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ABSTRACT

The evolution of a distribution of electrons is followed after they are injected impulsively at the top of a
coronal magnetic loop, with the objective of studying the plasma instabilities which result. At early times the
downgoing electrons have beamlike distributions and amplify electrostatic waves via the Cerenkov resonance:
we find the anomalous Doppler resonance to be less important. Slightly later, while the electrons are still
predominantly downgoing, they are unstable to cyclotron maser generation of z-mode waves (with w, < Q) or
to second harmonic x-mode waves. This instability has not been recognized hitherto; it may be more impor-
tant than the widely recognized cyclotron maser instability which develops only after the electrons have reflec-
ted and have an upward-directed loss-cone anisotropy. We discuss the energetics of these instabilities,
including saturation effects and heating of the ambient plasma. It is suggested that coalescence of two z-mode
waves generated by cyclotron maser emission of the downgoing electrons may produce the observed micro-

wave spike bursts.

Subject headings: particle acceleration — Sun: flares — Sun: magnetic fields

I. INTRODUCTION

Skylab XUV observations of solar flares (Cheng and Widing
1975) suggest a simple model in which impulsive energy release
occurs at the top of a magnetic flux loop in the solar corona.
Energetic electrons injected at the top of the loop propagate
down the legs of the loop and radiate the observed microwaves
and hard X-rays of the impulsive phase. Several different
plasma instabilities have been suggested in connection with
these electrons. One class involves electrostatic waves gener-
ated by a downgoing beam of electrons either via the Cerenkov
resonance (e.g., Vlahos and Papadopoulos 1979; Sharma,
Vlahos, and Papadopoulos 1982; Vlahos, Sharma, and Papa-
dopoulos 1983) or via the anomalous Doppler resonance (e.g.,
Kuijpers, van der Post, and Slottje 1981; Holman, Kundu, and
Papadopolous 1982). This class of instability is driven by a
positive gradient in parallel velocity v,. Another class of insta-
bilities involves magnetoionic waves generated by reflected
(ie., upgoing) electrons with a loss-cone anisotropy (e.g.,
Holman, Eichler and Kundu 1980; Melrose and Dulk 1982a;
Sharma, Vlahos, and Papadopoulos 1982). This so-called
“cyclotron maser ” class of instability is driven by a positive
gradient in perpendicular velocity v,. In most existing treat-
ments of these instabilities the local form of the distribution
function, including the relevant gradients in velocity space, is
simply assumed. Various idealized beam and loss-cone dis-
tributions have been assumed, as well as some more specialized
distributions such as the hollow-beam distribution (Wu and
Freund 1984).

Our purpose in this paper is to formulate and analyze a
model for the evolution of the distribution of the injected elec-
trons with the object of identifying all the relevant instabilities
which develop. A new result is that a cyclotron maser insta-
bility is possible for the downgoing electrons. This instability
has characteristics quite different from the cyclotron maser
instabilities considered previously in this context. It has been
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argued that observed microwave spike bursts are due to cyclo-
tron maser emission (Melrose and Dulk 1982b; Sharma,
Vlahos, and Papadopoulos 1982), and that the heating of
coronal soft X-ray emitting plasma may be due to absorption
of this radiation (Melrose and Dulk 1982a 1984). This alterna-
tive form of cyclotron maser emission could play a role in both
these applications.

The question as to whether the injected electrons are
thermal (i.e., heated) or nonthermal (i.e., accelerated) has been
addressed by comparing X-ray observations with microwave
observations in the context of the model (e.g., Crannell et al.
1978; Dulk, Melrose, and White 1979). This distinction is not
particularly important in the present application where the
form of the resulting electron distribution is dominated by
propagation effects and the geometry of the flux tube. We
assume an initially Maxwellian velocity distribution.

We proceed as follows. In § IT we formulate a model incor-
porating the magnetic field geometry and the dynamics of the
energetic particles. This enables us to calculate the forms of the
distribution function which result in the legs of a flux loop after
a region at the top of the loop is heated. At early times the
distributions resemble beams as expected, and we calculate the
properties of radiation at the Cerenkov resonance from these
beams in § III. At later times the distributions resemble a ring
segment, and they are then unstable to cyclotron maser action.
This process is discussed in § IV, where we show that the
z-mode is likely to be the fastest growing mode, in contrast to
the case of the loss cone distribution. This result depends only
on features of the model due to propagation effects, and should
be insensitive to the details of any model used. Numerical
calculations of the amplification of the magnetoionic modes
are presented, and the general dependence of the growth rates
on the model parameters is summarized. Growth of waves at
the anomalous Doppler resonance is discussed in § V. The
amount of energy radiated by the energetic particles will be
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limited by saturation effects, and these are discussed in § VI. It
is found that of the order of 10% of the particle energy can be
transferred to the wave modes, and it is important to under-
stand what happens to the energy. Dissipation of the waves is
discussed in § VII. The most likely consequence is heating of
the ambient plasma in a layer around the flaring flux tube
which is closer than the second-harmonic layer heated by the
loss-cone radiation. The possibility of observing radiation
from maser action in downgoing particles is also discussed in
§ VII The results are summarized in § VIIL.

II. EVOLUTION OF THE PARTICLE DISTRIBUTIONS

The evolution of the velocity distribution function as the hot
electrons propagate away from the heated region has been
discussed elsewhere (White, Melrose, and Dulk 1983; see also
Kovalev and Korolev 1981). Here we briefly summarize the
results. The approach is to solve Liouville’s equation for the
evolution of the distribution function, f(r, p, t):

of of of

A, = pr - = F LY 47 t s 1

attatt . p, 1) 1)
where F is a source term describing the rate at which energetic
particles are created. The method of characteristics is used to
solve equation (1). This requires that we first find the single
particle orbits by solving the equation of motion

dv ¢

m e vx B. 2
The magnetic field is assumed to vary with distance z measured
along the field line away from the heated region. The magnetic
field is assumed to be weakest at the top of the flux tube where
the flare occurs, and increases toward the feet of the flux tube
(accordingly, the magnetic field lines converge toward the
footpoints). The model may easily be changed to accomodate a
release site elsewhere in the flux tube. We omit electric fields
from the model. The effects of twisting of the field lines are
omitted from the calculations: they may be simply included in
a qualititative fashion, and are discussed at the end of this
section. We assume a specific form for the dependence of the
magnetic field on distance z:

2

B(z) = Bo<1 + %) , 3)

where d is a scale length for variations in the magnetic field.
The form (3) is a good approximation to a magnetic dipole
field.

