochemical models have a harder task at predicting the
abundance of trace hydrocarbons. Bézard et al. (2001a) observed a C2H4 column
abundance of 6×1014 on Jupiter and 3.5×1015 cm−2 on Saturn, approximately
30% less than predicted. For benzene, detected by Bézard et al. (2001b) on
Jupiter and Saturn by ISO, the column abundances [(1.5–13.5)× 1014 and (3.6–
6.8)× 1013 cm−2] are 50% lower than expected.

3. Oxygen in the outer Solar System

Recently, ISO detected water in the stratosphere of the four giant planets and
Titan (Feuchtgruber et al. 1997, Coustenis et al. 1999, Moses et al. 2000,
Lellouch et al. 2002). Water cannot be transported from the underlying levels,
has it must condense out at the very low tropopause temperatures. Instead, it
must come from an exogenic source. On Jupiter, Lellouch et al. (2002) identified
the source as, most likely, the SL9 collision. Moreover Lellouch et al. put an
upper limit to the flux of water due to IDPs at Jupiter : 8 × 104 cm−2 s−1.
On Saturn and Titan the exogenic water flux is higher than this upper limit
(respectively (4± 2)× 106, and (0.8− 2.6)× 106 cm−2 s−1). Thus, IDPs do not
constitute a realistic source of the Saturnian System. Instead, sputtering of the
rings for Saturn, and from Enceladus for Titan appears as possible origins. For
Uranus and Neptune, the O flux (respectively (0.6−1.6)×105, and (1.2−150)×
105 cm−2 s−1), could be best explained by IDPs precipitation, the larger flux
observed at Neptune being due to its proximity to the Kuiper belt.

Using ground-based spectroscopy, Bézard et al. (2002) showed that CO
is present in Jupiter troposphere, but also in its stratosphere, highlighting the
existence of both the internal and exogenic CO sources. The tropospheric abun-
dance, 1.0± 0.2 ppb, is consistent with recent chemical and dynamical calcula-
tion. The external source cannot be explained entirely by the SL9 event, but
requires an additional external CO flux. The authors concluded that the most
likely source is the in-fall of a kilometer-sized body each century.

References
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We know that each of the Galilean satellites of Jupiter has a tenuous atmo-
sphere by terrestrial standards. Io’s SO2 equatorial atmosphere and, perhaps,
Callisto’s atmosphere inferred from its large ionospheric densities are measured
in nanobars, whereas the atmospheres of Europa and Ganymede produced by
ion sputtering of the water ice surfaces only reach picobar pressures and are
comprised mostly of O2. Io’s polar atmosphere is probably an order of magni-
tude less dense than its equatorial atmosphere. Europa and Ganymede have O2

atmospheres with column densities in the range of (1-10)×1014cm−2. These at-
mospheres, on the basis of their inferred production and loss rates, are estimated
to have short residence times of ∼2-3 days.

For Io and Europa, the harsh environment of Jupiter’s inner magnetosphere
produces atmospheric chemistry driven by magnetospheric electrons as well as
by solar radiation. In fact, ionization and UV emission occur predominantly by
electron impact. With the much lower magnetospheric electron densities at the
orbits of Ganymede and Callisto solar photoionization exceeds electron impact
ionization.

Based on measured ionospheric electron density profiles (∼ 104− 105cm−3)
for Io, Europa, and Callisto, the ionospheric Pedersen and Hall conductances
can be computed to estimate the strengths of electrodynamic interactions of Io,
Europa, and Callisto with the Io plasma torus (plasma in Jupiter’s inner magne-
tosphere). As a result of these interactions large electric currents flow through
their ionospheres (∼ 106 A) accompanied by large Joule heating rates that are
the dominant heating mechanism of their atmospheres, leading to estimates of
high temperatures ∼1000-2000 K for altitudes 2 scale heights above their sur-
faces. The magnetospheric plasma interaction with these atmospheres can be
remotely sensed by HST/STIS observations. The regions of brightest UV line
emissions from OI (and SI on Io) indicate the regions of maximum deposition
of magnetospheric electron power. On Io, this UV auroral emission occurs in
equatorial spots organized by Jupiter’s magnetospheric field and brightest where
the field is closest to the surface, but above the limb. Theoretical models can
explain why UV emission is preferentially brighter at the equator than the poles.
On Europa with a thinner atmosphere, the UV emission is primarily limb glow
with one bright region on the disk. The latter is not understood.

In the following table, various quantities for the Galilean satellites are sum-
marized. For the electrodynamic interactions, the relevant quantities are the
ionospheric Pedersen conductance, ΣPed, the Alfven conductance, ΣA, the ve-
locity of magnetospheric plasma relative to the satellite, Vrel plasma, the Alfven
velocity, Valfven, the Alfven Mach number, MA, the sound speed Mach num-
ber, MS , the magnetic field, B, the corotation electric field, E0, the ratio of the
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ionospheric electric field to the corotation electric field, α, the total ionospheric
electric current, Iiono, and the perturbation magnetic field due to ionospheric
currents relative to the background field, |∆B/BJ |.

Quantity IO EUROPA GANYMEDE CALLISTO

Atmospheric Volcanos Sputtering Sputtering Sputtering
source H2O Ice H2O Ice H2O Ice

Column Density 2× 1016 5× 1014 5× 1014 8× 1014CO2

(cm−3) (0.03-3) (3-7)×1014 (1-10)×1014 ∼ 1016O2

×1016

Major Gas SO2 O2 O2 O2 or CO2 ?
Other Species S2, SO,O,S, O,H2O,H2, O,H2O, CO2,O,H2O,

NaCl, Na, K H, Na, K H2, H H2,H,CO,C
Thermospheric ∼2000 ∼ 2000 ∼ 1000 ∼ 2000
Temperature (K)

Escape rate (s−1) 1.6 ×1028 1 ×1027O2 ? ?
SO2

Lifetime (d) 3 2

Peak Electron ∼ 3× 105 ∼ 104 < 103 ∼ 2× 104

Density (cm−3)

ΣPed (mho) 130 (ec) 14 ≤ 100 (pu) ∼ 104 (ec)
ΣA (mho) 5 1.7 2 1.3
Vrel plasma 57 90 180 170
(km s−1)

Valfven (km s−1) 220 460 375 600
MA 0.25 0.2 0.5 0.3
MS 1.65 1.75 2.4 2.4
B (nT) 1800, J 420, J 750,G 35, J
E0 (Vm-1) 0.1 0.04 0.02 0.006

α =Ei/E0 0.1 0.2 - 0.001

Iiono (106 A) 10 1.4 - 0.15

Joule Heating 4× 1011 3× 1010 ? ≤ 109

(W)
|∆ B/BJ | 0.45 0.4 - 0.35

Magnetospheric 2× 109 1× 108 ∼ 107 ∼ 104

Thermal Ion
Power (W)

Solar EUV/UV 7× 109 < 108 < 108 5× 107,CO2

Power Input (W)

ec = elastic collisions, pu = pickup, J = Jupiter’s magnetic field, G = Ganymede’s
magnetic field
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The Distribution and Nature of Titan’s Aerosols: A New
Look

Mark T. Lemmon

Texas A&M University, College Station, TX 77843-3150, USA

Peter H. Smith, Ralph D. Lorenz

University of Arizona, Tucson, AZ 85721-0092, USA

Titan passed through southern summer solstice in late 2002, allowing an
unprecedented view of summer seasonal effects. A set of images was acquired
with the Hubble Space Telescope spanning the 0.25-2 micron spectral range.
Among the effects seen were a rapidly changing hemispheric asymmetry and a
polar hood that is visible at short wavelengths. The north-south asymmetry has
reversed, returning Titans dominant visual feature to something like its Voyager-
era state. The polar hood is spectrally different from the north-south asymmetry
and is due to a mode of small particles. The amount of absorbing material in
the polar hood cannot be uniquely constrained, but a lower limit can be derived
by assuming that the absorber is the same as that found in the main haze
(i.e., it is analogous to Titan tholin) and that the absorber is entirely above the
main haze. The hood spectrum is consistent with about 4×10−6g/cm2 of tholin-
like material above the main haze south of 65 S. A larger amount of material
mixed lower in the atmosphere cannot be ruled out. An upper limit to the
particle radius of about 0.02 microns can be determined by the lack of a bright
polar hood in near-infrared methane band images. Considering time scales for
removing material from the stratosphere leads to an estimate of summer polar
mass production that is within a factor of five of published estimates of annual,
global aerosol mass production. More detailed modeling of the observations
is proceeding. The model includes the prediction of disk-resolved polarization
based on particle characteristics. Comparisons to HST polarimetric images will
provide new constraints on the properties of the northern, southern, and polar
aerosols. Preliminary analysis of the polarimetry images shows the polarization
is radial at all wavelengths (0.25-2 microns) and the magnitude of polarization
peaks near 0.75 microns. The polarization is consistent with small particles, but
is less than predicted by models of Pioneer 11 and Voyager 2 polarimetry.
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Characterization of the Zonal Wind Flow in the Upper
Atmosphere of Titan with the VLT

Régis Courtin1, David Luz1, Daniel Gautier1, Thierry Appourchaux2,
Jean-Pierre Lebreton2, Francesca Ferri3, Luisa Lara4

Frédéric Hourdin5, Andreas Kaufer6

1LESIA-CNRS, Observatoire de Paris, 92195 Meudon Pal Cedex, France
2ESTEC-European Space Agency, Noordwijk, The Netherlands
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Abstract. We report on recent efforts to characterize the zonal wind flow in
the upper atmosphere of Titan from high resolution spectroscopic observations
with the Very Large Telescope.

To characterize the zonal circulation of Titan’s upper atmosphere, we have
obtained high-resolution reflection spectra between 420 and 620 nm using the
UVES echelle spectrometer at the focus of the VLT-UT2. The purpose of these
observations was to detect the differential Doppler shift induced by the zonal
wind flow in the back-scattered solar radiation from the Eastern and Western
limbs. The measured spectra were analyzed with a velocity retrieval scheme
developed for stellar accelerometry (Connes 1985), taking advantage of the large
number of solar lines present in this spectral range. Similar observations were
also made on Io to validate the velocity retrieval. A detailed analysis of the Io
echellograms yields an equatorial velocity of 78.2 ± 7.0 m.s−1 (Civeit 2003), to
be compared with the reference value of 74.7 m.s−1. For Titan, a preliminary
analysis shows the clear signature of a prograde circulation (i.e. in the direction
of the solid body rotation) just south of the equator, with a wind velocity on
the order of 80-100 m.s−1, consistent with current model predictions (Hourdin
et al. 1995). Radiative transfer calculations indicate that these measurements
refer to altitudes between 50 and 250 km. Another intriguing result, however,
is that not all of our observations show the signature of super-rotation, which
suggests that some process – yet to be identified – may be interfering with our
ability to observe the wind flow at all times.
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The Abundant Irregular Satellites of the Giant Planets
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Abstract. Irregular satellites have eccentric orbits that can be highly inclined
or even retrograde relative to the equatorial planes of their planets. These
objects cannot have formed by circumplanetary accretion as did the regular
satellites which follow un-inclined, nearly circular, pro-grade orbits. Instead,
they are likely products of early capture from heliocentric orbit. The study
of the irregular satellites provides a unique window on processes operating in
the young solar system. Recent discoveries around Jupiter (45 new satellites),
Saturn (13), Uranus (9), and Neptune (5) have almost increased the number of
known irregular satellites by a factor of ten and suggest that the gas and ice giant
planets all have fairly similar irregular satellite systems. Dynamical groupings
were most likely produced by collisional shattering of precursor objects after
capture by their planets. Jupiter is considered as a case of special interest. Its
proximity allows us to probe the fainter, smaller irregular satellites to obtain
large population statistics in order to address the questions of planet formation
and capture.

1. Discussion

The recent development of sensitive, large scale CCD detectors has refreshed
the study of irregular satellites by enabling a new wave of discovery. Large
fields of view are needed because the Hill spheres (the regions of gravitational
influence about each planet in which satellites could be stable) are large (see
Table 1). Sensitivity is needed because the majority of irregular satellites are
small and therefore faint. Also for this reason, the irregular satellite system of
Jupiter has been a particular target of recent study and its currently the best
characterized (Sheppard and Jewitt 2003). Each planet possesses both retro-
grade and pro-grade outer satellites, with the former being the more numerous.
Irregular satellites in retrograde orbits have semi-major axes that are all less
than 0.48rH (0.33rH for the pro grades), where rH is the Hill sphere radius.
Some satellites currently have apojoves up to 0.65rH . Satellites with inclina-
tions 55 < i < 130 are absent, probably a result of the Kozai effect that couples
variations in inclination and eccentricity and forces highly inclined satellites to
reach large eccentricities and makes them unstable (Carruba et al. 2002). The
preponderance of retrograde satellites at larger distance is probably a result of
resonant perturbations by the Sun (Nesvorny et al. 2003). At present it is prac-
tically impossible for planets to permanently capture satellites since no efficient
dissipation mechanism exists. Satellite capture could have occurred more eas-
ily towards the end of a planet’s formation due to gas drag from an extended
atmosphere, the enlargement of the Hill sphere caused by the planet’s mass
growth and/or higher collision probabilities with nearby small bodies (Colombo
& Franklin 1971; Heppenheimer & Porco 1977; Pollack et al. 1979). If so,
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satellite capture occurred on the same timescale as the planet’s growth. While
Jupiter currently possesses the largest number of known satellites of any of the
planets (Sheppard & Jewitt 2003), the other giant planets also have significant
irregular satellite populations (Gladman et al. 2000 and 2001; Holman et al.
2003; Sheppard et al. 2003). All are thought to have been captured by their
respective planets. In common with Jupiter, the other systems show dynamical
grouping, but the satellites of more distant planets are fainter and observation-
ally less well characterized. In particular, Jupiter shows groups in semi-major
axis and inclination space while other planets show grouping mostly in inclina-
tion space. It is yet to be determined if the groupings in inclination space are
because of resonant effects or not. In many of the groups a few large satellites are
accompanied by many smaller ones, the latter having a steep size distribution
similar to that of the main-belt asteroid families. By extrapolation, we estimate
that, within a factor of two, each planet possesses approximately 100 irregular
satellites with diameters greater than 1 km. We find that the four giant planets
possess about the same number of irregular satellites and groupings with no de-
pendence on the planet’s mass when comparing them to the same limiting size
of satellites. This is especially remarkable given that the ice giants Uranus and
Neptune may have had formation histories quite different from the gas giants
Jupiter and Saturn. It is unlikely that the satellite groups were produced by
the sole action of aerodynamic forces during capture, because self-gravity would
prevent the fragments from dispersing (Pollack et al. 1979). Additionally, gas
drag acting on the fragments would produce size-dependent sorting of the orbits
within each group that is not observed. For these reasons we believe that the
disruptions occurred after capture and after the dissipation of the gas left over
from planet’s formation. Fragmentation of the parent satellites could be caused
by impact with interplanetary projectiles (principally comets) or by collision
with other satellites, assuming both were once much more numerous than now.
For an in depth review of irregular satellites see Jewitt et al. (2003).

Table 1. Irregular Satellites of the Giant Planets

Planet irreg. groups limiting Hill Hill
sats. radii Radii Area
(#) (#) (km) (deg) (deg2)

Jupiter 53 6 3 4.7 70
Saturn 14 4-5 8 3.0 28
Uranus 9 2-3 16 1.5 7

Neptune 7 4 34 1.5 7
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Is Amalthea a Captured Trojan Asteroid of Jupiter?

Andrew J. R. Prentice

School of Mathematical Sciences, Monash University, Victoria 3800,
Australia

Abstract. The Galileo spacecraft has found Jupiter’s inner regular moon
Amalthea to be a porous assemblage of rock and ice. This and other factors
point to Amalthea having first condensed in a solar orbit.

In 2002, the Galileo spacecraft discovered that Amalthea has an unex-
pectedly low mean density ρ ∼ 0.9 g/cm3. This value is much less than the
value ∼ 3.87 g/cm3 expected at Amalthea’s orbital distance, namely 2.539RJ

(RJ = 71492 km), had this body formed as a native Jovian satellite. The latter
density follows from a gas ring condensation model which successfully accounts
both for the broad distributions of mass and orbital radius, and the bulk chem-
ical compositions of the four large Galilean moons (Prentice & ter Haar 1979,
Prentice 2001a). This model provides a condensation temperature and gas pres-
sure at Amalthea’s orbit of ∼ 880 K and ∼ 45 bar, respectively. It produces a
condensate that is 32% metal and 68% rock, and has mass that is ∼ 104 larger
than that of Amalthea. The absence of another native satellite at ∼ 3.5RJ thus
makes it much more likely that Amalthea formed outside the Jupiter system.
Prentice & ter Haar (1979) had predicted Amalthea to be a C-type asteroid.
Main belt stony asteroids have a predicted zero-porosity density ∼ 3.67 g/cm3

(Prentice 2001b). Galileo has found Amalthea to be less dense than the highly
porous, ice-free, main belt asteroid Mathilde (ρ = 1.3± 0.2 g/cm3), despite be-
ing ∼ 30 times more massive. This suggests the presence of some ice, as well
as rock. Most likely, therefore, Amalthea originally condensed as a planetesimal
from the gas ring shed by the proto-Solar cloud at Jupiter’s orbit, prior to dy-
namical capture by this planet. The predicted bulk chemical composition, by
mass, of such condensate is asteroidal rock (65%), graphite (1%), and water ice
(34%) (Prentice 2001b) . The zero-porosity density is 1.83 g/cm3. Amalthea
is simply a first cousin of the Trojan asteroids of Jupiter. This interpretation
is consistent with the Galileo spacecraft findings and implies a porosity of 50%.
I thank John D. Anderson [NASA/JPL] and David Warren [Hobart] for support.
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Complex Organic Solid Matter in the Outer Solar System

D. P. Cruikshank
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Complex organic molecular material of non-biological origin is found in
abundance in the interstellar dust in our Galaxy, and is also detected in other
galaxies. Some of this material was incorporated into the solar nebula and is now
found in some Solar System bodies. While some pre-solar organic material has
been preserved, synthesis of complex organics in planetary atmospheres and on
icy surfaces has been in progress for the entire age of the Solar System. Refrac-
tory organic solids have proven difficult to detect by traditional spectroscopic
techniques, and their presence is usually inferred from the low albedo and (often)
red color of the surfaces of small bodies in the outer Solar System (OSS). Color
in complex organic molecules, such as polymers and polycyclic aromatic hydro-
carbons, is caused by absorption in the UV and visible spectral regions arising
from electronic transitions connected primarily with C-C and C-O bonding. In
particular, large hydrocarbon molecules with conjugated (alternating pairs of
double and single) C-C bonds have color because the electronic transitions of
the de-localized pi electrons extend into the visible spectral region; the longer
the conjugated chain, the further is the extension to longer wavelength, with the
result that especially large molecular material appears black.

Rigorous scattering models of the diffuse spectral reflectance in the visi-
ble and near-infrared wavelength region of OSS bodies are calculated using the
complex refractive indices of the known or suspected component materials and
with plausible assumptions about the physical structure of the surface. This
technique depends on the availability of measured refractive indices of ices, min-
erals, and solid organic materials, such as tholins; with the work of investigators
around the world, the library of such data continues to grow. Tholins are com-
plex, refractory mixtures of heteropolymers, polycyclic aromatic hydrocarbons,
nitrogen heterocycles, and other structures that readily form when mixtures of
gases (or ices) are subjected to irradiation by charged particles or UV light (or
both). They are identified with the photochemical atmospheric hazes on Titan,
Triton, and Pluto, and in the atmospheres of the giant planets. Small amounts
of tholins have a strong coloring effect on ices on the surfaces of various planetary
satellites.

The principal results of spectral reflectance modeling studies with organic
materials in combination with minerals, ices, and elemental carbon are:

1. Low-albedo and reddish colored asteroids in the Main Belt and in the
Jovian Trojan populations may contain organic solids, but such material
is not required because their spectra can also be matched with mixtures
of common igneous rock-forming minerals.
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2. The extremely red members of the Kuiper Belt and Centaur populations
cannot be matched with plausible minerals and ices, and require organic
solids (e.g., tholins) to achieve fits to their spectra.

3. The very red Centaur object 5145 Pholus shows absorption bands that
are well modeled with water and methanol ices, while the red color is
modeled with a tholin, elemental carbon, and the mineral olivine; all of
these components are common in comets.

4. The low-albedo, red-colored leading hemisphere of Saturn’s satellite Ia-
petus is well modeled with a nitrogen-rich tholin, elemental carbon, and
water ice.

5. The relatively high-albedo icy satellites of the giant planets, and Pluto have
weak red coloration that can be modeled with small amounts of tholins;
such organic material may have formed in situ by particle and UV irradi-
ation of the ices, or it may have precipitated from a tenuous atmosphere,
or it may be acquired from exogenous sources.

Complex organic matter is emerging as the third major component of small
Solar System bodies, together with ices and minerals. The chemical character-
ization of this material and the identification of its sources present continuing
challenges to investigators.



Highlights of Astronomy, Vol. 13
International Astronomical Union, 2003
O. Engvold, ed.

Cassini/Huygens Mission To Saturn: Results And
Prospects
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The Cassini spacecraft was launched in October, 1997. Since then it has
been on an interplanetary trajectory aimed toward Saturn and arriving there on
July 1, 2004. En route, Cassini has flown by Venus, the Earth, and Jupiter. Each
of these events yielded new scientific results. (e.g., 11 papers in J. Geophys. Res.
106, 30099-30279.) The Cassini flyby of Jupiter, with Galileo already in Jovian
orbit, enabled the first-ever simultaneous measurements by two spacecraft at an
outer planet. This fortuitous event provided a unique opportunity to investigate
the giant planet’s magnetic field and the properties of the Jovian system. It
provided a focused period for intensive observations of Jupiter and cooperation
with investigators using Galileo, Hubble, Chandra, and ground-based observa-
tories. The results achieved at Jupiter were stunning (e.g., 8 articles in Nature
415, 965-1005, February 28, 2002). Recent results and the current status of the
spacecraft and mission will be discussed. Of note are the dates of July 1, 2004
when Cassini goes into orbit about Saturn and January 14, 2005 when Huygens
enters the atmosphere of Titan. The Cassini/Huygens mission is a joint under-
taking by NASA and ESA, with ASI as a partner via a bilateral agreement with
NASA.
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Huygens is an entry probe designed to descend under parachute through the
atmosphere of Titan, Saturn’s largest moon. The Huygens Probe is provided by
the European Space Agency (ESA) for the Cassini/Huygens mission to Saturn
and Titan. The Huygens mission will be conducted on the 3rd Orbit around
Saturn. The probe will be released around December 25, 2004 for entry in Titan
on January 14, 2005. This paper provided an overview of the Huygens mission.
The status of the probe and of the mission was reviewed, and opportunities for
Titan observations by the Orbiter during the first two orbits were discussed.
The Cassini/Huygens mission is a joint undertaking by NASA and ESA, with
ASI as a partner via a bilateral agreement with NASA.
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Pluto’s tenuous atmosphere was probed in 1988 with a stellar occultation
observed from the Kuiper Airborne Observatory (KAO, Elliot et al. 1989) and
a variety of ground-based sites (Millis et al. 1993). These data, subsequent
theoretical modeling (e.g. Strobel et al. 1996), and spectroscopic observations
(Owen et al. 1993; Young et al. 1997), gave us the following post-occultation
picture of Pluto’s atmosphere (Yelle & Elliot 1997; Elliot, Person, & Qu 2003b):
N2 is the dominant constituent of the atmosphere, which also contains small
amounts of CH4 and CO. These molecules are in vapor-pressure equilibrium with
their surface ices, and this process acts as a thermostat to keep the N2 ice at ∼38
K around the body. The temperature of the 1-3 µbar pressure region probed by
the occultation was ∼100 K. The KAO light curve dropped abruptly, however,
just below half-light. This abrupt drop could be due to one of two potential
properties of Pluto’s atmosphere: extinction, or a steep thermal gradient. Each
of these explanations has strengths and weaknesses (Yelle & Elliot 1997; Elliot,
et al. 2003b).

Pluto’s atmosphere was probed again with two stellar occultations in 2002–
for the first time since 1988–with the twofold goals of resolving the extinction
vs. thermal-gradient issue and to look for possible changes over time. Data for
the first event were recorded with two small telescopes and showed that Pluto’s
atmosphere had changed (Buie et al. 2002; Sicardy et al. 2003), but the data
quality was not sufficient for further conclusions. Observations of the second
event provided more extensive results. Data were recorded from nine telescopes,
located in Hawaii, Arizona, and California at both visible and IR wavelengths
(Elliot et al. 2003a). The most striking result was the marked difference between
the shape of the occultation light curves observed in 1988 and 2002 (Elliot,
et al. 2003a; Sicardy, et al. 2003). Sharp light-curve spikes were observed,
which were barely detected in 1988. The spikes indicate dynamical activity
in Pluto’s atmosphere-caused either by waves, turbulence, or a combination of
both. Based on the astrometric solution for the occultation (as derived from the
light-curve timings from the different observing sites), it was determined that
the atmospheric pressure had increased about a factor of two. For most of this
time Pluto has been receding from the sun (perihelion occurred in 1989). The
most likely cause for this pressure increase appears to be a warming of the N2

surface ice by about 1 K, which would then cause the requisite pressure increase
in order to maintain equilibrium. Surface warming could be due to the effects
of thermal inertia or a small increase in the amount of insolation absorbed by
the surface ice (e. g. Hansen & Paige 1996).
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Another result is an observed trend of decreasing depth of the occultation
with increasing wavelength of observation, between 0.7 and 2.2 µm (Elliot et al.
2003a). This trend is consistent with extinction from micron-sized particles in
Pluto’s atmosphere. As yet we cannot rule out the trend being caused by the
residual flux from a faint, red companion star that was not occulted. Observa-
tions of the occulted star with adaptive optics (Liu, personal communication)
have not yet indicated the presence of such a companion, but a more extensive
search will be required to completely resolve the issue.

More occultation opportunities to probe Pluto’s atmosphere will occur in
the next few years, as Pluto approaches alignment with the galactic plane (Mc-
Donald & Elliot 2000). Some of these events can be observed simultaneously
in the visible and IR (Dunham, Elliot, & Taylor 2000) when the Stratospheric
Observatory for Infrared Astronomy (SOFIA) becomes operational. Pluto’s at-
mosphere will be probed by spacecraft as early as 2015, with the flyby of the
New Horizons mission (Stern & Spencer 2003).

This work was funded at MIT in part by NASA Grant NAG5-10444 and
NSF Grant AST-0073447.
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Abstract. Pluto’s tenuous nitrogen atmosphere was detected by stellar oc-
cultations in 1985 and 1988. This atmosphere is poorly known, however, due to
the rarity of these events. We report here the first Pluto occultations observed
since 1988, on 20 July and 21 August 2002. Our analysis reveals drastic changes
undergone by the atmosphere since 1988, namely a two-fold pressure increase,
the probable effect of seasonal changes on Pluto over this fourteen year interval.

1. Pluto’s atmosphere

As Pluto is presently receding from the Sun, the amount of solar energy that
reaches its surface decreases, so its surface is expected to cool. Surprisingly,
however, we show that Pluto’s atmosphere is expanding, rather than contracting.
We present here a short summary of our results, which are presented in more
details by Sicardy et al. (2003).

So far, the only way to study Pluto’s atmosphere is to wait for a so-called
“stellar occultation”, when the refraction by the planet atmosphere causes a
gradual dimming of the starlight. The previous occultation observed by several
teams in 1988 revealed Pluto’s tenuous nitrogen atmosphere, whose deepest
layers reach pressures of a few microbars (Yelle & Elliot, 1997). This pressure
is maintained by thermodynamical equilibrium between the nitrogen ice on the
surface, at temperatures of 40-60 K, and the nitrogen vapor above it.
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2. Observations and results

The first Pluto occultation successfully observed since 1988 occurred on 20 July
2002, during a campaign in South America organized by a group of Paris Ob-
servatory. The star dubbed “P126” went behind the planet as observed from an
area ranging from Chile, Brazil, Peru, Bolivia and Ecuador. A successful ob-
servation was made by one of our teams near Arica, in northern Chile, using a
30-cm portable telescope and a CCD camera with no filter. One month later, on
21 August 2002, another occultation (of the star “P131.1”) was successfully ob-
served with the Canada-France-Hawaii 3.6-m Telescope (CFHT), yielding high
quality data in the I band (0.89 µm).

Analysis of the data reveals that the pressure in Pluto’s atmosphere more
than doubled between 1988 (Yelle & Elliot, 1997) and 2002 (Elliot et al, 2003,
Sicardy et al., 2003). For instance, the pressure p at the distance r= 1215
km from the planet center increased by a factor 2.1 between the two dates:
p = 5.0± 0.6 µbar in 2002, while p = 2.33± 0.24 µbar in 1988.

One might naively expect an overall collapse of the atmosphere as the planet
moves farther from the Sun and cools down. Seasonal variations, however, can
overcome this tendency and explain the present expansion. Hansen & Paige
(1996) show that there would be a period in Pluto’s orbit - shortly after perihe-
lion - when the south polar cap of the planet comes into sunlight after spending
more than 120 years in darkness. This happened in 1987, and the sublimation
of the solid nitrogen accumulated in this region would then feed the atmosphere,
while it would take some time for the north polar cap, in darkness since 1987,
to re-condense this excess of gas. Hansen and Paige predict that this expansion
will last till 2015 or so, before the atmosphere shrinks again. More complications
arise, however, as the albedo of the planet probably varies during the whole pro-
cess, thus changing the surface temperature, and by the same way, the amount
of nitrogen sublimated into the atmosphere.

Finally, some stellar scintillation is visible in the P131.1 light curve, thus re-
vealing a dynamical activity in Pluto’s atmosphere, maintained either by strong
winds between the lit and dark hemispheres of the planet, or by convection near
the surface.
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Abstract. The New Horizons Mission to Pluto-Charon and the Kuiper Belt
is under development for launch in 2006. The experiment complement of eight
sensors addresses fundamental issues of density, composition, albedo, geology,
and atmospheric state, chemistry, and escape.

The New Horizons (NH) Mission, currently in the middle stages of development
by Southwest Research Inst. and Johns Hopkins University Applied Physics
Lab., is designed to provide the first detailed, spacecraft observations of the
Pluto-Charon system and smaller Kuiper-Belt Objects (KBOs) beyond. An
≈ 465 kg spacecraft is to be launched on a Jupiter gravity-assist trajectory in
January 2006, to arrive at the Pluto-Charon system by 2016, after which it
will continue for several more years to the Kuiper Belt. The trajectory includes
scientifically useful, moderate-range, ≈ 38RJ, observations of Jupiter followed by
an ≈ 12 km/s ’fly-through’ of the Pluto-Charon system with a spacecraft closest
approach to Pluto’s center of mass of ≈ 11, 000 km, passing through the orbital
plane of Charon. The encounter geometry includes Sun and Earth occultations
by both Pluto and Charon. Subsequent to Pluto encounter, the spacecraft will
maneuver to encounter at least one, and possibly two, KBOs between 2019 and
2026.

The instrument complement, Table 1, provides for visible and IR spectral
mapping, UV spectroscopy, solar-UV and Earth-radio occultations, in situ sens-
ing of system plasma, and radio-tracking determination of Pluto and Charon
masses. Planned observations will characterize Pluto’s suspected complex geol-
ogy on scales less than 1 km, map surface composition, determine the volatiles
and structure of the neutral atmosphere, determine the rate of atmospheric
escape from the system, and characterize the possible exchange of volatiles be-
tween Pluto and Charon. A long focal length camera is included for the purpose
of providing observations of the Pluto system for six months prior to closest
approach. This will permit study of Pluto and Charon over many rotations, and
provide context for the close encounter. Imaging sensitivity is such that the dark
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Table 1. New Horizons Payload Summary. ( ‘NA’ = narrow angle, ‘Pan’ =
pan-chromatic, ‘Spect’ = spectrometer.)

Investigation Type Sensor Characteristics

RALPH Visible mapping imager Pan- and 4-color CCD
LEISA Near-IR imaging spect 1.24–2.5; 2.1–2.25 µm
ALICE UV imaging spect 520-1870 Å
REX Radio occultation T (p[z]) ∆p = 0.01 Pa, ∆Tsur = 1 K

Microwave radiometry 4.2 cm-λ, ∆T = 0.1 K
Body mass Two-way radiometric tracking

SWAP Plasma spect To 6.5 keV
PEPSSI Hi-energy particles Ions: 1–3000, e−: 25–700 keV
LORRI Long focal length imager NA, Pan CCD, 5 µrad/pixel
SDC Student dust counter area 0.25 m2, mass > 10−15 kg

side of Pluto—otherwise not seen at high resolution—can be imaged in ‘Charon-
shine’ as NH departs the system. The same instrument set will be effective in
reconnaissance of KBOs, with primary emphasis on surface characteristics.

The Student Dust Counter is provided by joint agreement between NH
Project and the University of Colorado. To be operated by a succession of
undergraduate and graduate students at CU, this instrument will provide the
first in situ determination of the dust distribution between Earth and the outer
solar system, providing a basis for testing Earth-based inferences and theories
of dust distribution.

The mission design satisfies all NASA (2001) and PKB Science Definition
Team (Lunine et al., 1995) Group I objectives, and virtually all Group II and
III objectives (Stern & Cheng, 2002).

The choice of KB targets is to be made between now and the approach to
Pluto-Charon, based on new KB surveys over the next decade. On the basis of
the known KBO’s, the current rate of their discovery, and the capabilities of the
NH spacecraft, Monte Carlo simulations indicate NH will be able to reach one or
two KBO’s exceeding 35 km in diameter, depending upon the orbits of the target
bodies and the performance of the NH navigation and propulsion systems. The
instrument complement can readily address questions of KBO albedos, masses,
and densities, which will support studies of bulk composition and state. Sim-
ilarly, it will be possible to study surface geology, surface composition and its
variation, and to search for tenuous atmospheres.

References

Lunine, J.I., et al., 1995. Report of the Pluto-Kuiper Express Science Definition Team.
(NASA, unpublished)

NASA, 2001. Pluto Kuiper Belt Mission Announcement of Opportunity. AO-01-OSS-01

Stern, S. A., and A. Cheng, 2002. NASA Plans Pluto-Kuiper Belt Mission. EoS, 83,
101



Highlights of Astronomy, Vol. 13
International Astronomical Union, 2003
O. Engvold, ed.

Mapping Mars at Global to Human Scales

Brent A. Archinal, Randolph L. Kirk, Elpitha Howington-Kraus, Mark
R. Rosiek, Laurence A. Soderblom, Ella M. Lee

U. S. Geological Survey, Astrogeology Team, 2255 N. Gemini Drive,
Flagstaff, AZ 86004, USA (barchinal@usgs.gov)

We report on current Mars mapping projects in support of NASA planetary
exploration. This includes a summary of the current state and accuracy of
such mapping at global, regional, and local (human) scales. The availability
of Mars Orbiter Laser Altimeter data has revolutionized such mapping. Aside
from its use as a global topographic dataset, images can easily be correlated
to it with absolute uncertainties of ≈100 m horizontally. We are using this
to create a revised version of the global Mars digital image mosaic (MDIM)
that will have absolute errors of ≈231 m (one pixel) and improved cosmetic
characteristics. We are undertaking stereo-topographic mapping at regional to
local scales, using Viking and Mars Orbiter Camera Narrow Angle (NA) images,
with horizontal resolutions of 600 to 5 m, and expected vertical precision of 200
to 1 m. Derived topography and altimetric information can also be used to
calibrate shape-from-shading (photoclinometry) topographic models at down to
single-pixel resolution (i.e. 1.4 m for NA images). Products of these efforts
have a multitude of purposes, from assisting in large-scale geologic mapping, to
characterizing the geology/safety of proposed landing sites. Plans are underway
to also use THEMIS, HRSC, and HiRISE camera data in future efforts.
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Planetary Exploration and Archaeology: Heritage
Conservation

John B. Campbell

School of Anthropology, Archaeology and Sociology, James Cook
University, Cairns, Australia

Planetary exploration is resulting in the creation of new archaeological sites,
material and debris on planets and their moons, and in various orbits round the
Earth, Mars, the Sun etc. The main off-Earth bodies with sites so far are
the Moon and Mars. Although thousands of archaeological sites on Earth are
protected for their heritage value, no sites off-Earth are properly protected as yet.
Sites off-Earth need to be ranked for their comparative heritage significance and
protocols developed for the conservation and protection of the more significant
sites and artifacts, before specimens are collected and returned to Earth in an
uncontrolled (from heritage points of view) manner. A new United Nations
Space Heritage Treaty is needed, or at least appropriate IAU and WAC (World
Archaeological Congress) protocols agreed by the various parties concerned. The
UN Outer Space Treaty 1967 is very out of date and a product of the Cold War.

The current archaeology of the Moon faces an urgent need for assessment of
heritage and future scientific values of the Apollo landing sites. As the landing
site where people set foot on another world for the first time, Apollo 11’s Tran-
quillity Base is of high international significance and worthy of the equivalent of
World Heritage status. Other NASA mission sites should also be considered for
assessment, as should the landing and crash sites of the former Soviet Union.
Future ESA, Japanese, Chinese, Indian, Russian and NASA sites should be
recorded (at least remotely) as they are formed; this would not be that different
in principle from ethnoarchaeology on Earth (i.e. the archaeology of the physical
activities, material creations and discarded materials of living people). There is
ample material on the Moon for landscape archaeology.

The archaeology of Mars would focus initially on assessment of NASA’s
Viking 1, Viking 2 and Pathfinder landers, as well as various crash sites such as
the former USSR’s Mars 2 (1971) and NASA’s Mars Polar Lander (1999), once
they are relocated. Monitoring selected sites and artifacts on Mars would be
of particular interest as abrasion and cryoclastic action will almost certainly be
occurring. A register of sites of heritage significance should be established before
Mars is colonized or equipment is sampled by private corporations as is now
intended for some of the Apollo sites on the Moon. The current missions to Mars
(ESA’s Mars Express with its Beagle 2 lander, NASA’s Mars Exploration Rovers
Spirit and Opportunity landers and Japan’s Nozomi) will have varying levels of
heritage significance, some of which will depend on their respective scientific
successes (mapping, relocation of Mars Polar Lander, detection of evidence for
past or present extremophiles etc.).

Conservation of sites on Venus would be impracticable as any surviving
American (NASA) or Russian (USSR) artifacts will be very corroded. However,
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investigation of rates of corrosion and variations in resistance according to kind
of material and position in the Venusians landscape would be of more than aca-
demic interest in planning future surface missions. Planned missions to the inner
planets such as ESA’s Venus Express and the Mercury mission, BepiColombo,
should be judged and monitored for their heritage significance as they unfold.

