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ABSTRACT

Variation of the microwave intensity and spectrum due to gyro-synchrotron
radiation from semi-relativistic particles itnjected at the top of a closed
magnetic loop has beén described. Using the recent high spatial resolution x-ray
observations from the HXIS experiment of the SMM and from observations by the
VLA, it is shown that the high microwave brightness observed at the top of the
flare loop can come about if 1) the magnetic field from top to footpoints of
the loop does not increase very rapidly, and fi) the accelerated particles
injected in the Toop have a nearly isotropic pitch angle distribution. The
limits on the rate of increase of the magnetic field and/or the average pitch

angle depend on the geometry and location of the loop on the solar disk.



I. INTRODUCTION

Close correlation between the observed temporal variation of the hard x-rays
and microwave radiation during the impulsive phase of solar flares indicates
that the same (or a closely related) population of electrons are responsible for
both of these radfations. It is assumed that a wide energy spectrum of electrons
is produced during the impulsive phase, with the Tower energy ones (e < 100 keV)
being responsible for the bulk of the observed hard x-rays and the higher energy
ones (¢ > few hundred keV) producing the microwave radiation. However, one of
puzzling results obtained from the SMM HXIS experiment and the high resolution
ground-base microwave observations has been that the x-rays (15 to 30 keV)
and the microwave radiation (at wavelengths of 2 to 6 cm) are not coming from
the same region. In the few events observed, the tendency is for the bulk of
x-rays to come from the foot points of flare loops (loyng et al 1981)
while the microwaves are observed to come primarily from the top of the
loop (Marsh and Hurford 1980; Marsh et al 1980; Kundu et al 1981).

The purpose of this letter is to investigate the limitation'that these
observations impose on the . parameters of proposed models of
flares.

In general, x-rays which are produced by bremsstrahlung are simpler to
analyze and give more direct information about the characteristics of the
accelerated electrons. In almost all models the x-ray intensity is expected to
increase from top to the foot points of the loop because of higher densities
at lower regions (see Emslie 1981).

On the other hand, the microwave radiation, produced by gyro-synchrotron
process, depends on the pitch angle distribution of the electrons,on the magnetic
field structure and is affected by various absorption processes (Ramaty and
Petrosian 1972). In two recent works we have developed a simple description

of the variation along a magnetic loop of the pitch angle and energy distribu-
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tion of electrons injected at the top of the loop (Leach and Petrosian 1981,
hercafter referred to as LPI) and have derived simple analytic formulas for
evaluation of the gyro-synchrotron flux from semi-relativistic particles with
arbitrary pitch angle and energy distributions (Petrosian 1981, PI). We use
these results to evaluate the variation of the microwave flux along a single
flaring loop and compare it with observations. In this letter we consider the
general features of the models. A more detailed analysis will be published

elsewhere.
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11. GENERAL DESCRIPTION

To simplify our analysis we consider a flaring loop of width D, length xR
and a central magnetic field line which is a semicircle (see Figure la). We
assume that the strength of the magnetic field B increases from top to the
footpoints (symmetrically), B = Bob(s), so that the width also varies as
D2 = Dﬁ/b. This means that other (non-central) field lines will deviate from
the assumed circular configuration but if D << ds/dlnB, such deviations can
be ignored. If the distribution fs(u.y) in pitch angle cosine u and
energy y of electrons along the loop is known (fdudyds s the number density
of electrons within p to pu+dy, ytoy+dy and s to s + ds), then
the gyro-synchrotron emissivity jv(s,e) at frequency v and in the direction
6 with respect to the field 1ines can be calculated using the equations in PI;

3 (5,0) = (ezvbsine/c)(v/vbsine)’* £,(8_coso,y_) G(o,y_) . Mm

Here, G(e,yo) is a slowly varying function of 6 and, in general, like f§ ,
decreases with increasing Yor Vp T eB/2mmc = 2.8 x 106 Hz(B/gauss) 1is the
gyro-frequency and Yo (the energy of the electrons Qith the highest contribution

to the emissivity, B; =1 - Y;Z) depends on the energy spectrum of the electrons.
For electrons with pitch angle distributions which are not extremely anisotropic
and have a power law energy spectrum, fs(u.y) « (ec- 1+ y; sor for a thermal
electron gas with temperature kT (in units of mcz). flu,y) = Y(Yz_])k‘e-(y-l)/kT'
and to a good approximation (cf. PI);