Assuming that the gyrofrequency gives the fastest time scale
for variations the equation of motion (eq. [2]) may be solved
with equation (3) to show that v and sin? «/B(z) are constant,
where « = tan~! (v,/v,) is the pitch angle of the particle, and
that the position of the particle on the field line varies accord-
ing to
@

z(t) = d cot a, sin [w&)] .

d

Here t, may be interpreted as the first time that the particle
crosses z = 0 after heating occurs, and «, is the pitch angle
there. According to equation (4), the motion of an electron
in the flux tube is periodic, with “bounce period” T = 2n(d/
v sin a,). The maximum distance traveled away from z = 0 is
d cot «,, at which point the particle pitch angle is 7/2 and the
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particle mirrors. For the solution of Liouville’s equation it is
more convenient to express the solution of equation (2) by
writing the position of the particle at t = 0, z,, in terms of its
position at a later time. Inverting equation (4) one finds that

vt v, . vt
Zy = Z COS [\/ﬁ] —J@*+z?» Z sin [\/ﬁ] .
&)

Two types of source term were discussed by White et al.
(1983): an impulsive source, where a region at the top of the
flux tube is suddenly heated at ¢ = 0; and a continuous source,
which corresponds to continual injection of particles at z = 0.
Here we are interested in radiation from particles at early
times, typically less than a characteristic bounce period, when
particles are predominantly downgoing. White, Melrose, and
Dulk (1983) showed that the radiation characteristics of the
two types of source are similar at early times, and we only
consider the impulsive case here. The impulsive source term is
taken to be

F(r, p, 1) = Nfo(v, cos 20)G(z0)(t) , (6)

where N is the number density, f, describes the velocity dis-
tribution of the energetic particles, and G(z,) describes the
spatial distribution of the heated plasma. Here we take

G(zo) = exp (—z3/2L) ;

L is roughly the scale length of the heated region. In our model
fo is taken to be an isotropic Maxwellian distribution. For
another model of electron heating, such as runaway acceler-
ation in an electric field, a different choice of f;, is appropriate.

With equation (6), the solution of equation (1) is just a
restatement of Liouville’s theorem that phase space density is
conserved: the probability density at a point (z, v, &, t) in phase
space is the same as it was at (zq, v, d, ¢ = 0). Thus

f(r, p, t) = Nfy(v, cos 2)G(2) . @)

It is straightforward to include the effects of a strongly scat-
tering atmosphere at the foot of the flux tube which leads to the
formation of a loss cone in the distribution of upgoing particles
(White et al. 1983). However, for the early times after the flare
which we consider here, the loss cone features are not impor-
tant (see below).

The solution (eq. [7]) (also derived by Kovalev and Korolev
1981) allows us to investigate the distribution of particles at
heights in the flux tube away from the heated region at times
after heating commences. Examples are shown in Figures 1
and 2. At a fixed height, at early times the particles present
predominantly have small pitch angles and the distributions
resemble a beam travelling down the field line (Fig. 1); then
particles which arrive later tend to have larger pitch angles but
greater speed and the distribution takes on the appearance of a
ring segment (Fig. 2; additional examples may be found in
White, Melrose, and Dulk 1983).

Note that Figure 2 includes significant numbers of energetic
particles which are traveling back up the flux tube toward the
heated region (negative v,). These particles have already mir-
rored below the observation point. The magnetic field at the
mirroring height of any given particle in Figure 2 may be
estimated using conservation of magnetic moment, sin? «/B(z).
In the calculations of Figure 2, and the rest of the paper, we
have assumed that the flux tube has a half-length of
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F1G. 1.—Velocity distribution of electrons at the height z = 2d in a flux
loop with impulsive heating of electrons in a region at the top of the loop, at
the time ¢t = 0.5d/v;. Axes are v, (horizontal) and v, (vertical), and they are
labeled in units of the thermal speed of the energetic particles, v;. The spatial
distribution of the impulsive heating is Gaussian with a scale length L = 0.25d.
The velocity distribution of the electrons in the heated region was taken to be
Gaussian, and a “cold ” component is shown, at the same density as the heated
electrons in the heated region and with 1/10 the thermal speed. Adjacent
contours differ by a factor of 10, and the highest contours of the cold com-
ponent are not shown. The right-hand side of the diagram contains downgoing
particles (where “down ” refers to the direction of travel away from the heated
region and toward increasing magnetic field).

z = h = 4d, and that scattering removes those particles which
reach the foot of the flux tube. Thus in our model B changes by
a factor of about 17 (see eq. [3]) from the apex of the loop to
the foot. This is compatible with studied cases. For example,
Loughhead, Wang, and Blows (1983) analyze three observed
loops which are well fitted by buried-dipole models. They find
that the ratio of the distances of the loop apex and the loop
footpoint from the dipole varies from 2.5 to 4.5 for their cases,
implying a difference in magnetic field between loop apex and
footpoint varying from about 2.5 =16 to 4.5° =90. For
information we note that the mirrored particles with the smal-
lest pitch angles shown in Figure 2 mirrored at a height where

Vi

ﬁl‘\

’ L

' 2
FiG. 2—Velocity distribution at z =d at the time ¢ = d/v;, with other
parameters identical to Fig. 1. Distribution now resembles a ring segment.
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the magnetic field was ~4 times its strength at the loop apex.
That the mirrored particles should be regarded on an equal
footing with the downgoing particles is shown by the following
discussion.

The fundamental shape of the distribution may be described
generally by considering the case L =0, ie., when initially
there are only hot particles at z = 0. Then equation (5) implies
that

x=ycot(y, ®

with
x =u,t/z ©)

and

vt

= 10
y @ (10)
The distribution has the same shape at all heights, described by
equation (8), but with the parameters evolving with time
according to equations (9) and (10), and the particle density
fixed by fo(v). Allowing a spread in z, then simply leads to'a
spread in velocity space about the line (8), as shown in Figures
1 and 2. It should be apparent that since equation (8) arises
from the single particle orbit (eq. [5]), essentially the same
shape appears in the distributions due to a continuous source.
Note that equation (8) with equation (9) does not distinguish
between positive and negative v,; i.e., upgoing and downgoing
particles are incorporated on the one curve.