A future detailed register of sites on asteroids (such as Eros), Jovian moons
(e.g. Europa), saturnian moons (e.g. Titan) and further out (e.g. Pluto and
Charon) would be very useful to establish and maintain as they are created.
Discovery of extremophiles or other life on any or all of Europa, Titan or Mars
will present other ethical challenges. In general, a well structured and constantly
updated, internationally mirrored heritage database on missions, orbits, trajec-
tories, probes, landing sites, crash sites, scientific significance, national signifi-
cance, international significance, interplanetary significance (stage of exploration
of Solar System), conservation status, threats to conservation, protection status,
expected costs of preservation, actual costs of preservation etc. will be essen-
tial for the archaeology of the Solar System. Unlike what has often happened
on Earth, being ready with a plan, knowledge of the site/artifact, likely costs
of intervention etc., would mean that appropriate action could be decided and
carried out before significant sites/artifacts are damaged or removed by either
looting or uncontrolled collecting.
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Numerical Simulation of the Jovian Wind Band as a
Convective Phenomenon

Kwing L. Chan

The Hong Kong University of Science and Technology, Hong Kong,
China

Hans G. Mayr

Goddard Space Flight Center/NASA, Greenbelt, MD, USA

Using a three-dimensional numerical spectral model, we simulate the out-
ermost layer of Jupiter’s convective envelope (two depth cases: 1-23 bars, 1-115
bars). The physical parameters (e.g. internal energy flux, rotation rate) are
chosen to be close to those expected, but solar heating as well as dynamical
influences from deeper layers are ignored. The model generates a wind field
pattern remarkably similar to that observed. There is a narrow, super-rotating
jet at the equator, and two prominent humps in temperature also develop in the
subtropics. The strength of the jet streams does not change much over depth.
The maximum wind speed occasionally reach 100 m/sec, but the mean ampli-
tude of the equatorial jet is about a factor of 2-3 lower than the nominal value.
The latitudes of the secondary pro-grade jets are higher than those observed,
but they are dependent on the depth of the model. Though the quantitative
agreement is not quite satisfactory (as might have been caused by neglected
physical effects like solar radiation), this model demonstrates, in principle, the
feasibility of generating a Jovian type wind pattern through the interaction of
fast rotation and convection in a thin shell.
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Charon/Pluto Light Ratio

K. B. Clancy, J. L. Elliot, M. J. Person

Department of Earth, Atmospheric, and Planetary Sciences, MIT,
Cambridge, MA 02139, USA

Prediction of the occultations of the stars P126 and P131.1 by Pluto on
2002 July 20 (UT) and August 21 (UT), respectively (Clancy et al. 2002, BAAS
34, 1212) involved astrometric data sets spanning more than three months that
were acquired on several telescopes. Pluto’s position in each frame was deter-
mined relative to a UCAC astrometric reference network (Zacharias et al. 2000,
AJ 120, 2131) with a dual-source point-spread function (PSF) model that was
fit to the blended Pluto-Charon image. The relative position of Charon from
Pluto was fixed in the PSF using values from the JPL Horizons ephemeris,
and the light ratio fixed at values from resolved photometric observations of
Pluto and Charon presented in Buie, Tholen, and Wasserman (1993, Icarus
125, 233). Although the final predictions proved to be quite accurate (see
http://occult.mit.edu/research/occultations/Candidates/Predictions/P126.html
and http://occult.mit.edu/research/occultations/Candidates/Predictions/P131
.1.html), empirical corrections were made to the offset of Pluto from its ephemeris.
These corrections were based on the residuals of Pluto’s measured position from
its ephemeris, which were sinusoidal. The consistency of the fitted residual
phase and amplitude between all prediction data sets implies either an incorrect
Charon to Pluto mass ratio was used for calculating Charon’s ephemeris, or that
we used incorrect Charon/Pluto light ratios in this reduction. Resolved images
of Pluto-Charon were taken over a period of six days (2003 April) in nine filters
at the Magellan 6.5-m Clay telescope in order to uncover the cause of these
residuals. Combined with other Magellan Pluto frames taken in 2001 and 2002,
the images were fit with a dual-source PSF model. The Charon/Pluto light ratio
determined from the PSF modeling was then plotted against orbital phase and
fit with a sinusoidal model for each filter. A strong trend with wavelength was
found for the mean light ratio of Charon to Pluto. This trend partially explains
the residuals found, as the astrograph and CTIO data were taken in a filter of
mean wavelength ∼720nm, whereas the Buie et al. resolved light curve was ob-
tained in the F555W filter of mean wavelength ∼537 nm. This trend can account
for 0.026” of the 0.053” residual amplitude. However, if the only other effect
were an erroneous Charon/Pluto mass ratio, the remaining residual would imply
a mass ratio of 0.086 rather than 0.120 (as used in the JPL Horizons ephemeris).
A value of 0.086 does not agree with recent mass ratio measurements (0.157 ±
0.003 by Young et al. 1994, Icarus 108, 186; 0.124 ± 0.008 by Null and Owen
1996, AJ, 111, 1368; and 0.122 ± 0.008 by Olkin et al. 2003, Icarus 164, 254),
thus more work must be done in these analyses to understand the cause of these
residuals. This work was funded at MIT in part by NASA Grant NAG5-10444
and NSF Grant AST-0073447.
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Hot Hydrogen in the Jovian Corona

Emerich, C.

Institut d’Astrophysique Spatiale, Université Paris-Sud, bâtiment 121,
91405 Orsay, France

Ben Jaffel, L.

Institut d’Astrophysique, 98bis bd Arago, 75014 Paris, France

Clarke, J. T.

Center for Space Physics, Boston University, MA02215, USA

Ballester, G.

Lunar & Planetary Laboratory, University of Arizona, AZ85721, USA

Abstract. The asymmetry observed in the H-Lyα profiles measured near
the Jovian equatorial limbs by the STIS/HST spectrograph is interpreted as
due to H atoms propagating in the upper Jovian atmosphere with velocities
∼ 80 km/s relative to Jupiter’s rotation. A qualitative scenario is suggested to
correlate these energetic H atoms to energetic neutral particles recently detected
by Cassini at higher altitudes.

Owing to the unique capabilities of the STIS/HST spectro-imager, Jovian
H-Lyα line profiles were obtained on different locations of Jupiter, with un-
precedented accuracy. For both observations sets obtained around the 2000 and
2001 oppositions, the Jovian line profiles reveal a distinct asymmetry near the
two opposite equatorial limbs: the red wings are in excess relative to the blue
ones for the receding limbs, the reverse holding for the approaching limbs. We
attributed these additional Ly-α emissions to resonant scattering of the solar
Ly-α emission by a high altitude population of fast neutral H located close to
the approaching and receding limbs. The measured velocities, ranging between
a few tens of km/s and ∼ 170 km/s relative to Jupiter, reveal a population of
neutral H in super corotation with Jupiter. Such a population of fast neutral
atoms is likely to be produced by charge exchange between neutral H and en-
ergetic atmospheric and magnetospheric charged particles -accelerated by the
intense Jovian magnetic field- . As the large observed velocities evoke energetic
neutral atoms (ENA) widely studied for the Earth’s atmosphere, we suggest that
multiple charge exchange processes should similarly produce secondary ring cur-
rents in the lower Jovian atmosphere, where neutral densities are large enough
to make charge exchange efficient. Finally, these newly observed energetic atoms
(few ev) should be correlated with the more energetic neutral particles (few Kev)
recently detected by Cassini at 0.5 UA from Jupiter, through a cascade of charge
exchange interactions.
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Paradox of Flows on Mars

L.V. Ksanfomality

Moscow Space Research Institute, Russia, ksanf@iki.rssi.ru

Using the high-resolution images acquired by cameras onboard the MARS
GLOBAL SURVEYOR orbiter made it possible to reveal the previously un-
known objects on the Martian surface, which changed dramatically a notion of
Mars as a dry, hydrologically dead planet (Malin and Edgett, 2000). Examina-
tion of new images shows that the nature of some extended dark formations on
the slopes of craters and uplands may be associated with contemporary abun-
dant sources of liquid water arising on the slopes at small depths below the level
of surrounding plains.

The presence of liquid water on the surface of Mars is generally considered
to be impossible due to low pressure and low temperature on the planet. How-
ever there are depressions on the planet’s surface where pressure exceeds the
critical value required for the existence of liquid water. There are big reserves
of underground ice on the planet and conditions for its local conversion into the
liquid water. What happens to liquid water on Martian surface? Evaporation
plays a negligible role and can be easily assessed, as there is no source of heat
for it. Let the pressure in the region be 8 mbar (the corresponding water boiling
temperature is 4◦C). Because the heat of evaporation is 540 kkal/kg and the heat
capacity is 1 kkal/(kg ◦C), the evaporated fraction of the flow never exceeds for
1%.

Figure 1. (MGS MOC Release N MOC2-317,320. NASA/JPL/MSSS).
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The structure of extended narrow slope gullies with tributaries, as shown in
Fig. 1, which are likely to be produced by water flows, has unusual appearance,
reverse to that of terrestrial slope rivers: they are broad in the upper part of the
slope, tend to narrow down, terminate as a thin stream and completely disappear
at the valley floor or crater floor. The major river beds, as well as tributaries,
seem to be directed upslope. The physical explanation of this apparent paradox
is simple. Under Martian low temperature of soil and atmosphere, water erupted
by springs comes in contact with a very cold ground, is partially absorbed and
freezes to form the ice bed on which the flow spreads farther and continues
to interact with the cold ground. The flow cools down and an ever-increasing
portion of it converts into the ice phase. The distance from the source at which
water completely disappears depends on the initial flow temperature and ground
temperature. In the equatorial zone, on smooth slopes, such a distance, as
images show, may be as large as 6 km. The paradox of side structures is also
easily explained: these structures are not tributaries but rather branches where
water rapidly freezes.

Figure 2. (MGS MOC Release N MOC2-242,320. NASA/JPL/MSSS).

Also detected on the new images are the objects (Fig. 2) that might be
small naturally impounded bodies. In the case of a high source debit and/or
sufficiently high ambient temperature, a flow-collecting reservoir with walls con-
sisting of a water-saturated frozen ground and ice could arise on the valley floor.
Such reservoirs are also known on the Earth (Ksanfomality, 2003), but they are
formed from materials stable to positive temperatures.

Mars is a dry and cold planet; however, operating sources and possibly
stable ground-water channels are present in some regions. The presence of liquid
water, despite the limited character of its sources, can play an important role in
the current hydrologic cycles on the planet. If the search of life on Mars should
start with the search of water, this issue is probably close to its solution. The
concentration of sources of ground water in two equatorial zones of Mars may
serve in itself as a useful indicator of places promising for searching life traces
on the planet.



924 Ksanfomality

References

Malin, M. C., and K. S. Edgett. Evidence for recent ground-water seepage and surface
runoff on Mars//Science. 2000. V. 288. P. 2330-2325.

Ksanfomality, L.V. Water Flows and Basins on Mars//Solar system research. 2003. V.
37. ]5.



Highlights of Astronomy, Vol. 13
International Astronomical Union, 2003
O. Engvold, ed.

ASTROD I: Mission Concept and Venus Flybys

Guangyu Li

Purple Mountain Observatory, Nanjing, China

Wei-Tou Ni

Purple Mountain Observatory, Nanjing, Tsing Hua University, Hsinchu,
China

Chien-Jen Tang

Tsing Hua University, Hsinchu, China

ASTROD I with one spacecraft ranging optically with ground stations is
a first step for a full ASTROD (Astrodynamical Space Test of Relativity using
Optical Devices) mission. The goals are testing relativity with the relativistic pa-
rameter γ measured to 10−7, measuring solar-system parameters more precisely,
and improving the present-day sensitivity for gravitational wave detection using
Doppler tracking by radio waves. In this paper, we present the mission concept
and the orbit design for ASTROD I with an emphasis on Venus flybys. The
spacecraft is to be launched into an inner solar orbit with initial period about
290 days to encounter Venus twice to receive gravity-assistance for achieving
shorter period (165 days or less) to reach the other side of the Sun for a sooner
measurement of Shapiro time delay. For a launch on June 17, 2010, after two
encounters with Venus, the orbital period can be shortened to 165 days and the
spacecraft orbit reaches inside Mercury orbit. After about 400 days from launch,
the spacecraft will arrive at the other side of the Sun and the relativistic param-
eter γ can be determined to 0.1 ppm or better. A simulation of the accuracy for
determining the relativistic parameters γ and β, and the solar quadrupole pa-
rameter J2 gives 10−7, 10−7 and 10−8 for their respective uncertainties. In this
simulation, we assume a 10 ps timing accuracy and 10−13 m/s2(Hz)1/2 at fre-
quency f ∼ 100µHz inertial sensor/accelerometer noise. Other orbits separated
by synodic periods of Venus can readily be found. We discuss the sensitivity
and noise reduction requirements, the atmosphere transmission noise, timing
noise, spacecraft environmental noise, test-mass sensor back-action, and test
mass-spacecraft control-loop noise and stiffness. In the second Venus flyby, the
ASTROD I could also be swung into an elliptic 360-day orbit and stay near op-
posite side of the Sun for many good measurements of the Shapiro time delays
— 19 times in 10 years. This is an interesting alternative. In the two Venus
flybys, Venus multiple moments can be determined very precisely. In this paper,
we also review ASTROD and discuss its gravitational-wave sensitivities.
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Orbital Evolution of the Kuiper Belt

Charles Morgan and Andrew Prentice

School of Mathematical Sciences, Monash University, 3800 Australia

Abstract. The observed distribution of trans-Neptunian objects (TNOs)
implies that they originally orbited in a narrow ring of radius 41 AU. The mass
of the largest TNO was around 1− 4× 1026 g.

Scattering by the largest TNO forms the stable low inclination (i <∼8◦)
population (Fig 1a). However, most TNOs remain in the 40-42 AU unstable
zone or are scattered into the chaotic fringes of the 2:3 Neptune resonance,
where their inclinations and eccentricities fluctuate increasingly until they are
scattered by Neptune (Fig 1b). Thus 2 distinct populations emerge from the
initial ring. The 2:3 resonance is the main route to the Neptune scattered
population. Stabilization of a small fraction of the TNOs passing through gives
the Plutinos.
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Figure 1. (a) Simulated development of the classical (i ≤8◦) population
with weak planetary perturbation. The 1:2 resonance would limit expansion.
(b) Real planetary perturbation gives both high and low inclination popula-
tions. The orbital stability map is adapted from Duncan, Levison, & Budd
(1995) and Malhotra (1996).
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Origin and Distribution of Water Amongst the Inner
Planets

Andrew J. R. Prentice

School of Mathematical Sciences, Monash University, Victoria 3800,
Australia

Abstract. A new model for the origin and bulk chemical composition of the
inner planets, especially for their water content, is reported.

There is a growing body of evidence that the planets of the inner Solar
system condensed within narrow, compositionally-distinct annuli, close to their
present orbital radii (Drake & Righter 2002). Such a picture is consistent with
the Laplacian nebular hypothesis, namely that the planetary system had formed
from a concentric family of gas rings. Such rings were shed by the contracting
proto-solar cloud [hereafter PSC] as a means for disposing of excess spin angular
momentum (Prentice 1978). A new model for the PSC has been constructed. It
consists of an adiabatic convective core surrounded by a super-adiabatic envelope
of negative polytropic index. This structure is suggested by numerical simula-
tions of supersonic thermal convection in a model atmospheric layer (Prentice &
Dyt 2003). The cloud possesses a radial turbulent stress whose ratio to the gas
pressure achieves a maximum value ∼ 15 at the core/envelope boundary. If the
controlling parameters stay constant, the PSC contracts homologously and sheds
gas rings whose mean orbital radii Rn(n = 0, 1, 2, · · ·) are nearly geometrically
spaced. The ring mean temperatures Tn vary with Rn as Tn ' A/R0.9

n , where A
is a constant (Prentice 2001a). Choosing iron-rich Mercury to calibrate A (Pren-
tice 2001b), Venus forms at 917 K and is totally anhydrous. The initial Earth
(678 K) has 0.0023, by mass fraction, of water tied up in tremolite. Mars (460 K)
contains an H2O mass fraction of 0.00295 in tremolite and 0.0027 in (Na,K)OH.
The asteroids (275 K) contain 0.0027 of H2O in (Na,K)OH. Mars is thus the
most water-rich of all the inner planets. Other predicted bulk constituents of
Mars are: MgAl2O4 (0.0324), MgSiO3-Mg2SiO4 (0.3677), Fe2SiO4 (0.1796), Fe-
Ni-Cr (0.0533), (Fe-Ni)S (0.2042), MnS & ZnS (0.0050), NaCl (0.0016), Cr2O3

& FeTiO3 (0.0065) and P2O5 (0.0031).
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Winds in Venus’ Lower Mesosphere

Thomas Widemann, Emmanuel Lellouch

LESIA, Observatoire de Paris-Meudon, 92195 Meudon, France

Dynamics of Venus’ mesosphere (70-110 km) is characterized by the coex-
istence of two different wind regimes : (1) between 70 and 85 km the vertical
amplitude decrease of Venus’ zonal retrograde super-rotation ; (2) between 85
and 110 km, a stable, sub-solar to anti-solar (SSAS) flow, driven by solar EUV
heating. On July 7-14, 2001 and July 31 - August 4, 2002 we observed Venus
with the Aurélie spectrometer on the 1.5-m telescope at Observatoire de Haute-
Provence, France. The spectra cover the visible 8660-8730 Å range, in the 5ν3

band of 12C 16O2, at a resolving power of about 120,000. Seven regions were
observed on Venus’ illuminated side at ∼ 75◦ phase angle. About 28 lines from
the P and R branches of the 5ν3 band were detected and used for wind velocity
measurements with an accuracy of 15 to 25 ms−1.

(a) (b)

Figure 1. Field mapping of wind velocity field on Venus in the CO2 5ν3
visible band near 8700 Å near maximum elongation in 2001 (a) and 2002
(b). The 120,000-resolution Haute-Provence spectrograph has a 3” entrance
aperture, projected on a disk size of 18-20 arcsec.

Using zero-wind reference at disk center and drift, CO2 and solar lines ve-
locity is de-projected from line-of-sight into one purely zonal, or a combination of
zonal and SSAS circulations. Those measurements probe visible absorption lines
of CO2 in an altitude range at two scale heights above cloud top. Results show
circulation is mainly zonal. This analysis was applied to most reliable observa-
tions at both planetary elongations. De-projection shows a mainly zonal velocity
but highly variable with an important relative error (70±60 ms−1 in 2001, 170
± 130 ms−1 in 2002). The expected return branch of upper mesospheric circu-
lation, anti-solar to solar, is detected in our observations at an amplitude of -45
± 30 ms−1.
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The Potential for Astronomy in Antarctica

M. G. Burton

School of Physics, University of New South Wales, Sydney, NSW 2052,
Australia

Abstract. The motivation for holding Special Session 2 at the 25th IAU GA
is described, together with an outline of the rational for pursuing astronomy in
Antarctica.

The IAU General Assembly has provided a focal point for discussions on
progress of Antarctic astronomy. In the 1991 GA in Buenos Aires a working
group on the subject was established, and a resolution passed encouraging its
development. At the 1994 GA in Den Haag, CARA, the US Center for Astro-
physical Research in Antarctica, had just established itself at the South Pole,
and talks focused on the potential of that site. By the 1997 GA in Kyoto, several
facilities were in operation and their first results were reported. There was no
specific Antarctic Astronomy meeting during the 2000 GA, but by time of the
Sydney GA in 2003 several ice-breaking results had been achieved, particularly
in measurements of the CMBR and with regards to neutrino detection, together
with front-page coverage in journals as esteemed as Nature and the New York
Times. Moreover, a new base at the high plateau site of Dome C was near-
ing completion, Concordia Station, with the first indications of the site’s quite
superb quality. The 25th IAU GA therefore saw the opportunity for an more in-
depth discussion on the opportunities offered by Antarctica. Special Session 2 of
the GA on the 19th of July was a meeting to discuss the current status of Antarc-
tic astronomy. The next day at Taronga Zoo, overlooking Sydney Harbor, was
held a meeting on ‘Visions for Antarctic astronomy’—a blue-sky, free-wheeling
discussion limited only by the imagination on what might be possible in Antarc-
tica. In addition, a live video-link up with the astronomers at the South Pole
station was held during the lunch break of SPS2, only slightly marred by the
sporadic video signal from Pole. However the audio signal came in well, as did
the video to Pole, so the Polies saw us and spoke to a power point presenta-
tion they had prepared. A fascinating exchange ensued. The papers for these
two meetings are presented in this issue of Highlights of Astronomy. The full
programs can be found on the meeting web site, www.phys.unsw.edu.au/sps2,
which also includes many of the presentations.

For several years it has been clear that the high, dry and cold conditions
of the Antarctic plateau provided superb conditions for a wide range of astron-
omy from infrared to microwave wavelengths. Precipitable water vapor columns
falling below 250µm H2O open new windows in the IR and sub-mm. Tempera-
tures falling as low as −80◦ C reduce sky backgrounds by factors of 10–100 times
between 2.3 and 30µm. Less well known has been the low level of aerosols across
the continent, reducing sky emissivities in the IR. The high geomagnetic lati-
tudes has been put to good use for many years for cosmic ray detection through
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the lower energy particles accessible. The vast quantities of pure ice has been
employed to build downward pointing neutrino detectors, with large collecting
volumes and minimal levels of background contamination.

A decades experience of operating complex facilities at the South Pole has
shown that operation on the plateau was quite feasible. It was readily accessible
by aircraft. Conditions were generally calm, and there were never any gales.
Working wasn’t actually that hard, once one had adequately prepared for the
conditions and designed experiments appropriately. And there were no Polar
Bears or other distractions to worry about!

Two other facets of the Antarctic plateau were, however, only just becoming
apparent by the time of the Sydney GA. The first was the incredible stability of
the air column above the summits of the plateau. As the IAU GA was taking
place, the first season of winter time measurements from Dome C was also oc-
curring, made from the completely autonomous AASTINO laboratory. Thanks
to the Iridium satellite communications system their results were available at
the GA, suggesting that the skies were clear for nearly all the time and that
the micro-turbulence in the boundary layer was much less than at South Pole.
While further data is still required of the entire air column, the indications are
that the isoplanatic angle will be well over an order of magnitude greater than
at temperate latitude sites, and scintillation noise correspondingly reduced. The
conditions thus appear extraordinarily favorable for adaptive optics correction.
The second ‘new’ facet about the plateau was that it was tectonically stable.
While this had in fact been known previously, the implications this has for the
construction of the next generation of extremely large optical telescopes were
only just becoming apparent.

With the quantification of the site qualities of the Antarctic plateau becom-
ing pinned down, clear areas where the conditions provide particular niches for
observational astronomy have emerged, for instance:

• The imaging of cosmic sources of neutrino emission.

• Precision measurements of the cosmic microwave background, including
its power spectrum, polarization and the SZ–effect.

• Wide-field thermal infrared imaging, from 3 to 30µm, to uncover all sites
of star formation across the Galaxy and the LMC.

• Continuous observation of objects, particularly in the dark ‘cosmological’
window at 2.4µm.

• Precision photometry, for instance for measurement of planetary transits
of stars or stellar seismology.

• Mid-infrared photometry, for instance applied to the detection of planetary
systems.

• Astrometric interferometry, with micro-arcsecond precision, with the ca-
pability of measuring three dimensional motions across the Galaxy.

In the following pages are papers on Antarctic astronomy which outline
many of these results and developments.
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Particle Astronomy from Antarctica

Per Olof Hulth

Department of Physics, AlbaNova university center, Stockholm
University, SE-106 91 Stockholm, Sweden

Abstract. A brief review of astroparticle activities in Antarctica is presented
including balloon cosmic rays detectors and use of the clear ice sheet for large
neutrino telescopes.

1. Introduction

Despite difficult logistics and harsh surroundings, Antarctica offers some unique
opportunities as a platform for particle astronomy. The huge ice sheet is an
excellent medium for large Cherenkov detectors for cosmic neutrinos. A particle
detector has 24 hours coverage of astronomical objects, the magnetic cut-off for
charged cosmic rays is very low, the unique wind conditions at high altitudes
can be used for long duration balloon flights. The combination of air shower
detectors for cosmic rays on the surface above a large neutrino telescope is not
possible anywhere else.

2. High energy Cosmic ray detectors in Antarctica

The high energy cosmic rays bombarding the atmosphere are still a mystery 90
years after their discovery. Finding the sources of the cosmic rays is one of the
main goals in particle astronomy. The chemical composition of the particles is
important information about the sources of the cosmic rays. Since the cosmic
ray particles will interact high up in the atmosphere it is necessary to put the
detectors at high altitudes or in space in order to directly identify the incoming
particles. The flux of particles is steeply falling and at 1015 eV it is only one
particle per m2 per year. The energy range around 1015 eV is specially interesting
since the slope of the spectrum is steepening at a few times 1015 eV (the so-called
‘knee’). Several cosmic ray experiments are launching balloons at the McMurdo
station in Antarctica to an altitude of 35 km where only about 5-10 g/cm2 of
the atmosphere remains. The balloons travel with the wind in a circular path
and return to McMurdo after 15-20 days. It is possible to make multiple turns
allowing even longer exposure times. These experiments are able to directly
identify the chemical composition of the incoming cosmic ray particles: ATIC
(sensitive to H–Fe at 1010−1014 eV), CREAM (H–Fe, 1012−5 ·1015 eV), TIGER
(Fe–Zr, 108 − 1010 eV) and TRACER (O–Fe, −1014 eV). The sensitive area is,
however, only a few square metres which limits the sensitivity above energies of
1015 eV. For higher cosmic ray energies large surface based air shower detectors
are used. At the South Pole the SPASE-II telescope has been running for several
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years in coincidence with the AMANDA neutrino telescope (see below). The
neutrino telescope is measuring the muon flux in the cosmic ray shower while
the SPASE telescope measures the electron component in the shower. Knowing
both the electron and muon components in the shower gives information about
the chemical component of the primary cosmic ray particle. A recent review of
cosmic ray balloon experiments can be found in Wefel (2003).

3. Neutrino telescopes in Antarctica

The worlds largest neutrino telescope, AMANDA, is situated 1500 m to 2000
m deep in the ice sheet at the Amundsen-Scott base at the South Pole and is
searching for high energy neutrinos from cosmic sources. The neutrinos will
point back to the source without being deflected by the magnetic field in space.
The telescope consists of 677 optical sensors deployed in 19 strings and was
completed in February 2000. The optical sensors are recording the Cherenkov
light emitted from neutrino induced interactions in the ice. The ice is very
transparent to optical light at large depths. The angular resolution for muon
neutrinos is in the order of a few degrees. About three atmospheric neutrinos are
observed per day. The main goals are to search for the highest energy cosmic
ray sources and for neutrinos from dark matter annihilation in the center of
the Earth and the Sun. The most sensitive limits so far for cosmic neutrino
sources, diffuse neutrino flux, neutrinos from GRBs etc have been published by
AMANDA. See review talk by Köpke (2003) at ICRC 2003.

Despite the large size of AMANDA it might not be enough to detect the
cosmic neutrinos. The one cubic kilometer neutrino telescope IceCube will start
to be constructed at the same site as AMANDA in 2004/2005 and it is expected
to be completed in 2009. The IceCube telescope will consist of 4800 optical
modules deployed in 80 strings at depths between 1400 m and 2400 m. On
the surface above IceCube an air shower telescope, IceTop will be constructed.
The IceCube strings will take data in coincidence with the AMANDA telescope
allowing an increased sensitivity for cosmic neutrinos already from the beginning
of the construction.

The possibility to use radio waves generated by high energy neutrino inter-
actions in the ice have been investigated in the RICE experiment at the South
Pole. The transmission of radio waves in ice is better than for optical light al-
lowing larger spacing between sensors. The energy threshold is, however, higher
for radio waves (>10 PeV). An experiment using both the large ice sheet of
Antarctica and the balloon facilities in Antarctica is ANITA which in 2006 will
search for very short radio pulses generated by high energy neutrinos in the ice
sheet. The observable area is in the order of a million km2 .
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The 23 November 2003 Total Solar Eclipse in Antarctica

Jay M. Pasachoff

Williams College, Williamstown, MA 01267, USA

Abstract. Totality at the eclipse of 23 November 2003 will cross land only
on Antarctica. Details of the path and contact information for safe observation
are provided.

The total solar eclipse of 23 November 2003 will be visible only from Antarc-
tica and the nearby ocean. The path of totality extends from Mirny at 93 degrees
E to the Maitri Novolazarevskaya base at 12 degrees E. Totality lasts from 1
minute 54 seconds at Mirny with the Sun at an altitude of 14 degrees; to a
maximum of 1 minute 57 seconds at greatest eclipse, halfway in toward Vos-
tok, with the Sun at an altitude of 18 degrees; to 1 minute 20 seconds with the
sun 2 degrees above the horizon where the path leaves the coast near Maitri.
The rest of Antarctica will have only a partial eclipse, with the Sun’s diameter
77% covered at McMurdo and 65% covered at the tip near South America. An
ice-breaker passenger ship is planning a 28-day voyage and airplanes are being ar-
ranged for observation, including single-day overflights leaving from Melbourne,
Australia, and from Punta Arenas, Chile. Scientific observations will include
electronic imaging of the corona to compare with simultaneous space observa-
tions of the Sun. Links to maps and other items of coordination can be found at
www.eclipses.info and www.totalsolareclipse.net, the sites of the IAU Program
Group on Public Education at the Time of Eclipses and of the IAU Working
Group on Eclipses, respectively. The NASA site with maps and other informa-
tion is at sunearth.gsfc.nasa.gov/TSE2003/TSE2003.html. Special filters must
be used to reduce the solar disk to a safe intensity during the partial phases;
only during totality can one look safely without filters.
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Site Testing at Dome C—Cloud Statistics from the
ICECAM Experiment

Michael C. B. Ashley, Michael G. Burton, Paolo G. Calisse, Andre
Phillips, John W. V. Storey

The University of New South Wales, School of Physics, Sydney NSW
2052, Australia

Abstract. Analysis of sky images obtained from an automated experiment
at Dome C, Antarctica, at 2-hourly intervals from February to November 2001
show cloud-free conditions 74% of the time. This augurs well for the prospects
of future astronomical observatories at this site.

1. Introduction

Dome C on the Antarctic plateau is almost certainly one of the best astronomical
observing sites on earth. Most of its characteristics are expected to be similar to
or better than those of South Pole Station. However, the fraction of cloud-free
skies during winter-time has been an entirely unknown quantity. We set out to
measure this fraction in order to facilitate planning for a future observatory.

Determining the amount of cloud cover over an uninhabited site on the
Antarctic plateau during winter time, when the sun is below the horizon for
much of the time, is a surprisingly difficult problem. The current generation of
earth-orbiting satellites cannot resolve the difference between cloud and ice.

Our solution was to build ICECAM, a small, low-powered, CCD camera
system that can take images of the sky every two hours for a year and store
them on a solid-state disk. ICECAM is completely automated, working at air
temperatures down to −80◦C, and is now in its third year of obtaining data
from Dome C.

2. Instrumental design and challenges

Until Concordia Station at Dome C opens for winter-over operation, there is no
electrical power or heating available at Dome C for the nine months beginning
in February each year. Solar power cannot be used during the long dark winter,
and wind power is also problematic given the low-to-zero wind speeds on the
plateau for much of the year. With temperatures down to −80◦C during winter,
many off-the-shelf electrical and mechanical devices tend to fail.

Fortunately, ice is an excellent insulator, so that a few meters below the
surface the temperature remains stable at the yearly average of about −57◦C.
This is sufficiently warm for many electronic devices to function, and for lithium
thionyl chloride batteries to have a reasonable capacity.
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To provide an unambiguous indication of cloud cover in a form that would
convince a skeptic, we decided to use a CCD camera to take images of the sky.
The camera, a low light level Watec 902-HS, was found to operate reliably at
−80◦C (although it was only rated to −10◦C). We used a lens with a 30 degree
field-of-view. The images from the camera were processed by a PC/104 computer
(equivalent to a 66MHz Intel 80486, and drawing only a few watts) running MS-
DOS (chosen for its small memory footprint and fast boot time), and stored
on a 256MB CompactFlash disk (thereby eliminating any moving parts in the
computer). There is sufficient space on the disk to store a year’s worth of data,
with images being taken every two hours. The entire system can be powered
for a year from 5 kilograms of lithium thionyl chloride batteries. 99.6% of the
time ICECAM is idle and using only a few milliwatts of electricity to operate a
timer. For 30 seconds every two hours, the computer is turned on, ten images
are acquired, averaged, compressed and written to the CompactFlash disk, and
an ARGOS transmitter is programmed to send 32 bytes of status information
to the ARGOS satellite network. The total amount of energy used during this
two-hour cycle is 200J, about the same as used by a person to go up one step.

The ICECAM computer and ARGOS transmitter reside in a “crypt” some
7m below the ice surface, in order to take advantage of the warmer temperatures
there. The CCD camera was mounted on a pole 3m above the ice.

At the end of each year, the CompactFlash disk is retrieved for analysis,
and the lithium thionyl chloride batteries are replaced. Several years of data
will be required for good statistics.

3. Results

During the first year of operation a blown fuse after three days of operation
halted all ARGOS transmissions from ICECAM during 2001. We were there-
fore pleasantly surprised to find that when we returned almost a year later
ICECAM had obtained 2095 images of the sky (fewer than the expected 3800
due to occasional boot problems and corruption of part of the file system on
the CompactFlash disk). The PC real-time-clock had also reset itself on oc-
casion once the temperature had dropped below −40C. The image times can
be reconstructed from a careful analysis of the images themselves (e.g., by not-
ing the positions of the stars, and the presence/absence of the moon). These
instrumental problems were addressed during a servicing mission in January
2002. However, a modification to the CCD camera housing inadvertently led to
persistent frost which resulted in much of the 2002 data being useless. We are
currently waiting on 2003 data (a web-camera in our AASTINO experiment at
Dome C has already shown >97% clear skies for 100 days beginning on 2003
February 9).

Figure 1 shows typical images from ICECAM at Dome C in 2001. A cal-
ibration light-emitting diode is visible at the top left of the post towards the
bottom of each image. Figure 2 summarizes the data from 2001. 22% of the
images were unable to be used (due to frost on the CCD window, or in some
cases a corrupt image file). Of the usable images, 74% showed evidence of clear
skies, and the remaining 26% showed some cloud.
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Figure 1. Sample ICECAM images from Dome C: clockwise from top left:
circus cloud, clear twilight sky, patches of frost on the CCD camera window,
and stars down to magnitude 6 observed during midwinter. The field-of-view
is 30×30 degrees centered at a declination of −53◦.

Figure 2. Summary of the 2001 ICECAM data for Dome C. Each cross rep-
resents an image, obtained at 2 hourly intervals from February to November.
The X axis is image number. The images were characterized by eye as either
showing clear conditions (“No clouds”), some evidence of cloud (“More than
1/8 cloud”), or ambiguous (“Indeterminate conditions”), usually due to frost
on the CCD camera window.
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Millimetric Site Testing at Dome C: Results and Plans
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Giorgio Dall’Oglio, Andrea Graziani, Lorenzo Martinis, Gabriella Pizzo,
Lucia Sabbatini

Università di Roma TRE, via della Vasca Navale 84, Roma, Italy

Abstract. Results relative to three campaigns at Dome Concordia, aimed
to measure the millimetric sky noise, are presented. The atmospheric noise
during summer seems to be definitely lower with respect to that measured with
the same instrumentation in other geographical locations. We illustrate the
scientific results obtained.

1. Introduction

The high Antarctic Plateau is generally recognized as the best site on our Planet
for millimetric and sub-millimetric observations. Italy and France are building
a new permanent station at Dome C. It will be open for year-round operations
in 2004-2005. The Dome C site quality in the millimetric range has been tested
in summer since 1995. Recent data from atmospheric studies allow us to extend
the analysis to wintertime conditions.

2. Site testing observations

Some interesting informations can be derived from meteorological data: wind
speed, temperature, humidity. Wind speed at Dome C (median value below 2
m/s) is always lower than at South Pole (Valenziano & Dall’Oglio 1999). This
is mainly due to the relative location of the two sites: Dome C being on top of a
dome, while South Pole is downhill, where katabatic regime is already present.
Moreover, wind is almost absent at Dome C during the winter, being strongly
correlated to the elevation of the Sun.

Temperature is strongly related to Sun elevation at Dome C, being quite
stable around -60◦C during the winter. Precipitable Water Vapor (PWV) is
always very low at Dome C. Summertime values (Valenziano & Dall’Oglio 1999)
are distributed around 0.6 mm. Relative humidity, measured with a set of
capacitive sensors at three different location on an instrumented tower (Nardino
et al. 2002), drops to very low values during the winter.

Planetary Boundary Layer observations, using SODAR and net radiation
detectors (Argentini et al. 2002), show that the atmospheric turbulence is
strongly related to the warming effect of the sun (Georgiadis et al. 2002). Net
radiation (if positive is the the amount of energy available for turbulence genera-
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Figure 1. Left panel: Wind speed at Dome C in 2002. Note the abrupt
change when the Sun is no longer above the horizon. Right panel: Net ra-
diation measured at Dome C. Sun elevation is superimposed. Also in this
case, values are dropping when the Sun is below the horizon. Note, in the
box, the correlation between the net radiation and the Sun position, showing
the presence of turbulence only during the central part of the day in summer.
Data courtesy of M. Nardino, S. Argentini, T. Georgiadis

tion) is always very low and it is dropping below zero during the Antarctic night
(see Figure 1). Moreover, the turbulent layer is confined close to the ground
(lower than 300 m) by the strong thermal inversion during the summer. This is
also confirmed by sky noise data measured by the authors in summer 1998.

3. Conclusions

While further test are in progress to definitively asses Dome C quality, present
data strongly support the exceptional quality of the site in the millimetric range.
The combination of very low PWV, wind speed, turbulence and temperature
makes Dome C a very promising site for future, large aperture telescopes.

Acknowledgments. Authors are indebted to M. Nardino for kindly sup-
plying Planetary Boundary Layer and meteorological data.
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Results from the South Pole Infra-Red EXplorer Telescope
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Abstract. The SPIREX telescope, located at the Amundsen–Scott South
Pole Station, was a prototype system developed to exploit the excellent condi-
tions for IR observing at the South Pole. Observations over two winter seasons
achieved remarkably deep, high-resolution, wide-field images in the 3–5µm wave-
length regime. Several star forming complexes were observed, including NGC
6334, Chamaeleon I, η Chamaeleontis, the Carina Nebula, 30 Doradus, RCW
57, RCW 38, as well as the Galactic Center. Images were obtained of lines
at 2.42µm H2, 3.29µm PAH and 4.05µm Br α, as well as 3.5µm L–band and
4.7µm M–band continuum emission. These data, combined with near–IR, mid–
IR, and radio continuum maps, reveal the environments of these star forming
sites, as well as any protostars lying within them. The SPIREX project, its
observing and reduction methods, and some sample data are summarized here.

1. Introduction

The South Pole InfraRed EXplorer (SPIREX) telescope was a prototype sys-
tem, developed to test the feasibility of building, operating, and maintaining an
infrared (IR) telescope during an Antarctic winter. The initial driver for the
SPIREX project was to exploit the conditions at the South Pole that make it
an excellent site for 3–5 µm observations — that is the high altitude, the low
temperatures, low precipitable water vapor content in the atmosphere, and the
stable weather conditions (Burton et al. 1994; Marks et al. 1996; Hidas et al.
2000; Marks 2002).

