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THE NATURE OF FLAT SPECTRUM SOURCES
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Abstract. Nonthermal radio sources near the Galactic Center with flat or
weakly inverted spectra (S(w) o w® with a2 0) are attributed to optically
thin synchrotron emission from a hard electron energy spectrum, N(¢)
e~ ® with a =1 - 2a <1, produced by Fermi acceleration or diffusive shock
acceleration at multiple shocks combined with a synchrotron pile up. This
basic mechanism is also plausible for flat-spectrum AGN.

1. Introduction

Flat radio spectra, S(w) «x w® with a2 0, in some classes of AGN have been
attributed to self absorption (e.g., Kellermann and Pauliny-Toth 1969). For
the self-absorption peak to extend over at least a decade in frequency re-
quires specific geometric properties in the source (e.g., Marscher 1977). This
‘cosmic conspiracy’ model (Cotton et al. 1980) is not consistent with inter-
ferometric data. Moreover, there are nonthermal sources with flat spectra
in the Galactic center (GC) region (e.g., Yusef-Zadeh 1989) which are not
plausibly self-absorbed. The simplest interpretation of these GC sources is
in terms of optically thin synchrotron emission due to a hard electron spec-
trum, N(e) = Ke™° with a <1 (e.g., Anantharamaiah et al. 1991). Such an
interpretation also needs to be considered for flat-spectrum AGN.

How can such hard electron spectra be produced? Diffusive shock accel-
eration (DSA) at a single strong shock cannot produce such a hard spec-
trum even when combined with synchrotron losses. It is suggested here
that such hard spectra are produced through multiple DSA (DSA at mul-
tiple shocks), or Fermi-like acceleration, combined with synchrotron losses
during the acceleration process.
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2. Flat spectrum due self absorption

The ‘cosmic conspiracy’ model for flat spectra requires that S(w) depends
on the size of the source, described by the radius r in a conical model, only
in the combination wr. The model requires a source with an area 4 « 72,
thickness L « 7, a steady outflow implying K « 772 and an azimuthal
magnetic field B o« 7}, The flat spectrum extends over the frequency range
determined by the range of » where the model is valid. The model implies
that the linear size of the source is inversely proportional to frequency,
which is not supported by interferometric data (Cotton et al. 1980).

3. Flat spectrum sources near the Galactic center

The flat spectrum sources in the GC region include linear filaments ~
30 pcx 1 pc oriented nearly perpendicular to the Galactic plane, and threads
~ 30pc x 0.5 pc (Yusef-Zadeh 1989). These sources are well removed (by
tens of parsec) from the compact source Sgr A*, which has some AGN-
like properties. Spectral indices, measured for w/27 = 0.3 — 1.5 GHz are
in the range a ~ 0 — 0.3. The magnetic field in these sources is relatively
strong, B ~ 1073 — 1072 G, implying synchrotron lifetimes <10%yr. These
properties favor a model based on in situ acceleration due to shocks or
large-scale turbulence (Anantharamaiah et al. 1991).

4. Hardest electron spectra from acceleration alone

Optically thin emission produces a flat spectrum, a2 0, fora =1 — 2a <1.
DSA at a single nonrelativistic shock produces a spectrum with a = (r +
2)/(r — 1) > 2 for a compression ratio »r < 4, implying a < —0.5. A
relativistic shock can produce only a slightly harder (a > 1.7) spectrum
(Heavens and Drury 1989).

Both Fermi acceleration by MHD turbulence and DSA at many shocks
are statistical in character and may be described in terms of diffusion in
momentum space. DSA at many shocks implies systematic energy gains
at each shock, and adiabatic losses between the shocks (e.g., Achterberg
1990; Schneider 1993). When synchrotron losses are included, the energy
spectrum evolves according to
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where the Fermi acceleration and the synchrotron loss rates are given by
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respectively. Here (§B/B)? = Wiu/Wpg is a measure of the level of the
turbulence and @ is its mean frequency, or is determined by the frequency
with which shocks are encountered, o7 is the Thomson cross section, v4 is
the Alfvén speed and W is the magnetic energy density.