The shape described by equation (8) is a representation of
the effects of propagation on the velocity distribution: particles
with small pitch angle and low speed arrive at given height at
the same time as particles with larger pitch angles but greater
speed. We argue that while the exact shape corresponding to
equation (8) varies depending on the form of B(z) used in the
model, the effects of propagation on the distribution described
above should be model independent, and are always likely to
lead to distributions of similar form provided that the particles
travel toward increasing magnetic field. Ratner (1976) con-
sidered the evolution of velocity distributions on field lines in
the Jovian magnetosphere and reached a similar conclusion.
Distributions with the characteristics described above have
been measured by satellites in the Earth’s auroral zones
(Omidi, Wu, and Gurnett 1984). As we show in the next
section, these distributions are unstable to growth of plasma
waves.

Before proceeding we briefly discuss the effects of scattering
and field-line twisting. The mean free path of an electron with
speed 4 x 10° cm s™! (corresponding to a temperature of
108 K) in a plasma of 10'° cm 3 is ~ 14,000 km, i.e., about the
length of a flaring flux tube. We may therefore ignore Coulomb
scattering. (It will be important for the slower particles, and is
discussed by Kovalev and Korolev 1981). Wave scattering is
important for saturation, and is discussed in § VI. Field-line
twisting increases the distance a particle travels along a field
line for a given change in height, and thus will affect the value
of the scale length L. In addition, it causes a drift velocity v2/Qr
(r is the radius of curvature or twisting of the field line; e.g.,
Northrop 1963) across the field lines, but this is small for plaus-
ible coronal parameters and may be neglected.

The most important alteration to the distributions discussed
here is likely to arise from heat conduction fronts. These occur
as the plasma tries to limit the energy and particle flux out of
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the heated region (Brown, Melrose, and Spicer 1979; Vlahos
and Papadopoulos 1979; Smith and Brown 1980; Batchelor et
al. 1985). The temperature gradient across the conduction front
generates an electric field which prevents electrons with paral-
lel velocities less than ~ 3v; from passing through. A signifi-
cant fraction of the hot electrons will escape before the
conduction fronts are established, and their distributions
evolve as described above. Once the fronts are effective, the
electrons that do penetrate the conduction front have lost a
large amount of momentum parallel to the field, and their pitch
angles are correspondingly increased. These particles have
higher mirroring points than they would otherwise. Because of
their increased pitch angles, these particles are more likely to
form ring-segment distributions than beam distributions, thus
favoring growth at the cyclotron resonance (§ IV). Electrons
confined between the conduction fronts have a relaxed velocity
distribution and are stable to wave growth. However, the
relaxation process replenishes the supply of particles with v, >
3v which can escape through the conduction fronts. Hence the
conduction fronts will decrease the rate at which energy
becomes available for wave growth, and tend to favor ring-
segment distributions outside the heated region.

In this section we have demonstrated that beam and ring-
segment distributions in downgoing particles are a natural
consequence of the heating of plasma at the top of a flux tube.
Such distributions are unstable, and may radiate a significant
part of their energy as waves. We consider amplification at
the Cerenkov resonance (§ III) and the cyclotron resonances
§§IV-V).

III. WAVE GROWTH AT THE CERENKOV RESONANCE

In this section we investigate the growth of waves at the
Cerenkov resonance due to the velocity distributions calcu-
lated in the previous section. For the application to flare
energy release in the solar corona we assume that w, < Q. Ina
magnetic field the Cerenkov resonance takes the form

w=kuv,.

(11

We use the growth rate formulae for a magnetic field (e.g.,
Melrose, Ronnmark, and Hewitt 1982). The growth rate is of
the form

T(k) = JcﬂpAo(p, K3(@ — k. vk, %f(p) . W

where A, is a positive parameter. The form of equation (12)
implies that growth of waves can occur when df/dp, > 0 on the
line of constant parallel velocity, v, = w/k,. Inspection of
Figures 1 and 2 indicates that at early times this condition is
satisfied for values of v, just below v, = z/t. However, when the
distribution is ringlike, there are regions where the gradient is
negative on any line v, = constant.

On the basis of this discussion it is apparent that growth at
the Cerenkov resonance is important at early times in the
development of the flare, when the particle distributions away
from the energy release region resemble beams. The modes
likely to be excited by a beam in a plasma with Q > w, are
longitudinal modes. The fastest growing mode is the resonance
of the whistler mode, called the “slow plasma wave” in this
context (Kuijpers, van der Post, and Slottje 1981). Ion-sound
waves cannot be amplified by hot electrons, and upper hybrid
waves have lower growth rates than the slow plasma wave (e.g.,
see Akhiezer et al. 1975, p. 69; Lin et al. 1984). The dispersion
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relation of the slow plasma wave is (Melrose 1980, p. 266)
3 kZv?
cu=a)p|cos(9|<1+§—c—02—> (13)

for a wave with wavevector k at an angle 6 to the magnetic
field. In equation (13) v, is the thermal speed of electrons in the
background plasma. We have calculated the growth rate of the
slow plasma wave numerically for the distributions of § II at a
variety of heights and times. For conditions plausible in the
solar corona the growth rates are generally large. The proper-
ties are summarized in Figures 3-6.

The heated plasma is assumed to be at a temperature of
108 K, and the effect of a background plasma at 10° K is
included in the calculations. The hot plasma density in the
heated region is assumed to be diluted for the calculations by a
factor 1072 compared to the cold plasma density at other

~ heights. The growth rate is found to be linearly proportional to

the hot particle density, indicating that (as expected) the
damping by the ambient plasma is small at these large phase
speeds. ‘

In Figure 3 we present the dependence of the temporal
growth rate (in the dimensionless form I'/w,) as a function of
the parallel wave-vector, k, vr/w, (vy is the thermal speed of the
hot electrons), for the particular choice of parameters z/d = 1,
vpt/d =0.5,L/d = 0.25,and X, = 02/Q* = 0.06 (these param-
eters give a distribution which is intermediate in curvature
between Figs. 1 and 2). The growth rates are largest at
kvp/w, = 1, for small values of 0.

Figure 4 shows how the growth rate at a fixed angle
(0 = 10°) varies with wave vector at a fixed height for different
times. The wave vector of maximum growth increases with
time, reflecting the fact that the average velocity of the particles
present decreases with time. As time increases the distributions
look less like a beam and the growth rates diminish.

In Figure 5 we plot the maximum growth rates (with respect
to the wave vector) as a function of 6 at fixed z and ¢, for several
values of X, = w/Q? Note that, particularly at small angles
where = w,, the maximum growth rate is nearly indepen-
dent of X, and hence of the magnetic field.