The SPIREX 60 cm telescope began operations at the Amundsen–Scott
South Pole Station in 1994 (Hereld et al. 1990). SPIREX was initially used
as part of a campaign to measure the South Pole’s thermal background, sky
transparency, and the fraction of time useful for IR observations (see e.g. Ashley
et al. 1996, Nguyen et al. 1996, Phillips et al. 1996 and Chamberlain et al. 2000
for further details on the IR sky conditions).

Due to the very low thermal background, SPIREX could perform longer
integrations in the 3–5µm regime, compared to temperate latitude facilities. In
addition to continuum emission which, at these wavelengths pinpoints young
embedded objects, there are many astrophysically significant molecular lines
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Table 1. Parameters of the filters and achieved sensitivities for SPIREX/Abu.

Filter Center Width Range Time×Coadds b Sensitivityc

µm µm µm 3σ, 5′′ × 5′′, 1 hour
H2

a 2.425 0.034 2.408–2.441 360 × 1 6× 10−18 Wm−2

PAH 3.299 0.074 3.262–3.336 60 × 3 1 mJy
Br α 4.051 0.054 4.024–4.078 10 × 18 5× 10−17 Wm−2

L 3.514 0.618 3.205–3.823 6 × 30 14.6 mags
L’ 3.821 0.602 3.520–4.122 6 × 30 14.6 mags
narrow M 4.668 0.162 4.586–4.749 1.2 × 90 10.2 mags

a Covering the (1–0) Q(1)–Q(5) lines.
b Typical integration time (in seconds) × number of coadded frames per position.
c Achieved sensitivities were up to 1 magnitude worse than theoretical sensitivities for the site

with optimal instrument performance.

accessible; e.g. those from hydrogen and PAH molecules. Observations at 3–
5 µm are difficult at most temperate sites, making studies involving these lines
limited, and thus the SPIREX dataset unique.

From 1994–1997 SPIREX was equipped with the GRIM (grism imager)
camera. This detector contained 128×128 pixels and was sensitive from 1–
2.5µm. In 1998 the telescope was equipped and with the Abu camera, which
incorporated an engineering grade 1024×1024 Aladdin detector (Fowler et al.
1998). This camera was sensitive from 2.4–5µm, and provided a 10′ field
of view image with a 0.6′′ pixel scale. Six science filters were available with
SPIREX/Abu. The three narrow-band filters were optimized to isolate emission
from molecular hydrogen (H2 at 2.42µm), polycyclic aromatic hydrocarbons
(PAHs at 3.29µm), and hydrogen line emission (Br α at 4.05µm). The three
broad-band filters covered the L–, L’– and M–bands. The filter parameters and
achieved sensitivities are listed in Table 1 (see Burton et al., 2000).

SPIREX/Abu was well suited for studies of star forming complexes. Young
stars containing circumstellar disks have a color excess in the IR due to the
absorption and re-emission of radiation from the central star by the surround-
ing material. Recent studies have found that the L–band may be the optimal
wavelength for detection of star and disk systems. Compared to the (H–K) color
[≡ 1.6–2.2µm], the (K–L) color [≡ 2.2–3.5µm] is more sensitive to the presence
of a disk (Haisch et al. 2000; Lada et al. 2000; Kenyon & Hartmann 1995).

Observations of PAH molecular line emission across star forming complexes,
allows one to study their environments. The fluorescent emission from PAH
molecules trace regions (known as photo dissociation regions or PDRs), where
stellar UV radiation is heating the molecular gas (Hollenbach & Tielens 1997).
PAH emission delineates externally heated molecular clouds and reveals the
interactions between nearby massive stars and any remnant molecular material.

The first astronomical results from SPIREX were obtained when Shoemaker-
Levy 9 collided with Jupiter in 1994. Using the GRIM camera at a wavelength
of 2.36µm, images were obtained at 5 minute intervals and captured 16 of the
fragments, showing evidence of impact with Jupiter in 10 cases (Severson 2000).
An extended halo around the edge-on spiral galaxy ESO 240–G11 was also im-
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aged using GRIM at 2.4µm (Rauscher et al., 1998), reaching a sensitivity level
of 25 mags/arcsec2.

The following sections discuss a sample of data obtained from the two years
of operation of SPIREX/Abu (1998–99) at the South Pole. Observations were
conducted toward a number of different complexes. The characteristics of these
range from young to old, low- to high-mass, and near and far star forming com-
plexes. In particular, results are presented here for NGC 6334, Chamaeleon I,
η Chamaeleontis, the Carina Nebula, 30 Doradus, RCW 57, RCW 38, and the
Galactic Center. In addition, SPIREX was used to search for an infrared coun-
terpart to the gamma-ray burst GRB990705 at 3.5µm (Masetti et al., 2000),
though no source was detected to a limit of 13.9 magnitudes after 2 hours of
integration.

2. Data Acquisition and Reduction

For each source position, a series of frames were obtained at the specified in-
tegration time and then averaged. These parameters varied depending on the
observing wavelength, the properties of the filter (narrow- or broad-band) and
the weather conditions. Typical values for each filter are given in Table 1. All
observations were conducted by the winter-over scientists at the South Pole sta-
tion; Rodney Marks (1998) and Charlie Kaminsky (1999).

The sequence for all observations consisted of a set of sky frames followed
by two sets of object frames. Each set consisted of five averaged frames offset by
∼ 30′′ from the previous. This sequence was repeated allowing the easy removal
of sky emission and artifacts from the array. Archived images were used for
dark subtraction and flat-fielding. Observations of standard stars were obtained
before and after all on-source observations for flux calibration.

The majority of the data presented here was reduced by Joel Kastner using
the SPIREX/Abu data pipeline12 (the exceptions are NGC 6334 and the Ca-
rina Nebula). The data pipeline was a joint project of the Rochester Institute
for Technology Center for Imaging Science (RIT CIS), the National Optical As-
tronomy Observatories (NOAO) and the Center for Astrophysical Research in
Antarctica (CARA).

To cover the star forming complexes of NGC 6334 and the Carina Nebula,
many adjacent positions were observed. Common stars in adjacent frames were
used to align the images and create the final larger mosaic (using IRAF routines
written by Peter McGregor13). The final PAH–band mosaiced image for the
Carina Nebula contained a total of 72 individual images, and for NGC 6334 the
mosaic PAH–band image contained 304 images.

12See http://pipe.cis.rit.edu/

13See http://www.mso.anu.edu/observing/2.3m/CASPIR/
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3. Results and Discussion

3.1. NGC 6334

NGC 6334 is a young massive star forming region at a distance of 1.7 kpc. It
contains seven distinct sites of ongoing star formation along a central molecular
ridge. Fig. 1(a) shows the 3.29-µm data toward NGC 6334.

The emission within this band comprises both PAH and continuum emis-
sion. A massive embedded star is seen at each of several sites of star formation
along the ridge, each ∼ 1 pc apart. They are surrounded by complex loops and
filaments of PAH emission. These PDRs have formed on the edge of the remnant
molecular cloud, as radiation from the young stars carves the material and ion-
izes their surroundings. Analysis of the PAH emission and PDR features across
the central ridge of NGC 6334 have been presented in Jackson et al. (1999) and
Burton et al. (2000). The data shown here expand on these studies, and further
reveal the PDR structure adjacent to the central star forming ridge.

In addition to the PAH–band images shown here, L–band images were also
obtained across NGC 6334. When combined with near–IR data from the 2MASS
point source catalog they allow us to produce near–IR color–color diagrams
(e.g., (J–H) vs. (H–K) and (J–H) vs. (K–L) diagrams). Results presented in
Rathborne et al. (2003) find 11 sources with a large IR excess using the (K–L)
color, compared to just a single source using the (H–K) color excess, confirming
that the (K–L) color is far more sensitive to the detection of circumstellar disks.

3.2. Chamaeleon I

Containing in excess of 100 pre-main sequence stars, the Chamaeleon I dark
cloud is one of the most active regions of nearby low-mass star formation. The
central 0.5 deg 2 of the complex was observed in the L–band using SPIREX/Abu.
These images reveal all of the known pre-main sequence stars (to an L ≤ 11).

Kenyon & & Gómez (2001) combined JHK observations obtained at the
CTIO with the SPIREX/Abu data, to construct near–IR colour–colour dia-
grams. They find the fraction of sources with an IR excess to be 58 ± 4%
(complete to an L < 11). In addition, they also confirm that sources with an IR
excess are more easily identified when using the (K–L) colour than (H–K).

3.3. η Chamaeleontis

The η Chamaeleontis cluster is one of the nearest to the Sun, lying just 97 pc
away. It is also of intermediate age for a pre-main sequence system, ∼ 9 Myrs old,
and somewhat older than a number of other clusters where the formation and
evolution of circumstellar disks has been studied. Importantly, its proximity and
compactness mean that there is a complete population census for its members
— 15 stars ranging from 0.2 to 3.4 M¯ in mass. Lyo et al. (2003) imaged the
cluster using SPIREX/Abu in the L–band, finding 60% of the stars had IR
excesses attributable to the presence of disks around them. Of those with disks,
half showed a clear relation between the strength of the IR excess at 3.5µm and
the equivalent width of the Hα line emission, implying continuous accretion.
The lifetime of the disks in η Chamaeleontis (∼ 9 Myrs) is significantly longer
than in a number of other systems that have been studied, with lifetimes of
3–6 Myrs (e.g., Haisch et al., 2001).
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Figure 1. A collection of the images obtained with SPIREX/Abu. (a) NGC
6334 in 3.29µm PAH emission (Burton et al., 2000, Rathborne et al., 2003),
(b) The Carina Nebula in PAH emission (Rathborne et al., 2002), (c) 30
Doradus in 3.5 µm L–band emission, (d) RCW 57 in L–band, (e) RCW 38
in PAH emission and (f) the Galactic Center in the 4.05µm Brα filter. The
RCW 38 and 57 images were kindly provided by Chris Wright.
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3.4. The Carina Nebula

The Carina Nebula is a massive star forming region at a distance of 2.2 kpc. Be-
cause no protostellar objects had been found within this nebula, it was thought
to be ‘evolved’ and devoid of current star formation activity (e.g., Cox & Bronf-
man 1995). It does however, contain 53 O–type stars and includes the clusters
Tr 14 and Tr 16. At its centre lies the massive star η Car and the Keyhole
Nebula. Optical and near–IR images show a high amount of extinction toward
this complex, with many dark lanes, globules, clumps, and filaments. Two large
molecular clouds are located at the edges of the complex, in close proximity to
the massive stars.

Fig. 1(b) shows the PAH–band emission across the central Carina Nebula
(these data are also discussed in Brooks et al. 2000 and Rathborne et al. 2002).
When combined with 2.12–µm H2 line emission, MSX 8– and 21–µm images,
SEST molecular line maps, and MOST 843 MHz radio continuum images, three
different environments are revealed across the complex: (i) the Keyhole neb-
ula containing discreet, dense molecular clumps with PDRs on their surfaces;
(ii) PDRs at the edges of both the southern and northern molecular clouds;
and (iii) heated dust, intermixed with the PDRs surrounding Tr 14 and the
northern molecular cloud. Several 3.29–, 8– and 21–µm point sources were also
located across the complex, with spectral energy distributions corresponding to
compact H II regions. Interestingly, these were all found on the edges of PDRs
which appear to have been carved out by the stellar winds and radiation from
the nearby massive stars. These results suggest that star formation is indeed on-
going within the Carina Nebula and may in fact be triggered by the interactions
resulting from the nearby massive stars.

3.5. 30 Doradus

The 30 Doradus region is the brightest H II region in the Large Magellanic Cloud.
It contains a central cluster of massive stars surrounded by extended nebulosity
in the near–IR, with many protostellar candidates. To study the nature of the
embedded stellar population in more detail, L–band observations were obtained
with SPIREX/Abu. The data presented in Fig. 1(c) are the most sensitive ever
obtained of the 30 Doradus complex. The faintest start seen in the image, which
required 9.25 hours of on-source integration, has L = 14.5 magnitudes. Many
sources with an IR excess are revealed when the L–band data are combined
with JHK observations. Several embedded massive stars are apparent and in
addition, a population census of the young stellar objects can be conducted.
This still remains the deepest, wide-field L–band image ever obtained, despite
the small size of the telescope, with an extended source sensitivity (1σ) of 18.2
magnitudes per square arcsecond.

3.6. RCW 57

RCW 57 is a bright southern H II region. It contains a tight cluster of massive
stars and shows extended infrared nebulosity. L–band observations of the central
10′ of this complex were obtained with SPIREX/Abu (Fig. 1(d)). This image
reveals many point sources, in addition to both bright and diffuse extended
emission. Using JHK and the SPIREX/Abu L–band data, studies are currently
underway into the star formation history of this complex.
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3.7. RCW 38

RCW 38 is also a bright H II region containing a tightly packed cluster of stars.
Near–IR images of this complex show extended nebulosity, with dust lanes and
dark patches. Coincident with many of these features is extended 3.29–µm PAH
emission, as shown in Fig. 1(e). These features trace the PDRs and delineate
the molecular material. In addition, they wrap around the ionized material seen
at 2µm.

3.8. The Galactic Centre

Observations of the Galactic Centre obtained with SPIREX/Abu are far less
affected by the extinction than at optical and near–IR wavelengths. The 4.05 µm
image in Fig. 1(f) clearly demonstrates the advantages of this wavelength regime.
Most of the 4.05 µm emission originates from heavily extincted sources, though
there is also some Br α emission, pinpointing regions of ionized gas. Three
sources, of roughly equal brightness, are prominent in the nucleus at 4µm. This
is in contrast to the view at 2µm, which is dominated by the source IRS 7.
These three sources are each separated by ∼ 7′′ and centred roughly on the
presumed nucleus, Sgr A∗. At the spatial resolution achieved with SPIREX
they are associated with the sources IRS 1W, IRS 7/IRS 3 and IRS 13E/IRS 2L,
respectively (as imaged by Clenet et al. 2001, in the L–band).

4. Conclusions

Although SPIREX/Abu was a prototype facility, it nevertheless obtained deep,
high-resolution, wide-field images in the 3–5µm regime toward many star form-
ing complexes. These data are not only unique, but when combined with com-
plementary near–, mid–IR, and radio continuum observations, reveal the inner
environments of star forming complexes (by tracing the PDRs), and identify the
youngest objects with circumstellar disks (through their high L–band fluxes).
The success of the SPIREX/Abu system lends strong support to current plans
to build larger IR telescopes on the Antarctic plateau, where they would provide
the most sensitive facilities for 3–5 µm observations on the Earth.
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The AST/RO Survey of the Galactic Center Region

Antony A. Stark
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Abstract. AST/RO is a 1.7m diameter submillimeter-wave telescope at the
geographic South Pole. A key AST/RO project is the mapping of C I and CO
J = 4 →3 and J = 7 → 6 emission from the inner Milky Way (Martin et al.
2003). These data are released for general use.

The Antarctic Submillimeter Telescope and Remote Observatory (AST/RO)
is a 1.7 m diameter single-dish instrument which has been observing in the
submillimeter-wave atmospheric windows for eight years (Stark et al. 2001,
Stark 2003). Essential to AST/RO’s capabilities is its location at Amundsen-
Scott South Pole Station, an exceptionally cold, dry site which has unique lo-
gistical opportunities and challenges. Observing time on AST/RO is available
on a proposal basis.

The distribution of molecular gas in the Galaxy is known from extensive and
on-going surveys in CO and 13CO J = 1→ 0 and J = 2→1; these are spectral
lines which trace molecular gas. These lines alone do not, however, determine
the excitation temperature, density, or cooling rate of that gas. Observations
of C I and the mid-J lines of CO and 13CO provide the missing information,
showing a more complete picture of the thermodynamic state of the molecular
gas, highlighting the active regions, and looking into the dense cores. AST/RO
can measure the dominant cooling lines of molecular material in the interstellar
medium: the 3P1 → 3P0 (492 GHz) and 3P2 → 3P1 (809 GHz) fine-structure lines
of atomic carbon (C I) and the J = 4 → 3 (461 GHz) and J = 7 → 6 (807
GHz) rotational lines of carbon monoxide (CO). These measurements can then
be modeled using the large velocity gradient (LVG) approximation, and the
gas temperature and density thereby determined. Since the low-J states of
CO are in local thermodynamic equilibrium (LTE) in almost all molecular gas,
measurements of mid-J states are critical to achieving a model solution of the
radiative transfer by breaking the degeneracy between beam filling factor and
excitation temperature.

Among the key AST/RO projects is mapping of the Galactic Center Region.
Sky coverage as of 2002 is −1.◦3 < ` < 2◦, −0 .◦3 < b < 0 .◦2 with 0.′5 spacing,
resulting in spectra of 3 transitions at 24,000 positions on the sky. Kim et
al. (2002) and Martin et al. (2003) describe the data, which are available on
the AST/RO website14 for general use. The C I emission has a spatial extent
similar to the low-J CO emission, but is more diffuse. The CO J = 4 → 3
emission is also found to be essentially coextensive with lower-J transitions of

14http://cfa-www.harvard.edu/ASTRO
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Figure 1. Greyscale representation of molecular column density in the
Galactic Center Region, from an LVG model using AST/RO survey data
(Martin et al. 2003).

CO, indicating that even the J = 4 state is in LTE most places; in contrast, the
CO J = 7→ 6 emission is spatially confined to far smaller regions. Applying an
LVG model to these data together with data from the Bell Labs 7-m (Bally et
al. 1988) yields maps of gas density and temperature as a function of position
and velocity for the entire region. Kinetic temperature is found to decrease from
relatively high values (> 70 K) at cloud edges to lower values (< 50 K) in the
interiors. Typical pressures in the Galactic Center gas are n(H2) · Tkinetic ∼
105.2 K cm−3.

Above is a map of molecular hydrogen column density. It is often assumed
that molecular hydrogen column density is proportional to the brightness of
the J = 1 → 0 CO line. The column densities estimated using AST/RO data
deviate in places by two orders of magnitude from this simple assumption. These
discrepancies are caused by variations in excitation and optical depth.

Galactic Center gas that Binney et al. (1991) identify as being on x2 orbits
has a density near 103.5 cm−3, which renders it only marginally stable against
gravitational coagulation into one or two giant clouds (Elmegreen 1994). This
suggests a relaxation oscillator mechanism for star bursts, where in-flowing gas
accumulates in a ring at 300 pc radius for approximately 400 million years, until
the critical density is reached, and the resulting instability leads to the sudden
deposition of 107M¯ of gas onto the Galactic Center.
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Antarctic Cosmic Ray Astronomy
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Abstract. Cosmic ray observations related to Antarctica commenced in the
austral summer of 1947-48 from sub-Antarctic Heard and Macquarie Islands
and from the HMAS Wyatt Earp. Muon telescope observations from Mawson
station, Antarctica, followed from 1955. The International Geophysical Year
was the impetus for the installation of a number of neutron monitors around
Antarctica, observing the lowest energy cosmic rays accessible by ground based
instruments. In 1971 a new observatory was built at Mawson including the only
underground muon telescope system at polar latitudes in either hemisphere.
Over more than half a century, cosmic ray astronomy has been undertaken from
Antarctica and its surrounding regions and these observations have been critical
to our growing understanding of the heliosphere.

1. Introduction

Cosmic rays are fully ionized relativistic particles arriving outside the earth from
beyond the solar system. On rare occasions the sun can be a source of cosmic
rays. At the lowest energies (1–50 GeV) neutron monitors are employed to detect
the radiation but these instruments have no directional capability. The viewing
cone is defined by the particle trajectories through the geomagnetic field that can
reach the atmosphere above the monitor. At higher energies (∼10–1000 GeV)
highly penetrating muons are produced in the atmospheric interaction and these
may be detected by standard charged particle detectors arranged in multi-tray
coincidence systems above or below ground. These muon telescopes effectively
record the arrival direction of the initial cosmic ray above the atmosphere. For a
discussion of the general properties of cosmic rays and their detection see Duldig
(1994). The deflections experienced by cosmic rays traversing the heliomagnetic
field can be used to tell us about the field’s structures and its interactions with
the local interstellar medium. The Antarctic platform provides a unique oppor-
tunity to study cosmic rays of low energy due to proximity to the magnetic pole
and arrival directions not accessible from other places on earth.

2. Observations and Results

In the late 1940’s Geoff Fenton began developing Geiger counters. He investi-
gated the mid-latitude E-W effect from Hobart confirming the southern hemi-
sphere showed the same effect as the north. Geiger counter telescopes and
ionisation chambers were operated on the ship HMAS Wyatt Earp in the south-
ern ocean and on the sub-Antarctic Heard and Macquarie Islands by groups
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from Melbourne and Tasmania Universities. Around 1950 Melbourne Univer-
sity withdrew from the cosmic ray observations in the sub-Antarctic. Muon
telescopes were installed at Mawson in 1955, one year after the station opened
and neutron monitors followed at several Antarctic stations in time for the IGY.

A large ground level enhancement (GLE) was observed in May 1960 with
the global neutron monitor network. This resulted from acceleration of protons
to cosmic ray energies associated with a flare on the Sun. The flare site was
magnetically well connected to the earth and the Mawson observation of the
response proved the existence of the Parker spiral field long before the in-situ
measurement of the field by spacecraft (McCracken 1962). The discovery of the
co-rotational anisotropy and its spectrum relied heavily on global observations
and the Antarctic observations were critical to understanding the process.

In 1971 a new observatory was constructed at Mawson that includes the only
underground muon observatory at polar latitudes. The underground telescopes
were instrumental in the discovery of isotropic intensity waves by Jacklyn, Duldig
& Pomerantz (1987). In a landmark study (Bieber & Chen 1991; Chen & Bieber
1993) used polar neutron monitors to derive cosmic ray gradients and mean free
paths in the heliosphere. This work was extended by Hall, Duldig & Humble
(1997) to higher energies by incorporating the muon telescopes’ observations
from Mawson and other sites. Nagashima, Fujimoto & Jacklyn (1998) chal-
lenged conventional wisdom with a new interpretation of the sidereal anisotropy
response observed. Further work employing Mawson and other muon telescope
observations by Hall et al (1999) elucidated the structure more precisely.

3. Summary

The Antarctic region has been critical to understanding the cosmic ray flux
at earth. Over half a century of instrumental development and observations
have led to a deepening understanding of the heliosphere. Now cosmic ray
measurements are providing promising input into space weather prediction. The
future of Antarctic cosmic ray astronomy seems to be as bright as ever.
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IceCube: A Kilometer-Scale Neutrino Observatory at the
South Pole
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Abstract. Solving the century-old puzzle of how and where cosmic rays are
accelerated mostly drives the design of high-energy neutrino telescopes. It calls,
along with a diversity of science goals reaching particle physics, astrophysics and
cosmology, for the construction of a kilometer-scale neutrino detector. This led
to the IceCube concept to transform a kilometer cube of transparent Antarctic
Ice, one mile below the South Pole, into a neutrino telescope.

Whereas it has been realized for many decades that the case for neutrino
astronomy is compelling (Gaisser, Halzen & Stanev 1995), the real challenge
has been to develop a reliable, expandable and affordable detector technology
to build the kilometer-scale telescopes required. Conceptually, the technique is
simple. In the case of a high-energy muon neutrino, for instance, the neutrino
interacts with a hydrogen or oxygen nucleus in deep ocean water and produces a
muon travelling in nearly the same direction as the neutrino. The blue Cerenkov
light emitted along the muon’s kilometer-long trajectory is detected by strings
of photomultiplier tubes deployed at depth shielded from cosmic radiation. Al-
though IceCube can identify the secondaries produced by neutrinos of all flavors,
muons with interaction lengths exceeding 10 km at the highest energies can be
collected far outside the detector and therefore the νµ effective detector volume
far exceeds the volume instrumented.

Elsewhere in these proceedings we have presented the case for kilometer-
scale neutrino observatories (Halzen 2003). The first first-generation telescope,
AMANDA II, is approaching an integrated flux sensitivity to TeV–EeV neutri-
nos of ∼ 0.05 km2 year. The instrument is sensitive to neutrino fluxes roughly
equal to those emitted by the observed TeV gamma ray sources. It is too early
to conclude whether first generation telescopes will discover sources of cosmic
neutrinos, or whether it takes kilometer-scale observatories to see neutrinos as-
sociated with the enigmatic cosmic rays as anticipated by theoretical estimates.
We do already know that it will take much larger detectors such as IceCube to
study any sources that AMANDA II may discover.

IceCube (Wissing 2003) will consist of 80 kilometer-length strings, each
instrumented with 60 10-inch photomultipliers spaced by 17 m. The deepest
module is 2.4 km below the surface. The strings are arranged at the apexes of
equilateral triangles 125 m on a side. The instrumented (not effective!) detector
volume is a cubic kilometer. A surface air shower detector, IceTop, consisting
of 160 Auger-style Cerenkov detectors deployed over 1 km2 above IceCube, aug-
ments the deep-ice component by providing a tool for calibration, background
rejection and air-shower physics, as illustrated in the figure.
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The transmission of analogue photomultiplier signals from the deep ice to
the surface, used in AMANDA, has been abandoned. The photomultiplier sig-
nals will be captured and digitized inside the optical module. The digitized
signals are given a global time stamp with a precision of < 10 ns and transmit-
ted to the surface. The digital messages are sent to a string processor, a global
event trigger and an event builder.

Construction of the detector is expected to commence in the Austral sum-
mer of 2004/2005 and continue for 6 years, possibly less. The growing detector
will take data during construction, with each string coming online within days of
deployment. The data streams of IceCube, and AMANDA II, embedded inside
IceCube, will be merged off-line using GPS time stamps.

IceCube will offer great advantages over AMANDA II beyond its larger size:
it will have a higher efficiency and superior angular resolution in reconstructing
tracks, map showers from electron- and tau-neutrinos (events where both the
production and decay of a τ produced by a ντ can be identified) and, most
importantly, measure neutrino energy. Simulations, backed by AMANDA data,
indicate that the direction of muons can be determined with sub-degree accuracy
and their energy measured to better than 30% in the logarithm of the energy.
The direction of showers will be reconstructed to better than 10◦ above 10 TeV
and the response in energy is linear and better than 20%. Energy resolution is
critical because, once one establishes that the energy exceeds 1 PeV, there is no
atmospheric muon or neutrino background in a kilometer-square detector and
full sky coverage of the telescope is achieved. The background counting rate of
IceCube signals is expected to be less than 0.5 kHz per optical sensor. In this
low background environment, IceCube can detect the excess of anti-νe events
from a galactic supernova.
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Abstract. A well-focused research program over the past decade has shown
that the South Pole has many remarkable characteristics that are particularly
favorable for astronomy. These include the very cold, dry atmosphere and the
vanishingly small free-air turbulence. Dome C, site of the new French/Italian
station Concordia, has all of these attributes plus the added advantage of very
low ground-level wind speeds. Higher on the plateau, locations such as the 4200
m high Dome A may well represent the ultimate ground based astronomical
observing sites.

The exceptional conditions that make the Antarctic plateau so attractive
to astronomers are well known. It is very cold (temperatures can drop below
−80 ◦C) and reasonably high (Dome A is at 4200 m), leading to extremely low
levels of precipitable water vapor and thermal emission from the sky.

What is less well know is that the ground-level wind speeds are also very
low (2.8 m.s −1 average at Dome C) and that these winds remain low throughout
the entire atmospheric column. This results in a very low turbulence, and that
remaining turbulence is confined to a low (100 m scale) boundary layer.

The South Pole is now firmly established as one of the world’s premier
observing sites (Storey et al. 2002). Over the next few years, Concordia station
is set to take its place as an equally attractive draw card for astronomers, as
major facilities are constructed to complement those at South Pole.

However, it is natural to ask: what lies beyond? Almost 1 km higher than
Dome C, Dome A can be expected to have essentially zero wind for much of
the time and to have precipitable water vapor levels that can drop below 50
microns. These conditions would make possible a wide variety of experiments
that are currently only possible from balloons, high-altitude aircraft, or space.

At the present time there is no infrastructure at Dome A, nor any well-
defined plans to establish any. It is likely that any observatory to be placed there
would be a robotic facility, serviced annually from the South Pole or a coastal
station such as Davis. Adaptive-optics aside, modern astronomical instruments
are vastly more complicated than the telescopes they are attached to. In a
benign environment, such as exists at Dome A, it is reasonable to expect that
a robotic telescope would be no more demanding to operate than any existing
large-scale instrument at a conventional site.

With little turbulence and very low wind speeds, requirements for adaptive
optics are dramatically simplified. It is likely that even large optical/IR tele-
scopes would need only a simple tip-tilt or low order AO system, using just a
single natural guide star.

The first step in the exploration of Dome A is to go there. It is remarkable
that what is potentially the best astronomical site on earth has never been visited
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(although a Chinese traverse team have come close). An initial expedition should
install an Automated Weather Station, plus additional micro-power instruments
to measure cloud cover and boundary-layer turbulence.

The next step would be the installation of a comprehensive site-testing facil-
ity similar to the AASTINO (Lawrence et al. 2003). Running autonomously for
a full year and communicating with the world via Iridium satellite, an AASTINO
at Dome A would not only fully characterize the site but would also represent
a prototype of the type of autonomous astronomical observatory that might
ultimately be installed there.

A preliminary instrument suite to deploy to Dome A might include:

• an acoustic radar, to measure boundary-layer turbulence,

• a MASS (Multi-Aperture Scintillation Sensor), to measure the distribution
of turbulence throughout the atmosphere,

• a mid-infrared spectrometer, to measure sky brightness and opacity from
3-30 micron,

• a sub-millimeter Fourier Transform Spectrometer to measure sky bright-
ness and opacity,

• a near-infrared photometer, to measure sky brightness in the 2.35 micron
“cosmological window”.

Plans are already underway to include an exploration of the astronomical po-
tential of Dome A as part of the International Polar Year of 2007. Regardless
of what is discovered there, the well-established advantages of South Pole and
Concordia Station will inevitably lead to a continued rapid expansion in the
astronomical activities at those existing sites.

Ultimately, however, Dome A may prove to be simply irresistible.
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ACMSA: Antarctic Centre for Millimetre and
Sub-millimetre Astrophysics

Giorgio Sironi
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Abstract.
A Working Group has been created to study the feasibility of ACMSA:

Antarctic Center for Millimetric and Sub-millimetric Astrophysics, an interna-
tional facility based at Dome Concordia (Dome C).

Tests made over the last ten years show that the Antarctic Plateau, an
elevated and extended area, characterized by thin, dry and stable atmosphere,
is the most convenient place for ground based observations of the sky at mm
and sub-mm wavelengths. Better conditions can be found only in space.

Facilities for mm- sub-mm astronomy on the Antarctic Plateau have been so
far available only at the Amundsen Scott base at South Pole, but are insufficient
to satisfy the international community needs. To complement South Pole, a
group of astrophysicists from Europe, Australia and USA (Olmi 2003) recently
suggested the creation of a new mm and sub-mm facility at Dome C, ACMSA
(the Antarctic Centre for Millimetric and Sub-millimetric Astrophysics). Here
the expected observing conditions are even better that at South Pole. The
French – Italian Dome Concordia base will soon become operational all year
round.

To prepare a proposal for ACMSA a Working Group (WG) has been formed.
The aim is a scientific and technical case which will: i) investigate how selected
astrophysical and cosmological questions can be converted into coherent frontier
science at sub-mm wavelengths, ii) propose facilities and experiments, iii) review
existing facilities and experiments on the Antarctic Plateau and elsewhere, iv)
study the state of the art technology available and the use of robotized systems
and v)make cost evaluations. The WG will: a) inform the scientific community
at large, b) look for collaborations, c) search for links with national and inter-
national organizations (French – Italian Concordia Program, European Polar
Board, SCAR, IAU Antarctic Working Group, ESO, NSF etc.)
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Abstract. A large single-dish submillimeter-wave telescope equipped with a
focal plane array containing ∼ 104 bolometers and costing about $120M could
locate most protogalaxies in the southern sky within a year of operation.

Many of the telescopes planned for the next few decades are designed to
observe high-redshift galaxies in the process of formation (NRC 2001). These
instruments, such as the James Webb Space Telescope (JWST), the Over-
whelmingly Large Telescope (OWL), and the Atacama Large Millimeter Array
(ALMA), will have sufficient sensitivity and resolution to observe detailed struc-
ture within protogalaxies; they will not, however, have sufficient field of view to
survey large areas of sky and discover objects to study. Consider, for example,
the ALMA. As seen in Figure 1, protogalaxies typically have a flux density at
λ450µm which is <∼ 10 mJy. The ALMA can detect such a source in 3 minutes
of observing time. That’s really fast. The size of an ALMA map, however, is
∼ 2× 10−5 square degree, so to survey a square degree at this sensitivity would
require ∼ 100 days. If the ALMA were dedicated to a sky survey for ten years,
it would be able to cover about 10−3 of the entire sky.

A 30-m submillimeter-wave telescope operating on the Antarctic Plateau
with a focal-plane array of bolometers would be able to survey the southernmost
1
3 , of the sky in a year. Observatory sites on the Antarctic Plateau have ex-
ceptional submillimeter-wave sky transparency and stability (Chamberlin 2001,
Peterson et al. 2003). Technological progress in submillimeter-wave detectors
will make possible focal-plane arrays containing many thousands of bolometers.
A 10-meter class single-dish telescope designed for such arrays and located at
the South Pole has been approved, and construction is expected to begin this
year (Stark 2003). Looking ahead, a 30-meter class telescope could be made
sufficiently accurate for submillimeter and far-infrared work through a modest
application of active surface techniques. A basic design similar to the IRAM
30-m could be combined with crude active control of the primary mirror panel
alignment for a total cost of ∼ $120M. The 2′′ to 5′′ beam size of such a telescope
would be well-coupled to protogalaxies. With a field of view ∼ 10−1 square de-
gree in size, this instrument could survey the entire sky south of δ ≈ −25◦ with
1 mJy sensitivity in a year. Almost all protogalaxies and protostellar cores would
be found, and could be distinguished on the basis of λ350µm to λ450µm color.
The resulting catalog would be a treasure trove of objects for high-resolution
study with the giant telescopes to come.

Acknowledgments. Support was provided by NSF grant OPP-0130612.
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30m telescope on
Antarctic Plateau

Figure 1. Normal galaxies at low and high redshift. The broad-band galaxy
spectrum labeled z = 0.022 has the luminosity and spectrum of M99, a nor-
mal L∗ spiral. The spectra labeled z = 2.2 and z = 4.4 are models of the
initial star burst in such a galaxy at two possible eras, evolved in a standard
CDM model (Katz 1992) with h75 = 1 and Ω = 1. The 158µm C+ line is
shown to scale; other lines are suppressed. The points KHJIRVBU are 1% of
the sky brightness in a square arcsecond at Mauna Kea (CFHT Observer’s
Handbook). The point Kd is 1% of the sky brightness in a square arcsecond
at the South Pole at λ2.3µm. The curve labeled HST is the limiting sensi-
tivity of the NICMOS on the Hubble Space Telescope. The triangles show
the continuum sensitivity in one hour of a 30 meter Antarctic telescope in the
submillimeter-wave atmospheric windows (Stark 1997).
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Extremely Large Telescopes on the Antarctic plateau
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Abstract. The primary limitation to the performance of any large ground-
based telescope is the atmospheric properties of its site, particularly the sky
emission and the turbulence structure. There are several sites on the Antarctic
plateau (South Pole, Dome C and Dome A) for which the increase in infrared
sensitivity relative to a mid-latitude site should be as much as two orders of
magnitude. The unique turbulent structure above Dome C indicates that an
extremely large telescope equipped with only a natural guide star adaptive optics
system should achieve equivalent resolution to a mid-latitude extremely large
telescope with a multi-conjugate multi-laser guide star system.

Experimental data from a number of instruments, eg (Phillips et al. 1999),
has shown that the winter time thermal sky emission above the South Pole sta-
tion is as much as two orders of magnitude lower than found anywhere else on
Earth. Additionally, data from radiosonde balloons measuring temperature and
relative humidity have shown that the South Pole average winter time precip-
itable water vapor column density is 0.25 mm (Chamberlain et al. 2001). This is
significantly lower than found at good quality mid-latitude sites such as Mauna
Kea (1.6 mm average).

These factors result in a South Pole telescope being substantially more
sensitive in the near to far-infrared than any other ground based telescope of
the same size. The increased atmospheric transparency also results in a number
of new windows opening up in the sub-millimetre and far-infrared.

There are several other sites on the Antarctic plateau that offer potentially
superior sensitivity to even South Pole. These include the French/ Italian Dome
C station at an elevation of 3250 m, and Dome A, the highest point on the
plateau at an elevation of 4200 m. Atmospheric models for these high plateau
sites have been developed based on temperature, pressure, and water vapor pro-
files inferred from South Pole aerological records, and high plateau Automatic
Weather Station data. These models (giving atmospheric emission and transmis-
sion, and incorporating a telescope emission component) show that the relative
increase in telescope sensitivity in going from South Pole to Dome A is largest in
the near infrared, where a factor of 5-10 is expected. The benefits of a reduced
atmospheric emission in the mid-infrared are somewhat offset by the significant
contribution from telescope emission at these wavelengths. In the far-infrared
and sub-millimetre, the lower water vapor expected at the higher sites results in
a dramatic increase in atmospheric transparency compared with South Pole.

While the benefits of the South Pole low infrared sky background are well
recognized, and the unique atmospheric turbulence profile (the majority of tur-
bulence is confined within the lowest 300 m) is potentially beneficial for some
applications, the ground level seeing is relatively poor (1.8 arcsec in the visible)
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compared with quality mid-latitude sites. However, the local topography of the
high plateau sites (both Dome A and Dome C lie on high points of the plateau)
indicates that the turbulence within the ground level inversion layer should be
lower in magnitude than observed at the South Pole due to the absence of kata-
batic winds. The integrated ground level seeing during summer at Dome C was
shown to be a median of 1.2 arcsec (Aristidi et al. 2003). The boundary layer
turbulence is observed to drop below the detection threshold for a sonic radar
instrument operating throughout winter of 2003, representing a contribution to
the total seeing of less than 0.2 arcsec (Travouillon et al, in preparation 2003).

These results are used to define upper and lower bounds to the refractive
index structure function profile for Dome C assuming that the contribution from
the free-atmosphere to the total turbulence is the same as found at the South
Pole. These profiles give an isoplanatic angle of greater than 10 arcsec, which
is significantly larger than found at other sites (typically 2 arcsec at Mauna
Kea). Additionally, the lack of strong winds observed throughout the Dome
C atmosphere result in an atmospheric coherence time than is much longer
than found elsewhere. These two factors (isoplanatic angle and coherence time)
represent a serious limitation to the performance of any adaptive optics system
on an extremely large telescope, and drive the need for multi-conjugate systems
with many deformable mirrors and laser guide stars at mid-latitude sites.