(vg

4v/[3v, (8 +1)sin6l, =1
_1'{v[b(+)sn] c (2)

(2ukT/ ) (1 + 4.5ukTsinZe/v,) /3, kT ¢ 1
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In the optically thin regime, v > v*, ‘the observed intensity is
o )
Iv(s.e) ./}V(s’e)d] = jv(s,e)Dolb ting, v > v* (3)

As frequency decreases, I, rises till the critical frequency v*, where the

v
optical depth is of order unity; then with further decrease in v (optically
thick regime), it begins to decrease. As mentioned above, it is not clear

which absorption mechanism will be the dominant one. Except for self—absoﬁption
the other mechanisms depend on the ambient plasma parameters. Because of mode!}
dependence of these other absorption processes, we will consider only the self-

absorption process,in which case the intensity can be approximated by

Iv = 2 <E)-mv2, for v < v* ., (4)
Here (ﬁ) is some average particle kinetic energy (in units of mcz, E=y -1).
For a Maxwellian distribution*(E) = kT and I, = v, For a power law distribution,at

5/2. The critical frequency v* s a

v () = v, -1 g vi so that I, =v
complicated function of vy, 6 and D; v* = vbsine H(vb,B.D). However, in most
cases H is a slowly varying function of the parameters. We will ignore its
variation and set v* = Hovbsine.

As is evident from eas. (1) to (4), the spectrum and flux of the gyro-
synchrotron radiation depends primarily on the particle djstribution function f.
Thus, before we can calculate the emissivity we need to specify the variation
of density, pitch angle distribution and energy spectrum of the electrons along

the field lines. This is the most cemplex part of the prob1em and the part

which depends strongly on the assumptions of the models, on the many unknowns



of the flare plasma and the acceleration of the particles. Below we shall
consider a few forms for this distribution covering most of the proposed models

for the impulsive phase of solar flares.
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IIT. SOME MODELS

The characteristics of the models depend on the distribution in phase
space of the accelerated particles and on the variation of the magnetic field
and nlasma density along the loop.

These properties depend on the combination of average pitch angle s the
quantity RdInB/ds and on the dimensionless column depth drp = [4wr§lnA(E+l)/E2]nds

(n is the ambient electron density, = 2.8 x 10"‘3cm and 1nA = 20).

Yo
For example, if the electrons, injected at the top of the loop, have small

pitch angles (ao << 1) and the magnetic field is nearly uniform (RdinB/ds << 1)
a beamed thick target model will be the result. The x-rays of energy E then
will be produced primarily at the regions where the column depth Tps measured
from the top of the loop, is of order unity. This is because the number of
electrons with kinetic energy E decreases rapidly when Tp exceeds unity
(cf. figures 3 and 7 of LPI). The HXIS observation that the 20 keV x-rays
originate primarily from the footpoints indicates that T o4 % 1 throughout
most of the loop, which means electrons are injected at a column depth

v = ./;ds < 1020cm"2 above the footpoint (or the *ransition region). Note
that for high energy electrons needed for the microwave radiation this means
Tg 5 < 0.001.

In the other extreme case, if particle distribution is nearly isotropic
(ao of order unity) and the magnetic field varies rapidly (RdInB/ds >> 1 for
Tp << 1), then the electrons will be trapped and radiate x-rays primarily from
regions with the highest magnetic field and ambient density which again will

be the lower parts of the loop. In general, the parameter which determines the

degree of beaming or trapping is

e einl
g = sin‘a <§1n8/dré> . (5)
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For gg << 1 one has a beamed model and for g > 1 a trapped model.