Finally, in Figure 6 we plot the maximum growth rates as a
function of the size of the initially heated region, L, at a fixed
height and time, for certain values of 6 and X ,. Variation of L
changes both the gradient of the distribution of parallel velo-
cities and the number of hot particles present in the flux tube.
At small L the growth rate increases with L because more
particles are present. At large L the maximum growth rate
diminishes with L because the gradient is lessened.

In conclusion, we have shown that at early times after energy
release at the top of a solar flux tube where X; < 1, growth
rates of slow plasma waves with w =w, are large (just
as Langmuir waves are strongly amplified by beams when
X, > 1). The growth rates should be large enough for the
waves to saturate by some nonlinear mechanism: this point is
discussed further in § VI. As time increases the distributions
look less like a beam and growth rates at the Cerenkov reson-
ance diminish. Growth rates at the gyroresonance are then
strong. These are considered in the next section.

IV. ELECTRON CYCLOTRON MASER GROWTH RATES

In this section we investigate the growth rates of the magne-
toionic modes due to amplification at the gyroresonances. We
begin by outlining enough of the details of cyclotron maser
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FiG. 3—Growth rate of slow plasma waves at the Cerenkov resonance due to distributions of the form considered in § II. The growth rate I at various wave
vector angles 0 is shown as a function of parallel wave vector k,, in units of w/v;. The relation I' > 0 corresponds to growth of waves: the growth rate is plotted in the

form —log,, (I'/w,), and waves are damped outside the regions shown. Distribution parameters are z/d = 1, v, t/d = 0.5and L/d = 0.25,and X, = 0.06.

theory (Melrose, Ronnmark, and Hewitt 1982) to describe the
general characteristics of the amplified waves.

The growth rate for a given distribution f(p) at the sth har-
monic of the gyroresonance takes the form

Q 3 9 — sQ
T(k) = J PpAp, k) (Z_l % +k, %)5(%) , (14)

where A, (positive) is given in Melrose, Ronnmark, and Hewitt
(1982). The é-function implies that one integrates around an

ellipse in velocity space with center at

n,

V,=Vg=—5—5—C
z n? +s2y? "’

semimajor axis (parallel to the v, -axis)

v n? +s*Y? —1 1/26
T\ n2 45272 ’

- logip (T /w))

D

vr1/d=0.25 |

VTT/d=O.5 =
vy1/d=10

1

O 1.0

2.0
szT/w

(15)

(16)

F1G. 4—Evolution of the growth rate of slow plasma waves at the Cerenkov resonance due to the distributions of § II. Format of the figure is as in Fig. 3: the
growth rate at § = 10° is shown at 3 times after the heating event, as labeled. Other parameters are as in Fig. 3.
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30°

60°
8

F1G. 5—Plot of the maximum growth rate of slow plasma waves, with respect to wavenumber, at a particular height and time in the flux tube, as a function of the
wave angle 6. Growth rates for several values of the plasma parameter X, are plotted. Curves are essentially indistinguishable at small angles, indicating that the
magnetic field is not important in that range. Parameters used to calculate the distribution function where z/d = 1, v, t/d = 0.5,and L/d = 0.25.

and eccentricity

n: 1/2
¢= <nf + s2Y2> : (17)
Here n, = n cos 0, where n is the refractive index of the mode,
and Y =Q/w. Growth occurs for waves whose ellipses lie
mostly in regions where df/0v, > 0. Inspection of Figure 2 sug-
gests that the distributions will give largest growth for ellipses
which are nearly circular and satisfy the condition V > |v,].
Nearly circular ellipses occur in the “semirelativistic” limit
of cyclotron maser theory (Hewitt, Melrose, and Ronnmark
1982), valid when n, < 1. From equation (15) it is apparent
that small eccentricity implies small v,; then the condition

V2 > v3 in this limit takes the form

(1)2

SoE<1-n. (18)

Consider the magnetoionic modes near ® = Q when Q > w,.
The x-mode only exists at frequencies above its cutoff, w, = Q

®?%/Q; the z-mode only exists below its resonance at
cu+(é)) =Q + jw? sin® 6/Q; and the o-mode exists above its
cutoff at the plasma frequency. For the x-mode, w/Q > 1, and
so at s = 1 only the z and o modes can satisfy equation (18).
Since emission by electrons tends to favor the right-hand-
polarized mode, we conclude that growth should be largest in
the z-mode, at frequencies w < Q. The wave vector angle 6

L

8 =80°

0O ol

|
02

03 04
L/

0.5

F1G. 6.—Plot of the maximum growth rate (with respect to wavenumber) of slow plasma waves as a function of the size of the heated region, L, for certain values
of X, and the wave angle 6. Distribution of particles was evaluated at the height z = d when ¢ = 0.5d/v,.
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FiG. 7—Domains of growth of the z-mode via the cyclotron resonance for a distribution of the form considered in § II. Regions of growth are shown as hatched
areas on the frequency angle (w/Q vs. 6) plane. Angles greater than 90° correspond to upgoing wave vectors (i.e., relative to the direction of the magnetic field the
wave vectors point back toward the heated region). Direction of the group velocity of the z-mode, and hence of energy transfer, is generally not the same as the
direction of the wave vector; e.g., see Hewitt, Melrose and Dulk (1983) and White (1985). The resonance frequency of the z-mode, w . (f), is shown as a line which is’
interrupted by the region in which there can be no resonance between z-mode waves and the particles [at angles near 90° and frequencies Q < w < . (6)].
Distribution corresponds to z = d and t = d/v;; other details are given in the text. Maximum values of the dimensionless spatial damping rate R = I'c/Qu, are

shown.

must be close to 90° in order to have n, < 1. At the second
harmonic the x-mode can satisfy equation (18), and it should
be the fastest growing mode there. Note that distributions with
these characteristics have not previously received much atten-
tion. The emission characteristics of the more commonly
invoked loss cone and DGH distributions are quite different:
ellipses with | v, | > V give the largest growth, which favors the
fundamental x-mode and the z-mode at w > Q (Melrose and
Dulk 1984; Melrose, Hewitt, and Dulk 1984; Winglee 1985).
These broad conclusions are confirmed by numerical calcu-
lations of the growth rate for the impulsive distribution. The
code used for these calculations was checked against that used
by Hewitt, Melrose, and Dulk (1983) and found to be in good
agreement with it. In Figures 7-9 we display the domains of
growth of waves in the magnetoionic modes on a frequency—

w/S)
.05 ¢

1.001

951

.90 '