An error budget for a 30 m telescope at Dome C has been calculated and
compared with that specified for the 30 m CELT situated at Mauna Kea. The
Dome C telescope, equipped with a single natural guide star system should
achieve a wavefront error of 180-250 nm rms. This is equivalent to a multi-
conjugate, multi-laser guide star system operating with a Mauna Kea atmo-
sphere, and is a significant improvement over the single low order adaptive optics
error of 500 nm rms. It should be noted that the turbulence profiles modeled
here represent a conservative estimate of the isoplanatic angle at Dome C. It will
be at least another two years until the atmospheric profile throughout winter is
confirmed.

The improvements in sensitivity and resolution achievable by locating an
extremely large telescope at Dome C rather than a mid-latitude site are so
substantial that they could compensate for any logistical disadvantage. Addi-
tionally, factors such as the very low ground wind speed, and the non-existent
seismic activity are very important for mechanical and structural considerations.
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Abstract. We present a simple design for a 16 metre, wide-field, fixed-axis,
all-reflective, low cost f/4 Schmidt telescope to take advantage of the unique
advantages of Antarctica as an Optical/IR site.

1. Introduction

Antarctica offers compelling advantages for Optical/IR astronomy, over and
above the well-recognized gains of high transparency and low background.

1. It offers the unique possibility of single natural guide star AO-corrected
observations over large fields-of-view. As well as allowing AO-corrected obser-
vations over much more of the sky, this opens up a whole new field of genuinely
wide-field imaging at high spatial resolution.

2. The low temperatures remove most of the difficulties of IR telescope and
camera optimization, allowing simpler and more general purpose designs.

3. ELT designs and costs are driven primarily by engineering considerations.
The low wind speeds and seismic activity in Antarctica dramatically reduce the
engineering difficulties.

In general, Schmidt telescopes offer the best optical quality and efficiency,
over the largest possible fields of view, with the smallest possible number of
elements. The Chinese 4m LAMOST design (www.lamost.org) shows how to
build a big Schmidt — the axis is fixed, the corrector lens is replaced with a
deformable segmented plain mirror, which corrects for spherical aberration as
well as directing the light onto the fixed segmented spherical primary. The
design is cheap and scale able. The speed is limited by the tilt on the corrector,
which takes it away from the ideal, classical Schmidt position.

2. Proposed design

- LAMOST-style, horizontal axis, transit telescope. Can reach to equator and
South Pole from Dome-C (75◦S).
- 16m aperture, f/4, length 125m; Plate scale 300µm/′′ to match 0.1′′ seeing.
- Segmented flat corrector mirror: steerable and deformable at 100µm level.
- Primary mirror fixed, spherical, segmented, phased.
- Partial vignetting at very large and very small elevations.
- Raised on 10-30m high ice pyramids (not shown) to get above ground-level
turbulence.
- Shack-Hartmann module determines corrector Schmidt deformations; also cor-
rects for tracking errors, windshake, mechanical sag; also provides adaptive wave-
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Figure 1. Proposed layout for 16m Antarctic reflective Schmidt telescope

front correction at up to 100Hz (fast enough for Antarctica).
- Focal stations: f/4 prime focus; and f/13, f/40 Cassegrain foci.
- IR uses baffles and Narcissus mirrors but no cold-stop. Increase in sky noise
(over a perfect cold-stop) is few % at Kdark (2.3µm) and few tens of % at L
(3.5µm).
- Can easily guide to R=14.2, can always find guide stars at Prime, and usually
at Cassegrain f/13, and over ∼ 10% of the sky at f/40.
- Guesstimated cost at this stage (based on Hobby-Eberly, SALT, Keck) US$100M-
200M vs ∼US$500M for other 25m-class ELT’s.

3. Focal stations and image quality

- f/4 Prime Focus MOS: curved field plate: 300µm/′′, 0.2′′ fwhm over 3◦

- f/4 Prime Focus for imaging: flat-field, 0.05′′/pixel, 0.06′′ fwhm over 0.5◦

- f/13 Cassegrain Focus: 0.015′′/pixel, 0.025′′ fwhm over 4.5′

- f/40 Cassegrain Focus: 0.005′′/pixel, 0.015′′ fwhm over 1.5′

4. Science Drivers

At Prime Focus, the AΩ (Collecting Area × Solid Angle) for this design is 1-2
orders of magnitude larger than existing or proposed telescopes. For all thermal
IR work, it would also be an order of magnitude more sensitive than other
25m-class ELT’s, or NGST. Science drivers would include:

Wide-field Optical/NIR imaging at 0.1′′ fwhm: HDF-quality images over
many square degrees. Complete evolution history of galaxies; LSS via lensing;
stellar census in the Milky Way; stellar populations in nearby galaxies; in general,
finding rare, faint objects.

Multiplexed fiber spectroscopy over 3◦ fields: combination of aperture and
FOV unparalleled for virtually all multi-object spectroscopy.

At Cassegrain, the image quality is as good as NGST or other proposed
ELT’s in the IR, but offers the prospect of AO corrected optical imaging, and
either way do this over 1.5′ − 5′ fields. Such a telescope could be expected to
dominate ‘deep fields’ Optical/IR astronomy, high resolution optical astronomy,
and all IR astronomy of faint objects.
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Abstract. The unique properties of atmospheric turbulence in atmosphere
above the Antarctic plateau offer some compelling advantages for astronomical
adaptive optics and interferometry. The shallow nature of the turbulent layer at
the South Pole results in low scintillation and large angular coherence (Marks
et al. 1996, 1999; Lloyd, Oppenheimer, & Graham 2002; Lloyd et al. 2003).
Recent wintertime SODAR measurements at Dome C indicate that similar con-
ditions exist at Dome C, but that the turbulent layer is likely both weaker and
shallower. This paper discusses the outcomes of such conditions on the atmo-
spheric properties for astronomy. Particularly due to the low wind speed at
Dome C, the atmospheric properties are highly favorable for adaptive optics
and interferometry. The resulting long coherence time enables adaptive optics
at visible wavelengths, and the large angular coherence results in a useful field
of view as a result.

Estimating the turbulence parameters at Dome C

The possibility of “Super-Seeing” in the Antarctic was first suggested by Gilling-
ham (1993). The smooth topography, suppressed diurnal cycle, and low wind
speeds strongly suggest that the mechanisms that generate turbulence at mid-
latitude sites might be absent, resulting in excellent seeing. Indeed, this has
been verified to be the case at the South Pole (Marks et al. 1996, 1999) above
the ≈ 200m boundary layer. The boundary layer at the South Pole has been
extensively studied, and is well characterized by SODAR studies (Travouillon
et al. 2002, 2003).

The relatively poor seeing at the South Pole results from the mixing of cold
air in thermal contact with the radiatively cooling ice with warmer air from
the free atmosphere. Above this layer, the atmosphere is very close to adia-
batic, resulting in little optical turbulence, even in the presence of mechanical
turbulence. Further, the absence of high velocity winds, such as created by sub-
tropical jet-streams results in lower amplitude, and lower velocity turbulence.
The turbulence strength and height in the boundary layer are driven by the
ground layer wind speed. It is therefore likely that sites higher than the South
Pole, which do not suffer from the same katabatic windspeeds would not suffer
the same poor seeing. Indeed this appears to be verified by the preliminary
results of wintertime SODAR observations at Dome C (Travouillon 2003).

For the purposes of exploring the potential scientific niches available at
Dome C, a toy C2

N profile is useful. Mean wind speeds at Dome C are typically a
factor of three lower than South Pole, and the boundary layer height is plausibly
a factor of three lower. Applying these scaling factors to the South Pole model of
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Lloyd et al. (2002) provides an estimate (though not necessarily quantitatively
correct) of possible seeing and adaptive optics parameters at Dome C, using the
definitions of Hardy (1998) are shown in Table 1. Such parameters would open “a
new window” at Dome C for visible wavelength adaptive optics with substantial
fields of view. The isoplanatic angle and focal anisoplanitism parameters require
verification of the upper atmosphere turbulence properties, but the exceptionally
long coherence time is an almost inevitable outcome of the low wind speeds.

Site r0 fG θ0 NGS d0 (10 km) LGS d0 (90 km)

Mauna Kea 20 cm 80 Hz 1.6” 0.7 m 2.9 m
South Pole 6 cm 35 Hz 34” 6.4 m 47 m
Dome C 20 cm 2.5 Hz 380” 62 m 514 m
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Abstract.
The Antarctic Planet Interferometer (API) is a concept for an infrared in-

terferometer located at the best accessible site on Earth. Infrared interferometry
is strongly effected by both the strength and vertical distribution of thermal and
water vapor turbulence. The combination of low temperature, low wind speed,
low elevation turbulence, and low precipitable water vapor make the Concordia
base at Antarctic Dome C the best accessible site on Earth for infrared inter-
ferometry. The improvements in interferometer sensitivity with respect to other
terrestrial sites are dramatic; an interferometer with two meter class telescopes
could make unique infrared measurements of extra solar planets that might oth-
erwise only be possible with a space-based interferometer.

Unique Science from Earth; A Stepping Stone to Space

A number of spatial interferometry techniques are being developed for mea-
surements of extra-solar planets including high-precision V 2, differential-phase,
nulling, and astrometry. The unique properties of the Antarctic atmosphere at
Dome C likely improve all of these techniques, compared to other terrestrial
sites. Estimates for the performance gains for infrared interferometry at Dome
C (Swain et al. 2003a) and at the South Pole (Lloyd et al. 2002, 2003) imply
order of magnitude or better improvements are possible. These estimates are
based on extensive site testing data including measurements of the turbulence
profile (Marks et al. 1996, 1999; Marks 2002; Travouillon et al. 2003).

In addition to unique measurements of extra-solar planets, such as charac-
terization of Jovian-class extra-solar planets in the habitable zone, an infrared
Antarctic interferometer would be capable of other ambitious science programs
(Swain et al. 2003a) such as:

• Distance scale - measurement of binary star orbits in LMC.

• Mass transfer in compact binary systems.

• YSO and proto-planetary disk formation.

• Active galactic nuclei.

• Accretion disk structure and evolution.

Recent observations with the Keck interferometer (Swain et al. 2003b) have
marginally resolved what is likely infrared emission from the accretion disk in
NGC 4151. Modest improvements in sensitivity and angular resolution, easily
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achievable with API, would allow measurements of the structure and evolution
of the accretion disk in similar objects.

There are additional advantages of an Antarctic plateau location. The long
night results in good instrument thermal stability. Most of the sources ob-
served would be circumpolar, allowing extremely long, continuous observations
not possible from other locations. These sources would also be excellent tar-
gets for interferometric synthesis imaging as they permit full rotation of the
interferometer sampling function.

Further, because of similar science goals to projects such as DARWIN and
TPF and a space-like environment (due to the extreme temperatures and remote
location), the API, located at the Concordia base, could serve as a natural
technology development test bed for these missions. When operating at 200
µm, API would also be an excellent prototype for the proposed SPECS mission
(Leisawitz et al. 2000). In addition to producing unique and compelling science,
an Antarctic infrared interferometer would serve as a precursor for future space-
based interferometers.
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High Angular Resolution Mid-IR Astronomy at Concordia

Marco Ferrari-Toniolo

C.N.R. - Istituto Astrofisica Spaziale e Fisica Cosmica (IASF)

If we concentrate our attention on the study and the evolution of star form-
ing processes rather than on the large scale structure, from the recent use of
Large Telescopes in this context there are many examples of great interest.
These include the study of the early phases of aggregation of matter (stellar and
planet formation), and the late phases of disaggregation during stellar evolu-
tion. In Fig 1, a spectacular example is shown of a high resolution image of an
edge–on circumstellar disk of a young star (HR4796A), with respect to previous
less resolved information (C.Telesco et al, Proc SPIE 4834, 101, 2002). A recent
hypothesis of a Large Infrared Telescope called GTA (Grande Telescopio Antar-
tico) has been proposed to the PNRA (Italian Plan for Antarctic Researches).
This will require the following characteristics: high angular resolution in the
mid-IR domain (large aperture); very high sensitivity (mainly due to the cold,
dry conditions of the site); extreme simplicity in design and operational modes.
The telescope will be a survey instrument and will be used almost without hu-
man intervention. The project examines the construction of a third tower at
Dome C with the telescope configured to work in quasi-drift-scan without mov-
ing the enclosure and with a limited tracking time. In Fig 1, a sketch of the tower
hosting the telescope is shown (M.F-T. et al, Proc SPIE 4836, 165, 2002). A
study will be developed to determine the optimum configurations for observing
in different bands, from the optical to the sub-mm range, with a refurbishment
of the telescope and instrumentation during the summer break.

We expect there to be great gains in sensitivity from the GTA with respect
to the new class of Large Telescopes operating with similar angular resolution;
more detailed studies can be accomplished by the large ‘temperate’ Telescopes by
using more sophisticated instrumentation (spectrometers, polarimeters, corono-
graphs etc.). Even more interesting could be the use of GTA in conjunction
with the LBT or other facilities for ground-based interferometry, or with respect
to the ultra-high sensitivity images expected from the future IR space missions-
the GTA data will be of great help for addressing and analyzing both the space
and the interferometric data. The GTA seems to be also an unavoidable step
for future ELT projects.
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An AST/RO Survey of the Coalsack

Wilfred Walsh and Kecheng Xiao

Harvard–Smithsonian Center for Astrophysics, 60 Garden St, MS12,
Cambridge MA 02138, USA

Abstract. Selected regions of the southern molecular cloud complex, the
Coalsack are being imaged at sub-millimeter wavelengths using the Antarctic
Sub-millimeter Telescope and Remote Observatory (AST/RO) located at the
South Pole.

The Coalsack is one of the most prominent naked-eye features of the South-
ern sky, covering about 30 square degrees adjacent to the Southern Cross with
0.7-0.24 mag of extinction. Its proximity (about 180pc) make it an ideal can-
didate for studying the structure, composition and dynamics a large molecular
cloud. Unlike other prominent dark clouds, the Coalsack has generally been
thought to show no evidence of collapse leading to star formation. We have se-
lected regions of the Coalsack to image at submillimeter wavelengths: this work
is currently in progress. The AST/RO observations consist of a fully-sampled
survey in the 230GHz CO(2-1) line over the entire extent of the Coalsack, to-
gether with smaller regions imaged in other CO isotopomers and the 461GHz
CO(4-3) and 492GHz CI lines. We have already detected extended CO(4-3)
emission at several locations. A preliminary LVG model for one position sug-
gests that localized warm (25K) gas does exist in the Coalsack and that collapse
leading to star formation, if not already occurring, may be imminent.

Figure 1. Two regions of the Coalsack imaged in the CO(4-3) line, shown
with contours from 0.5 to 2.0 K km/s in 0.25 K km/s steps.
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Helioseismology from South Pole: Past, Present and
Future

Stuart M. Jefferies

Maui Scientific Research Center, University of New Mexico, 590 Lipoa
Parkway, Ste 262, Kihei, HI 96753, USA

Abstract. The austral summer of 2002/03 marked the beginning of a new
era for helioseismology from South Pole with the running of an experiment to
seismically probe the solar atmosphere.

Helioseismology experiments conducted at South Pole over the period 1979
to 1995 provided several fundamental measurements of the properties of the
solar interior including the internal sound speed and rotation profiles, and the
sub-surface structure of a sunspot.

Today, thanks to these and other ground- and space-based helioseismology
experiments, we have a good understanding of the overall properties of the solar
interior. The Sun’s atmosphere, however, is another story. This region of the
Sun is not at all well understood (as evidenced by the lack of any reliable model).
However, by observing the Sun at different heights in its atmosphere, and study-
ing the behavior of the acoustic waves with frequencies above the acoustic cut-off
frequency, it is possible to seismically map the properties of the atmosphere in
an analogous way to that used for the interior (Jefferies 1998). Such maps will
provide a strong constraint for any theoretical model of the atmosphere. The
austral summer of 2002/03 saw the first multi-line observations at South Pole,
with a double magneto-optical filter instrument being used to measure the ve-
locity signals simultaneously in the photosphere and low chromosphere. These
data have provided the first maps of sound-speed variations in the Sun’s lower
atmosphere. The next step is to tomographically map the 3-D structure of the
Sun’s atmosphere and to examine the coupling of this structure to both the local
sub-surface structure and the magnetic field in the atmosphere. The goal being
to better understand how and why the Sun varies and how the Sun drives space
weather. The next generation of instrumentation has therefore been designed to
provide both improved spatial resolution in the vertical direction (by observing
more absorption lines in the atmosphere) and simultaneous measurement of the
magnetic field at different heights in the atmosphere.

Acknowledgments. The author is supported by NSF award 0087541 from
the Office of Polar Programs.
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CO 2–1 Mapping of WR16 with AST/RO

N. F. H. Tothill

Harvard-Smithsonian Center for Astrophysics, 60 Garden St,
Cambridge, MA 02138, USA

A. P. Marston

SIRTF Science Center, IPAC, California Institute of Technology,
Pasadena, CA 91125,USA

C. L. Martin, K. Leppik

Harvard-Smithsonian Center for Astrophysics

Abstract. Massive stars have profound effects on their surroundings, influ-
encing them by their energetic stellar winds, and finally by supernova explosions.
We present a CO 2–1 map of the surroundings of the Wolf-Rayet star WR16,
taken with AST/RO at the South Pole, which shows some of these effects.

Marston et al. (1999) directly detected a cocoon of molecular gas in the CO
1–0 rotational line around the WN8 star WR16. They also presented evidence
that that this material was in fact ejected from the star itself rather than being
swept-up gas from the interstellar medium, but their study was limited by the
relatively small extent of the CO map. We present an expanded map in CO
2–1 of the vicinity of WR16, on a square grid with 1.5′ spacing, with the star
at the origin of the map. There is a small cavity around the star, consistent
with that seen in the CO 1–0 map, surrounded by molecular material. At the
outside of the map, there are a number of much brighter clumps, which might
be fragments of a wind-blown shell from an earlier phase of the star’s evolution.
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History of Astrophysics in Antarctica - A Brief Overview

Balthasar T. Indermuehle†, Michael G. Burton‡, Sarah T. Maddison†

†Swinburne University, Centre for Astrophysics and Supercomputing,
Hawthorn, VIC 3122, Australia

‡University of New South Wales, School of Physics, Sydney, NSW 2052,
Australia

On examining the historical development of astrophysical science at the bottom
of the world from the early 20th century until today we find three temporally
overlapping eras of which each has a rather distinct beginning. These are the
eras of Astrogeology, High Energy Astrophysics and Photon Astronomy.15

1. Astrogeological Era (from 1912)

In 1912, Mawson discovered the Adelie Land Meteorite. Russian geologists
found several meteorites of unrelated morphological types in the Lazarev region
in 1961, giving rise to the ablation zone theory. This was followed in 1969 by the
first formal meteorite search programme. Thousands of meteorites have since
been found in Antarctica, mostly from glacial ablation zones.

2. High Energy Era (from mid 1950’s)

In 1955, the first Antarctic astrophysical project was initiated with a cosmic ray
detector installed at McMurdo station. A detector was installed at the South
Pole in 1964 and others were commissioned at several national research stations.
Today, cosmic rays with energies above 50 TeV are recorded by SPASE 2 which
is situated on top of AMANDA. AMANDA II is scheduled to start operation in
2003 and by 2006, IceCube, a 1 km3 detector, will open up the PeV energy region
where the Universe is opaque to high energy γ-rays from beyond our galaxy.

3. Photon Astronomy Era (from 1970’s)

Optical astronomy was first employed at the South Pole in 1964 for site testing.
In 1979, a continuous 120 hours of solar observations allowed hundreds of so-
lar eigenmodes to be discovered. Infrared and CMB measurements require the
best atmospheric windows, and site testing since 1994 has demonstrated this
is provided from the Antarctic plateau. In 1988, the first CMB measurement
from Terra Nova Bay produced a map at an angular scale of 1.3◦. In 1992,
the CMB was imaged with better resolution by Python, a 0.75m telescope. It
was replaced in 1997 by Viper, a 2.1m off-axis telescope, to be complemented
in 1998 by DASI. The first flight of the Boomerang balloon in 1998 provided
much improved angular resolution data for a CMB map published in late 2002.
AST/RO, a 1.7m sub-mm telescope, has been mapping the Galactic plane in
CI and CO since 1995. Between 1994 and 1999, SPIREX imaged the 2–5µm
continuum and PAHs with the Grim and Abu cameras.

15A full version of this paper will be submitted to PASA. The poster is on the SPS2 web site.
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CMB Observations from the Antarctic Plateau

G.Sironi, G.Boella, M.Gervasi, A.Passerini, A.Tartari, M.Zannoni

Physics Dept. - University of Milano Bicocca, and IASF-CNR, Milano -
Italy

Abstract. CMB studies from the Antarctic Plateau are presented.

We used the unique properties of the Antarctic Plateau atmosphere for
studies of the fine structures of the Cosmic Microwave Background (CMB):

a) Spectral distortions at decimetric wavelengths. In 1989/1991 we and
LBL-Berkeley observed from South Pole (See reference group # 1).

b) Polarization at large angular scales. A correlation polarimeter, tested in
Antarctica in 1994 and 1998, now at Testa Grigia (Italian Alps), is ready for
observation at Dome C (See reference group # 2).

With IEN Galileo Ferraris (Turin) and IRA-CNR Arcetri we have developed
low noise coherent detector systems and fabricated SIS mixers. We are preparing
MASTER, a three band SIS system (94, 220 and 345 GHz), for studies of the
Sunyaev Zeldovich effect (reference group #3).

We are participating in the following plans for observational facilities: i)
proposal for a large sub-mm telescope at the South Pole, ii) Working Group
for the Antarctic Center for Sub-millimetric Astronomy at Dome C (reference
group #4).
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Earth as an Extrasolar Planet: South Pole Advantages

Wesley A. Traub, Antony A. Stark, Kenneth W. Jucks

Harvard-Smithsonian Center for Astrophysics, 60 Garden St.,
Cambridge, MA 02138, USA

Steven Kilston, Ball Aerospace, Boulder, CO;
Edwin L. Turner, Princeton Univ., Princeton, NJ;
Sara Seager, Carnegie Institution, Washington, DC

Abstract. We could observe the Earth as an extra-solar planet, viewing
Earthshine on the dark side of the Moon, at the Pole, in winter.

A small telescope can measure H2O, O2, O3, chlorophyll, air column density,
clouds, continents, oceans, weather variations, and rotation period. This can be
done only from the Pole, and in the coming few years of the lunar cycle, owing to
the Earth-Moon-Sun geometry. The observations will validate analysis methods
for the Terrestrial Planet Finder coronagraph.

Reflectivity variations (see model) will be strong; several-day observations
are possible only at the Pole. Enhanced blue reflectivity from Rayleigh scattering
gives the column abundance of molecules. Reflectivity from green land plants
gives the “chlorophyll” feature. O2 has 2 strong absorptions. Stratospheric O3

gives the broad feature 0.6 µm. H2O has 3 major bands. A primitive Earth
might show CH4 and CO2 as well. Life on Earth produces abundant O2, and
no other known process competes except to produce relatively much smaller
amounts. The strong O2 bands are therefore good signs of the presence of plant
life, along with the “chlorophyll” feature.
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The Explorer of Diffuse Galactic Emission (EDGE)

R. F. Silverberg1, E. S. Cheng2, D. A. Cottingham3, D. J. Fixsen4,
L. Knox5, S. S. Meyer6, P. T. Timbie7, and G. W. Wilson8

1NASA/Goddard Space Flight Center,Greenbelt, MD 20771, USA

2Conceptual Analytics, Glenn Dale, MD 20769, USA

3Global Science and Technology, Greenbelt, MD 20771 USA

4SSAI, Lanham, MD 20706 USA

5University of California at Davis, Davis, CA 95616 USA

6Enrico Fermi Institute, University of Chicago, Chicago, IL 60637 USA

7University of Wisconsin, Madison, WI 53706 USA

8University of Massachusetts, Amherst, MA 01003 USA

1. Summary

The details of the formation of the first objects, stars and galaxies and their sub-
sequent evolution remain a cosmological unknown. Few observational probes of
these processes exist. The Cosmic Infrared Background (CIB) originates from
this era and measurements of its anisotropy can provide information to test
models of both galaxy evolution and the growth of primordial structure. Such
measurements should provide a sensitive probe of the large-scale variation in
protogalaxy density at redshifts, z ∼ 0.5-3, while optical galaxy surveys provide
complementary information at z < 0.5 and Lyman alpha absorption forest stud-
ies and Cosmic Microwave Background measurements add information at higher
redshifts.

The Explorer of Diffuse Galactic Emission (EDGE) is a balloon-borne mis-
sion designed to measure the spatial fluctuations in the CIB from 200 µm to
1 mm on 6′ to 3◦ scales with up to 2µK sensitivity/resolution element on an
Antarctic Long Duration Balloon (LDB) flight. EDGE will employ an array
of Frequency Selective Bolometers (Kowitt et al., 1996) to simultaneously mea-
sure spectral and spatial information with seven sky pixels each containing eight
spectral bands. EDGE is designed to cover ∼100 square degrees of the sky in a
single ∼10 day LDB flight to create a new observational constraint for large-scale
structure formation theories.
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Compact Wide-Field Astronomical Telescopes for Dome C

Roberto F. Viotti and the TRT team

Istituto di Astrofisica Spaziale e Fisica Cosmica, CNR, Tor Vergata
Research Area, Via Fosso del Cavaliere 100, Roma, Italy

Abstract. We describe our project for a small and compact telescope, based
on the TRT design, for wide–field observations from Dome C on the Antarctic
Plateau, and discuss the main scientific goals.

The project is based on the 2–mirror, 3–reflection (TRT) Amoretti’s design
(Amoretti et al. 1989), where the primary acts both as the first and third
reflecting surface. The main benefits of the TRT design are: the large corrected
and unvignetted FOV, the flat focal plane allowing easy placing of large area
detectors, easy baffling of straylight, minimum encumbrance (width/length close
to unity), and easy instrument handling. Two 30 cm f/3 prototypes were realized
in 1994 and 2002, and tested. In 2003 a new 45 cm f/5 TRT was realized based on
Lemaitre’s active optics techniques (Lemaitre 1996): the primary was obtained
from a double–vase form substrate, polished spherically at rest, then in situ
stressed by applying back to the mirror at 0.8 atm depressure. The secondary
with a tulip form was polished under stress. The telescope was mounted in Tor
Vergata, and tests are underway.

Our goal is to place on Dome C a mid–size TRT equipped with large area
V–NIR detectors. The primary scientific objective, in the framework of the
Spaceguard Foundation, is the search for potentially hazardous NEAs, especially
at small solar elongations. The telescope can also be used for the search of extra-
solar Jupiter–like planet transits, astroseismology and identification of GRBs.

Parts of this project were funded by CNR, ASI, PNRA and MIUR.
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FTS Opacity Measurements of the South Pole
Submillimeter Sky

Richard A. Chamberlin

Caltech Submillimeter Observatory, 111 Nowelo Street, Hilo, HI 96720

Abstract. A sub-millimeter Fourier Transform Spectrometer (FTS) was used
at the South Pole to acquire wide frequency span (300 GHz < ν < 2 THz)
measurements of the atmospheric opacity, τ(ν). Comparisons were made with
other ongoing measurements to allow inference of typical wintertime observing
statistics.

A sub-millimeter wavelength FTS of the Martin-Puplett type (Martin 1982)
was deployed to the South Pole in 2001. In 2001 it was operated as frequently
as operational constraints allowed to make measurements of τ(ν). Comparisons
were made with narrow bandwidth τ from the Antarctic Submillimeter Remote
Telescope Observatory (AST/RO) near 806 GHz and broad bandwidth τCMU

from the NRAO/CMU 860 GHz atmospheric radiometer (Peterson et al. 2003).
Compared to the FTS and the AST/RO telescope, the uncorrected τCMU were
offset but otherwise well correlated. The τCMU offset was likely caused by un-
compensated antenna loss efficiency (Davis & Vanden Bout 1973, Calisse 2003).
The observed correlation with the continuous τCMU record was used to extrap-
olate the FTS τ(ν) to infer statistics for an entire annual cycle, see Chamberlin
et al. (2003). The statistics from this extrapolation are probably characteristic
of all years since South Pole wintertime sub-millimeter observing conditions are
expected to have only a slight inter-annual variation (Chamberlin 2001). In the
centers of the 1.3 THz and 1.5 THz windows our results indicate observing is
possible about 50 days a year with τ < 2 and about 20 days a year with τ < 1.75.

Support for this work was provided under National Science Foundation
Grants OPP-0126090 and AST 99-80846.
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An Introduction to the Nomenclature Problem

Brian D. Mason and William I. Hartkopf

United States Naval Observatory

Abstract.
The new observing and reduction techniques available to astronomers have

led to remarkable changes in the field of double and multiple stars. New classes
of companions, such as brown dwarfs and exoplanets, have been discovered. Bi-
naries which previously constituted distinct classes are now observable by mul-
tiple techniques. With many long-baseline optical interferometers operational
or planned, with improvements in other techniques, and with astrometric space-
based missions in various states of planning and funding, the situation is likely to
become more complicated. The result is greater understanding for the scientist,
but greater challenges for the cataloger!

The “problem” is that purveyors of different techniques use different nomen-
clature, both in terms of root designation and component identifier. It is this
latter inconsistency which causes the most confusion and is the topic of this
Special Session.

This talk will illustrate some of the many designation ambiguities and sum-
marize efforts made during the past few years to address this problem.

1. Introduction: a Welcome “Problem”

The new observing and reduction techniques available to astronomers have led
to remarkable changes in the field of double and multiple stars. New classes of
companions, such as brown dwarfs and exoplanets, have been discovered. Bina-
ries which previously constituted distinct classes are now observable by multiple
techniques (witness, for example, the increasing overlap between the visual and
spectroscopic regimes). With many long-baseline optical interferometers opera-
tional or planned, with improvements in other techniques (e.g., absorption-cell
RV work), and with astrometric space-based missions in various states of plan-
ning and funding, the situation is likely to become more complicated. The
result is greater understanding for the scientist, but greater challenges for the
cataloger!

The “problem” is that purveyors of different techniques use different nomen-
clature. Visual binaries are given discoverer designations, based on observer’s
name (e.g., Σ or STF 13, β or BU 96), while spectroscopic binaries are usually
identified by their HD number, eclipsing binaries by their variable star designa-
tion, occultation binaries by SAO or ZC number, and so on. Binaries analyzed
by multiple methods may wind up with multiple designations.

While multiple designations are confusing, a large cross-reference list (such
as SIMBAD) can usually handle these problems. Component confusion is even
worse, however, as one person’s AB pair may be another’s ab or BA or BC or
primary/secondary! It is this problem that we wish to address.
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2. Addressing the Problem

An electronic discussion among an informal working group began in 1999. Over
time, these discussions resulted in four suggested schemes (Dickel & Malkov
2000):

• KoMa: a hierarchical scheme developed by D. Kovaleva and O. Malkov
(2000). Using a variety of upper/lower case alphabetic, numeric, and Ro-
man numerals, this scheme indicated both hierarchy and type of compan-
ion (e.g., stellar, planetary, etc.)

• UC: developed by S. Urban and T. Corbin (2000). This is a numeric-only,
backside-expandable scheme similar to that used for library call numbers.

• Sequential: a non-hierarchical scheme developed by L. Dickel and P.
Dubois. In this numeric scheme all components are assigned numbers in
the order of their discovery, with no heed given to their relationship with
other components.

• WMC: the Washington Multiplicity Catalog. This method, while based
on the venerable scheme of upper and lower case letters used in the WDS,
extends to multiple levels through use of additional numbers and letters.

At IAU Symposium 200 the attendees seemed to favor the WMC, with UC a
close second. The sequential scheme, while not favored, was sufficiently different
from others so that it continued to be discussed.

At IAU-GA XXIV interested parties held a multi-commission meeting to
discuss various methods for clearing up the nomenclature ambiguities (Genova
2000). As a result of those discussions the WMC was endorsed and the follow-
ing resolution was ratified by Commissions 5 (Documentation & Astronomical
Data), 8+24 (Astrometry), 26 (Double & Multiple Stars), 42 (Close Binary
Stars), and later 45 (Stellar Classification)16.

The resolution read as follows:

On Designating Components of Binary and Multiple Star
Systems

Recognizing

• the increasing synergy of techniques for the investigation of stel-
lar companions blurring the traditional distinction between as-
trometric, spectroscopic, and photometric binary and multiple
stars;

• the detection of sub-stellar (including planets) as well as stellar
components by these techniques and,

16See http://ad.usno.navy.mil/wds/wmc/iaumcm old.html, the IAU-GA XXIV MCM archival
webpage for more information
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• the need for a simple, unambiguous, flexible, and computer
friendly designation scheme for components of binary and mul-
tiple star systems,

• Noting that future ground and space-based telescope projects
have the potential to detect both sub-stellar as well as stellar
components in increasingly large numbers,

Recommends that

• a uniform designation scheme, based on expansion of the new
WDS system, be developed during the next 3 years to include
all types of components and that this be reviewed in time for
its adoption to be considered at General Assembly XXV.

Implementation of the scheme was to be as follows:

1. Present a sample of the resulting scheme to Commission 26 at Colloquium
191. This sample was to be in the form of a catalog of all types of bina-
ries found within a particular patch of the sky, complete with component
designations based on the new scheme. Details of this presentation are
available in Hartkopf & Mason (2004).

2. Present modified scheme to SOC of IAU-GA XXV Seminar, USNO (17
June 2003).

3. Make any needed modifications based on suggestions from above items,
then present this modified scheme to the SOC of IAU-GA XXV SPS 3
(Special Session 3: A New Classification Scheme for Double Stars).

4. Make additional modifications if necessary, then present the further mod-
ified scheme at SPS3, July 18, 2003.

5. If approved, present the all-sky WMC at IAU-GA XXVI in 2006, and
continue to update and maintain.

Further details of the discussion of the electronic discussion group and past
work are available on the WMC Designation Scheme & Working Group web-
page17.
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Abstract. The Washington Multiplicity Catalog (WMC) project is an effort
to address the often conflicting nomenclature schemes used by astronomers in
different fields of double and multiple star research, by compiling a catalog of
all known binary and multiple systems, then assigning a consistent (insofar as
possible) component designation to each component. Components are treated
in the same manner whether stellar or sub-stellar (e.g., brown dwarf, exosolar
planet) in nature. This effort was begun shortly before the 2000 IAU General
Assembly in Manchester, UK. A sample version of the planned catalog was
presented at IAU Colloquium 191, held in Mérida, México in February 2003,
and a modified version of this sample will be presented at the July 2003 GA in
Sydney, Australia. Finally, if the nomenclature and catalog format are agreed
upon, a full-sky version of the catalog will be created in time for the 2006 GA
in Prague.

1. Roots of the WMC

The root of the Washington Multiplicity Catalog (WMC) is the Washington
Double Star Catalog (WDS). The WDS, maintained at the United States Naval
Observatory (USNO), is the principal database of astrometric double and mul-
tiple star data for the astronomical community. It contains (as of July 2003)
603,651 mean positions for 99,403 pairs, and is updated nightly. The USNO
double-star program also maintains catalogs of differential magnitudes, visual
orbital elements, and interferometric and other high-resolution observations.

While the WDS is a complete listing of all resolved systems (i.e., visual
and interferometric doubles), many components are detected but not resolved.
These include:

• spectroscopic doubles (single- or double-lined),
• photometric or eclipsing binaries,
• astrometric doubles,
• lunar occultation doubles,
• other doubles, and
• planets and other sub-stellar objects.

However, the WDS nomenclature rules (with slight modification) can ac-
commodate all types of double stars.
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2. The WDS and Hierarchy

The WDS is system-based rather than object-based, as it contains relative mea-
sures between components of a given system. In an object-based scheme, a
group of N objects yields N entries, but in a system-based scheme, N objects

can yield up to N(N−1)
2 entries. The WDS may also contain measures between

photocenters, and multiple systems may become quite complex as N increases.
However, the WDS lists only pairings actually measured, and the observer’s
common sense usually implies the system hierarchy.

Generally, orbital period and/or separation are used to assign the hierarchi-
cal structure. The 3:1 ratio of semi-major axes determined by R.S. Harrington
in his work on hierarchical multiples is generally followed, although separations
> 1′′ are usually given upper-case letters. This 3:1 ratio assumes physical-
ity. However, most visual doubles do not have enough measures to determine
whether motion is Keplerian or rectilinear. In general, then, all hierarchies in
the WMC are apparent rather than absolute. It is assumed that all double stars
within some small separation are of interest (if only as a warning of possible
image blending), so are retained in the WDS and WMC even if shown to be
optical.

3. Rules of Component Designation

The WDS at present extends nomenclature to second level hierarchies. The
WMC will extend this nomenclature to cover more complex systems, however,
as follows:

Level 1: capital letters (e.g., STF1523 AB)
Level 2: lower case letters (e.g., FIN 347 Aa,Ab)
Level 3: numbers (e.g., BNK 1 Ab1,Ab2)

Higher levels will alternate lower case letters and numbers (no examples of
higher levels have yet been found, however).

A comma will be used as the delimiter between components in a system,
with the full component identifier before and after the comma (e.g., Aa,Ab).
The only exceptions: if only two characters are provided the delimiter is assumed
(e.g., WAK 8CD = WAK 8C,D).

While the WMC will strive to maintain hierarchies in the assignment of
letter and/or number, this is not always possible, given our often very limited
knowledge. Also, if a subsystem is found that cannot be assigned unequivocally
to a higher order component, a tentative best guess assignment will be given
and a note added to the catalog.

Figure 1 illustrates a (fictitious) system, growing increasingly complex as
new components are discovered.

4. The Sample WMC

The 11h – 11h30m band of RA was selected for the sample WMC. As well as being
historically compelling (containing ξ UMa), it includes a variety of component
types:
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Figure 1. Illustration of nomenclature assignment as a (fictitious) system
system grows more complex:

1850: visual pair is discovered
1900: wide common proper motion companion is found
1975: B component is found to be spectroscopic binary
1985: C component is split by speckle interferometry
1990: additional speckle C component is resolved at a similar separation
1995: planet is found orbiting the A component
1998: second planet is found
2005: primary of B is resolved by long-baseline interferometry

• astrometric binaries,
• X-ray binaries, cataclysmic variables, and related objects,
• eclipsing binaries,
• occultation binaries,
• spectroscopic binaries (SB1 + SB2),
• spectrum binaries,
• interferometric binaries,
• visual binaries, and
• planetary companions (by extending to 10h59m.5).

In addition to the WDS and other USNO double star catalogs mentioned earlier,
sources of multiplicity tapped thus far for the sample WMC include:

• Downes et al., 2001, A Catalog and Atlas of Cataclysmic Variables: On-line Ver-
sion, PASP 113, 764 (http://icarus.stsci.edu/ downes/cvcat/),

• Ritter & Kolb 1998, Catalogue of cataclysmic binaries, low-mass X-ray binaries,
and related objects (Sixth edition), A&AS 129, 83,
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• Batten et al., 1989, Eighth Catalog of the Orbital Elements of Spectroscopic Binary
Systems, Pub. DAO, 17,

• Pourbaix et al., 2003, Ninth Catalogue of Spectroscopic Binary Orbits
(http://sb9.astro.ulb.ac.be/),

• Svechnikov & Bessonova 1984, Catalog of Orbital elements, Masses and Lumi-
nosities of close double stars, Bull. Inf. CDS 26, 99,

• van Paradijs 1995, A Catalogue of X-Ray Binaries, in X-ray Binaries, Lewin et
al, eds., Cambridge Univ. Press, ch. 14, pp 536-577,

• California & Carnegie Planet Search web site (http://exoplanets.org/) and
links therein.