In the absence of synchrotron losses, the asymptotic solution for injec-
tion at ¢ = €9 has N(¢) « €% for € < ¢g and N(eg) x ¢! for € > ¢o.
Both analytic (Achterberg 1990; Schneider 1993) and numerical (Melrose
and Pope 1993) calculations show that the asymptotic spectrum for DSA
at multiple shocks is also a = 1. Thus either Fermi acceleration or DSA at
multiple shocks can account for a nearly flat synchrotron spectrum, a <0,
but not for an inverted spectrum, a > 0.

5. Synchrotron blocking

Synchrotron losses combined with acceleration can lead to a pile up at
€pu = |€syn|/V.4, where the average energy gain due to acceleration balances
the synchrotron loss. The pile up occurs only if the spectrum is already
hard, a < 2 (e.g., Melrose 1980, p. 110), and so is not possible for DSA
at a single nonrelativistic shock, but is possible for Fermi acceleration or
multiple DSA. The pile up hardens the spectrum toward N(¢) « &2 below
€pu- However, in a weak pile up the spectrum should be closer to a = 1
than @ = —2. The resulting synchrotron spectrum has a = (1 — a)/2 for
a>2/3and a = 1/3 for a < 2/3 below a peak frequency, wp,,x, determined
by the typical emission frequency of an electron at ¢p,.

6. Idealized Model

Such a hard spectrum forms only when the acceleration is driven hard
enough to cause a synchrotron pile up. A simple model for the maxi-
mum power input into relativistic particles involves an initial flux of Alfvén
waves, e.g., due to a Kelvin-Helmohtz instability, with é B ~ B. A turbu-
lent cascade transfers this energy to smaller scales where Fermi accelera-
tion becomes effective (Bicknell and Melrose 1982). If synchrotron block-
ing is important, the power then goes directly into synchrotron emission
due to electrons at ~ ¢p,. The following model incorporates these ideas.
1) The power input in turbulence or shocks is Woub = n1(va/L)Wpg where
m = (6B/B)? = Wiu/Wh is of order unity. 2) Synchrotron losses bal-
ance this power input, implying Wiy = 3 orc Wp npyu(epu/mec?)?, where
Npy is the number density of particles at ~ epy. 3) The pile up energy is
related to the maximum frequency, epu/mec2 ~ (wmax/ﬂe)l/z. 4) There is
equipartition of energy, nyueépn = 72Wp, with 77 a constant of order unity.

For the GC filaments relevant input parameters are wp,,x/27 ~ 30 GHz,

© International Astronomical Union ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1996IAUS..175..423M&amp;db_key=AST

BIAUS, CI75: J4Z3M0

rt

426 D.B. MELROSE

L ~ 1pcand B ~ 1072 G. The model then requires v4/c ~ 10~2? which is
plausible. The emission is optically thin as the model requires. For AGN
a pile-up model was applied to infrared/optical emission by Schlickeiser
(1984). This requires that wpax/27 ~ 1013 Hz be higher for AGN than for
the GC sources. Such an AGN source would then be optically thick at radio
frequencies and one needs to modify the model either by including multi-
ple sources or by assuming a smooth r-dependence (cf. Marscher 1977).
A smooth model is similar to the ‘cosmic conspiracy’ model, but differs
from it in an important way. Provided that S(w) increases with increas-
ing r, optically thin emission dominates the observed emission and there
is no implication that the source size should be a strong function of radio
frequency.

7. Conclusions

The formation of hard electron spectra due to Fermi acceleration or multiple
DSA coupled with synchrotron losses is plausible for flat or weakly inverted
synchrotron spectra in the GC region and in AGN. The mechanism needs
to be explored in more detail.
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