Max growth R=3 10°

(= 5
Max growth R=5 |0

wave vector angle diagram (w vs 6) for a particular
(conservative) set of values likely to apply in coronal flux
tubes: ny/nc = 0.01, s/d = 1, vpt/d = 1, L/d = 0.25, T, = 108
K, T4 = 10° K, X, = 0.09 (these are the parameters used in
Fig. 2). On each diagram there is an excluded region at fre-
quencies w > Q in which the resonance condition

o —sQfy —k,v,=0 (19)

cannot be satisfied; i.e., no resonant ellipse exists, and so no
resonant interaction with particles can occur. In addition,
Figure 7 indicates the resonance in the z-mode, w = w.(6),
beyond which the mode does not exist in a cold plasma
(thermal effects on magnetoionic mode structure may be rele-
vant if the density of hot particles is large; they are discussed
by Wu 1981; Winglee 1983, 1985; Pritchett 1984; Robinson

small growth

80 90
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0
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FiG. 8—Domains of growth of the o-mode at the fundamental electron cyclotron resonance; details are as in Fig 7. Line shown in the upper half of the diagram
corresponds to the boundary of the region in which ¥2 < 0, and no resonance occurs for frequencies above this line (at the s = 1 resonance).
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FiG. 9—Domains of growth of the x-mode at the second harmonic resonance. Format and details are identical to Fig 7. Curved line indicates the boundary of the
region in which ¥? < 0. Maximum values of the dimensionless spatial growth rate R = I'c/Qu, are shown for the two regions of growth.

1985). Figure 7 shows the domains of growth of the z-mode.
There are two main regions, both near 6 = 90°, with one below
the gyrofrequency and the other close to the resonant fre-
quency. The lower band has much larger temporal growth
rates (I'/Q2). The upper band may have comparable or larger
spatial growth rates (I'c/Qu,) since the group speed is small
near the resonance. Figure 8 shows the domains of growth for
the o-mode at the fundamental. Growth rates are much smaller
than for the z-mode. Growth rates of the fundamental x-mode
were negligible for these conditions. Figure 9 shows the growth
rate of the x-mode at the second harmonic of the gyroreson-
ance. There are two significant bands of growth: one below the
second harmonic, near 6 = 90°, and the other above the second
harmonic on the edge of the region in which no ellipses exist.
The latter covers a broad range of frequencies, but has smaller
growth rates. The o-mode at the second harmonic shows the
same growth patterns as the x-mode, but with growth rates an
order of magnitude smaller.

The results of a large number of numerical calculations may
be summarized as follows:

1. The largest temporal growth rates generally occur for the
z-mode just below the gyrofrequency, and the second harmo-
nic x-mode with @ < 2Q is generally the next fastest growing.
With the parameters chosen in Figures 7-9 the e-folding time
may be as short as 107 % s, and the e-folding length as short as 6
m (Q = 101% s~ 1), The largest spatial growth rate may occur
close to the resonance frequency in the z-mode. However, the
corresponding time scale may be too large for growth to occur
before conditions at a given point in the flux tube change and
growth at that frequency ceases. The time scale for such
changes is about Lt/z ~ L/v; ~ 0.1 s when L = 10* km and
v=10°cm s !

2. The relative bandwidth for growth in the z-mode is of the
order of several percent at a given height and time; the range of
angles for which growth occurs spans ~20° on the upward side
of 8 = 90° (“upward ” in this context means toward decreasing
magnetic field).

3. For all modes the maximum growth rate at a given height
and time is proportional to ny, the number density of hot
electrons (i.e., there is no significant competition from damping
by the ambient plasma).

4. However, if we keep ny/nc constant and vary the ratio
,/Q, effectively changing either ny or Q, we find that the

(normalized) maximum growth rate in the first and second
harmonic o-mode and the second harmonic x-mode increase
roughly proportional to X,, but the z-mode growth rate
reaches a maximum at about X, = 0.1 and decreases beyond
this value. For this reason the second harmonic x-mode may
have the largest growth rates at large values of X,. Similar
behavior has been found for the fundamental x-mode amplifi-
cation by a loss-cone distribution (Hewitt, Melrose, and Ronn-
mark 1982). Figures 10 and 11 show how the growth rates of
the modes vary as a function of X; at two different times at the
same height. At the later time (Fig. 11), when the distribution
displays considerable curve (Fig. 2), the second harmonic
x-mode becomes the fastest growing mode at about X, = 0.1.

5. Maximum growth rates at a given height tend to increase
with time since more hot particles are present; however, the
ranges of growth shift as the distribution changes. This is illus-
trated in Figure 12.

6. The growth rates increase rapidly as the size of the heated
region L (or equivalently the ratio L/d) decreases. This may be
attributed to steeper gradients in the distribution.

7. At a given height z (distance from the top of the flux tube)
growth rates tend to be small until times of order ¢t = z/vy.

The calculations establish that distributions likely to result
from propagation effects in a flux tube following the sudden
release of hot particles at one height are unstable to electron
cyclotron maser emission. The growth rates for the magneto-
ionic modes are high. When X, < 0.1 the z-mode below the
gyrofrequency is the fastest growing mode and should rapidly
saturate the maser.

A crude estimate of the energy available to the maser can be
made as follows. In principle, all particles lying in regions of
the distribution with gf/dv, > 0 can contribute to wave growth
at the gyroresonance, while particles in regions with df/dv, > 0
contribute to growth at the Cerenkov resonance (when the
distribution is beamlike). An inspection of Figures 1 and 2
shows that this accounts for roughly half of the hot particles in
the impulsive distribution at any given time (the fraction avail-
able for both the “continuous” distributions of White et al.
1983, and for loss cone distributions is smaller). Saturation of
the maser reduces the effective fraction of the energy available
(see § VI) and transfers it to other regions of the (w, 6)-plane.
The action of conduction fronts in confining the hot electrons
(see § II) also reduces the free energy available. However, an
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FI16. 10.—Maximum (with respect to both k and 6) growth rates of the magnetoionic modes as a function of the plasma parameter ,/Q. Electron distribution in
this calculation corresponds to the height z = 2d and time ¢t = d/v; with L = 0.25d. Fundamental x-mode growth rates are too small to be shown with the chosen
scale. Note that the z-mode growth rate does not increase with the parameter w,/Q in the way that the other modes do.
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FiG. 11.—Maximum growth rates (with respect to k and 6) of the magnetoionic modes as a function of ,/Q. Format is identical to Fig. 10, but the distribution is

evaluated with the parameters t = 2d/v; and z = 2d, with L = 0.25d. At this later time the second harmonic x-mode becomes the fastest growing mode at large values
of w,/Q.
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FiG. 12—Diagrams showing the evolution of the domains of growth of the
z-mode at a fixed height in the flux tube. Format for each part is identical to
that of Figs. 7-9. Parameters used in the model are z =d and L = 0.25d.
Maximum spatial growth rates are shown. Times are as follows: (a) t =
0.5d/vy;(b)t = dfvy;(c)t = 2d/vy.