Information on other prospective sources is needed and welcome.
These techniques contribute to the sample WMC in the following percentages:

95.8% visual binaries and optical pairs
50.6% interferometric binaries and optical pairs
1.7% spectroscopic binaries
1.4% cataclysmic variables or related objects
1.0% occultation binaries
0.3% astrometric binaries
0.2% eclipsing binaries
0.2% X-ray binaries
0.1% spectrum binaries
0.1% planets

Since the techniques are complementary, the sum is >100%. It should be noted
that this breakdown is biased significantly by selection effects. For example,
while visual binaries may be discovered (and cataloged) after a single observa-
tion, data on spectroscopic pairs are often not published until the full orbit has
been characterized.

5. Coordinate Matching

System matches are based on the arcsecond-precise coordinates of the primary
stars in each individual pair. The most time-consuming aspect of the WMC
construction (by far!) was the improvement of the arcminute-precise coordinates
found in the WDS. Some 80% of the 1,645 different primaries in the sample region
were matched to Hipparcos or Tycho-2 objects. An additional 19% matched to
GSC2, USNO A2, 2MASS, etc. via individual inspection using ALADIN. There
remain 1.3% (21 pairs) which still have only arcminute accuracy coordinates.
Nearly all of these are older, unconfirmed, visual doubles (including some very
wide common proper motion pairs and some with suspect coordinates).

Following coordinate matching we found a total of 1,465 systems in this
slice of the sky. These may be broken down as follows:

1,336 (91%) simple binaries
80 (5.5%) non-hierarchical triples
16 (1.1%) non-hierarchical systems, >3 components
25 (1.7%) hierarchical triples
8 (0.5%) hierarchical systems, >3 components
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Sample Washington Multiplicity Catalog

WMC........... Comp..... ?? NAME............. ?? NAME.............. Sep....* Period.y Mag1.f Mag2.f Spec1...... Spec2... Parallax Mass1.....* Mass2.* Btype. References...... RA,Dec (2000).

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

1059280+402549 AB * 47 UMa HD 95128 0.14 2.982y 5.05 G0V planet 71.05h 2.54j S1 CCP 1059280+402549

1059280+402549 AC * 47 UMa HD 95128 0.26 7.1 y 5.05 G0V planet 71.05h 0.76j S1 CCP 1059280+402549

1100004+413608 AB BD +42 2173 T2 3012 01054 1 0.005a 0.899y 10.08 . R... . 5.29h . . A O6 1100004+413608

1100006-285044 AB ** TDS7598 T2 6647 01291 1 0.46 . 11.13 11.52 . . . . . V WDS,I4 1100006-285044

1100175-295159 AB * EC 10578-2935 G2 S12221102974 . . 15.9 . ? . . . . CV CCV 1100175-295159

1101493+295217 Aa,Ab HD 95515 T2 1980 00145 1 0.262 . 7.8 . K0 . 9.00h . . V WDS,I4 1101493+295217

1101493+295217 Aa,B HD 95515 T2 1980 00145 1 1.13 . 7.00 9.36 K0 . 9.00h . . V WDS,I4 1101493+295217

1108028-774227 Aa,Ab ** GHE 35 G2 S1101231136 0.72 . 7.03k 8.38k ?e . 7.1 r . . V WDS,I4 1108028-774227

1108028-774227 Ab1,Ab2 ** BNK 1 G2 S1101231136 0.100 . 8.92k 9.32k . . 7.1 r . . V WDS,I4 1108028-774227

1108028-774227 AB ** GHE 35 G2 S1101231136 2.7 . 7.03k 9.5 k ?e . 7.1 r . . V WDS,I4 1108028-774227

1108028-774227 AC ** SZR 1 G2 S1101231136 17. . 7.03k 10.1 k ?e . 7.1 r . . V WDS,I4 1108028-774227

1108059-615608 AB V* RS Car HD 96830 . 0.083d 7.0 b 18.0 nova . . . . CV CCV 1108059-615608

1113063-421643 AB CD -41 6409 T2 7734 00204 1 2.503 . 10.55 11.69 . . . . . V WDS,I4 1113063-421643

1113063-421643 AC CD -41 6409 T2 7734 00204 1 5.46 . 10.55 13.6 . . . . . V WDS 1113063-421643

1113125-262754 AB V* TT Hya HD 97528 0.65 m 6.953d 7.60 8.90 A2Ve K1.5IV 6.50h 2.08 0.65 E,S1 SvB,SB8,SB9 1113125-262754

1115073-611539 Aa,Ab HD 97950 T2 8959 01959 1 0.339 . 10.5 11.1 . . . . . V WDS,I4 1115073-611539

1115073-611539 Aa,Ac HD 97950 T2 8959 01959 1 0.371 . 10.5 11.3 . . . . . V WDS,I4 1115073-611539

1115073-611539 Aa,Ad HD 97950 T2 8959 01959 1 0.784 . 10.5 10.3 WN... WN... . . . V WDS,I4 1115073-611539

1115073-611539 AB HD 97950 T2 8959 01959 1 1.81 . 9.03 10.8 WN... WN... . . . V WDS 1115073-611539

1115073-611539 AC HD 97950 T2 8959 01959 1 2.69 . 9.03 11.3 WN... . . . . V WDS 1115073-611539

1115073-611539 AD HD 97950 T2 8959 01959 1 3.54 . 9.03 12.3 WN... . . . . V WDS 1115073-611539

1115073-611539 AE HD 97950 T2 8959 01959 1 4.59 . 9.03 11.8 WN... . . . . V WDS 1115073-611539

1118047+361614 AB ** KZA 16 2M 1118046+361614 8.08 . 11.0 11.5 . . . . . V WDS 1118047+361614

1118109+313145 Aa,Ab * xi UMa T2 2520 02634 1 0.053 669.18 d 4.41 . G0V M3V? 127. 0.022 f 0.37: A,S1 O6,SB8 1118109+313145

1118109+313145 AB HD 98231 T2 2520 02634 1 2.536 59.878y 4.41 4.87 G0V F8.5V 127. 2.21 t . V WDS,O6,I4 1118109+313145

1118109+313145 AC HD 98231 T2 2520 02634 1 54.31 . 4.41 15.0 G0V . 127. . . V WDS 1118109+313145

1118109+313145 Ba,Bb * xi UMa T2 2520 02634 2 0.33 m 3.981d 4.87 . F8.5V . 127. 0.000052f . S1 SB8 1118108+313145

1118109+313145 Ba,Bc HD 98230 T2 2520 02634 2 0.026 . 4.87 . F8.5V K2-3V? 127. . . V WDS,I4 1118108+313145

1124349+021238 AB ** SLE 597 A2 0900-06920936 40.68 . 11.9 12.5 . . . . . V WDS 1124349+021238

1129041+392013 AB HD 99787 T2 3013 02482 1 5.45 . 5.35 10.67 A2V . 15.59h . . V WDS,I4 1129041+392013

1129041+392013 AC HD 99787 T2 3013 02482 1 216.55 . 5.35 11.6 A2V . 15.59h . . V WDS 1129041+392013

1129041+392013 AD HD 99787 T2 3013 02482 1 344.36 . 5.35 7.73 A2V K0 15.59h . . V WDS,I4 1129041+392013

1129041+392013 AE HD 99787 T2 3013 02482 1 100.33 . 5.35 10.6 A2V . 15.59h . . V WDS 1129041+392013

1129041+392013 AF HD 99787 T2 3013 02482 1 131.03 . 5.35 10.3 A2V . 15.59h . . V WDS 1129041+392013

1129041+392013 AG HD 99787 T2 3013 02482 1 330.27 . 5.35 10.3 A2V . 15.59h . . V WDS 1129041+392013

1129041+392013 DE HD 99720 T2 3013 01407 1 99.06 . 7.73 10.6 K0 . 4.23h . . V WDS,I4 1128359+391829

1129041+392013 DF HD 99720 T2 3013 01407 1 128.54 . 7.73 10.3 K0 . 4.23h . . V WDS 1128359+391829

1129041+392013 EF ** STF1543 T2 3013 01935 1 43.88 . 10.6 10.3 . . . . . V WDS,I4 1128353+391650
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6. The Catalog

A sample page from the catalog is shown in Figure 2, and an explanation of the
columns follows. (Note: In the explanation for columns 3 and 4, the names in
parentheses indicate the usual order of preference for that column.).

1 WMC designation (WDS or J2000 arcsecond coordinates of system primary)
2 component designation (AB; Aa,Ab; etc.)
3 catalog and name (Bayer/Flamsteed/variable star designation, HD, DM,

discoverer designation, etc.)
4 catalog and name (HD, Tycho-2, GSC2, USNO A2, 2MASS, etc.)
5 angular separation (including separations predicted from spectroscopic

orbit and parallax, vector separations, etc.)
6 orbital period
7,8 magnitudes (flags for variability, filter codes if not V)
9,10 spectral types
11 parallax (from Hipparcos, orbit, etc)
12,13 masses (or mass function, mass ratio. etc.)
14 binary type (visual, spectroscopic, X-ray, etc.) The ‘visual’ code will be

modified if the pair is known to be optical, CPM, or physical.
15 references (with web links to on-line catalogs)
16 J2000 coordinates of principal star of pair (0′′.1 precision)

7. Examples from the sample WMC

A few systems from the portion of the sample WMC shown in Figure 2 are noted
below. These illustrate some of the features of the WMC, as well as some of the
difficulties to be encountered in creating the full catalog.

1100004+413608, 1100006-285044, etc.: These simple doubles, whether of
visual, astrometric, spectroscopic, or other discovery origin, are by far the most
common entries in the WMC.

1059280+402549 and 1113063-421643: These two triples are treated in the
same manner, even though one consists of three stars and the other a star and
its two planets. In both cases, the apparent separations of the AB and AC pairs
are comparable, so all components are considered to be at the same hierarchy.

1101493+295217: This is an example of a simple hierarchical triple.

1108028-774227: This is the only system in the sample WMC showing all
three levels of hierarchy.

1129041+392013: All components of this apparently small cluster are wide,
so no hierarchical structure was assigned, despite the wide range in separation.

1118109+313145: The ξ UMa system is another complicated multiple. The
A component is a spectroscopic binary; the B component has also been split
spectroscopically (with separation estimated as 0.33 milli-arcsecond). There is
also a component of B resolved by speckle interferometry. Based on the separa-
tions, one would ordinarily assign the speckle pair the second level of hierarchy
(e.g., Ba,Bb) and assume one of those components was split spectroscopically
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(e.g., Ba1,Ba2). However, we are familiar with the speckle pair and suspect the
resolution may be spurious, as it has never been confirmed. We’re thus reluctant
to assign a different hierarchy to the very close pair.

1115073-611539: This is another apparent small cluster. Since the component
we call A was later resolved into four stars, we assigned those stars to a second
apparent hierarchical level.

8. Discussion

(Note: Discussions of both Mason’s and Hartkopf’s talks follow.)

SCHMITZ: How is it determined which is component A and which is B?
HARTKOPF: If masses are known (or inferred from, say, spectral type) the
more massive star is the primary. If masses are not known, the brighter (pref-
erentially in V) is selected as the ‘A’ component (although whether to use peak
or median brightness in the case of a variable has not been determined). If all
factors are equal, it is the one on the left! (just kidding...)

TURNER: Once an A always an A? Or is there a provision for changing which
is an A based on new information?
HARTKOPF: Andrei and Dimitri’s talks will present opposing viewpoints of
this very topic.

SCARFE: Two questions and a comment: (1) How do we handle an SB whose
“primary” is the star with the easily measurable spectrum? (2) Should you
include all variable radial velocity objects, where the variation has no other
known cause? (3) You need to enlist the help of a cataloger of eclipsing systems,
to include the several thousand known.
MASON: (1) If it is an SSB and is the only component you ‘see’ then it is, by
default, the primary. If it is a DSB and nothing is known regarding mass ratio
then it would be the primary here as well. (2) Well, other indirect detection
methods, like occultation, are included. I suppose they should be included as
well; however, has anything listing just velocity variation been published since
Abt & Biggs? (3) We would gladly accept the help of any experts that might
be willing to lend a hand.

SCARFE: Following Peter Eggleton’s comment, it would be useful if authors
would provide cross-references to the names of whole systems in the various
catalogues in which they appear.

OSWALT: Some systems have several or even many different names. By what
priority are the names listed in the WMC chosen?
HARTKOPF: There are two columns of designations. The order of priority in
the first column is Bayer/Flamsteed or variable star designation → HD number
→ DM number → other catalog designation. For the second column we wanted
to use a catalog which was as inclusive as possible so we mainly use the Tycho
designation, which covers 80% of the catalog or more, then GSC2.2, A2, 2MASS,
etc.
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MASON: Note that we only use Discovery Designation in column one when
nothing else is available.

OSWALT: Perhaps, following the example of the minor planet community,
a provisional designation would be assigned to a binary. Then once physical
association has been proved, a permanent designation assigned. Alternatively,
a “provisional” flag in the catalog could be used for new systems.
HARTKOPF: In the column giving binary type we will indicate, when known,
whether the system is an optical pair, a common-proper motion system, a phys-
ical system showing orbital motion, etc.

OSWALT: (1) (comment) The primary should probably be the one designated
as such in the historical record — otherwise the literature will become confusing.
(2) If for new binaries the mass determines which is designated primary, how
will we deal with white dwarfs, mass transferring stars, or other stars where the
star WAS the most massive, but is no longer?
HARTKOPF: I think we have to go with which is the most massive now, since
our theories of evolution may be in error and change.

QUIRRENBACH: What is the approach regarding inclusion or exclusion of
chance projections? If you go sufficiently deep, each star becomes “double”.
High-dynamic-range searches for low-mass companions are turning up lots of
chance projections. One should have consistent criteria for what should be
included.
MASON: Good point. Obviously we could go overboard and include every-
thing, but we need to set some sort of limit before it becomes absurd. Setting
the limit using Aitken’s or Rossiter’s criteria is a possibility but leaves out some
certainly optical pairs that could be important for precise astrometry, blended
images, etc.

SCHMITZ: Where will the central depository be for defining the A and B
assignments?
HARTKOPF: The USNO Double Star group (i.e., us).

EVANS: Your catalog of “spectrum binaries” — would that include a Cepheid
with a hot companion in the ultraviolet?
HARTKOPF: Yes.
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1. WGD Activities

The WGD is a part of Commission 5 - Documentation and Astronomical Data.
There is a president, vice-president, and over a dozen members world-wide.

One duty of the WG is to maintain and update a web-site which contains
the IAU Recommendations for Nomenclature. These recommendations include
suggestions for creating new names for objects and examples of improper nomen-
clature.

The WG also receives, reviews, and approves new submissions for the
Acronym Registry as proposed by major projects and individual researchers.
We look forward to the submission of the WMC to the Registry.

One sub-group of the WG is involved with software which resolves object
names into positions for NED and SIMBAD/VizieR. Plus, several of us are on
the look-out for non-conforming designations in preprints and journal articles
and often inform the authors and journal editors of potential problems. Re-
cent experience has shown that authors have been positively receptive of our
comments.

2. Applicability of WGD to SPS3

The WG on Designations helps projects understand the need and use of stan-
dards in nomenclature. We also help inform professionals and amateurs about
the need for standards and provide a list of currently accepted acronyms in
the on-line Dictionary (http://vizier.u-strasbg.fr/viz-bin/Dic). Additional Web
links for many of the acronyms are also provided.

3. Designation vs. Data

One aspect of nomenclature which needs to be understood is that whatever
designation is assigned to an object must be considered to be permanent. Ob-
servational data may change, but not the names.

If an object name is to be based on position, it must be remembered that
positions are epoch AND equinox dependent. For example, the positions of
proper motion stars and orbiting binaries need to be accurately determined if
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future researchers are going to be able to determine the correct objects. Positions
can also be wavelength dependent.

The resolution of the detection method also plays a factor in the assignment
of positional names. Low resolution detections should not have “high precision”
designations.

4. Positional Designations

Positional designations are made up of two parts - the acronym and the posi-
tion. When used to create the positional part of a name, the cataloged position
should contain one decimal place more precision than the designation. When
doing this, the catalog position needs to be truncated rather than rounded off.
Also, the designation should not imply higher accuracy than is warranted by the
observation.

For example, the FIRST radio catalog has an object at the cataloged po-
sition: FIRST J100956.9+300850 @ 10h09m56.98s, +30◦08′50.9′′. The designa-
tion of the object, therefore, is composed of a truncated version of that position.

5. Remember the “J”

Perhaps one of the more subtle, but significant, parts of a modern positional
designation is the use of the letter “J” for J2000 coords or “B” for B1950. For
researchers not familiar with the acronym used for a given object, the letter of
the epoch is crucial in being able to locate the object on the sky. By default, a
positional name without a “B” or “J” is assumed to be at B1950.

For example, take the case of SDSS 1533-00 as recently used in the litera-
ture. At first glance, one would recognize that the object was detected in the
Sloan Digital Sky Survey at approximately 15h33m, −00◦ degrees in B1950.

However, the Sloan catalogs do not contain any object by this name. It
turns out that the author took many liberties in creating an easy-to-use nick-
name for the intended object. The R.A. was rounded instead of truncated; the
Dec. was drastically truncated; the “J” was dropped; and even the acronym was
modified for convenience.

Even so, there turn out to be two distinct SDSS objects which qualify for
this “convenient” name.

6. The Horror of Nicknames

Although I know no one in this room would ever go to such drastic measures
for the sake of convenience, I’d like to just show a few recent examples of object
names which have caused (and continue to cause) confusion in the literature.

At first glance, one might assume that N49 was a shortened version of NGC
49, when in actuality it refers to the 49th Nebula in the SMC (there is also an
N49 in the LMC).

Next is a case where one familiar with astronomy history may guess that
“SA” as used here stands for one of Kapteyn’s Selected Areas. However, it
would then be realized that there were not 1600 fields in the SA list. Next, the
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assumption might be that the object has coordinates near 16h56m, -2◦ 0′. As it
turns out, that, too, is incorrect. This object happens to be the 20th galaxy in
a new structure discovered in Abell 1656.

This last example seems quite harmless in that stellar astronomers “know”
that HR 10 is a 6th magnitude star from the Harvard Revised catalog of Bright
Stars. Extragalactic astronomers “know” that this is the 10th object in a list
by Hu and Ridgway of Extremely Red Objects which turns out to be a galaxy
at redshift 1.44. Four individuals at NED and SIMBAD “know” that they need
to be careful about how they refer to this object in their databases because it
is too easy to get the star and the galaxy confused based solely on name. The
name of the Hu and Ridgway object in NED and SIMBAD is [HR94] 10.

To conclude, “It’s a crowded sky up there. You are not alone.”

1. Discussion

SCARFE: Let me emphasize that the ambiguity between dashes and minus
signs is a real menace.
SCHMITZ: Agreed. Designations that look like coordinate names (but aren’t)
should be avoided.

HARTKOPF: In the WMC sample catalog there were ∼20 objects known
only to arcminute accuracy. At present I pad the designation with zeroes for
consistency with the vast majority. What’s the best way to handle them?
SCHMITZ: It would be best to not imply higher accuracy than is warranted. If
it is possible to use nulls or blanks instead of zeroes, such that future researchers
are not misled to an implied accurate position.
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Abstract.
Hierarchical multiple stars need designations for individual components, for

super-components (several bodies that act as single dynamical center and are
often measured jointly) and sub-systems. Hierarchical designations like those
proposed for WMC can satisfy all needs, but designations will have to be frozen
and will not reflect true hierarchy in the future as new components are discov-
ered. Hence, a clearing house (WMC on the web?) is needed to maintain unique
and consistent designations. The hierarchy can be coded separately and flexibly
by reference to parent super-components. As an example, these ideas are applied
to a real quintuple star HR 1706.

1. What and why designate?

We are looking for a clear, unique and computer-friendly system for designating
multiple stars and planets. We need to designate several different things. First,
components – physical bodies like stars or planets. Second, super-components –
unions of several bodies that act as single dynamical centers. Some observational
data (e.g. photometry, astrometry) refer to such combinations measured as a
whole, without splitting into true components. Moreover, some components that
are now believed to be single will be resolved in the future into sub-systems, so
currently available data actually refer to super-components. Finally, we need
designations for systems or sub-systems with approximately Keplerian orbits
that are the building blocks of more complex stellar or planetary systems. Each
system is composed of two components or super-components, which means that
designations for systems can be derived from designations of their components.
In the following we designate systems by joining two component’s designations
with comma.

BC

root

C

B

A

A,BC

B,C

Figure 1. A generic triple system. The components are designated by single
letters, super-components – by combinations of letters, systems (in italics) –
as two components joined by comma.
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The point is illustrated in Fig. 1 showing a simple visual triple where a close
pair BC moves around A in a wide orbit. The center of gravity of BC is the
secondary in this wide orbit, it is a super-component BC. If A itself turns to be
a spectroscopic binary, then its components would be designated as Aa and Ab,
whereas A becomes a super-component. All measurements of A as a whole will
remain valid and there will be no need to change the catalogs.

It is important that designations be fixed and do not change as our knowl-
edge of multiple stars progresses. This conforms to the IAU rules because desig-
nations are only a special case of naming astronomical objects. It is desirable to
keep existing designations unchanged in order to minimize confusion. So, how
the names for new components should be chosen?

2. Hierarchical or sequential?

The Washington Multiple Star Catalog (WMC, Hartkopf & Mason 2003) will
adopt component designations that are constructed hierarchically, like Aa and
Ab in the above example. The virtues of hierarchical designations are obvious:
1) super-components are designated by truncation, Aa→ A; 2) designations are
robust because changes in one sub-tree of a hierarchy do not affect other sub-
trees; 3) designations are meaningful by showing to which (super-)component a
given system belongs, thus diminishing chances of confusion. Hierarchical nam-
ing is widely used: telephone numbers, internet and postal addresses, computer
directories, etc. Non-hierarchical names like sequential numbering are also in
use, for example in stellar catalogs. Sequential schemes often lead to ambigui-
ties and confusion, the worst example being the designations of cluster stars by
their numbers in several non-overlapping lists. WDS (Mason et al. 2003) also
uses a sequential system (letters A, B, C, etc.) for designating visual compo-
nents.

Unfortunately, it is not possible to maintain consistent hierarchical des-
ignations because hierarchy of multiple stars is not exactly known. There is
no problem when some component is found to be a close binary: in this case,
the designations are simply extended to the next level. However, when new
components are discovered at intermediate levels, as shown below, it is not pos-
sible to maintain consistent hierarchical designations without modifying existing
designations, which is forbidden. So, hierarchical principle for designating com-
ponents can be used only as a general guide-line, it is bound to fail in some cases
and then a work-around will be necessary.

Whatever designation system is eventually adopted, it cannot be expected
to work “by itself”. So, a centralized database that keeps track of known com-
ponents and their designations is necessary. We hope that a web-based catalog
like WMC can play the role of a “clearing house” for component designations.
By developing a set of rules (designation system), we simplify the task of naming
new components and, hopefully, diminish confusion, but it is still essential to
have a single clearing house.
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Figure 2. The history of 14 Aur = HR 1706 multiple system and its hierarchy

3. Example: HR 1706

A 5th magnitude star 14 Aur = HR 1706 began its history as a quadruple,
with 4 components A, B, C, D listed in 1830 by W. Struve (Fig. 2). Later
it became evident that B and D are optical, whereas A and C share common
proper motion. A was found to be a 3.8-day spectroscopic binary, C also turned
out to be a spectroscopic binary with 3-day period (Tokovinin 1997a). This star
is among the brightest in the sky in the far UV region of the spectrum because
it hosts a young and hot white dwarf spatially coincident with C. Subsequent
imaging with HST revealed that this WD is not identical to the spectroscopic
secondary Cb, as one might expect, but is instead 2′′ away from C (Barstow et
al. 2001). The whole system is thus quintuple.

The three panels in Fig. 2 reflect progress of our knowledge of HR 1706.
As the structure of many other stars is still not known (or known at the level
of Struve), a designation system has to be historical, being able to follow our
improving knowledge. There is no sense in attempting a major revision of all
designations now because, as time goes by, “new” designations become as obso-
lete as the current ones.

The component designations in Fig. 2 conform to the proposed WMC
scheme and do not change as new components are discovered. This is why
the WD is designated as Cc: a consistent implementation of hierarchical princi-
ple would require it to be Cb, the spectroscopic pair being Ca1 and Ca2, but in
this case there would be a confusion with spectroscopic secondary which was Cb
before the WD was discovered. In this case it is better to deviate from strictly
hierarchical names rather than create confusion.

If we happened to observe this system few million years ago, the Cc could
be a visible star, maybe even the brightest component in the system. In this
case it would be already designated by a letter in the WDS, say E (the next
available letter).

Table 1 illustrates three available options in the application of the WMC
scheme to HR 1706 C, all likely to be encountered in practice. Designation 1
– consistent hierarchical names – would be appropriate if all components were
discovered jointly and were designated for the first time. Designation 2 reflects
the actual discovery history and is the correct option. Designation 3 would
apply if the WD were identified as a visual component. The difference between
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Table 1. Application of the WMC designation scheme to HR 1706 C

Type Object Desig. 1 Desig. 2 Desig. 3
Component Spectroscopic primary Ca1 Ca Ca
Component Spectroscopic secondary Ca2 Cb Cb
Component White dwarf Cb Cc E
Super-component Spectroscopic binary Ca Cab C
Super-component SB+WD C C CE
System Spectroscopic binary Ca1,Ca2 Ca,Cb Ca,Cb
System WD orbit Ca,Cb Cab,Cc C,E
System AC orbit A,C A, C A,CE

designations 2 and 3 is subtle: in the first case the super-component C includes
all 3 stars, in the second case it refers only to the close spectroscopic pair. As
the WD gives no appreciable visible light and thus the existing data on C refer
practically to the spectroscopic pair, it might appear irrelevant which of the
options 2 and 3 is selected. However, the last line in Table 1 – designation of
the wide system AC – shows that this is not so. If we do not want to change
existing records in the catalogs, then option 3 is not acceptable because it would
imply changing A,C into A,CE after the discovery of the WD.

The option 2 designates the super-component as Cab. This is only one pos-
sibility adopted here. No rules for super-component designations are formulated
as yet, although WMC uses implicitly joint letters like BC to designate super-
components formed by close visual pairs. Current WMC implementation does
not make any difference between super-components and systems by omitting
sometimes the comma between component’s designation. This should be recti-
fied in the future: super-components and systems are different physical entities,
they are associated with different types of data. Moreover, a consistent designa-
tion of components and super-components permits easy and flexible description
of hierarchy, as shown below.

4. Coding the hierarchies

If hierarchical designations could be made strict and consistent, there would be
no need for separate coding of the multiple-system’s hierarchy. Unfortunately,
this is not possible, hence we must describe hierarchy separately from compo-
nent designations and change it flexibly as our knowledge progresses. Another
reason to keep hierarchy separate is that in many cases the hierarchy is not
established yet and may even be subject to interpretation: nothing forbids to
consider Mercury as a close companion to the Sun in a wide system Sun-Jupiter.

Stable multiple systems of stars are hierarchical and can be de-composed
in several approximately Keplerian sub-systems. These structures are described
by binary trees and can be represented in graphical form as in Figs. 1,2. There
are other ways of coding hierarchies. For example, D. Evans proposed bracket
notation: the triple in Fig. 1 would be written as a formula (A,(B,C)). In the
Multiple Star Catalog (Tokovinin 1997b) the hierarchical levels are coded as



1000 Tokovinin

sequences of digits: 1 for the upper level A,BC and 12 for the second level B,C.
This scheme is descriptive and formal enough to be used in automatic analysis of
the multiple-star structure (e.g. for computing the mass of a super-component
by summing the masses of all its constituents).

If a consistent system for designating components and super-components
is developed and implemented, the best and most flexible way to code the hi-
erarchy is by reference to a parent. Such structures are known in mathematics
as chained lists are are formally equivalent to graphs. A special column in the
catalog would list the designation of parent – a super-component that hosts any
given sub-system. The widest system is the “root” of hierarchy. A collection of
records for any given multiple system specifies its hierarchy in a unique way. As
new components are discovered, the “parent” column can be changed, but the
designations of old components and super-components remain fixed. Application
of this idea to HR 1706 is shown in Fig 2.

References can be used for coding hierarchies of planetary systems as well.
For example, in the Solar system all orbits of major planets will have root or
Sun as parent because they are all at the highest hierarchy level. The Earth-
Moon orbit will have Earth as parent, all satellites of Jupiter will be linked
to Jupiter, etc. Here we avoided the notion of super-components, replacing
them with primary bodies of corresponding systems. This is a valid possibility,
although some confusion is created when Earth as a physical body has the same
designation as the Earth-Moon system orbiting the Sun. This example shows
that the concepts of super-components, systems and hierarchy coding are useful
for any designations, even for the existing ones.

It is recommended to add a “parent” column to the WMC. It will contain
the designation of parent super-component or will remain blank if hierarchy is
not known yet. Optical components can be marked as such in the same column.

References

Barstow, M.A., Bond, H.E., Burleigh, M.R., Holberg, J.B., 2001 MNRAS, 322, 891

Hartkopf, W.I., & Mason, B. D. Addressing confusion in double star nomenclature:
The Washington Multiplicity Catalog, 2004, IAU Colloq. 191, THE ENVIRON-
MENTS AND EVOLUTION OF DOUBLE AND MULTIPLE STARS, Mérida,
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TOKOVININ: Yes.

SCARFE: For a long time we didn’t know to which of the visible pair the third
component was attached in the case of 16 Cygni. This is a problem for any
scheme.
TOKOVININ: It would not be a problem for sequential numbering. As to
the “hierarchical naming,” there are two options: i) call it “C” (if A and B are
visual components) and define its relation to either A or B by links when it
becomes known; ii) use provisional designations ?a and ?b for the spectroscopic
components.

SCARFE: What is the significance of the 1, 11, 121, 12 notation, in parallel
with Aab, Cab etc.?
TOKOVININ: The numbers like ‘121’ in MSC are used to code the hierarchy.
This number means that the system is a binary primary component of a wider
pair which, in turn, is a secondary in a still wider system. The designations like
‘Cab’ are not sufficient to describe the hierarchy, as we all know.

OSWALT: How do you handle optical pair designations? When a new system
is found but the hierarchy isn’t evident, how do you assign a designation?
TOKOVININ: Hierarchy is coded separately from component designation. I
suggest that any new component be designated on the basis of partially known
hierarchy, or by an upper-case letter if it is a “visual” distant component of
unknown physical relation.

HARTKOPF: In your case of a pair where one of the two components is an
SB, you suggest the designation “?” be used in place of “A” or “B”. This would
seem to lose information in the case where, for example, you know that the SB
belongs to either the A or B component of a triple.
TOKOVININ: The new SB will have the same WMC identifier as the visual
binary, so it will be clear that the spectroscopic components are either A or B.
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Abstract.
Should the designation of the components of a system reflect its known

hierarchy or rather the history of their discovery? With the recent progress in,
say, radial velocity techniques, the old famous order in which components were
used to be discovered (inner to outer components for spectroscopic systems) is
somehow altered. In the past, capital letters were used for visual companions
and lower case letters for spectroscopic components and there was almost no
overlap between the two groups. The situation has changed from both ends
of the orbital period interval. In some rare cases, we think letters should be
re-distributed and re-assigned in order to reflect the structure of the system.
With an adequate choice of the data structure, such a change of the companion
designation is rather straightforward to implement in modern databases (such
as SB921). The only foreseen drawback is related to the cross-reference with
some old papers: the letter B would not designate the same component in a
1970 paper and in a 2003 one. For instance, the former secondary of an SB2
system might now refer to the unseen companion and an astrometric triple.

1. Comment, Post SPS3

Since Pourbaix could not come up with a robust example to illustrate his view,
he decided to withdraw his contribution to this proceeding. Nevertheless, he is
not convinced that the difficulty in finding an example should be seen as a hint
of the weakness of his dynamical approach.

2. Discussion

URBAN: Changing designations is a poor idea and a logistical nightmare.
Changing letter while new discoveries are made goes against the Commission 5
recommendations.

MASON: The 3:1 hierarchy Bob Harrington calculated assumed equal mass
companions, which obviously breaks down in the case of the solar system.
Clearly, it works better when all companions are stellar.

SCHMITZ: For a system like Sun-Pluto, does the designation need to change
every time Pluto is closer to or further away from the Sun than Neptune.

21See The 9th Catalogue of Spectroscopic Binary Orbits website: http://sb9.astro.ulb.ac.be/
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POURBAIX: Well, maybe you picked up the only counter-example in the
Universe. However, as long as one would use the semi-major axis as the “distance
indicator,” that is constant, even for Pluto.

TOKOVININ: The problem is: whether the designation should be fixed or
meaningful. Attempts to code system hierarchy or component order fail to yield
fixed designation. So, a designation should be kept fixed, and it can be made
meaningful within this limit.
POURBAIX: If the component designation is part of the designation, we are
indeed in trouble in the dynamic scheme I propose. However, as long as the
designation refers to the system as a whole, the component designation is seen
as a characteristic of the system and can thus be updated as often as needed.

Anyway, the component designation is already likely to change when the
scheme is adopted for the whole sky. So the question is really whether one wants
that change to be a one-shot or something more recurrent.

DICKEL: Designations need to be fixed. Changing data such as the spectral
type or hierarchy is unrelated to the designation.
POURBAIX: The question is indeed whether we want the component to be
part of the designation or not. In the affirmative, updating the letter(s) would
mean a hard time for everybody. Otherwise, it is as simple as updating the
spectral type.

HARTKOPF: When pairs are discovered by two techniques (e.g., one calls it
AB, the other BA) one designation HAS to change.

HARTKOPF: Possibly the designations should be tied to date, i.e., the “J”
before the WMC gives the date of the hierarchy determination as well.
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Abstract.
I would like to discuss the difficulty of developing and maintaining a hierar-

chical designation scheme for components of multiple systems, when components
are found by more than one method. Such a sequence of discoveries can eas-
ily lead to conflict between the initial nomenclature, which gets established in
the literature, and that based on a scheme that is in broader use, or is more
physically representative, or both. I will describe as an example a hypothetical
complex system whose hierarchical description depends on the sequence in which
discoveries are made, and whose designation in discovery order is ambiguous. In
the end I urge flexibility in designations.

1. The designation problem

I am concerned about the difficulties inherent in applying either a hierarchical
scheme, or one based upon order of discovery, when inner systems are discov-
ered independently of, and perhaps before, the outer ones. Such complex multi-
ples exist among purely spectroscopic, spectroscopic-photometric, spectroscopic-
visual, and purely visual multiple systems. If we alter designations as new com-
ponents are discovered, this will lead to confusion in the literature, but it seems
necessary if we are to maintain a hierarchical designation scheme. I shall il-
lustrate the problem with real systems and a hypothetical one. Really complex
systems can even call into question what we mean by order of discovery, as I shall
attempt to show. And although the concepts of ‘Primary’ and ‘Secondary’ are
vital to hierarchical schemes, observers using different techniques define those
concepts differently, which can lead to ambiguity.

I have in fact been concerned with this matter for some time, and spoke
about some facets of it at the Multi-Commission Meeting convened at the
Manchester General Assembly three years ago. At the time I was speaking
from a perspective very familiar to me, that of a spectroscopist. This time I
shall try to represent a broader spectrum of interests, encompassing the activi-
ties of all of Commission 42. This is not an easy task, although I can claim some
acquaintance with photoelectric photometry and light curves.

Three years ago I expressed general support for the hierarchical scheme
proposed for the Washington Multiplicity Catalog, perhaps underestimating the
difficulty of assigning hierarchical levels in visual systems where little relative
motion is seen for long periods. This perhaps explains the persistence of labels C,
D, etc. for components of wide multiples. I pointed out then the difference that
might have occurred in labeling the components of Castor, had the bright pair
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been closer together and hence detected spectroscopically first. I also expressed
concern about the assignment of ‘primary’ and ‘secondary’ labels, noting that
visual observers generally do this by ranking in order of brightness, presumably
in the optical range or part of it. Photometrists, however, can easily tell which
star is hotter, but must solve the light curve to decide which is larger, and
deduce from both pieces of information which is more luminous. By contrast,
spectroscopists ideally attach the label ‘primary’ to the more massive star. This
would not always be the brighter, even in relatively simple cases. In a poster I
recently presented at Colloquium 191, jointly with Roger and Elizabeth Griffin,
we described a system where there is a difference close to three magnitudes in
the stars’ visible light, yet they are almost equal in mass, one being a giant
and the other a subgiant, which will soon commence to traverse the steep giant
branch of its evolutionary track. This is the ideal situation; spectroscopists in
the real world often simply label the star whose spectrum is easier to measure
as the primary. Witness the case of Capella, whose components are nearly equal
in both mass and luminosity, but vastly different in the ease with which radial
velocities may be measured, owing to the different rotational broadening of their
spectra.

2. An example

As an illustration of the difficulties one might encounter with a really com-
plicated system, let me turn to the fortunately fictitious ‘strawman’ multiple
system promulgated by Helene Dickel four years ago to stimulate interest in the
nomenclature problem. She assigned what I regarded as an implausible discov-
ery sequence to it. After some thought I responded with another one, much
more plausible in my view, but which led to much uncertainty with regard to
the proper labeling of the components. let me now review that skeptical re-
sponse, slightly revised in the most recent developments from its original form.
The system described is ultimately found to have nine components, including
two planets in orbits around the brightest star. The latter has a nearby visual
companion and a distant common-proper-motion companion, both of which are
triple stellar systems in their own right.

I retained the original notation, and kept the identifications of components
1 through 9. Objects 1 and 2 are planets around bright star 3, while 4, 5 and
6 are components of its visual companion and 7, 8 and 9 those of the common-
proper-motion companion. I retained the assumption that components 4 and 5
were quite close together, compared with the separation of 6 from their center
of gravity, and likewise that 7 and 8 were closer to each other than they were to
9. I also assumed that the orbital period of planet 1 was much longer than that
of planet 2, so as to make plausible a smaller amplitude of the radial-velocity
variation of star 3 due to the presence of 1 than that due to 2, and thus to
retain the original order of the planets’ discoveries. The discovery sequence I
proposed was as follows, and the apparent structure of the system at each stage
is illustrated in Figure 1, where the discoveries described below are identified by
their dates.

1. A wide pair of stars is found to have common proper motion in 1850.
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2. The brighter of the two is resolved into two visual components in 1900,
as they approach apastron. (We shall assume that the separation does
not decrease again for at least another century, which will facilitate the
discoveries to be discussed below.) They are labeled A and B. Since the
common-proper-motion companion’s physical connection to AB is con-
firmed at about the same time by the discovery that it has the same radial
velocity as A, it is referred to as component C.

3. B is found to be a spectroscopic binary in 1925, despite having its spectral
lines broadened severely by (synchronous) rotation. The discovery is made
possible by its short period and large radial-velocity amplitude.

4. C is found in 1950 to show, in addition to its sharp-lined spectrum, a
broad-lined one with radial-velocity variations indicative of binarity. The
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sharp-lined spectrum does not show variations with the same period, so it
is concluded that the system is triple.

5. In 1960, B is found by photoelectric photometry to show shallow eclipses.
But even after stray light from A is carefully eliminated, their analysis re-
quires the assumption of ‘third light’, strongly suggesting, but not proving,
that that system is also triple. The eclipsing pair is listed as a variable
star.

6. In 1980, speckle observations resolve C into two components of similar
brightness. Thus it isn’t obvious which of them is the broad-lined binary
subsystem and which is its sharp-lined companion.

7. In 1990, long-baseline interferometry reveals the component of B that con-
tributes the third light. That component, correctly described as a compan-
ion to the eclipsing pair, is significantly fainter than their combined light,
as expected from the eclipse solutions, and is indeed a difficult object to
detect by that technique. This of course also explains its absence from the
combined spectrum.

8. In 1995 a planet is discovered around A, which is now sufficiently well
separated from B to permit its spectrum to be observed uncontaminated,
and its radial velocity to be measured very precisely.

9. In 1999, a slow variation in the velocity of the sharp-lined component of C
is detected, along with a corresponding one in the velocities of the center
of mass of the subsystem containing the broad-lined one. The latter has a
smaller amplitude than the former, as might be expected since two stars
are usually more massive than one of comparable luminosity. But careful
work on equivalent widths of lines reveal that the sharp lined one is slightly
the less luminous. Reanalysis of the speckle observations in the light of
this information resolves numerous ambiguities of quadrant in the early
(1980’s) data and permits the derivation of a three-dimensional solution
for the orbit.

10. In 2003, a second planet is found in orbit around A, by analysis of the
residuals from the velocity curve due to the first, as a slow drift up and
down.

11. We note that in the near future, high signal-to-noise spectroscopy should
lead to the detection of the faint spectrum of the eclipsing pair’s com-
panion (the one that gave the third light and was seen by long baseline
interferometry); measurement of its radial velocity variations would yield
a similar solution for B.

3. Discussion

In this scenario, whose sequence of events I regard as much more plausible
than the original one, in view of when the various techniques became available,
components 4 and 5 were discovered before 6, and it is not obvious which of 9
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and the combination of 7 and 8 should be called the primary of C. (The distant,
sharp-lined companion, which dominates the spectrum, is 9.) We note, however,
that if the eclipses of 4-5 were not shallow, the 4-5 pair would almost certainly
have been first discovered by photometry rather than spectroscopy, a pattern
normal for eclipsing systems. The presence of star 6, the third light, helps to
make the eclipses shallow, but that could also be caused by the fainter component
of the eclipsing binary being both cooler and smaller than the brighter one;
note that it is not seen in the spectrum. Note also that we could instead have
made the eclipsing pair a double-lined binary, while still retaining the above
discovery sequence, provided that its orbital inclination was low enough to make
the eclipses grazingly partial, and hence shallow, as required.

In this scenario too, C is a hierarchical triple, in contrast to the original
scheme, which I regarded as implausible. But it isn’t obvious whether 7 and 8
together should be the primary, Ca1 and Ca2, with 9 being Cb, or whether the
a’s and b’s should be interchanged. Note that 7-8 is considerably more massive
than 9, and slightly more luminous, but that 9 was discovered first in the sense
that its spectrum was the first component to be seen in the combined spectrum,
before it was realized that more than one star was present in the C system.
Moreover, since the 4-5 pair was found before 6, on discovery 4 and 5 would
have been called Ba and Bb respectively. But after 6 was found they would have
to be renamed Ba1 and Ba2, while 6 becomes Bb in a hierarchical scheme. In
the end, too, when A and B have been followed through a significant fraction of
their orbit, it would be evident that the whole system was hierarchical; should
the components then be renamed so that C becomes B, and A and B become
Aa and Ab respectively, with all the consequent changes to the nomenclature of
the smaller subsystems?

Thus this scenario required changes to any hierarchical nomenclature as a
result of new discoveries. However in 2000 the rival sequential scheme corre-
sponded very poorly to the hierarchical structure and thus revealed little about
it. Indeed I would not find it easy to put the nine objects in order of discovery
at all. For example note that the spectroscopic systems 4-5 and 7-8 are both
single-lined binaries, with 4-5 eclipsing and 7-8 not. Indeed components 1, 2 and
8 have never been seen at all; their presence is inferred from their effects on the
radial velocities of the stars nearest to them. And since the combination 7-8 is
slightly brighter than 9, whose spectrum, being sharp, was detected first, was
7-8 the object first seen as C or was 9?

Thus for such a nightmare system as this, no scheme then, or now, under
consideration can wholly satisfy the stringent demands initially proposed by
IAU Commission 5. I did not then believe, nor do I now, that any physically
useful system of nomenclature can be set in stone as the IAU appeared to wish.
Instead I believe we must accept that useful designations correspond to the
physical structure of the systems and that new discoveries of components will
cause designations to be revised; all we can reasonably expect of those active in
the field is that they do not rename objects unnecessarily. It follows therefore
that we should set a good example, and not rename the objects in the WDS.
We should thus adopt the revised version of the WDS scheme, expanded to
cope with unresolved systems, and continue to ensure that it remains flexible
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enough to permit newly discovered components to be readily incorporated. As
an example of such discoveries, see Patience et al. (2002).

In the example, several of the subsystems are ‘discovered’ by more than one
technique, in the sense that it isn’t immediately obvious whether, for example, a
component found by speckle is the same as one seen previously in the spectrum
of the combined light of a system. This may also be true in the real world. I
have not gone into the situation where components are seen in only one spectral
region, such as occurs for the IUE discoveries of companions to Cepheids, for
example. The presence of a companion may have been inferred from variations
in the mean radial velocity of the cepheid, but is the ultraviolet companion the
one that causes that variation? In some cases we still don’t know. Thus any
scheme that tries to set designations in stone will be outdated in time, and
will have to be abandoned. Flexibility is the key to a system that retains its
usefulness.

4. Another point of view

Let me now briefly present another point of view, presented to me in correspon-
dence with Jean Dommanget, and based upon his experiences in preparing the
CCDM Catalogue. He is firmly convinced that designations should not change
once they are established in the literature, a view divergent from my own. But
he would achieve this stability by not basing a catalogue on systems of stars,
but by listing the individual objects as separate entries. He would note their
mutual relationships as a secondary matter. In a sense he would not produce
a catalogue of binary and multiple systems at all, but instead one that listed
the objects that are the components of such systems. This may in fact be the
solution to the dilemma of making designations permanent in the face of new
discoveries. It would leave hierarchical information out of the cataloging process
altogether, except as a secondary matter. It was applied to resolved systems,
and I do not know whether it could be extended to those not yet resolvable. For
this reason at least, I am not convinced that this is the best way to proceed, but
it does have some advantages.
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1. Discussion

DICKEL: Designating by position only may be a problem if you don’t know
what the object is, i.e., can’t see it.
SCARFE: That would be true of any designation that is simply a code, with-
out astrophysical information included. The position is perhaps the minimum
possible amount of that kind of information.
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The Viewpoint from Commission 40
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Abstract.
Although Very Long Baseline Interferometry has resolved a few binary stel-

lar systems, pulsars provide the main source of binary and multiple stars through
radio astronomy techniques. There are about 85 binary pulsars and two mul-
tiple systems known. Currently there is no formal system of designating these
companions.

Through the technique of Very Long Baseline Interferometry, radio astron-
omy provides the angular resolution to separate sources into different compo-
nents. However, most stars are weak radio sources and few have been resolved
(e.g. Ransom et al. 2003).

The discovery of pulsars allowed binary (or multiple) stellar systems to be
resolved using the techniques of spectroscopy. Because of the fantastic precision
of pulsars as clocks, pulsar spectroscopy is orders of magnitude more sensitive
than even the most precise optical spectroscopy, allowing the detection of (for ex-
ample) the first extra-Solar-System planetary system (Wolszczan & Frail 1992).
Of the ∼ 1500 known pulsars, about 85 are members of binary or higher order
systems. Most millisecond pulsars are binary. The companion star, usually a
white dwarf, is rarely seen directly – in some cases the star has been identi-
fied through optical modulation at the binary period (e.g. Stappers et al. 2001)
and two pulsars, PSR J0045−7319 and PSR B1259−63, have B-star companions
identified through positional coincidence.

There is no current formal designation system for the companion in pulsar
binary systems – they are simply referred to as “the companion of” the pulsar.
Only two pulsars have evidence for more than one companion. The “planet
pulsar”, PSR B1257+12, has at least three planetary-mass companions, two with
masses of about four Earth-masses and one with a mass close to that of the Moon
(Wolszczan et al. 2000). These companions have been given letters, A, B and C
in the order of their discovery, appended to the pulsar name. PSR B1620−26
is a binary pulsar with a white-dwarf companion in a 191-day orbit. Long-term
pulse timing measurements indicate the presence of a second companion of mass
∼ 0.01 M¯ in an ∼ 100-year orbit (Thorsett et al. 1999). Currently there is no
separate designation for this companion.

In the future, with high-sensitivity radio telescopes such as the Square Kilo-
meter Array, the number of known binary and multiple pulsar systems will cer-
tainly increase. It is important that pulsars be included in multiple-star and
planetary-system catalogues and now is a good time to start.
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1. Discussion

DICKEL: Since so few binary systems are planets within pulsars this is a good
opportunity to start entering them in the WMC and the pulsar community needs
to label components and do it this way.
MANCHESTER: Fine, it would work as the need arises. This is not a problem
at present. We just say “companion” of pulsar.
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Current List of Extrasolar Planets

Jill C. Tarter
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At the IAU General Assembly in 2000, the Working Group on Extrasolar
Planets (WGESP) was established as a working group of Division III. Its terms
of reference include acting as a focal point for international research on extra
solar planets and organizing IAU activities in the field, such as, organizing com-
parative reviews of techniques used to detect extra-solar planets and establishing
criteria for detections of varying degrees of certainty, as well as maintaining lists
of objects satisfying these criteria. The committee is chaired by Alan Boss, and
the current members are; Paul Butler, William Hubbard, Philip Ianna, Martin
Kürster, Jack Lissauer, Michel Mayor, Karen Meech, Francois Mignard, Alan
Penny, Andreas Quirrenbach, Jill Tarter, and Alfred Vidal-Madjar.

The activities of this working group are reported on the web site

http://www.ciw.edu/IAU/div3/wgesp/planets.shtml.

In particular, the members of the working group have established a working
definition for a body called a “planet”, and have created a list of objects that
satisfy that definition. This definition (as last modified on Feb. 28, 2003) can
be found at

http://www.ciw.edu/boss/IAU/div3/wgesp/definition.shtml,

and can be expected to be modified as we improve the census of low-mass stellar
companions.

The most salient points about what does and does not constitute a planet
are as follows. A planet must:

• have a true mass below deuterium burning limit (∼ 13MJ for solar metal-
licity),

• orbit a star or stellar remnant, and

• have a true mass above whatever we end up adopting for our own solar
system.

Note that this definition specifically excludes “free-floaters.” Until there is
an unambiguous determination that any such body was born in orbit around a
star or stellar remnant, then they will be classified on the basis of their estimated
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mass. Objects with substellar masses exceeding 13 MJ will be referred to as
Brown Dwarfs, while those with masses less than 13 MJ will be called sub-
Brown Dwarfs.

The current list of objects satisfying this working definition can be found
at:

http://www.ciw.edu/boss/IAU/div3/wgesp/planets.shtml.

At present, the list contains 99 entries, all of which have been detected by ra-
dial velocity techniques. Since true masses are not available from this technique
alone, the working list consists of reported planets with M sin i < 10MJ . The
format for the current table uses the Hipparcos, and HD designations and com-
mon name of the star as the primary indicator. The date of receipt of the
discovery paper by the refereed journal that eventually published the discovery
is also cited, and is a requirement for inclusion in the working list. A second
table of pulsar planets (explicitly permitted under the working definition) can
be found on the same web page.

Although it is tempting to invent or adopt some “popular” names for the
individual extra-solar planets (particularly in interactions with the media), the
WGESP has specifically resisted this temptation. The WGESP further agrees
that it will uses whatever new classification scheme is adopted by the IAU for
double star systems, but that the working group does have a natural preference
for a nomenclature that recognizes the difference between a planet and a star.

1. Discussion

POURBAIX: Could you add the ADS bibcode to your table?
TARTER: I see no reason why the table should not have links to the ADS
bibcode. Good suggestion.

DICKEL: (Suggestion) 1. Initially the nature of the component of a multiple
star system may not be known - i.e. whether it is a planet or star in the WMC
catalog. 2. When the component is discovered to be a “planet”, it goes into the
official extra-solar planet list with an Exoplanet type “acronym” or designation.
TARTER: Good suggestion. I will talk with you about the approved acronym
we should adopt.

ZINNECKER: Do you think that the definition of a planet that the IAU
Working Group has proposed will survive? I sense some disagreement in the
community.
TARTER: The definition of planet adopted by the WGESP22 is a “working”
definition and will change over time if the community changes its mind. There
was significant debate over each point prior to reaching the current consensus.
We will always keep the working list of planets consistent with the working
definition of planets.

22Working Group for Extra-Solar Planets
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ZINNECKER: Many of the free-floating objects will been born as planets, for
example, in binary systems, but ejected. What should we call them?
TARTER: Until we find some unambiguous marks that identified the birth
place of a “free floater” as having been in orbit around a star or stellar remnant,
we have chosen not to list them, and on basis of mass, call them brown dwarfs
or sub-brown dwarfs.

TOKOVININ: A preference to a designation scheme that makes a difference
between stellar companions or planets is not practical; some “planets” with
M sin i < 10MJ will be stars, some with M sin i > 10MJ will have M < 13MJ .
TARTER: True. What I meant to say was that it would be desirable to have
the designation scheme reflect the fact that with the knowledge in hand, the
object was currently listed on the WGESP working list of planets. Over time,
the designations might have to change to accommodate new information. I
understand that gets into the middle of the “static” vs. “dynamic” argument.
Rather than take sides, I merely stated a small preference.
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Abstract. Events and actions transpiring after SPS3 are detailed here.

1. Resolution

During SPS3 the following resolution was presented and ratified:

On Designating Components of Binary/Multiple Star
Systems

Recognizing

• the increasing synergy of techniques for the investigation of stel-
lar companions blurring the traditional distinction between as-
trometric, spectroscopic, and photometric binary and multiple
stars;

• the detection of sub-stellar (including planets) as well as stellar
components by these techniques and,

• the need for a simple, unambiguous, flexible, and computer
friendly designation scheme for components of binary and mul-
tiple star systems,

• Noting that future ground and space-based telescope projects
have the potential to detect both sub-stellar as well as stellar
components in increasingly large numbers,

Recommends that

• a uniform designation scheme, based on expansion of the Wash-
ington Multiplicity Catalog (WMC) system, be developed dur-
ing the next 3 years to include all types of components and
that this be reviewed in time for its adoption to be considered
at General Assembly XXVI.

This resolution was adopted at the Sydney GA by Commissions 5 (Docu-
mentation & Astronomical Data), 8 (Astrometry), 26 (Double & Multiple Stars),
42 (Close Binary Stars), 45 (Stellar Classification) and the Working Group on
Optical and Infrared Interferometry.
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2. Changes to WMC, Post-SPS3

To accommodate the desire for a fixed designation but also give the most correct
interpretation of multiplicity structure there will be two component designation
columns. The first will be the “official” component designation, which, as
per Commission 5 guidelines, will remain fixed in order to avoid confusion when
dealing with historical data. The second will be our “best-guess” component
designation, based on our current knowledge of a system’s hierarchical struc-
ture. Designations in this “data column” may change as new components are
discovered or additional information is published on known components.

3. WMC Working Group

At the suggestion of Colin Scarfe (President, Commission 26), a working group
was formed within Division IV for the implementation and completion of the
WMC prior to the Prague GA. The initial working group membership consists
of W. Hartkopf, B. Mason (chair), D. Pourbaix, C. Scarfe, M. Schmitz, and A.
Tokovinin. About a year before IAU GA XXVI, the WMC WG will present to
the SOC the all-sky WMC in preparation for a type B resolution to be presented
in Prague. At that time, following new IAU Bye-laws, the future needs and
prospects of this Working Group will need to be evaluated to determine if it
needs to be renewed or should dissolve.

A few of the questions to be addressed by the WG include:

1. What additional sources of duplicity information have been published?

2. How can we be kept informed of discoveries in other fields of binary star
research?

3. The sample WMC assumed separations greater than ∼ 1′′ were possibly
optical, so no hierarchies were assigned (i.e., all components were given
uppercase letters). What should we adopt as the official optical/physical
limit? Should we use, for example, the Aitken magnitude-separation cri-
teria? What about common proper motion pairs?

4. What should we adopt as the official definition of “primary”? Is the sug-
gested priority — most massive → brightest in V → brightest in another
filter — reasonable? If the system includes a variable star, is the peak or
median brightness more appropriate?

4. Acronym WMC

The acronym WMC is classified as a new acronym being registered at CDS (see
http://vizier.u-strasbg.fr/cgi-bin/Dic?/6947579).

5. WMC Websites

Further information on the WMC can be found at the following websites.
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• http://ad.usno.navy.mil/wds/wmc/iaumcm old.html - Archival web-
page for 2000 Multi-Commission Meeting at IAU GA XXIV

• http://ad.usno.navy.mil/wds/wmc/sps3.html - Special Session 3 web-
page for IAU GA XXV

• http://ad.usno.navy.mil/wds/newwds.html - WMC designation scheme
and Working Group webpage

• http://ad.usno.navy.mil/wds/wmc/wmc110 intro.html - Sample WMC

• http://ad.usno.navy.mil/wds/wmc/wmc descrip.txt - Description of
WMC

• http://ad.usno.navy.mil/wds/wmc/wmc timeline.txt - WMC devel-
opment timeline

Acknowledgments. In addition to the participants, organizers, and pre-
senters of SPS3, we’d like the thank the Sydney LOC for a wonderful venue with
the most agreeable of hosts, especially our local liaison, John Davis.
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1. IAU Commission 46 ”Astronomy Education and Development”

The IAU is a union of professional astronomers who produce new astronomical
results and who make the frontiers of astronomy expand. However, the IAU
cannot stand by itself but needs the support of governments as well as the peo-
ple. This is one reason why the IAU set up Commission 46 – originally called
”Teaching of Astronomy” and renamed ”Astronomy Education and Develop-
ment” with much wider mandate in 2000 – to cover astronomy education from
the level of beginners to that of post-doctoral students.

There are currently 9 “program groups” (PGs). Because of the limited bud-
getary resources of the IAU, it is hard to cover all the fields which our Commis-
sion would like to target. The “National Liaison” PG communicates closely with
the Organizing (Executive) Committee members as well as the regular members
by producing national reports from individual countries every three years. All
the commission activities and some related activities are communicated to the
members and other people interested in astronomy education mainly through
electronic mail but in some special cases in print, by the “Newsletter” PG.

The “Solar Eclipse” PG holds public lectures related to each individual total
or annular solar eclipse and informs people how to look at the eclipse safely. For a
country and especially a developing country intending to develop astronomy and
astronomical education it is important to have at least one but preferably several
science (mainly physics) professors in that country who have a strong motivation
to develop it. The Worldwide Development of Astronomy” PG tries to find such
professors through different channels. Once the Advanced Development PG
identifies some specific country, such information is sent to the “Teaching for
Astronomy Development” PG which starts to send lecturers to that country for
several weeks or months, and to invite students from that country to an institute
in a developed country carrying out high-level astronomical research. Those
students are expected to promote astronomical education in their countries when
they return.

In developing countries, there is only one or a few professors, and their astro-
nomical fields are very limited. To give graduate students and young astronomers
a wider perspective, the “International Schools for Young Astronomers” PG or-
ganizes schools in each region. The schools started in 1967 and 26 schools had
been held by 2003. If a young astronomer wishes to do research at a spe-
cific institute in another country, the “Exchange of Astronomers” PG supports
his/her travel costs. Since the Commission’s budget is limited, the “Collabora-
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tive Group” PG seeks ways to carry out activities in collaboration with other
organizations. The “Exchange of Books and Journals” PG arranges to send
surplus books and journals to developing countries where they can be used.

Unfortunately, our PGs do not directly include astronomy education in
school. I, as the Commission 46 President on July 25 2003, hope this special
session will be a trigger for a future new program group.

2. To Whom Should Astronomy Be Taught?

In recent decades, the development of astronomy has been so rapid, and be-
cause of new interesting discoveries many people seem to have an interest in
astronomical phenomena. However, in most cases they are interested in this
information but, because of a shortage of astronomical and physical knowledge
their understanding may not be correct.

Over 10 years ago, I presented a diagram showing what fraction of people
was interested in what level of astronomy for the case of Japan (Isobe 1991).
There are 7 categories: (A) Approximately 100 people produce useful astronomi-
cal data; (B) Approximately 1000 people observe frequently; (C) Approximately
10,000 people observe occasionally; (D) Approximately 100,000 people read as-
tronomical magazines; (E) Approximately a million people read general science
magazines; (F) Approximately 10 million people read science articles in news-
papers; (G) Approximately 100 million people have no interest in science at
all. Our target is certainly not a case of a totally opposite distribution to the
Japanese case, but one in which most people will read astronomical and scien-
tific magazines. It is difficult to have such a large fraction of people interested in
astronomy through public education, but it should be taught through education
in schools where nearly everyone studies.

Frequently, I hear from good amateur astronomers, and from school teachers
who are interested in astronomy, that one should watch stars because of their
beauty. It may be true for them, and for specific pupils, but there are people
who on one hand love stars but others, on the other hand, love the beauty of a
flower. What we should understand is that it is a matter of hobby for individual
people to say “I love and/or enjoy watching stars or flowers” but this is not
the same as real understanding of sciences such as astronomy and biology. If
one can train people to understand sciences, especially physical sciences, those
people often have the ability to understand and evaluate environmental issues.

3. How Should Astronomy Be Taught?

There are several types of countries in the teaching of astronomy. In some coun-
tries, astronomy is compulsory in the school curriculum, but in other countries
pupils can choose from physics, chemistry, biology and earth science. For the
latter case only a small fraction of pupils (less than 10%) choose earth science
including astronomy. The third way is to teach integrated sciences by consider-
ing that all daily phenomena cannot be explained without combining different
kinds of sciences.

In order to go the third way, I proposed to teach stories connecting all the
related sciences, depending on pupils’ grade and ability (Isobe 2000). As an ex-
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ample we can show areas and volume in physics, explosion energy in chemistry,
evolution of life in biology, and asteroids in earth science; under a story title of
“dinosaurs” we can produce different stories. To proceed this way in an effec-
tive manner, it is important to include some number of well-prepared exercises.
Otherwise pupils just listen to the teacher’s stories but can seldom catch the
stories’ target from a scientific point of view.

As such examples, we developed two exercises; the first one is evaluation
of light energy loss (Isobe et al. 2001) and the second one is asteroid detection
software (Isobe et al. 2002).

One other important issue to be carefully considered is that the development
of science, especially astronomy, is so rapid. Therefore, depending on those
new discoveries and also those expositions in newspapers, pupils’ interest is
changeable and we have to develop new stories continuously. This is somewhat
complex and time-consuming work, but is inevitable work for future generations.

There are different national and international studies such as by the United
Nations and the Organization of Economic Cooperation and Development to
compare pupils’ achievement, especially physics and sciences within different
countries. However, nearly all the participating countries use those results to
improve their ranking, and try to introduce an educational system which is car-
ried out in countries with high ranking without deep consideration of differences
of culture, history, and nationality.

4. Conclusion

Education systems are different from country to country and even if a good
education system may be introduced in some countries its real results will emerge
only after several decades. Therefore, at each time, we have to communicate with
each other closely. I repeat that I hope that this special session will be a trigger,
and that a number of participants will try to set up a new PG of Commission
46 to communicate more extensively with other education organizations.
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Even in my astronomically-developed province of Ontario, Canada, with an
excellent public education system, astronomy was not a compulsory topic in the
school curriculum until quite recently. So I began collecting a list of reasons why
it should be, in the hope of persuading those who set the curriculum.

It would be instructive, however, to start by asking: “Why is astronomy
not included in the curriculum?” Here are some possible reasons: (i) Astron-
omy is perceived to be irrelevant to practical concerns such as health, nutri-
tion, agriculture, environment, engineering, and the economy in general; this is
particularly true in developing countries. (ii) Most school teachers have little
or no knowledge of astronomy, or astronomy teaching; in fact, they may have
the same deeply-rooted misconceptions as their students. (iii) Astronomy is
perceived as requiring night-time activities (“the stars come out at night, the
students don’t”), and expensive and complex equipment such as telescopes. (iv)
Astronomy is perceived as being solely “Western” by some non-Western cul-
tures. (v) There may be conflict – real or perceived – between astronomy and
personal beliefs such as religion, culture, and pseudo-science; in fact, astronomy
is sometimes viewed as being as speculative as pseudo-science. (vi) Many of the
available resources are designed for affluent schools in affluent countries, or for
different latitudes, longitudes, and languages. (vii) Astronomy may be seen as
allied with high technology, with all its real and perceived dangers.

Many of these reasons are based on a lack of an astronomical “tradition” in a
country or region. This is one more reason for all members of “the astronomical
community” to speak and work together in promoting astronomy.

Now we can address the main topic of this presentation: the reasons why
astronomy is useful, and should be part of the school curriculum – in science, or
some other place. These can be grouped in several categories:

Cultural and Historical: Astronomy is deeply-rooted in almost every
culture, as a result of its practical applications, and its philosophical implica-
tions. Among the scientific revolutions of history, astronomy stands out. In the
recent lists of “the hundred most influential people of the millennium”, a hand-
ful of astronomers were always included. Astronomy, by its nature, requires
observations from different latitudes and longitudes, and thus fosters interna-
tional co-operation. It also requires observations over many years, decades, and
centuries, thus linking generations and cultures of different times.

Practical: Astronomy has obvious practical applications to time keeping;
calendars; daily, seasonal, and long-term changes in weather; navigation; the
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effect of solar radiation; tides; and impacts of asteroids and comets with the
earth.

Scientific and Technological: Astronomy is a forefront science which
has advanced the physical sciences in general by providing the ultimate physi-
cal laboratory — the universe — in which scientists encounter environments far
more extreme than anything on earth. It has advanced the geological sciences
by providing examples of planets and moons in a variety of environments, with
a variety of properties. Astronomical calculations have spurred the development
of branches of mathematics such as trigonometry, logarithms, and calculus; now
they drive the development of computers: astronomers use a large fraction of all
the supercomputer time in the world. Astronomy has led to other technological
advances, such as low-noise radio receivers, detectors ranging from photographic
emulsions to electronic cameras, and image-processing techniques now used rou-
tinely in medicine, remote sensing etc. Its knowledge is essential as human kind
enters the era of space exploration.

Aesthetic and Emotional: Astronomy reveals our cosmic roots, and our
place in time and space. It deals with the origins of the universe, galaxies,
stars, planets, and the atoms and molecules of life — perhaps even life itself.
It addresses one of the most fundamental questions of all — are we alone in
the universe? Astronomy promotes environmental awareness, through images
taken of our fragile planet from space, and through the realization that we may
be alone in the universe. Astronomy reveals a universe which is vast, varied,
and beautiful — the beauty of the night sky, the spectacle of an eclipse, the
excitement of a black hole. Astronomy thus illustrates the fact that science has
cultural as well as economic value. It has inspired artists and poets through
the ages. Astronomy harnesses curiosity, imagination, and a sense of shared
exploration and discovery.

Pedagogical: Astronomy, in the classroom, provides an example of an al-
ternative approach to “the scientific method” — observation, simulation, and
theory, in contrast to the usual experiment and theory approach. Astronomy,
if properly taught, can promote rational thinking, and an understanding of the
nature of science, through examples drawn from the history of science, and from
present issues such as pseudo-science. Astronomy can be used to illustrate many
concepts of physics, such as gravitation, light, and spectra. Astronomy, by in-
troducing students to the size and age of objects in the universe, gives them
experience in thinking more abstractly about scales of time, distance, and size.
Astronomy is the ultimate interdisciplinary subject, and “integrative approach”
and “cross-curricular connections” are increasingly important concepts in mod-
ern school curriculum development.

Societal: Astronomy attracts young people to science and technology, and
hence to careers in these fields. Astronomy can promote and increase public
awareness, understanding, and appreciation of science and technology, among
people of all ages. Astronomy is an enjoyable, inexpensive hobby for millions of
people. “The stars belong to everyone!”

Editor’s Note: This presentation was followed by an open discussion of the
many ways that astronomy can be – and is – included in the school curriculum,
worldwide.
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Astronomy has an interdisciplinary aspect that in some cases is very pos-
itive. It is interesting to combine Astronomy with other topics and introduce
Astronomy in general projects in school in order to integrate several courses, for
instance Physics, Mathematics, Geography, Biology or History; however these
kinds of projects are sporadic. In order to promote Astronomy it is better to
try to introduce it as a course in its own right. The viability of this situation
depends on the national curriculum and the plans of the Education Ministry in
each country. In general, the majority of countries do not have Astronomy as
a specific course and it is not easy to achieve. Therefore, if this option is not
possible, we should adapt to the real situation, that is to say include Astronomy
as a part of other courses. This contribution aims to propose a new point of
view which could work to make this the case.

Commonly, Physics teachers include some Astronomy in their classes. In
some cases it is possible that other Science teachers (biologists or geologists)
or non-Science teachers (geographers or historians) also teach Astronomy. Of
course, in order to promote Astronomy, we have to promote all these possibilities;
however the author of this paper would like to introduce Astronomy content
within Mathematics courses as well.

This idea has several advantages and very few disadvantages. If Mathemat-
ics teachers try to introduce Astronomy into their classes, the situation will be
better for everyone, because Astronomy will be promoted, and mathematics en-
riched. The only obvious disadvantage is that, if the astronomical content or the
mathematical application is too difficult, the effect could be counter-productive
for both subjects; we have to be prudent, and choose the examples very carefully.
The advantages are as follows:

• Mathematics is not very attractive to pupils; astronomy is more
motivating. ”Students are not interested in discovering what an ellipse
is, but they are really concerned about the possibility of the Moon crashing
into the Earth”

• Schools do not have Mathematics laboratories. Mathematics is a
very theoretical subject for students and in general seems unconnected
with the real world. Lay people think that Mathematics is necessary to
count, but practically nothing more. Anything more than basic arithmeti-
cal rules seems beyond them. Astronomy can offer Mathematics teachers
a laboratory: the school grounds. If it is not cloudy students can ob-
serve the sky, take measurements and analyze the results obtained with
their mathematical knowledge (taking them beyond arithmetic) and it is
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also possible to introduce scientific methodology and study the margins of
errors.

”Students are not very interested in calculating the third side of a triangle
from the other sides and angles, but they will be interested in finding
the distance between the Earth and the Moon after making their own
observations. Maybe the results are not very accurate but the experience
will be very motivating and they will never forget it”.

• Mathematics appears from the first course in primary school un-
til the end of secondary school. Students study Mathematics for many
years, providing an enormous opportunity to introduce many different as-
tronomical ideas. Whereas if Astronomy appears only in physics courses,
it is introduced very late in the curriculum. It is, therefore, better to also
introduce Astronomy in Mathematics courses.

”8-9 year-old students are very curious. They ask a lot of things about
their surroundings. Why does the Moon look like a croissant? And, why
sometimes not? Why can we see the Moon in the morning? (In children’s
stories the Moon only appears at night)”.

We are currently missing the opportunity to harness the curiosity of these
younger students because, to obtain answers, they have to wait until they
study physics in secondary school.

Conclusions

It is very important to offer Mathematics teachers a good selection of top-
ics and activities connecting Astronomy and Mathematics. If they have good
materials they will use them. Of course it is important to select very carefully a
collection of astronomical items interesting from a mathematical point of view,
according with its curriculum and related to the real world, in order to attract
the students. We have to make sure students and teachers are satisfied if we
want to achieve success.

It is necessary to say that this option is not incompatible with teaching As-
tronomy in physics courses. The interests of Physics and Mathematics teachers
are not the same, however; they can offer a complementary point of view.

Several examples of suitable materials for mathematics teachers follow:

• Angles and star trails (the same angle for the same exposure time in a
photograph of the sky)

• Logarithms and visual magnitudes (students are surprised when they dis-
cover that their eyes know logarithms, and perhaps they failed the loga-
rithms’ exam in the Mathematics course!)

• Plane trigonometry related positions (related orbital movements)

• Spherical trigonometry and ecliptic obliquity (relationships on ecliptic
obliquity and latitude)

• Conic curves related to sundials (by finding conic curves in the street)
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1. Introduction

There are many problems associated with the teaching and learning of astronomy
that require further investigation (Taylor & Barker 2000). Students’ difficulties
with visualization, mental modeling and conceptual restructuring have been re-
ported by a number of researchers. Aspects of these important areas of research
are examined in the paper. However, there has been limited focused research in
the specific area of astronomy teaching (Taylor & Barker 2000; Treagust & Smith
1989). For example, the value of strategies that engage students in challenging
their prior beliefs and intuitive ideas, thus enabling them to perceive patterns
and grapple with frame of reference problems, and construct acceptable models
of celestial phenomena, must be assessed. Such strategies might incorporate or
re-enact historical discoveries (Noble 1999) thus engaging students in thinking
about astronomical phenomena from an intuitive position.

2. Research into students’ learning in astronomy

Research studies in astronomy indicate that students require high levels of spa-
tial ability thinking (eg. Broadfoot 1995; Hill 1990; Vosniadou 1991a, 1991b).
Ekstrom, French, Harmon & Derman (1976) defined two factors comprising
spatial ability, spatial orientation and spatial visualization, as follows: spatial
orientation - the ability to perceive spatial patterns or to maintain orientation
with respect to objects in space (p. 149); and spatial visualization - the ability to
manipulate or transform the image of spatial patterns into other arrangements
(p. 173). Research into these aspects of spatial thinking, as well as mental
modeling, are examined briefly in the following sections.

Spatial orientation: Astronomy frequently requires students to imagine
objects from other viewpoints (Rock, Wheeler & Tudor, 1989), which demands
a shift in perspective or change in the student’s frame of reference (Finegold
& Pundak 1990). Object-centered and observer centered viewpoints (Marr &
Nishihara 1978; Marr 1982), an egocentric viewpoint (Steiger & Yuille 1983), and
encoded landmarks (Evans, Marrero & Butler 1981), are descriptors of some of
the ways that frames of reference can be established. Orientation frameworks
may be constructed on the basis of a combination of at least four factors: gravita-
tional direction, viewing direction, bodily direction, and environmental features
(Broadfoot 1995). Orientation bound descriptions are essential for understand-
ing the relative positions and motions of celestial objects. Broadfoot (1995) and
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Feteris & Hutton (2000) demonstrated that individuals may initially compre-
hend the relative positions of objects such as constellations in space without a
comprehensive orientational or orthogonal framework but fine tune the exact
location of objects in space as an outcome of increasing field experience

Spatial visualization and transformations: An object-centered view-
point of, for example, the Sun-Earth-Moon system, may necessitate considerable
mental transformation by the observer from his/her viewpoint, which may result
in conflict of object-centered (heliocentric) views with observer-centered (ego-
centric) views. Lucas & Cohen (1999) described the difficulties faced by students
when relating textbook diagrams about seasons, which were mostly heliocentric,
to activities of a geocentric nature.

Students often deal with orbital and rotational movements of celestial ob-
jects in the study of astronomy. Shepard & Cooper (1982) reported that ori-
entation of mental images of three-dimensions often required transformations
that increased in difficulty as the angle of rotation of an object from the original
position increased. They noted that it was difficult for students to recognize the
similarities between two dimensional drawings of the same three-dimensional
situations, which may apply to problems where students attempt to interpret
two-dimensional representations of the changing phases of the moon.

Mental models: Vosniadou (1989, 1991a) identified three kinds of men-
tal models for explaining observed phenomena that provide insights into the
constructs of students’ knowledge bases. These are categorized as intuitive,
scientific and synthetic models. The intuitive model, based on observational
experiences of the natural world, requires little modification for accommodation
of first-hand observations. Scientific models are in accord with current scientific
views. Synthetic models show a combination of intuitive and scientific views
and represent some kind of misrepresentation of scientific information. Vosni-
adou (1991a) concluded that a mental model of a spherical earth is a prerequisite
to understanding the scientific explanation of the day/night cycle as is also an
understanding of axis. The two concepts, spherical earth and axis, are examples
of interdependence among concepts which are very important in understanding
astronomy.

Glynn, Yeany & Britton (1991) discussed conceptual development in terms
of intuitive understandings of the world. A flat earth, stationary and central to
the universe, effects of gravity, the sun and moon moving up and down or east to
west, and the stars being small are just some of the intuitive models possessed
by many students (Vosniadou 1991a). Taylor & Barker (2000) investigated how
learners constructed mental models when studying the Sun-Earth-Moon system
and recommended that mental-model building should form the basis of astron-
omy education, a conclusion supported by Dunlop (2000) who studied students’
learning through engagement in planetarium sessions.

3. Research into teaching and learning strategies in astronomy

The design of curricula for the teaching of astronomy should present concepts
in an appropriate sequence and students should be provided with opportunities
to examine their personal beliefs and explain their understandings of relevant
concepts (Vosniadou 1991b). In addition, a number of researchers have suggested
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that the inclusion of activities that develop and enhance student spatial thinking
abilities is highly desirable in the development of learning materials and teaching
strategies for astronomy (e.g., Eylon & Linn 1988; McCubbin & Embeywa 1987).
These activities should be based on direct observation (Lucas & Cohen 1999),
and spatial training exercises should be included to develop student orientation
frameworks and to enhance spatial visualization and transformation of dynamic
celestial phenomena (Broadfoot 1995). Personal or collective investigations by
students may be reinforced with a number of observer-centered, concrete three-
dimensional models (Bishop 1990; Broadfoot 1995; Dunlop 2000; Domenech &
Casasus 1991; MacIntyre 2003). These models need to be pertinent and make
interactions transparent to students (Hill 1990), and students also require time
to explore ideas when using the models to develop the complex spatial concepts
in astronomy (Bishop 1988; Sadler & Luzader 1990). Quite often verification
of astronomical concepts is not possible from direct observations (Hill 1990),
for example, the sphericity of the earth or the heliocentric nature of the solar
system.

Active involvement by students in modeling has been shown to be useful
in astronomy teaching (Sadler & Luzader 1990). Students can model lunar and
planetary motion, and star positions in conjunction with real sky activities and
events. Investigating day and night, and the phases of the moon, through role-
play would represent a possible starting point for the use of modeling as a way
of examining and explaining celestial concepts and natural phenomena that are
easily observable. Sweitzer (1990) has advocated the use of pictorial models,
and Mazzolini & Halls (2000) have engaged students in computer modeling of
celestial phenomena.