efficiency of even 1% corresponds to up to 10°® ergs, and the
energies involved are important in the energy balance of the
flare. We investigate the dissipation of the wave energy in
§ VIL

In summary, the important result of this section is that we
have demonstrated (for the first time) that cyclotron maser
emission may be important for downgoing particles in a solar
flare, leading to high levels of wave energy in the z-mode. This
conclusion relies only on the shape of the distribution of the
hot particles, on the properties of the magnetoionic modes, and
on the assumption X | < 1.

V. WAVE GROWTH AT THE ANOMALOUS DOPPLER RESONANCE

The anomalous Doppler resonance (s = — 1 in eq. [19]) may
also lead to growth of waves. Kuijpers, van der Post, and
Slottje (1981) and Holman, Kundu, and Papadopoulos (1982)
showed that this process could be important in the case of
runaway acceleration of electrons by electric fields in recon-
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necting regions. Unlike the s =0 and s = 1 resonances, the
anomalous Doppler resonance can lead to growth when the
gradient in v, is not positive and the gradient in v, is negative
(Bornatici et al. 1978), as is thought to be the case for distribu-
tions produced by the runaway process. Here we show that
wave growth occurs at the anomalous Doppler resonance
when the distributions of § II resemble a beam, but that the
growth rates are not large enough to be important.

As in the case of runaways, the mode amplified by the
s = —1 resonance is the slow plasma wave (eq. [13]). With
w < Q the resonance condition is k, v, & Q: thus larger wave-
numbers are amplified at s = —1 than was the case for the
s = 0 resonance. Further, n, ~ Qc/wv, > 1. In this limit the
resonant ellipse becomes a straight line, as for the Cerenkov
resonance. The integration to find the growth rate is therefore
similar to the Cerenkov case. From Melrose, Ronnmark, and
Hewitt (1982) we see that the growth rate for longitudinal
waves takes the form

dn*e* (5Q
I'(s, w, k)= | d°p ALY v, COS 0 kuo,
w kl Q

sQ sQ 0 0
oo onn) za—p)f"”' =

Since the resonant ellipse for s = — 1 may be approximated by
a straight line, we expect the growth rates to be largest when
the distribution is beamlike. We then ignore the gradient in
perpendicular velocity, and growth is driven purely by the
positive gradient in v, (this differs from the calculation of Kuij-
pers et al. for runaway distributions, where growth is driven by
the negative gradient in v,). We follow Bornatici et al. (1978)
and assume that k, v,/Q < 1; then inspection of equation (20)
indicates that the ratio of the growth rate at the s = —1 reson-
ance to that at the s = 0 resonance is of order

& tan2 0 v—' <1,

where v, and v, are values characteristic of the distribution.
Hence growth at the s = 0 resonance dominates. Although the
two mechanisms lead to spectra of wave vectors with peaks at
widely separtate values of k, only the fastest growing mode is
(initially) important in saturation since both modes are driven
by the same source of free energy in the distribution. We
address this point again in the next section, on saturation.

z

VI. SATURATION BY QUASILINEAR DIFFUSION

First let us estimate the likely brightness temperature of the
radiation. We use the method of Hewitt, Melrose, and Ronn-
mark (1982). Suppose that the energy density of the waves is of
order

W = fn 3muy @1

where f'is the local efficiency of the maser and ny is_the local
hot particle density. For the z-mode radlatlon of Figure 7, at 1

GHz, we find
24
- 10 () K

Similar levels would result for the second harmonic x-mode if
it were the fastest growing mode, and a similar analysis applies
to the slow plasma waves.

(22
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We expect that a saturation mechanism will act to limit the
radiation before brightness temperatures such as equation (22)
can be reached. The saturation mechanism is usually assumed
to be diffusion of electrons into unpopulated areas of velocity
space by wave-particle scattering, so that the modified dis-
tributions no longer cause amplification (e.g., Melrose and
Dulk 1984). For this reason only the fastest growing of the
modes amplified by the same energy source is likely to be
important because saturation of this mode prevents growth of
the other modes. This mode then dominates the wave energy
density in the amplification region.

Saturation of the slow plasma wave in this way is analogous
to the case of the saturation of beam-driven auroral hiss con-
sidered by Melrose and White (1980). They calculated the dif-
fusion coefficients due to the waves and found that scattering
leads to the formation of stable “plateau” distributions when
the wave energy is comparable to the beam energy (e.g., Grog-
nard 1975). Diffusion in the perpendicular velocity component
is small. Alternatively, nonlinear processes may limit growth of
the slow plasma wave by removing it from resonance with the
hot electrons faster than growth can occur. Such a process is
induced scatter off ions, thought to be important for Type III
electron streams (e.g., see Goldman 1983). Strong turbulence
effects may also be important. Their role in this context has
been discussed by Vlahos and Rowland (1984).

In either case, saturation may allow the anomalous Doppler
resonance to play a role. If saturation initially is by plateau
formation, then the slow plasma wave may still grow, albeit at
a reduced growth rate, due to the negative gradient in perpen-
dicular velocity as in Kuijpers, van der Post, and Slottje (1981).
If saturation of the slow plasma waves is by induced scattering,
then the positive slope in v, is maintained, and it drives growth
at s = — 1. These waves may then reach a level at which they
cause scattering. In this case, diffusion occurs in pitch angle,
with particle velocities largely unchanged (Liu and Mok 1977).
Diffusion of a beam in pitch angle initially tends to produce
ringlike distributions (e.g., see Fig. 2 of Haber et al. 1978). If the
distribution is not isotropized, then after further propagation
these distributions will develop positive gradients in v, and so
amplification of z-mode waves at s = 1 is enhanced. We note
that the distributions considered here have a larger perpen-
dicular temperature than runaway distributions, and hence
there is less free energy to drive the s = — 1 growth. However,
if the growth rate is sufficiently fast, the distribution is iso-
tropized by scattering at s = —1 and z-mode amplification is
less likely.