Other strategies for teaching astronomy include the use of analogies and
the identification of similarities in students’ concepts or beliefs (Vosniadou &
Ortony 1989; Smith 1989), and an approach based on the historical development
of knowledge in the field of astronomy (Glynn et al. 1991).

4. Recommendations for research

The first section of this paper drew attention to the difficulties learners face when
grappling with the complexities of observing astronomical phenomena and when
seeking to explain their observations. The second section of the paper examined
briefly approaches and strategies that may be used to enhance the teaching
and learning of astronomy. Based on this background of research findings, the
paper concludes with exemplars of possible further research investigations that
should be conducted in order to evaluate the effectiveness of these approaches
and strategies in overcoming the difficulties experienced by students. It is only
through approaches that take into account the analysis of the problems inherent
in the learning of astronomy that gains will be made in this area. Our exemplars
of possible research follow:

Learning and teaching: What thinking processes, with respect to orien-
tation frameworks, do students use when confronting celestial motion problems?
How do students interpret information from given data and restructure the in-
formation into different viewpoints both verbally and diagrammatically? What
concepts are prerequisites and interdependent in astronomy learnings?
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Teacher training: What is the exact nature of, and what factors affect, the
designed and implemented curricula in astronomy in our tertiary institutions?
Do these curricula produce teachers who are competent in teaching astronomy?

Primary and secondary schools: What is the exact nature of, and what
factors affect, the designed and implemented curricula in astronomy in our pri-
mary and secondary schools? Do these curricula engage students in challenging
and constructing their own knowledge and understanding of astronomy?
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Astronomy education research (AER) uses the systematic techniques honed
in science education and physics education research to understand what and
how students learn about astronomy, and determine how instructors can create
more productive learning environments for their students. A recent review of
the literature in this area revealed a number of articles that could be classified
into four major categories: research into student understanding, research on
instructional methods, research on teacher understanding, and descriptions of
curriculum materials.

Within the area of student understanding research, a number of topics have
been investigated. The most extensive area that has been researched thus far
is the shape of Earth (and its relation to gravity). Studies on this topic have
included children in grades two through eight and in the United States, Nepal,
Israel and the United Kingdom. Investigations into understanding of lunar
phases have included students in elementary grades and university, as well as
pre-service teachers, all in the U.S. Understanding of seasons is studied for uni-
versity students and teachers in the U.S., while understanding diurnal motion
(the day/night cycle) includes those populations plus elementary students. In-
vestigations in astrobiology and cosmology have begun with U.S. secondary and
university students. The Astronomy Diagnostic Test (ADT) has been developed
and administered to university students across the U.S.

As an example of the research literature review, we will elaborate on the
shape of Earth research. In 1976, Nussbaum and Novak interviewed second grade
students about Earth’s shape. Although many students initially responded with
the answer ”round,” deeper probing revealed that ”round” does not always mean
”round like a ball.” The researchers found five different notions that represent
the students’ mental models of Earth’s shape. These results were similarly
found using multiple-choice instruments with Israeli students in several grades
(Nussbaum 1979) as well as in Nepali students (Mali & Howe 1979). Klein (1982)
and Sneider & Pulos (1983) further expanded these results across grade levels
and student populations. Targeted instructional methods were investigated by
Nussbaum & Sharoni-Dagan (1983). Investigations by Jones, Lynch & Reesink
(1987) and Baxter (1989) confirmed similar results. Vosniadou & Brewer (1992)
expanded the classification criteria and mental models in their investigations.

Students’ understanding of lunar phases and of seasons was first made public
by the video A Private Universe (Schneps 1989). Studies by Stahly, Krockover &
Shepardson (1999), Lindell (2001), and Trundle, Atwood & Christopher (2002)
demonstrate that the most common misconception about the cause of the lunar
phases is what is commonly called the ”eclipse model.” In this model, students
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believe the phases are caused by the Moon moving in and out of Earth’s shadow,
allowing some portion of the sunlight to be blocked. Fanetti (2001) believes this
can be traced to a poor understanding of size and scale.

Instruction method investigations include personalized system of instruc-
tion (Zeilik 1974), collaborative group learning (e.g., Adams & Slater 2002),
conceptual-based courses (Zeilik et al. 1997; Zeilik, Schau & Mattern 1999),
and the use of planetarium instruction (e.g., Reed & Campbell 1972).

Callison & Wright (1993) studied the effectiveness of using three-dimensional
models to instruct on lunar phases, while Barnett & Morran (2002) studied
project-based instruction. Several of the previously described studies on stu-
dent understanding of lunar phases included instructional aspects (Lindell 2001;
Stahly, Krockover & Shepardson 1999; Trundle, Atwood & Christopher 2002).
Abell and colleagues describe the effectiveness of using observation projects to
help pre-service teachers understand lunar phases (Abell, George & Martini
2001; Abell, Martini & George 2002).

Several of the studies described above use pre-service and/or in-service
teachers as their study population. Barba & Rubba (1992) investigated the
differences in knowledge levels between in-service (”expert”) and preservice
(”novice”) teachers. Slater (1993) examined the effectiveness of constructivist
strategies in teacher professional development in astronomy.

A large number of articles describing specific curriculum materials or activi-
ties can be found throughout the literature. A summary of these pieces is beyond
the scope of this work; however, an extensive bibliography of such activities can
be found at the Astronomical Society of the Pacific’s education website.

To date, few astronomy concepts have been investigated in any depth; con-
sider in comparison the extensive literature base in physics education research.
Furthermore, few instructional strategies and curriculum materials have been
rigorously examined for their effectiveness in helping students learn astronomi-
cal concepts. Future efforts should focus on expanding these areas in terms of
both topics and student populations, as well as developing effective strategies to
prepare astronomy teachers.
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I think there is nothing like the study of astronomy to capture the imagi-
nations of our students, to make them understand phenomena, and to introduce
them to the fundamental ideas and methods of science and mathematics. In
my presentation, I will examine my research on effective teaching and learning
of astronomy at the elementary school level, and how I have implemented my
research in my work with students, teachers, and curriculum.

1. My Research on Effective Teaching and Learning of Astronomy

For several years, in Rome, I have carried out research on Astronomy Education
with the Educational Co-operative Movement (MCE) association, co-ordinated
by N. Lanciano, University “La Sapienza”. The main topics are:

• the dynamics of the individual cognitive process in developing basic as-
tronomical concepts

• the conditions for effective teaching and learning of astronomy
• misconceptions in astronomy

We create educational contexts in which participants – students and teach-
ers – observe, experiment, build instruments and models, and discuss. We inves-
tigate mental images and conceptions, with attention to the significant questions
and answers, to misconceptions and mistakes, and to the elements that facilitate
or block understanding. The results of my research made me think over the con-
ditions for teaching Astronomy at the elementary school level: short activities
and lessons inside the classroom, following a fixed curriculum and textbooks, do
not improve the students’ understanding and appreciation of astronomy; rather,
they sometimes create a negative impression of it, and intensify misconceptions.

2. Teaching Astronomy

First, I will examine how I have implemented my research in my work with
students in order to improve the students’ awareness, understanding, and ap-
preciation of our subject. The context: I teach in “Scuola Media” to students of
all abilities, aged 11-14 years, in the same full-time class for three years, 6 hours
a week in Math and Science, and 2 hours a week in an integrated project. This
situation gives me the opportunity to develop long-term astronomical activities
and lessons, as well as the mathematical knowledge, skills, and concepts which
students need for the understanding of Astronomy. I developed an introductory
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Astronomy course for grades 6-8, founded on the belief that effective learning of
astronomy at a primary level is strongly related to observations of real phenom-
ena, and requires a direct involvement and an active body. It is an integrated
interdisciplinary course, with a flexible, modular, and in-progress curriculum.

The main goal is to encourage the enthusiasm of my students, and increase
their familiarity with astronomy, their understanding of science, and their ap-
preciation of its role in making sense of the world. A significant aspect of my
course is its emphasis on hands-on activities. I want students to discover the
ideas of astronomy for themselves, not just to read about them passively. An
active body renews emotions, curiosity, and effective learning. The act of discov-
ery, of experiencing insight or understanding, produces a thrill of victory, and
its memory lasts forever.

Students spend a long time outdoors, making observations and construct-
ing instruments, before developing theoretical explanations and models. The
sky becomes a scientific laboratory, “a lab within everybody’s reach”, always
available, free and fully equipped. Students have to be guided in “knowing what
to look for”, because usually they don’t observe much more than things they
are already familiar with. They will discover that a surprising abundance of
observations is possible. They are guided:

• to find in the sky the same fascination and wish of knowledge that has al-
ways led mankind to observe astronomical phenomena, and organize space
and time;

• to follow humanity in its discovery of the shape of the Earth, reference
systems, celestial motions, distances in the universe, measures of space
and time

• to see connections between the scientific disciplines and the humanities, as
well as between what they learn in school and in the real world

• to become aware: to perceive as Ptolemy did, to think as Copernicus did

3. Looking at What Happens in Class

I will give some examples of astronomy activities and methods that have been
tested in my class.

• Investigating students’ pre-knowledge makes explicit misconceptions, epis-
temological obstacles and gaps, and turns them into a problem which stu-
dents want to work on. The workshop A Round World is an example which
is focused on the shape of the Earth and gravity. Everybody knows that
the Earth is a sphere, but the majority of people don’t use the concept
of an earth-sphere and are not able to connect the spherical form with its
geometrical and physical properties. By showing how the human mind has
evolved throughout history, I give students the elements of a critical look.

• Using significant or upsetting questions: common-sense rules and scientific
knowledge don’t provide answers any more and, in this uneasiness, new
knowledge links with old knowledge in a more conscious way.
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• Caring about linguistic aspects before concepts are expressed by words;
often, one word has several meanings.

• Spending a long time in observations before developing models and theo-
retical explanations. In search of reference systems, we make observations
from our local horizon and meridian.

• Collecting data in order to discover simple general laws, for instance the
mid-day height and declination of the sun. Creating a complete record of
data would take one year but, in just six months, students can foresee the
further results.

• Building and using models: hand-made of common materials and manip-
ulated by students, in order to develop geometric and spatial imagination,
and link celestial phenomena to terrestrial analogies.

• Enacting dynamic human models: students enjoy a model in which they
co-operate with others, and the retention of concepts is enhanced. These
models need a long time to arrange, and this time helps students to reach
the spatial visualization required in many astronomical concepts. Demon-
strations in which students represent the Earth, Sun and zodiac, the Sun
and planets, and lunar phases are well known. Some more examples: (a)
The planetary week and the “week’s dance”: an active body, with rhythm
and movement, can help to re-discover and understand the sequence of
the days of the week. This model enacts the explanation of the origin of
the planetary week made by Abraham ba Hiyya from Barcelone, called
Savasorda, in “Sefer ha’t’bbur” (The Book of the Calendar) in the 12th
century. (b) Walking with solar steps: this model helps students to under-
stand the rhythm of the sun’s motion over one year; how and why days
stay long (and nights short) for several weeks near the summer solstice,
and shorten quickly before the winter solstice. Students work with a mon-
umental sundial in St. Peter’s Square in Rome; the gnomon is a giant
Egyptian obelisk, and the local meridian is lined with zodiacal signs.

• Measuring the human body in order to discover proportions and laws. In
accordance with Galileo’s method, the human body and nature become an
open book, understandable with the language of mathematics.

• Practicing mathematical skills: calculating, ordering, classifying, compar-
ing, measuring, recording, graphing, reasoning, inquiring, are essential
skills for studying astronomy.

• Starting nearby and moving further out, using simple principles, historical
methods, and data gained by observations, in order to make deductions
about the scale of the universe. Gaining knowledge about distances in
space was and still is long and hard work for students, and a step-by-step
process from earth to moon, sun, planets, stars, and galaxies.
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4. An Interdisciplinary Approach

Among the most distinctive aspects of my course is the interdisciplinary ap-
proach to astronomy. A deep emotion and desire for knowledge emerges from
the sky: physics, mathematics, geometry, science, art, religion, literature, music,
without separation into different disciplines. This integration has to be empha-
sized at the elementary school level.

• Anthropology: we investigate the astronomical roots of our culture, the
astronomical phenomena at the basis of our calendar, customs, and feasts.

• Mythology: myths describing the origin of the universe, planets and con-
stellations help to organize the space of the sky. Myths are the first sky
maps.

• The history of astronomy has an appropriate place in my course. We
trace back the origins of the early astronomical observatories. In Rome,
they are connected with the history of the Jesuits, who were in charge of
astronomical research until the last century. We do workshops and lessons
in the Collegio Romano, and in places visited by Galileo.

• The sky and the cities: the social and ritual foundation of a city has
always been related to the sky; we research how ancient architects orga-
nized place and time, observing astronomical phenomena. In Rome, the
Pantheon, Domus Aurea, and Villa Adriana are examples of suggestive
places in which the history of a city, the project of an emperor, astro-
logical symbols, and astronomical data fuse in geometrical architectural
structures. Monuments, historical buildings, and squares become our lab-
oratories, sundials, and calendars to register astronomical phenomena, and
to be reproduced at school.

5. The Method

• Inducing students to take an interest in the content, to see something
meaningful, and to become engaged in the search for it.

• Exploiting and making maximum use of students’ pre-knowledge.

• Giving time for understanding from observations and experiences before
working on more theoretical explanations.

• Giving preference to questions over answers, in order to develop an inquir-
ing attitude.

• Focusing on “concept maps”, the essentials of the discipline, and the con-
nections between concepts, goals, and topics.

• Making students aware of the path that they are following.

Students sometimes work alone, sometimes in co-operative groups. Not
only classrooms are used, but also the outdoors and the city, not only for short
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lessons, but also long activities. At the same time, we look for connections
between the scientific disciplines and the humanities, as well as between what
students learn in school and the real world.

6. The Results

At the end of every year, an interactive exhibition documents and focuses on the
main significant concepts that students have worked on. Students train other
students in the same activities and learning situations they have experienced.
It is a summary as well as a test of the effectiveness of their understanding and
learning. Knowledge becomes culture when it is useful for understanding reality,
and for acting on that. It happens when teaching connects with the individual
process of learning by significant aims, methods, and subjects. By studying as-
tronomy, basic concepts such as space and time – essential for understanding the
world – are addressed. This is the great contribution of astronomy to education;
let’s use this opportunity!
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1. Introduction

This paper briefly reports two major programs being operated by Charles Sturt
University, Bathurst: the Cosmology Distinction Course for gifted and talented
senior high school students and the CSU Remote Telescope Project for upper-
elementary and lower secondary school students.

2. Cosmology Distinction Course (CDC)

The CDC was first offered in 1994 to students in New South Wales (NSW) who
had completed one Higher School Certificate (HSC) course at the highest course
level ahead of their age cohort and who were in the top 10 percent of the candi-
dature. Numbers enrolling in the CDC are low (average of 20/year since 1994),
and reflects the low number of schools in NSW who allow students to accelerate
in their normal school programs. Nonetheless, a key factor in the success of the
CDC has been the extensive use of Information and Communications Technolo-
gies (ICTs) through an integrated web site comprising a communication forum
and a resource finder for the latest research in Cosmology.

2.1. Methodology to evaluate the CDC

A grounded theoretical analysis of the data collected from students use of the
ICT system over four years gave rise to an Interactive Design Model (IDM).
It comprises three key design elements, print-based study modules, residential
schools and significant others, and a communication system for linking the stu-
dents with the elements and with each other (McKinnon & Nolan, 1999).

Course materials organize and sequence the objectives, content and assess-
ment tasks into manageable units of study over the nine months of the course.
Two residential schools bring the students together to: meet and interact with
each other; engage in experiential learning at world-class observatories; and,
learn from, and interact with, leading researchers. Significant others include
the students peers, the course coordinator, course organizers, and research as-
tronomers who provide students with support and guidance. The significant
others interact with the students in varying capacities as social friends, criti-
cal friends, facilitators of learning, mentors, interpreters and discussants. The
communication system mediates all student interactions with the three design
elements of the Model. It provides them with the means to study not only the
content of the course but also to access a wider range of information and ideas,
and significant other individuals with whom to explore and discuss ideas.
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3. Charles Sturt University Remote Telescope Project (CSURTP)

The CSURTP is framed against the larger projects of Telescopes in Education,
the Bradford Robotic Telescope and the Faulkes Project. The project takes
elements from these and renders the technicalities of control at a level where
elementary and junior secondary age students and their teachers can easily use
the system. The software and hardware systems to drive the CSURTP are
described elsewhere as are the educational materials written to support the
project (e.g., McKinnon & Geissinger 2002; McKinnon, Geissinger & Danaia
2002; McKinnon & Mainwaring 2000)

3.1. Educational Package Evaluations

Educational materials are supplied in printed Teachers’ Guides and on CD-
Roms. The guides provide an extensive set of material covering a large num-
ber of topics. The elementary school materials are interdisciplinary. The high
schools materials focus on science and technology. Elementary school materi-
als engage the students for 4 hours/day, 4 days/week for 10 weeks. Secondary
school materials engage students for six weeks of science periods (six per week).
Two web sites point to resources available on the Internet. When schools come
online, a technician is available to offer help.

In 2001-2003, students in grades 5-10 took part in evaluating: the materials;
the user interface; and, the learning outcomes (alternative scientific conceptions)
(Dunlop 2000; Osborne 1995).

3.2. Method

Quasi-experimental pre-test, post-test designs were used to evaluate the impact
of the educational materials. Test results were subjected to ANOVA procedures
with repeated measures on the occasion of testing. In addition, qualitative
data were gathered from all participants to demonstrate how the educational
programs were received and used.

3.3. Results - Elementary School

The specific test results are reported in detail in various publications (McKinnon
& Geissinger 2002; McKinnon, Geissinger & Danaia 2002). Only the highlights
of the findings are given here.

The quantitative results showed that classes who interacted with the educa-
tional materials demonstrated significant learning outcomes. Effect sizes ranged
from 0.5 to 0.75 in students’ general knowledge about astronomy, spatial knowl-
edge of how the planets and Moon move, and on their ability to explain their
answers.

There is, however, an interesting aside to the above statistical picture ex-
emplified by one class and which should cause all educators some concern as
well as astronomers making remote and robotic telescopes available to students.
One class had previously covered a topic on the Earth in Space and had visited
the library and conducted research using information and computer technologies
(ICTs) to produce the posters that are a normal demonstration of learning in
school. Their teacher did not want to cover the educational materials apart from
the taking control and image processing sequences. On the pre-test, students
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knowledge and ability to explain phenomena was not significantly different from
the other classes. They knew how to assemble attractive posters but knew little
about astronomy despite the claim that they had already done that. The spatial
knowledge post-test revealed that the scores of this class did not rise at all. On
average, they achieved a score of 20 percent on both spatial knowledge scales.
They knew little about phases of the Moon, day and night, the seasons, and
what causes these phenomena.

One outcome clearly demonstrated by this research is that classes who con-
centrate mainly on the technical aspects show little change in their alternative
conceptions of solar system phenomena. Students explorations of various phe-
nomena, coupled with peer discussion and verbal reworking of concepts, enable
them to discard some of their more naive ideas. Taking control of a sophis-
ticated telescope is a great motivator that helps maintain their interest. The
evidence supports the position that engaging with astronomy concepts leads to
more insightful learning than does a concentration on mere technical details.

3.4. Results - Secondary School

Two cohorts of grade 9/10 students from the Netherlands and Canada evaluated
the junior secondary science materials during 2003. Approximately 350 students
supplied data which is yet to be analyzed. Extensive qualitative data illustrates
that science teachers in both countries are highly impressed with the curriculum
materials, the motivation of their students and the ease with which the system
can be used.

A Canadian teacher ran the program with three grade 9 classes and also the
school Astronomical Society. Members undertook a number of projects including
mosaics of extended objects such as the Moon, M42 and omega Centauri, and
multiple exposures of faint objects to practice stacking. Classes collaborated
to take exposures of Uranus, Neptune and Pluto and traded their images to see
how these planets could be identified by their movement against the stars. After
a session with a grade 9 class containing at risk students he e-mailed:

“From an educational point of view...when at risk and beyond kids produce
a report with enhanced images of their choice accompanied by a bit of research
I know we have done something very significant over the past few months. This
is priceless!!”

There is little doubt that taking control of a telescope over the Internet is a
motivating experience for both elementary and secondary school students. The
control aspect sustains their interest in the science over a considerable period of
time. It is perhaps, this capacity of the control dimension to sustain interest that
allows teachers the luxury to address the deeper scientific content and students
alternative scientific conceptions as was demonstrated in the elementary school
program.

4. Discussion

The key question to answer here is what does the Cosmology Distinction Course
offer students that their schools cannot? Part of the answer is at least clear. The
students get access to committed, intelligent, motivated, persistent and passion-
ate researchers in astronomy and cosmology who are excellent communicators.
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A second key aspect of the course is the support that they get as they study
the course and which is available through the ICTs. The completion rate is
extremely high. In most years it is greater than 90 percent. Science delivered
by distance methods has to be high touch (Naisbitt & Aburdene 1990). The
students are mentored during their candidature and feel a part of a community
of learners.

The case for the CSU Remote Telescope Project is rather similar. The
fact that the telescope is not a robotic device has many advantages (and dis-
advantages). One advantage is that it is high touch. Elementary teachers and
secondary science teachers are, in the main, not adventurous. Both sets appear
to need their hands held while they prepare to use the telescope, while their
students use the telescope, and later in the debrief sessions as their students
process the images.
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Astronomy is a subject that poses many deep questions that intrigue stu-
dents. It can effectively engage gifted and talented science students in their
school years. Numerous international and Australian schemes utilize astronomy
as a means of challenging and extending such students. Using Gagné’s defini-
tion, gifted students have potential distinctly above average in one or more of
the domains; intellectual, creative, social and physical. Talented students ex-
hibit skills that are distinctly above average in an area of human performance.
Such students may comprise about 10-15% of age peers in that field. They may
be identified through a variety of means; by teacher, parent or self, sometimes
via diagnostic tests, at others through participation in hobbies or other interests.

Given a student is gifted in science, why should we try and engage them
through special programs or extension work? The reasons are many and in-
clude pragmatic ones. These students comprise our future professional as-
tronomers, scientists and engineers. Even if they do not aspire to a career in
science, it is vital for society to have scientifically literate leaders, managers and
lawyers. Developing relevant and engaging experiences fosters positive views
of Science. It should also result in more positive interactions in the classroom
and at school, with improved educational outcomes overall. Another less mea-
surable but equally worthwhile reason can arise when students experience a
breakthrough or wow moment when they internally connect several strands of
knowledge together to explain some event or observation. Successful programs
for gifted school students require an emphasis on learning concepts and higher-
order thinking skills. Problem-based learning activities incorporating the use
of technology as a learning tool can be used to model the scientific process.
Astronomy is a discipline that lends itself to engage the gifted student and
help develop their skills so that they emerge as a talented student. It tackles
big questions that many students find challenging and provides a context-rich
learning environment. Skills in problem-solving, mathematics, science, literacy,
and information and communication technologies (ICT) can be developed given
appropriate tasks.

There are a wide range of programs and activities already developed suit-
able for students at all stages of schooling. Relevant approaches include one-off
events such as a guest speaker, extension work within the normal class environ-
ment or by withdrawal within the school and the use of extra-curricular oppor-
tunities such as a school astronomy club. In-school extension schemes can be a
very effective method of engaging a streamed group or individuals but require
considerable teacher enthusiasm, expertise, and a supportive, flexible school en-
vironment. Other possibilities include specialist camps or summer schools such
as the six-week residential Summer Science Program. This successful American
scheme is project-based, with students working in teams to plan conduct and
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analyze data to determine an asteroids orbital elements. It has a strong focus
on mathematics, physics and astronomy plus an emphasis on social interactions
for students.

The option of students taking one or more university courses prior to com-
pleting secondary education is available in some countries and states. Perhaps
a better approach pedagogically is to develop specific advanced courses that
cater for gifted students within an education district or state curriculum. Such
curriculum-based schemes exist in several countries. One example is the Cos-
mology Distinction Course [see previous paper], a matriculation-level subject
that has run for the last ten years in NSW, Australia. Students meet at two
residentials and complete assignments, exams and a major project of their own
choosing. Delivered via distance-education, with provision for extensive student
and staff communication via the internet, it allows students from across the
state to study the course. A more recent online education initiative is the Cyber
Astronomy Course run by Hong Kong University of Science and Technology for
senior high school students. Together, such schemes show the power of computer
technology in fostering student communication and course delivery.

One key method of engaging students and fostering skill development is that
of student research projects. In getting students to tackle a research project we
are asking them to actually do some science rather than just repeat textbook
experiments. Modern technology plus schemes such as Hands-On Universe, Tele-
scopes in Education, the Charles Sturt Remote Telescope, the Faulkes Telescope
Project and others provide opportunities for students and teachers to use pow-
erful CCD/telescope combinations to obtain real and worthwhile data for such
projects ranging from simple one-off observations to more advanced, long-term
ones. There is considerable scope for institutional support and professional men-
tors for groups tackling projects and this can also foster beneficial links within
a local educational community. Some projects also lend themselves to local or
global collaborations among student groups. This adds to the educational value
of the task. A common mistake for teachers involved in setting up such a scheme
is to artificially impose a limitation on students’ abilities and efforts. Gifted and
talented students have a habit of rapidly exceeding our preconceptions. This
does not mean, however, that there is no place for a structured approach. The
use of a scaffold of concepts and task requirements by students provides guidance
and support, and increases the educational value of the project.

A scheme run for several years at Blue Mountains Grammar School in NSW
saw numerous students tackle astronomy-based projects on topics ranging from
naked-eye meteor observations, differential CCD photometry of short-period
variables and quasars, mm-wave observations of Orion A, and investigations of
LMC regions N159 and N160 using data from the Australia Telescope Compact
Array. Follow-up surveys of students showed that a high percentage of them
continued in science/technology study and career paths. Even those who went
into other fields commented favorably on their research project as a mechanism
for improving their ICT, time and project management skills. All gained in con-
fidence and had a positive attitude towards science. Some had benefit in terms
of scholarships for university entry. Negative aspects included conflicts with the
demands of other subjects, the fact that research skills were not examined in the
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external final examination and the heavy time commitment from both students
and teachers.

Numerous case studies suggest the value of specific schemes for gifted and
talented students. Ongoing educational evaluation of effective and ineffective
programs is needed. Educators and astronomers should identify those that work
to model and extend their use. This requires strong linkages between professional
and educational groups so that engaging, relevant programs can be developed.
An emphasis on teacher training and ongoing support will help raise awareness,
confidence and skills.
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There is little research on elementary/secondary teacher preparation. Few
teachers are called upon to teach astronomy specifically, or their astronomy
teaching is peripheral to their main interest (e.g., general science at lower levels
or physics at higher levels). Statistics indicate that large increases in student
populations are expected throughout the world. “In 1997, 1.2 billion students
were enrolled in schools around the world. Of these students, 668 million were in
elementary-level programs, 398 million were in secondary programs, and 88 mil-
lion were in higher education programs.” (Digest, 2002) These figures included
large increases from the 1990 figures, e.g. 38% increase in secondary education
and 68% in higher education for Africa, as opportunities to obtain an education
and population both grew. (Digest, tables 395 and 412).

In spite of these increases in numbers of students attending school, it is
unlikely that many are being taught astronomy by a teacher who has had any
formal instruction in astronomy within their own teacher preparation program.
Increases in students attending post-secondary institutions may translate into
increases in students being introduced to astronomy through a survey course, but
few preparing to be teachers are required to take a specific course in astronomy,
even when astronomy specifically occurs in the curriculum. A survey of as-
tronomers from fifteen countries showed that even in countries where astronomy
is part of the national curriculum, it is not a required course for teacher certifica-
tion. Some elementary school level teachers obtain some astronomy preparation
in other courses, such as science methods or geography (earth-sun relations).
Most of astronomy, including the topics that most interest the general public, is
virtually ignored in teacher preparation programs.

In the past twenty years, education policy makers have pushed teacher
preparation programs to increase the fraction of time that potential teachers
study science and math compared with the time spent on ”educational meth-
ods.” In the last ten years, many countries have produced national or regional
standards for teaching science. One example is the US National Science Educa-
tion Standards (1996) with its vision for content and pedagogy. These standards
provide expectations for all citizens, not just those planning technological ca-
reers. New standards challenge those who prepare candidates as teachers with
their new expectations for professional development, both during the pre-service
phase and following certification.

There are many issues surrounding teacher-preparation beyond content
standards. For example, potential teachers who hold a degree, and often have
many years of work experience, may obtain ”alternative” teaching certification
through training programs rather than a college or university course. Stoddart
& Floden (1995) showed that although current alternative routes may not sig-
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nificantly improve teacher learning, they are deemed to be no worse than many
university-based teacher preparation programs. The argument of the impor-
tance of education preparation versus subject matter preparation was studied
by Hashweh (1997) who showed that ”the influence of teachers’ prior subject-
matter knowledge was evident in their modifications of textbook subject-matter
content and through their use of explanatory representations.” It was especially
noted in their content organization during instruction. Those with minimal
knowledge followed the textbook closely (in content and structure) and neither
added or deleted concepts. Those with a better background were likely to ask
higher-order questions. For elementary school teachers, Coble & Koballa (1996)
believed that ”science content is the centerpiece of science teacher preparation
at all levels,” although the average number of science courses for a potential
teacher totaled 8.5 credit hour (each credit hour is about 15 classroom hours of
instruction), mostly of survey courses that may not emphasize the inquiry tech-
niques mandated by new education standards. Hanushek (1986) claimed that
advanced degrees have not been found to improve teacher effectiveness, while
the contribution of experience appears weak, at best, and limited to the first
few years of teaching

In conclusion, there are no easy answers to preparing future teachers in
astronomy, but it is a task worth doing. Astronomers are challenged to im-
prove the K-12 educational system by working with the educational/political
system to include astronomy in the curriculum, to forge connections with Ed-
ucation departments to influence their curriculum, to include topics found in
the schools curriculum in their own college/university courses (which means be-
ing knowledgeable about what is in the curriculum). When the opportunity
arises, astronomers should participate in editing/writing textbooks and offering
professional development opportunities for teachers.
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Abstract. Astronomy education of school teachers is reviewed in the context
of in-service training when astronomy is part of the curriculum, or not. Methods
and results are presented based on experiences of teacher training during 25
years, in France.

1. Introduction

Whatever the country is, in general few teachers have been educated in as-
tronomy during their curriculum at the university or at the training colleges,
astronomy being an optional subject. So in-service training of the school teach-
ers is necessary either because astronomy has been introduced in the school
curriculum or because the teachers themselves are introducing some touch of
astronomy in their lessons.

Examples of in-service training have been taken from the French educational
system because it is applied to a large body of teachers, the French curriculum
being a national one and also because in-service training in astronomy started
25 years ago through the non-profit association CLEA (Comité de Liaison En-
seignants Astronomes, Teacher-Astronomers Joint Committee; http://www.ac-
nice.fr/clea/)

Such training is done in two directions: one which concerns the background
in astronomy-astrophysics and the other which gives to the teachers the possi-
bility to develop pedagogical resources, not forgetting that the school teachers
are also active in peri-scholar activities: club, educational projects.

2. Context

Based on our experience, we can testify that even with no astronomy in the
curriculum, it is extremely fecund to develop an in-service training, with a small
nucleus of dedicated teachers with the following objectives:

• to create a network of trained teachers becoming resource persons
• to create links between the interested teachers (newsletter, web pages)
• to exchange teaching material
• to create astronomers-teachers partnerships.

Such in-service training will be of great help to give a strong push to intro-
duce astronomy in the school curriculum due to the fact that there is already
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an experience of teacher-training and also because teaching astronomy has been
tested by some teachers.

When astronomy is part of the curriculum numerous teachers have to be
trained and it is at this point that the resource persons trained previously have
to play an important rôle besides the professional astronomers who are too few
in any case. Moreover the resource persons can act locally in their teaching
district by personal contacts with their colleagues and informal meetings.

3. Methods

Various teacher training modes have been developed each acting on different
aspects of the training. Some are directed to the long-term training aiming to
give a full autonomy to the teachers, some are much more selective concerning
the subjects introduced and are efficient on the short-term or only one one aspect
of the curriculum.

The various modes of teacher training which are mainly used are:

• summer school: about 8 days
• 3-days, 1-day training session during the school year, organized locally
• distance learning courses, granted or not by a diploma.
• self study (Internet, CD-ROM, ...)

4. Results and Conclusion

Any method used in the education of teachers will be effective only if astronomers
have developed long-term relationships with school teachers that nurture both
teachers’ astronomy knowledge and their pedagogical knowledge. The best way
to achieve this goal is the summer schools from which a network of school teach-
ers, trained in astronomy not only on theory but also having a large experience
of various activities in their classroom, will be created. These resource persons
will then be able to act locally.

Internet and/or CD-ROM do not provide a full alternative. They may
be used for the resources or to disseminate practical exercises developed or to
establish some tutorials but not to acquire fundamental knowledge.

But nothing will be achieved if there are no astronomers ready to provide
the ”gift of their time” to such goal of school teachers training in Astronomy.
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Abstract. I report on American textbooks for kindergarten through high-
school grades. Middle school, up through approximate age 15, is the last time
American students are required to take science, and I provide statistics on the
narrowing of the funnel containing those taking physics. I describe some recent
curriculum and standards projects, and discussion the recent ”less is more”
trend. I conclude with comments on whether textbooks are necessary and useful
and discuss possible content and style of an ideal textbook.

Astronomy is orphaned in many American schools, though it can find its
way into classes through earth science or physical science courses or textbooks
from age 13 up. Some form of astronomy is a small part of elementary-school
texts.

1. Standardized testing and the scientific funnel

A national trend in the United States in the last two years has been an in-
crease in required standardized testing. The unforeseen consequences include
the abandoning of topics of secondary importance – like astronomy – in favor of
reading, writing, and arithmetic. The National Center for Educational Statis-
tics has provided graphs that show that, most recently for 1999, the percentage
of science courses taken through the age of 17 is 88% for general science (the
middle-school course, over by age 15), 93% for biology (usually the first course
in high school), 57% for chemistry, and only 17% for physics. Since high-school
astronomy is most closely related to physics, the magnitude of the problem is
obvious.

2. ”Less is more”?

Several projects in the United States in the last decade continue to exert influ-
ence through their evaluation of prospective science content, if not curriculum.
”National Science Education Standards” were drafted by a committee of the Na-
tional Research Council and ”Project 2061,” part of the American Association
for the Advancement of Science (and named after the date of the next return of
Halley’s Comet, on the hope that science education will be reformed by then)
puts out a variety of documents of varying specificity. The ”less is more” philos-
ophy places more emphasis on method than on specific knowledge. As Partridge
(2003) writes, ”...why do I not describe the emergence of a cadre of professional
astronomy educators as an unalloyed good? Here are some concerns.... The
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danger that the educator may drive out the astronomer... Balance is needed.”
See also Pasachoff (2002) for comments on the emphasis (mistaken in my view)
on moon phases and seasons that apply to both K-12 education and to college
education.

3. Current textbooks

I have participated in several K-12 projects, originally the Physical Science and
Earth Science texts of Scott, Foresman and Co. (Pasachoff, Pasachoff & Cooney,
1983, 1989). I was able to increase the astronomy content, and to move some
of it into Physical Science from the other book. There is at least some as-
tronomy content in each chapter of grades K-9, except for Life Science. The
number of American publishers has been diminishing, as publishers merge or
are taken over. Only a handful of middle-school science texts remain. Prentice-
Hall tried revamping their middle-school series into a set of a dozen individual-
topic books, including Science Explorer: Astronomy (Pasachoff, 2000). Since
that series was issued, though, the individual chapters were reshuffled and re-
released as general science books, sometimes with special content for individual
states. Reviews, mostly negative, of middle-school science texts are available at
www.textbookleague.org and at www.science-house.org:8530/middleschool/.

4. The value of textbooks

In this World Wide Web-based age, the question is widespread whether students
should have a textbook at all. Shouldn’t they just use inquiry-based methods,
experimenting in class? But can students really figure out by themselves, with
whatever guidance, what Kepler, Galileo, Newton, and others accomplished over
the years? Current middle-school and elementary-school texts – there are no
specific high-school astronomy texts, though college-level survey texts like my
own (Pasachoff & Filippenko, 2004) are sometimes used in high schools – contain
a mixture of text, labs of varying difficulty and length, notes for teachers, writing
activities, math activities, graphing activities, etc. Highly illustrated in color,
they can be and are criticized for trying to jam in too much and for providing
distracting layouts. Still, the ability of a student to have a reference to a set of
things to be learned is invaluable. Furthermore, a large percentage of middle-
school and elementary-school teachers are untrained in science in general and
astronomy in particular, so it makes sense to at least have substantial material
available to all in the classroom.

What is the ideal science text? It would have a mixture of activities to
intrigue students with scientific methods that would not be so lame or cook-
booky as to turn them off. It would treat material that the students will find
interesting, including modern topics. It would be written by professional sci-
entists, who would have a chance to shape the final version or at least vet
it for accuracy – something that is now the purview of editors. It would be
thoroughly reviewed by a team of scientists before publication, to make cer-
tain that everything that is said is correct. It would be marketed to schools
and state adoption committees by accuracy rather than readability. Most cur-
rent texts fail in the last two of these desiderata. But finally, learning is
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most affected by the interaction of students in a classroom with teachers. So
the training of teachers in science is all-important, and relatively few school
teachers are well trained in science. Salaries and working conditions should
improve in order to attract students with better academic records into teach-
ing at the school level. Projects like the Astronomical Society of the Pacific’s
ASTRO, pairing astronomers with teachers, are models of teacher training.
See www.astrosociety.org/education/astro/about/partnerships.html. But how
to bring such high-quality training to the majority of school teachers remains
unknown.
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The Astronomy Education Review: Research, Resources,
News, and Opinions

Sidney C. Wolff
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The Astronomy Education Review (http://aer.noao.edu), a new electronic
refereed journal, began publication in January, 2002. This peer-reviewed jour-
nal, which describes itself as ”a lively electronic compendium of research, news,
resources, and opinion” is the first in the US to be devoted to education and
public outreach in astronomy and space science. The journal has been endorsed
by both the American Astronomical Society and the Astronomical Society of
the Pacific and has received financial support from NASA and NSF. Papers
published to date cover a range of topics, and a sample list of subjects includes:
1) the effects of different assessment techniques on student learning; 2) student
misconceptions in cosmology and astrobiology: 3) the development, validation,
and application of the Astronomy Diagnostic Test; 4) experience with collabo-
rative learning groups in the classroom; 5) implementation and evaluation of a
distance learning course for secondary school teachers; 6) resource lists for incor-
porating poetry and science fiction into astronomy classes; and 7) research into
the effectiveness of CD-ROMs in the K-12 classroom. We have also published
reviews, opinion pieces, and a variety of suggestions for classroom activities.