Quasi-linear scattering by z-mode waves may be treated by
methods analogous to those used by Melrose and White
(1980). Calculations of the appropriate diffusion coefficients
(White 1984) show that scattering leads predominantly to dif-
fusion in perpendicular velocity, lessening any positive gra-
dients. Diffusion in parallel velocity is small. Pritchett (1984)
has calculated the relaxation of a full ring distribution due to
such scattering, and his numerical results confirm that scat-
tering leads to flat distributions. In his case 5% of the initial
energy of the hot particles was radiated as z-mode wave
energy. Including the beam component, we expect that of the
order of 10% of the hot particle energy may be radiated in the
downgoing phase.

An important question is whether saturation of slow plasma
waves, which occurs first at any height, prevents wave growth
at other heights. It does not prevent z-mode wave growth, since
the electrons forming ring segment distributions follow behind
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the beam electrons, and diffusion by slow plasma waves essen-
tially leaves gradients in v, unaffected. This is particularly true
if induced scattering off ions is the saturation process. If
plateau formation does occur, it is analogous to the initial
localized flare heating, and as particles propagate away from a
saturated region they will develop unstable distributions as
described in § I1. We expect that wave growth will be dimin-
ished but not suppressed at lower heights.

In this section we have shown that saturation will limit wave
amplification by downgoing particles, but that the levels of
wave energy will be high. We consider the fate of this energy in
the next section.

VII. DISSIPATION OF THE WAVE ENERGY

Slow plasma waves have a dispersion relation (eq. [23]),
which is very similar to that of Langmuir waves in a plasma
with X; > 1. The similarity is greatest at small 0, where the
growth rates of § III are largest. The processes operating in the
dissipation of the slow plasma waves are therefore analogous
to those which occur in the well-studied case of Langmuir
waves (for a review, see Goldman 1983). Kuijpers, van der
Post, and Slottje (1981) discuss the same question in some
detail. In short, if the wave energy is sufficiently intense then
nonlinear strongly turbulent processes become important.
These are not sufficiently well understood to follow the fate of
the energy in detail, but is seems likely that “collapse ” occurs,
shifting most of the energy to large wavenumbers where it is
damped by the cooler ambient plasma. If strong-turbulence
effects are not important, then, since the slow plasma waves
have low group speeds, they do not propagate out of the flux
tube and may be damped there when the distribution changes,
so that the waves resonate with fast particles in a region with
negative slope in v,.

The possibility that a high level of z-mode wave energy
occurs in a flare is the new feature of this work. Here we discuss
some of the weak-turbulence processes which may be impor-
tant. First, we note that the z-mode waves (initially o < Q,
6 ~ 90°, n & 2'/?) have group speed (~ X, ¢) much higher than
the slow plasma waves, and propagation may be important.
Propagation of the z-mode in the Earth’s auroral zones has
been discussed by Gurnett, Shawhan, and Shaw (1983) and
White (1985). The rays tend to propagate toward the resonant
layer where w = w ,(6), and refraction causes the wave vector
of the rays to become parallel to the local gradient in the
refractive index (which is dominated by the gradient in | B|). In
the absence of damping the rays would propagate to the reson-
ant layer where the group velocity is small. However, the
z-mode waves are generated at w <, and damping of the
z-mode in the gyrofrequency layer w = Q is strong for all pro-
pagation angles (White 1985). We expect that most of the wave
energy radiated into the z-mode will be absorbed in this layer.
The resulting heating will essentially occur at the same time as
the impulsive x-rays from the beams, since wave growth and
wave propagation occur on time scales faster than particle
propagation time scales (d/vy).

The z-mode cannot escape from the corona, and direct
observation of it is not possible. Since the waves are expected
to be intense in the amplification region, the process of conver-
sion to (escaping) x- and o-mode waves by the coalescence of
two z-mode waves may be an efficient process. There is no
difficulty in satisfying the kinematic conditions for coalescence
since the z-mode waves are generated on a cone of directions
nearly perpendicular to the magnetic field. However, the x-
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and o-mode radiation at w < 2Q must still pass through the
second harmonic layer where damping is again strong. With
the possible exception of o-mode waves at § ~ 0°, none of the
radiation will pass through (this is also relevant in the case
when the second-harmonic x-mode is the fastest growing
mode). Similarly, the coalescence of z-mode waves with low-
frequency waves such as ion-sound in the source leads to
o-mode waves with w < Q, and these are damped in the gyro-
frequency layer (Melrose 1980, p. 278; Melrose, Hewitt, and
Dulk, 1984). The conclusions are different if, as noted in § 1V,
z-mode waves at w ~ w,(f) > Q become the dominant mode
due to their greater spatial growth rate. The bulk of the energy
will be damped by thermal plasma at the resonance. However,
in this case coalescence of two z-mode waves produces x- and
o-mode waves at w > 2Q which escape damping in the second
harmonic layer (coalescence must occur before the z-mode
waves can propagate very far, since refraction tends to make all
wave vectors parallel, whereas the wave vectors are of large
magnitude, and the kinematic condition for coalescence then
requires that they be nearly antiparallel). Damping is not as
strong in the third and higher harmonic layers, particularly for
the o-mode. This is a possible mechanism for spike bursts.

VIII. CONCLUSIONS

We have investigated the amplification of waves by energetic
particles traveling away from a flaring region at the top of a
magnetic flux loop, and considered the likely fate of the radi-
ated energy. In addition to beam-generated radiation, we have
shown that cyclotron maser radiation occurs in downgoing
particles. The velocity distributions become unstable due to
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propagation effects which are not model dependent. The fastest
growing wave is likely to be the z-mode when w, < Q, while
the beam amplifies electrostatic slow plasma waves. Growth of
the waves is limited by saturation effects, but a significant frac-
tion of the energy of the particles (wWhich may carry most of the
energy released in the flare) can be radiated as waves. We have
not followed in detail the evolution of the distribution function
including the back reaction of the waves on the particles at all
heights in the flux tube, and cannot make an accurate estimate
of the radiated energy, but on general grounds we argue that it
is of order of 10% of the hot particle energy. The electrostatic
slow plasma waves will cause heating of the ambient plasma in
the flaring loop if they are sufficiently intense for collapse to
take place. Otherwise, they will be reabsorbed by the fast par-
ticles when the beam velocity changes, becoming available for
either cyclotron maser action lower in the flux loop or for hard
X-ray emission and heating when the beam reaches the
chromosphere. We expect that most of the energy radiated
through cyclotron maser action will be absorbed and cause
heating in the ambient plasma surrounding the flaring flux
tube, in a layer closer than the second harmonic layer heated
by the loss cone radiation (Melrose and Dulk 1984). Detectable
burst radiation is generated if the energy in the z-mode above
the local gyrofrequency is sufficiently intense for coalescence to
be an efficient process.
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trial Theory and Solar Heliospheric Physics Programs under
grants NAGW-91 and NSG-7287. We wish to thank R.
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comments.