The overall goal of the journal is to provide a mechanism for communicating
information; building collective knowledge; validating the quality of work; and
recognizing and rewarding achievement. During the school year, the journal
receives an average of 150,000 hits from 5500 unique IP addresses each month.
There are no charges to either authors or readers, and to keep costs low, the
journal will continue to be available electronically only. The papers published,
however, can easily be printed in PDF format. Submissions from countries other
than the US are welcome.
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In 1944, three years before India became independent of the British rule,
Jawaharlal Nehru wrote in his now famous book Discovery of India: “The impact
of science and the modern world have brought a greater appreciation of facts, a
more critical faculty, a weighing of evidence, a refusal to accept tradition merely
because it is tradition”. But even today it is strange how we suddenly become
overwhelmed by tradition, and the critical faculties of even intelligent people
cease to function. He then went on to express the hope that “Only when we are
politically and economically free will the mind function normally and critically”.

India is now well into the sixth decade of the post-independence era, and
where do we stand vis-a-vis rational thinking? Here are some pointers from the
present times:

• Many marriages, even amongst the educated graduates are decided after
the matching of horoscopes.

• Astrologers are consulted for deciding an auspicious date for launching a
new state, for swearing in a new cabinet, for purchasing a house or a car,
for undertaking travel.

• An entire village goes into a state of panic and people abandon their homes
and run away under the impression that an alignment of planets on one
side is going to cause a major catastrophe.

• Houses are built or remodeled to satisfy the dictates of “Vastu-shastra”
or the (pseudo-)science of architecture, which in fact is a collection of
unproven claims linking the ups and downs in the lives of the inhabitants
of a house to where specific rooms in the house happen to be.

• The “miracle” of the idol of the elephant-god Ganesha drinking milk
through his trunk can send large crowds to temples, or of a “holy god-
man” producing watches out of nothing for his devotees is taken seriously
even by intellectuals.

• The apex body of higher education, the University Grants Commission
declares astrology as a science and offers funds for instituting its teaching
in universities.

The disturbing fact about these symptoms is that the trend towards super-
stitions and beliefs in pseudo-sciences is growing and the younger generation is
getting more and more attracted to these ideas. How to counteract this trend?
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I believe education in astronomy right from the school level can play a
major role in this enterprise. An indication of how education in science can help
distinguish it from pseudo-science can be seen from the following example of
chemistry.

In India non-governmental organizations devoted to eradication of super-
stitions, have two visiting teams doing the rounds of various schools. The first
team performs “miracles” which the second team following it, explains by chem-
istry experiments. When the unexpected or the unusual gets demonstrated as a
known fact of science, the belief in miracles crumbles. Such direct demonstra-
tions have proven to be very useful and effective. [The Ganesha phenomenon
was likewise demonstrated and clarified by scientific experiments.]

Astronomy provides similar instances that distinguish it as a science from
pseudo-science. These instances come through several channels.

• The solar eclipse is known to generate awe and even fear in the human
mind, provided it remains unexplained. Its explanation as a shadow effect
and the demonstration of its complete and accurate predictability leads to
a new mind set of the viewer who is then able to enjoy this extraordinary
phenomenon. Several superstitions related to this event can be effectively
eliminated by encouraging information about the event and active partic-
ipation of school children in it as viewers. They may be encouraged to
enlighten their parents and grandparents too!

• Just as the solar and lunar eclipses are completely predictable, so are
transits of Venus and Mercury. The fact that laws of physics apply to such
events will help the children appreciate them as real physical experiments.

• The same point can be driven home further by illustrating with the exam-
ples of planetary fly-bys by man-made spacecraft. Here for example, one
can demonstrate that the planets and the spacecraft both obey the same
laws of dynamics. The power of mathematics in calculating the precise
rendezvous will also not be lost on the student.

• The seaside towns regularly have tides. One can use the timings of these
tides and the positions of the Sun and the Moon to demonstrate their
origin in terms of Newton’s law of gravitation.

In the Indian context, special efforts are needed to counteract the growing
influence of astrology. To contrast a pseudo-science like astrology with a hard
science like astronomy, the above examples from astronomy may be put side by
side with how astrology operates. Thus children could be asked to apply the
following criteria to astrology:

• Scientific predictions are falsifiable and are therefore worded in a precise
manner. Are astrological predictions so worded or are they vague and
could be made consistent with any result?

• Even if they are tested for success or failure, how often are they success-
ful and how often not? The example of coin-tossing may illustrate the
circumstance that a prediction may turn out correct purely by chance.
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• Is the making of a prediction logical and based on some precisely stated
assumptions?

• Do the successes/failures of a prediction depend on who makes them? That
is, is there objectivity about them?

• Field tests on large samples and their overall success-evaluation have es-
tablished the validity of empirical relationships in physics, which were
subsequently explained by basic laws. What has been astrology’s record
with such field tests?

Ample evidence exist in literature to show why astrology is not a science. It
will be worthwhile spending some part of astronomy education in demonstrating
to children why this is so.

Science teaches rational thinking and the application of the scientific outlook
goes well beyond the laboratory walls. Astronomy boldly applies the laws of
science to the grand laboratory that is our universe. Some natural phenomena
can be awe-inspiring and if not explained scientifically, can lead to superstitions
and irrational thinking. Children could learn how to think rationally and not
get carried away by superstitions, pseudo-science and loose thinking, if they are
given some introduction to astronomy as a science and are encouraged to apply
the scientific criteria to see why astrology is not a science.
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1. Introduction

Mesoamerica is a large zone that includes most of Mexico and Central America.
In that region one of the few written languages was invented. A large civilization
flourished thanks to the discovery of agriculture and the use of a mixture of corn,
beans, squash and peppers that conveys a high nutritional content. In this part
of the world there are mainly two seasons, the dry and rainy periods. The slave
driven civilization that developed in this part of the world consequently divided
the civil year in two, mainly dedicated to agriculture and construction. A good
calendar was needed for central planning and commerce.

2. The Sun

One of the main deities of ancient Mexico was the Sun. It had several repre-
sentations, an eagle that drifts through the sky and the ”Ollin” which means
movement. The eagle is depicted in Mexico’s flag and the ”Ollin” can clearly be
seen in the center of the Aztec Calendar and the ten peso coins. A jaguar was
the symbol for night, the spots representing stars. Warriors dressed like eagles
and jaguars.

In ancient Mexico the sun’s trajectory was well studied. The Mesoamerican
people carefully registered the places where the sun rises and sets during the year.
At mountain surrounded sites they used the silhouette, or carved vertical slots
to mark the exact location of the rising sun. At flat locations they built special
constructions to register such spots. This way the calendar based on the rising
and setting sun was established throughout the region. Mesoamericans also had
a 260 day ritual calendar, that ran parallel to the astronomical one.

Some of the markers are for special events such as the equinoxes are for
the ball game courts. This game was played with a large rubber ball using the
hip to make it go through a stone loop. The days of the equinoxes the sun sets
precisely in the direction of the ball court, and can be seen through the stone
loop.

There were other constructions built to mark this day such as the ”Castle”
at Chichen-Itza where the sun forms shadows showing the descent of a snake
along the pyramid’s stairs. The teacher can bring a souvenir pyramid to the
classroom and light it with a lamp in order to simulate the sun’s movement and
show the way the Maya people could build scale models of their constructions
and orient them in a way that they could be useful for astronomical purposes.

1059



1060 Fierro

Another marker for the equinox in the Maya region is the ”Caracol”, an
ancient astronomical observatory. The name Caracol means snail; this rounded
construction has a spiral shaped hall with several windows that are aligned with
particular celestial events such as the rising of Venus on determined dates of
calendaric importance.

3. The Moon

The Aztecs believed the dark areas of the moon represented a rabbit; they
depicted the Moon as a hare in a pot. In fact the Moon’s diameter is the same
length as Mexico. In Nahuatl, the language of the Aztecs that is still spoken in
Mexico, Mexico means ”the Moon’s navel”. Teachers may use the hare image
to talk about lunar cratering and volcanism.

Once the moon has been addressed the teacher can explain eclipses. He/she
can begin by talking about traditions that are still in order since Aztec times.
For instance during total eclipses pregnant women tie red ribbons around plants
and scissors around their necks ”in order to avoid having a deformed child”
(in pre-Hispanic times an obsidian arrow head was used instead of scissors).
Teachers may explain that the creation of present Mexico City was at the time
of a total solar eclipse. Tenochtitlan was founded on a lake where an eagle (the
Sun) was resting on a cactus plant (this image is part of the Nation’s flag).

The way in which pre-Hispanic people predicted eclipses by carefully ob-
serving the Sun’s and Moon’s trajectories can be explained to students by telling
them that since the paths of the sun and moon form a 5 degree angle, and that
their apparent motion is different, the moon moves slower, one can infer when
the trajectories will cross. It is important to point out the Moon’s rising is more
erratic that the Sun’s and that this jumping of the Moon’s motion was another
reason for attributing the hare as its deity. It is also an invitation for students
to observe its motion.

Part of the rituals included fights amongst eagle and jaguar nights, that I
shall recall symbolized the sun and the night,

4. The Zenith Passing and the Measurement of the Earth’s Circum-
ference

One of the most prevailing characteristics in Mesoamerica constructions is per-
foration drilled in order to observe the zenithal pass of the sun. The ancient
calendar began in May with the first rainfall. The zenith pass is during that
same period. I shall give a few examples. At Xochicalco there is a cavern built
inside one of the pyramids on the main square, where the sun illuminates it
during the zenith pass. By the way at this site an astronomical convention was
held during the XVth century. The different people from all over Mesoamerica
came to decide on calendar matters. This was important for commerce.

At Malinalco, a monolithic pyramid is sculptured from a rock mountain
and the sun illuminates a sculpture of an eagle, the sun representation, during
the zenith pass. At Monte Albn there is a small construction with a different
orientation than the rest of the site, whose staircase points to the pyramid
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dedicated to the zenithal pass. At the same site- and others - there are several
gnomons.

A teacher from this area can use this historical fact to show how these sites
that are at different latitudes could be used to measure the circumference of the
Earth ”á la Erathostenes”. Using a flat strip of foam rubber the teacher can
simulate a flat Earth with obelisks at the same longitude but different latitudes.
He can use the same strip to simulate perforations, that is to say zenith passes.
Erathostenes used an obelisk and a well; the Mesoamericans could have used
perforations. A very good assignment is to use the Internet to have students at
different locations measure the circumference of the Earth by observing which
day the zenithal path occurs at their location.

5. Angular measurements

The ancient people from Mesoamericans were stargazers. Stars were symbol-
ized as eyes. They invented a series of constellations. For instance Orion was
represented as a grinding stone, and the Big Dipper by a kite. They used two
long rods to measure the altitude of stars above the horizon. The angular dis-
tance was determined by pointing one of the rods towards a marker placed on a
ceremonial construction and the other at the celestial object.

This fact gives the teacher a chance to address angular measurements on the
celestial sphere and to describe the way an astrolabe can be used to determine
the altitude of an object above the horizon. A very simple astrolabe can be built
using a compass and a weight.

It is difficult to use maps to locate constellations, mainly due to the small
scale, that the aspect of the sky varies during the night and year, that not
necessarily all the stars shown on the map are in the sky, due to street lights,
etc.

In order to avoid these problems the teacher can draw a couple of constella-
tions on rigid plastic sheets with fluorescent paint. Fingernail polish that glows
in the dark for discos is ideal. The correct scale is about 30 cm for Orion. Local
as well as the conventional constellations can be used. The teacher should only
draw, as many stars as are visible in his particular location. During the night
with the arm that is holding the sheet out stretched the size of the constellation
should be the same as the one on the drawing.

6. Conclusion

Astronomy is a fascinating topic and due to its multidisciplinary nature can be
taught in several ways including those that make more sense to a particular
group of students. In countries that have great historical tradition it can be
employed to help pupils relate to science.

In places such as Mexico, teachers can take the pupils to one of the sites, and
explain naked eye observations, and from there build on to modern astrophysics.
This will enrich the learning process.
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1. Introduction

After the democratization of South African society it became clear that there
was a need to develop a new curriculum. This process started in the early 1990’s
and the implementation of a new curriculum began in 1998. The South African
experience also gives an indication of how best astronomers, and other scientists,
can intervene to maximize their impact.

2. Background

Prior to 1994 there was no national curriculum in South Africa; individual popu-
lation groups had their own schools with differing facilities, resources and teach-
ing capacity. In developing a new curriculum, the South African Department of
Education consulted curriculum developers from New Zealand, Australia, Scot-
land, the USA, Canada and the Netherlands. The resulting curriculum was an
Outcomes Based Education (OBE) structure, similar to that used in Australia
and New Zealand and was known as ”Curriculum 2005” (C2005). It was a
complex document using a structure and language that was unfamiliar to most
educators.

C2005 was implemented in 1998 and shortly afterwards it became clear that
C2005 needed to be reviewed. This was done and resulted in the new Revised
National Curriculum Statement and this is currently being implemented.

3. Curriculum 2005

This is an OBE curriculum which has two bands: the General Education and
Training, GET, band (Grades R - 9) and the Further Education and Training,
FET, band (Grades 10 - 12). The FET band will be implemented in 2006 and
so the focus will be on the GET band. Here the traditional ’subjects’ have been
replaced by eight ’Learning Areas’ (LA’s): Language and Literacy, Mathematics
and Mathematical Literacy, Arts and Culture, Natural Sciences, Human and
Social Sciences, Technology, Life Orientation, and Economic and Management
Sciences. The GET band is divided into three phases: Foundation (Gr R - 3),
Intermediate (Gr 4 - 6) and Senior (Gr 7 - 9

The Natural Sciences LA is sub-divided into four ’Themes’, one of which,
Earth and Beyond, was originally further divided into Beneath the Earth, On the
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Earth, Above the Earth and Beyond the Earth. Here the ’Beyond’ component
was of course ”astronomy” and covers the topics such as lunar phases, seasons,
time and time zones, eclipses, the solar system, stars, galaxies and the evolution
of the Universe.

There are many positives to this new curriculum: it is a National Curricu-
lum. It is learner oriented: the emphasis is on the learner ”doing things” rather
than ”rote learning” as was the case in the past. Assessment is more varied
and multifaceted: learners are expected to ”show” understanding in project and
other work, and is continuously assessed.

4. Comments on C2005 and some South African solutions

When such a large paradigm shift takes place there are bound to be implemen-
tation problems. These are exacerbated because many teachers, who are poorly
trained and under qualified are now expected to deal with totally different les-
son and assessment strategies, in addition to using new text books and other
learning materials.

There are specific problems when a totally new subject/topic such as as-
tronomy is added to the curriculum. It now meant that teachers would need
training; relevant and appropriate resources needed to be developed and sup-
plied. Teachers were already under strain attending workshops in learning how
to cope with C2005 and there was some resistance as astronomy was perceived
to be difficult and had to be done at night. It was a ’specialist’ subject suitable
only for experts.

5. Alternative Strategies

Comparing the South African change with that of Zimbabwe in 1994, after 14
years of independence, shows that evolutionary change is better than revolu-
tionary change: the latter was better in all respects and consistently produced
better results at all levels.

The strategy should be to keep what does not need changing, especially in
maths and science, but to change the curricula of subjects such as language,
history and the social aspects of geography. Where change was needed in other
subjects it must be done in an incremental way. Teachers should be consulted
in the process. They will be empowered by involvement: make them part of the
process, make it their curriculum. It would probably be a good idea to start by
looking at the assessment process as we have found that this impacts critically
on the development of the curriculum.

6. Intervention by Scientists

Few scientists are also educators, particularly at school level. To optimize the
use of this vast pool of expertise, the South African experience has shown that
it is best for scientists to:

• assist curriculum developers with content and ideas,
• collaborate with textbooks authors,
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• work with teachers in developing resources,
• work with teachers at training institutions, and
• liaise with local education departments and officials.

Other interventions are possible even where no curriculum change is taking
place. In any existing chemistry, physics and maths curriculum there is ample
material that can be used, either as illustrative examples or as ’add-ons’ in
topics such as: the inverse square law, spectroscopy, optics, gravitation, nuclear
physics, magnitudes, graphs etc.

Additional interventions are possible by supplying data and ideas to repeat
simple experiments and to give support material for project work.

7. Resources

The Internet is not a resource that is readily available to many people in develop-
ing countries. It is either unavailable, or when available, expensive. Sometimes
it is available in a limited way: one computer per school with a telephone line
with a 54k modem. Much material is written from a ’northern perspective’,
uses complex language and often sites contain poor or bad material which local
teachers are unable to identify.

There is a ”digital divide” and it is widening. Developing countries expe-
rience problems with bandwidth, hardware, software, support and maintenance
and servers.

The Internet does have its place, but it is not the magic solution: it is the
Internet AND other resources, especially tactile ones. What is important in a
developing country is that the resources are cheap, easily reproducible and use
readily available materials.

8. Conclusion

In creating a new school curriculum in a developing country it is worthwhile to
consider the following:

• see what other developing countries have done
• the context in which the new curriculum is being developed,
• to use local, appropriate and relevant material,
• new material, including textbooks, will need to be created/written
• work closely with teachers and local education authorities,
• the process starts on COMPLETION of the new curriculum!

The school curriculum is important and scientists, especially astronomers,
should be contributing to curricula, especially in the teacher training colleges.
But irrespective of the curriculum, if teachers know that astronomy can be used
as a ”vehicle for science education” then they can use astronomy in their teaching
of science and maths.

In South Africa we have what we call “Ubuntu”, or “Motho ke Motho ka
Batho”: “I am because we are, and because we are (therefore) I am”. Education
is about human interaction: computers, textbooks etc are tools used by people;
by themselves they have limited value.
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Fostering Science Education in the Developing Countries

James C. White II

Rhodes College, Department of Physics, Memphis, Tennessee 38112
USA
E-mail: jwhite@rhodes.edu

1. Introduction

Considerable attention is paid to how we teach science and to how our students
learn it. Even though similar questions are asked by scientists and science teach-
ers in all countries, one finds that resources available for science education in
developing countries are often scarce.

Resources for science in general are often quite limited in countries less
wealthy than those of, say, North America or the European Union. Leaving
aside for the moment those resources for scientific research—equipment, com-
munication infrastructure (journals, internet access, etc.), and opportunity for
collaboration with scientists outside the country—one confronts the needs of a
country for the development and advancement of its science education system:
equipment, communication infrastructure (textbooks, internet access, etc.), and
collaboration with science teachers inside and outside the country. That the
needs of the scientific enterprise and those of the education enterprise are so
similar is not surprising, given that good science can enrich teaching and engag-
ing teaching can compel one, student or teacher alike, to ask new questions and,
hence, to conduct new, enriched science.

2. Education Needs

To many policy makers in wealthy and comparatively poor countries alike, en-
riched science education means increased funding, which, in the zero-sum game
of politics, means less money for other national needs. This assumption need
not be true, however.

2.1. Equipment

If one walks into a physical science classroom in the United States, one will
discover lab benches scattered with instruments and shelves filled with scientific
apparatus. The same is not typically true for a science classroom or lab space
in a developing country (DC).

Despite the seemingly endemic electronic devices that whirl and buzz and
spit out data to an associated computer, teachers are again realizing that some
of the most effective demonstrations and laboratory experiences for our students
come from simple, inexpensive sources. As examples, one can use a burning tea
bag to demonstrate convection or a falling feather to investigate air resistance.
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Consider that once the student leaves the classroom, she can locate the same
materials to reproduce the experiment inexpensively for herself.

Rather than considering how best for us to fund equipment purchases for
science classrooms in DCs, we should use “equipment” available locally in the
country—teabags, bits of twine, melons, etc. All we need do is guide teachers
there in its use and in how interpretation of results can enrich the classroom
experience for their students.

2.2. Communication

Educational research and common sense suggest that effective communication
is a critical element in student learning—communication between the teacher
and student, between students, and even between teachers as they discuss what
works and does not work in their classrooms. The internet is clearly an effective
means of bringing teachers and pupils together in non-traditional means—as
example, having electronic office hours after the school is closed for the day—
but one can not assume that the relatively easy internet access one has in, say,
the United States, is available in DCs.

For this reason, standard means of communication, verbal and written,
must still be relied upon for the majority of learning in the developing world.
Textbooks are often the main source of information, too. Recognizing the im-
portance of textbooks, particularly in DCs, a segment of the IAU’s “Teaching
Astronomy for Development” Program Group (Commission 46) worked in 1999-
2001 with Vietnamese astronomers and educators to write and then publish a
new astrophysics textbook.

The first Vietnamese textbook to contain color illustrations, Astrophysics
was written by four Vietnamese astronomers and one American astronomer.
Both Vietnamese and English are used in the text, with Vietnamese language
on left pages facing English translations on the right. Such a design presents
students with the science and also provides them with opportunity to refine their
English language skills and improve their English science vocabulary.

2.3. Collaboration

Discovering what does and does not work in someone else’s classroom can save
one time and effort. Yet fostering communication among scientists in DCs and
with their colleagues in wealthier countries is difficult: technological, cultural,
and language barriers stand ready to aggravate, if not prevent, such dialogue.
The IAU’s Commission 46 facilitates better communication through various ac-
tivities, and the “Teaching Astronomy for Development” Program Group is
charged explicitly with offering assistance, advice, and guidance to science edu-
cators in developing countries. From visits to the countries by foreign scientists
to assisting financially select students from DCs with their graduate educations
abroad, TAD seeks to minimize the loneliness a scientist or science educator feels
in a country with little resources for education and science. Indeed, by offering
advice or services the host country believes it needs, TAD, and the associated
Program Groups in Commission 46, attempts to connect each scientist and sci-
ence educator with the rest of the world—bringing the individual, and his or her
students, into the global scientific endeavor.
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What makes Informal Education (IE) Programs
Successful? A Case History: Total Solar Eclipse 2001 —
Live from Africa

Nahide Craig & Isabel Hawkins

Center for Science Education, Space Sciences Laboratory
University of California Berkeley, Berkeley CA USA
E-mail: ncraig@ssl.berkeley.edu

Evaluation and assessments of informal education programs, small or large,
such as science museum traveling exhibits, interpretive kiosks, hands-on activ-
ities and very large public programs have been challenging due to the diverse
nature of objectives, setups, and expected outcomes of these programs. Almost
all institutions that develop and present IE programs include, in their staff, eval-
uation specialists. However, for very large public outreach efforts, which include
participation of many institutions located across the country, larger evaluation
groups/institutions can contribute more objective and extensive evaluation and
assessment instruments. Such instruments will help to identify whether the pro-
gram was successful and if the learning objectives were achieved. They can also
lead to ’lessons learned’ for future events and serve as possible model evaluation
instruments for informal education institutions/museums/science centers where
the budgets do not allow for contracting independent reviewers. The Eclipse
2001 event was developed and executed with the partnership of the Sun-Earth
Connection Education Forum, (SECEF), The Exploratorium (the Museum of
Science, Art and Human Perception, in San Francisco), and NASA’s STEREO
Mission. American Institutes for Research (AIR), an independent evaluation
company from Boston was contracted to develop and implement the evaluation.
The following Informal Educational Goals were used to guide the event:

• Uses a “hook” to highlight science and engage the public

• Creates an experience where visitors learn and retain scientific knowledge

• Inspires interest in science and scientific exploration

• Provides wide dissemination and high visibility of national scope

Approximately 42,000 people participated in the Eclipse 2001 event at mu-
seums, science centers, and planetaria: a total of 164 institutions worldwide,
including 80 scientists, 71 Girl Scout troops, 15 universities and schools, and
2 mass-media outlets (CNN and NASA TV). AIR developed evaluation forms
and these were sent to all the participating organizations. 972 evaluations from
public participants were received and analyzed. In addition, 37 organizations
and 32 scientists sent in their evaluations. The participants reported learning
more about concepts such as Sunspots, the Solar Corona, the Diamond Ring
Effect, and general information about the Sun. Several institutions mentioned
frustration with technical difficulties, but overall, respondents in all categories
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reported that they enjoyed (a) the broadcast of the eclipse, (b) the hands-on
activities, and (c) interaction and on-line chats with the scientist. The majority
of children and adult participants indicated that they would participate in a sim-
ilar event in the future and evaluations demonstrated a statistically significant
increase in their knowledge about the Sun after the eclipse event. The partic-
ipating institutions wanted their sites to host in the next total eclipse event of
2006. The scientists reported that they were able to discuss their research with
participants, that hosting museums and SECEF had prepared them well before
the event, and that they will participate again in a future event. Scientists
also mentioned that they were motivated to participate because they could turn
kids on to the science, talk to the public, had the opportunity to discuss their
research, and also enjoyed watching the eclipse web cast.

Looking back at our goals, we feel confident that through the Eclipse 2001
where we could not see the event from our locations but ’observe’ it remotely, we
provided the “hook” to highlight science and engage the public for this event.
We demonstrated that we created an experience where visitors indicated they
learned and that this event inspired interest in science and scientific exploration.
Through the science museum connections we provided wide dissemination and
high visibility of national scope. The personal interest of the scientists in the
content, publicity, connectivity to a group, educational value, and the capabili-
ties of using high technology defined the success.

Encouraged by this event we plan future programs, such as Journey to the
Beginning of Time – a video conferencing and web cast in Fall ’03, Venus Transit
on June 8th, 2004, Ancient Observatories in 2005, and the next Total Eclipse
web cast on March 29, 2006. We hope you will participate in any or all of these
programs. For information please visit our website: http://solarevents.org .
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The Role of Science Centres and Planetaria

Nick Lomb

Sydney Observatory/Powerhouse Museum
PO Box K346, Haymarket, NSW 1238 Australia
E-mail: nickl@phm.gov.au

1. Introduction

The school curriculum in many countries includes astronomical topics such as
the seasons, phases of the moon, planets and stars. Yet most teachers at all
school levels do not know any astronomy and have difficulty teaching that part
of the curriculum. Even if they have some knowledge of the subject they may
not have the resources to illustrate it and enthuse their students. One solution is
to take them to a place specializing in astronomy education - a suitable science
center or museum or planetarium or public observatory.

2. What are science centers and planetariums?

These are places that are dedicated to illustrating and explaining astronomical
concepts. There are different types of institutions, though some have elements
of more than one:

• Science centers have interactive or ’hands on’ exhibits. They cover a variety
of scientific subjects that in some cases include astronomy.

• Planetariums project star fields and astronomical images on a curved dome
above an audience.

• Museums have objects and displays. Like science centers they cover a
variety of subjects that in some cases include astronomy.

• Public observatories have telescopes that are available to the public.

3. Why take students to a science center or planetarium?

Teachers take their students to science centers, planetariums or similar places
for a variety of reasons:

• Students can be instructed by someone knowledgeable about astronomy.

• Students will be stimulated by the exhibits, the show, the ambiance.

• Students will enjoy the experience.
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However, teachers may face a number of negative considerations that hinder
them from going to these places:

• It could be expensive to reach the science center. For example, it may be
necessary to hire a bus.

• Teachers of other subjects may not want the students to miss their classes
and so may oppose long excursions.

• An evening visit to a public observatory is out of normal working hours
for teachers.

• Students may ask questions after a visit that the teacher may not be able
to answer. This is a situation a teacher may find embarrassing and so may
want to avoid.

The Powerhouse Museum has found that links to school curriculum are not
always reason for an excursion, but they are important for the teacher to justify
it. Teachers consider that a visit must meet not only academic goals, but social,
cultural and vocational ones as well. They value the opportunity of experiential
learning for their students in contrast to the normal verbal experience of the
classroom yet at the same time they want them ’to see something real’.

4. What do students want at a science center or planetarium?

The Powerhouse Museum recently completed a ’front end evaluation’ for a new
Space Exhibition. The evaluation took the form of a series of representative
members of the public being invited to discuss their attitudes to the subject in
small groups. These ’focus groups’ were conducted for the Museum by a market
research company, Stollznow Research. One group was made up of 14 to 15 year
old lower secondary students. Some results from that group were as follows:

• The students were only interested in what directly involves them. For
example they were interested in what it is like living in space, but only
because they thought that they may have the opportunity to go there in
the future.

• They want exhibits with interaction and still more interaction.

• They would like exhibits that allow them to experience weightlessness
(rather difficult to provide!), go in a spacecraft, etc.

• The best exhibit that the students had experienced was where they could
ride a bike and see how fast they had to ride to make something work such
as a hair dryer.

5. What happens during a visit to a science center or planetarium?

Sydney Observatory provides a good example of a visit to a science center or
planetarium. It is the oldest existing observatory in Australia and is now, as part
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of the Powerhouse Museum, a museum of astronomy and a public observatory.
It has over 80,000 visitors a year, of which around 20,000 are school students. It
has displays of historic astronomical instruments, modern interactive exhibits,
a small planetarium and a 3D theater.

School visits are highly structured with the students divided into groups of
15 or so, each accompanied by a guide-lecturer. During the one and a half hour
visit the guide-lecturer concentrates on the topic, such as the solar system or
the nature of stars, requested by the teacher in advance.

During the visit a variety of experiences are provided to the students. They
can look through the two large telescopes in the building at the Sun (with
appropriate filters) or at a star if it is clear or something near the horizon if it
is cloudy. They visit the exhibition, especially the section on the solar system
as that is generally requested by primary teachers. They also visit the small
planetarium and the 3D theater where they wear polarized glasses to go on a
trip to Mars or a journey around the solar system. Most important of all during
their visit to Sydney Observatory they have the opportunity to interact with a
guide-lecturer and to ask him or her lots of questions.

6. Discussion

Science centers, planetariums, museums and public observatories provide the
interaction and variety of experiences that both teachers and students value on
school excursions. They assist teachers who may not be fully knowledgeable
about astronomy to communicate the subject to their students.

Museums (science centers, planetariums), however, are not efficient places
for traditional ’school-type’ education, that is, for learning specific facts and con-
cepts. The students do not spend enough time on an excursion for that purpose
and are usually too excited to be in a receptive state of mind. Instead, museums
and planetariums are ideal places for providing wonder, for the opportunity of
exploring a variety of concepts and for expanding young minds.

Acknowledgments. I would like to acknowledge valuable discussions with
my colleagues from Sydney Observatory, Toner Stevenson and Jeanie Kitchener.
The Powerhouse Museum experience on learning during school excursions is
taken from the work of Helen Whitty of the Museum’s Education and Visitor
Services and the work of the Museum’s Evaluation and Visitor Research Unit
led by Carol Scott.
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1999.
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This paper briefly discusses surveys of public interest in science (high: above
politics, economics, and finance, but slightly below sports and culture), and the
ways to stimulate interest in science among young people through improvements
in the formal science teaching system. It emphasizes the need to develop pro-
grams of sufficient size to achieve a long-term impact, and obtain the necessary
changes. It describes the strategy and individual activities which ESO has un-
dertaken in the field of science education, and provides an outlook on the future
EIROforum European Science Teachers’ Initiative. Since 1993, ESO has been
involved in 14 different programs for young people, and for teachers. Two pro-
grams are planned for 2004: Venus Transit 2004, and Science on Stage.

ESO’s involvement in science education has been based on a fairly altruistic
attitude, driven by a general concern about scientific literacy among the public
(which is necessary for them to make informed decisions about major socio-
scientific issues), and a realization of the potential for public exploitation of
its rich collection of data and general experience. Nonetheless, the increasingly
precarious recruitment situation for future scientists provides a strong additional
driver for this engagement. In spite of the formal limitations as given by ESO’s
remit, ESO’s willingness to open up for education initiatives and to engage with
the education community has been welcomed by its member-states.

In addressing the problems of scientific literacy and public interest in sci-
ence, we recognize the need for large, co-ordinated programs aimed at different
groups in society, such as professional teachers and young people. Such pro-
grams require investments in money and manpower that exceed the capabilities
of most science organizations. Therefore, co-operation between many partners,
and the joint involvement of science and the education community is called for.

Astronomy is particularly well suited for such activities, thanks to its mul-
tidisciplinary character, and its natural attractiveness for young people. Our
main partners have been: the European Union, the European Association for
Astronomy Education, and the EIROforum (made up of the seven European
Intergovernmental Research Organizations).

Through their consistency, the ESO-backed educational activities are in-
creasingly seen as a “permanent” feature in the move to stimulate the interest
in the natural sciences in general, and astronomy in particular. At the same
time, the catalyst effect of the European Science Week, and the “Science and
Society” program of the European Commission should be acknowledged for en-
abling such activities.

This is the SPS4 Editor’s summary of a longer version of this paper.
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Poster Highlights: Research, Curriculum, and Resources

Measuring the Circumference of the Earth in Primary School.
Emmanuel DiFolco (France). The French program “La Main à la Pate” is leading
an international co-operative project, gathering each year more than 100 schools
all over the world. The project invites teachers and pupils in primary schools
to measure the circumference of the Earth, following the method first developed
by the Greek scientist Eratosthenes, 2200 years ago.

The protocol consists of a series of experimental activities which allow a
progressive approach to the various scientific notions at play (light rays and
shadows, the shape of the Earth, solar noon etc.) Pupils are invited to reproduce
the observations of Eratosthenes, and to adapt the method by developing their
own instruments. Finally, they can compute their own estimate of the size of
our planet by exchanging their measurements easily through the Internet with
other classes from many countries.

We present the progressive protocol and its entertaining activities, as well
as the specific cooperative tools which have been created to help and follow up
the teachers in the course of the project: a scientists’ and trainers’ network, an
Internet forum, and a database where all the measurements gathered can be
exchanged between the participants.

Using Games to Teach Astronomy. Paul J. Francis (Australia). We
all know that astronomical research is a chaotic, sociable, deeply human enter-
prise, full of baffling mysteries, enigmatic clues, and breathtakingly unexpected
conclusions. Abundant evidence suggests that our students see astronomy very
differently. They see it as a lonely activity: a collection of facts (and very pretty
pictures) brought down from the mountain by antisocial “experts” for them to
memorize.

Can we change this false perception? I’ve been experimenting with using
role-playing games in the classroom. I’ve tried these games out on a wide range
of high school and university students. Students play the roles of competing
teams of astronomers, battling to solve some perplexing astrophysical enigma.

Do these games work? Sometimes! When they work well, they really change
perceptions of science, in a way that almost no other teaching technique can
match. But there have been a fair number of embarrassing fiascos along the
way. I will share my experiences, and hard-earned tips for avoiding disasters.

Mission to Mars (MTM) at Bob Jones University. R. Samec (USA).
MTM develops interest in space exploration through a highly realistic, simu-
lated trip to Mars. Students study and learn to appreciate the challenges of
space travel including propulsion, life support, medicine, planetary astronomy,
psychology, robotics, and communication. Broken into teams (Management,
Spacecraft Design, Communications, Life Support, Navigation, Robotics, and
Science), they address the problems specific to each aspect of the mission. Teams
also learn to interact and recognize that coordinated cooperation is needed for
a successful mission.

Critical and Scientific Thinking in Astronomy Courses. Harry Ship-
man (USA). This paper summarizes the results of several studies, many con-
ducted with science education collaborators (Nancy W. Brickhouse, Zoubeida
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Dagher, and Will Letts). We have found that students can and do learn to
appreciate evidence, and many learn how to cite evidence to support scientific
claims. While students can learn the relationship between evidence and core
scientific theories like the Big Bang Theory, their understanding of this rela-
tionship depends on the theory, in contrast to previous assertions in the science
education literature. Students show particular difficulties in understanding the
evidence in support of stellar evolution. Student understanding of the nature of
scientific theories is more problematic. However, teaching sequences constructed
as a result of this research shows some promise. This paper contains specific ex-
amples of teaching strategies used to help students learn critical thinking and
scientific habits of mind.

Poster Highlights: Teacher Education

Astronomical Network for Teachers in Thailand. B. Hutawarakorn,
B. Soonthornthum, S. Poshyachinda, A. Sooksawas (Thailand). We report the
latest development of a pilot project in establishing the astronomical network for
teachers in Thailand. The project is granted by the Institute for the Promotion
of Teaching Science and Technology, Thailand and operated by Sirindhorn Ob-
servatory, Chiangmai University. The objectives of the project are to establish
semi-robotic telescopes which can be accessed from schools nationwide, and to es-
tablish an educational website in Thai language (http://www.astroschool.in.th)
which contains education resources and links to other educational websites world-
wide. The network will play an important role in the development of teaching
and learning astronomy in Thailand.

Astronomy Education in a Primary Teacher Training Institute.
W.R. McIntyre (New Zealand). Teacher self-efficacy for pre-service teachers
is dependent on subject-matter knowledge and pedagogical content knowledge
(PCK). Students who took a paper (course) entitled Spaceship Earth and Be-
yond, in addition to the compulsory science methods paper showed a statisti-
cally positive correlation between their belief that they could teach astronomi-
cal concepts effectively, and their own astronomy understanding. The result is
due mainly to the fact that Spaceship Earth and Beyond specifically addresses
the subject matter knowledge necessary to teach the astronomy in the science
curriculum, and the PCK through the use of the “investigating with models”
approach.

What Should We Teach? Goals for Astronomy Courses for Teach-
ers. Bruce Partridge and George Greenstein (USA). We present a list of broad
goals for university survey courses designed for non-specialists, including future
teachers. Consensus on these goals was reached by leading astronomers and
education experts in the US.

These broad goals are specifically not a prescribed curriculum for university
astronomy courses. We suggest, however, that university courses meeting these
goals would provide excellent training in the methods and values of physical
science for secondary school teachers. They may also provide useful guidance in
the construction of school curricula which have some astronomy content.
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These meetings were sponsored by the American Astronomical Society, and
supported, in part, by the US National Science Foundation. The full report can
be found at:

www.aas.org/education/aasprojects/101-FinalReport.pdf

Poster Highlights: Remote/Robotic Telescopes

The Faulkes Telescope Project. P. O’Brien (UK). The Faulkes Tele-
scope Project is constructing two 2m robotic telescopes to be located in Hawaii
and Australia. Available from 2004, these will be the world’s most powerful
telescopes dedicated to education. The University of Leicester, and Liverpool
John Moores University will provide optical spectrographs for the telescopes
to encourage school usage of this unique facility. To illustrate the telescopes’
research-level capability, we will also use the spectrographs to study gamma-ray
bursts, the most powerful explosive events in the universe. These will be iden-
tified by the NASA Swift satellite, due for launch in early 2004. These data
will also be made available to schools, thereby raising the profile of physics and
astronomy in the educational community.

http://www.faulkes-telescope.com

Observing across Continents. Nick Lomb (Australia), Dan Klingle-
smith III and Jim Kotoski (USA). Real-time use of remote telescopes can bring
the excitement of professional observing into the classroom. By linking with
remote telescopes across time zones and continents, it is possible to carry out
observations during normal school hours. We have been collaborating to provide
real-time telescope observing to students on both continents.

We have found that real-time observing is an exciting experience for the
students, and it gives them ownership of their observations. The presence of
an observer at the telescope in text communication with the students greatly
enhanced their experience.

Teaching Astronomy and Telescope Use in a High School. Yuki-
masa Tsubota, Naoki Matsumoto, Minoru Omote and Takeshi Satoh (Japan).
Our recommendations are as follows: (a) Small telescopes should be introduced
in a high school considering the national curriculum of Japan; (b) Internet As-
tronomical Observatory (iAO) should be utilized after direct experience with
astronomical observation. It turned out through our activities that iAO should
have a wide-field sky camera in order to show the movement of the constella-
tions. These may be fixed ones that are directed to different direction such as
east, south, west, and north. The real motion of the stars is slow so the snapshot
at every hour can be stored and viewed though the Internet.
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