REFERENCES

Akhiezer, A. 1., Akhiezer, I. A., Polovin, R. V., Sitenko, A. G., and Stepanov,
K. N. 1975, Plasma Electrodynamics, Vol. 2 (New York: Permamon).

Batchelor, D. A, Crannell, C. J., Wiehl, H. J., and Magun, A. 1985, Ap. J., 295,
258.

Bornatici, M., Englemann, F., Liu, C. S., Mok, Y., and Papadopoulos, K. 1978,
in Plasma Transport, Heating and MHD Theory, ed. T. Springer et al.
(Oxford: Pergamon) p. 7.

Brown, J. C., Melrose, D. B., and Spicer, D. S. 1979, Ap. J., 228, 592.

Cheng, C. C., and Widing, K. G. 1975, Ap. J., 201, 735.

Crannell, C. J.,, Frost, K. J., Matzler, C., Ohki, K., and Saba, J. L. 1978, Ap. J.,
223, 620.

Dulk, G. A., Melrose, D. B., and White, S. M. 1979, Ap. J., 234, 1137.

Freund, H. P., and Wu, C. S. 1984, Radio Sci., 19, 519.

Goldman, M. V. 1983, Solar Phys., 89, 403.

Grognard, R. J.-M. 1975, Australian J. Phys., 28, 731.

. 1982, Solar Phys., 81, 173.

Gurnett, D. A., Shawhan, S. D., and Shaw, R. R. 1983, J. Geophys. Res., 88, 329.

Haber, 1., Huba, J. D., Palmadesso, P., and Papadopoulos, K. 1978, Phys.
Fluids, 21, 1013.

Hewitt, R. G., Melrose, D. B., and Dulk, G. A. 1983, J. Geophys. Res., 88,
10065.

Hewitt, R. G., Melrose, D. B., and Ronnmark, K. G. 1982, Australian J. Phys.,
35, 447.

Holman G. D,, Eichler, D., and Kundu, M. R. 1980, in IAU Symposium 86,
Radio Physics of the Sun, ed. M. R., Kundu and T. E. Gergely (Dordrecht:
Reidel), p. 457.

Holman, G. D., Kundu, M. R., and Papadopoulos, D. 1982, Ap. J., 257, 354.

Kovalev, V. A, and Korolev, O. S., 1981, Astr. Zh., 58, 383, (English transl.
Soviet Astr.,25,215[1981]).

Kuijpers, J., van der Post, P. and Slottje, C. 1981, Astr. Ap., 103, 331.

Lin, C. S, Birch, J. L., Shawhan, S. D., and Gurnett, D. A. 1984, J. Geophys.
Res., 89, 925.

Liy, C. S.,and Mok, Y. C. 1977, Phys. Res. Letters, 38, 162.

Loughhead, R. E., Wang, Jia-Long, and Blows, G. 1983, Ap. J., 274, 883.

Melrose, D. B. 1980, Plasma Astrophysics (New York: Gordon & Breach).

Melrose, D. B, and Dulk, G. A. 1982a, Ap. J. (Letters), 259, L41.

. 1982b, Ap. J., 259, 844.

. 1984, Ap. J., 282, 308. .

Melrose, D. B, Hewitt, R. G., and Dulk, G. A. 1984, J. Geophys. Res., 89, 897.

Melrose, D. B., Ronnmark, K. G., and Hewitt, R. G. 1982, J. Geophys Res., 87,
5140.

Melrose, D. B, and White, S. M. 1980, J. Geophys. Res., 85, 3442.

Northrop, T. G. 1963, The Adiabatic Motion of Charged Particles (New York:
Wiley).

Omidi, N., Wu, C. S., Gurnett, D. A. 1984, J. Geophys. Res., 89, 883.

Pritchett, P. L. 1984, J. Geophys. Res., 89, 8957.

Ratner, M. 1. 1976, Ap. J., 209, 945.

Robinson, P. A. 1985, J. Plasma. Phys., submitted.

Sharma, R. R., Vlahos, L., and Papadopoulos, K. 1982, Astr. Ap. 112, 377.

Smith, D. F., and Brown, J. C. 1980, Ap. J., 242, 799.

Vlahos, L., and Papadopoulos, K. 1979, Ap. J., 233, 717.

Vlahos, L., and Rowland, 1984, Astr. Ap., 139, 263.

Vlahos, L., Sharma R. R., and Papadopoulos, K. 1983, Ap. J., 275, 374.

White, S. M. 1984, Ph.D. thesis, University of Sydney.

. 1985, J. Geophys. Res., A90, 7471.

White, S. M., Melrose, D. B., and Dulk, G. A., 1983, Proc. Astr. Soc. Australia,
5, 188.

Winglee, R. M. 1983, Plasma Phys., 25, 217.

. 1985, Ap. J., 291, 160.

Wu, C. S. 1981, in Physics of Auroral Arc Formation, Geophys. Monog. Ser. 25,
ed. S.-I. Akasofu and J. R. Kan (Washington DC: AGU), p. 418.

Wu, C. S., and Freund, H. P. 1984, Radio Sci., 19, 519.

Wu, C. S, and Lee, L. C. 1979, Ap. J., 230, 621.

G. A. DuLK: Department of Astrophysical, Planetary, and Atmospheric Sciences, University of Colorado, Boulder, CO 80309

D. B. MELROSE: Department of Theoretical Physics, University of Sydney, Sydney, N.S.W., 2006, Australia

S. M. WHITE: Astronomy Program, University of Maryland, College Park, MD 20742

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1986ApJ...308..424W&amp;db_key=AST