In the low density regions of the loop (rp << 1), tg >> 1 and the distribu-
tion of particles are determined by the adiabatic invariance of B/sinzu. For
example, for an injected spectrum at v = 0 of fo(sinzu.E). the distribution

along the loop becc-es (cf. LPI, eq. 7)
2 2
fs(sin a,E) = fo(sin a/b,E) (6)

On the other hand, if the density is large so that Tg excevds unity
much before the magnetic field has changed significantly, then the particle
distribution is determined by the collisions with the ambient plasma. In
general, there is rn simple analytic expression for the distribution except
in the small pitch angle regime. For example, for injected electrons with
gaussian pitch angle distribution and energy spectrum fo(E), eq. (18) of LPI

for relativistic energies gives

fo(usE) = f(Ex) 2uexp [— o ]/(03 tng), t=l+ .  (7)

2
a°+ Ing

For non-relativistic energies fO(E;) + fo(Eck)/ck.
We now consider the microwave radiation from a few models with different
values of the parameter T

1) Uniform Trap Model. Let us first consider the simplest (but somewhat

unrealistic) model with nearly uniform magnetic field and isotropic pitch
angle distribution. Such a model will result if g << 1 and if particles
are injected isotropically at the top, so that according to equation (6)

fs(p,E) = fo(E). Of course, to have & trap mode)l, the magnetic field



must eventually vary. We assume B = const throughout except at the foot-
points where B -+ «= rapidly.

Since che magnetic field is uniform (vb = const), then, according to our
earlier discussfon, v* and (y; - 1)'] will vary as sind so that the spectrum
and intensity of the microwave radiation will depend primarily on sind and the
frequency of observation. In Figure 2a we show schematically the variation of
Ve, Y, and fs(yo)G with cos8 at a given frequency. At higher (lower) frequen-
cies, the Y, curve is shifted to higher (lower) values. The quantity fs(yo)G then
changes accordingly, decreasing the increasing Yo In Figures 2b and <¢
we show the expected microwave spectra at a few values of © (6 = n/2 for the
highest curve). For power law spectra, the spectra cross each other because
in the optically thick region Iv <Y, - 1, while for a thermal source of

uniform temperature, Iv « kT.

As evident from these figures the variation of intensity with 6 will

depend on the frequency. As shown in Figure 2d, at v > v* the maximum

max’
turnover frequency, the optical depth T, << 1 for all ¢ so that

Iv « f x G (cf. eqs 1 and 3) decreases rapidly. For v < “&ax the intensity

increases slowly (as yo-l, for power law) or remains constant (thermal) for

|cose| < coso where v*(6..;,) = v and 1 = 1. For coso > cosp

crit crit crit

T, < 1 and the intensity decreases rapidly again as f x G.

The angle © and consequently the variation of the intensity along
the loop depends on the angle n = s/R (cf. Figure 1a) and on the locatior
and orientation of the loop on the sun. In general, for a loop near the

solar equator, at heliocentric longitude ¢

+cosB = cos¢sinn + cosysingcosn (8)
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where ¢ 1s the angle between the projection of the locp and the solar equator
(see Fig. 1b). In general, the location along the loop (i.e., the value of n) where
the intensity ic maximum (cos® = 0) will vary with ¢ and y.

For a loop near the center of the solar disk (4 ~ 0 and all ¢) cos® = tsinn
so that the intensity will be highest at the top of the loop. As we move awa,
from the center ¢ > 0 , the maximum intensity (8 = m/2) occurs at Nmax ¢ 0
(e.g. n = ¢ for y = 0). However, when projected on the solar disk the

maximum intensity will appear approximately half way betweeen the footpoints‘.

Tﬁﬁte that for ¢ # 0 the microwave emission will no: necessarily be symmetric.

This kind of configuration rather than an asymmetric field geometry, may be the
explanation of some observed asymmetries (Alissandrakis and Kundu 1978; Kundu

and Vlahos 1979).

This picture will change near the limb (¢ = n/2) where for ¥ = n/2, 6 = 7/2 and
the microwave intensity is uniform all along the loop or for ¢y = 0, cos® = cosn
and the highest intensity occurs at tie footpoints. However, the observations under
consideration here with two distinct footpoints do not refer to these configuration..
We conclude, therefore, that this model agrees with the microwave observations.
The basic reason is that it is the value of the component of the magnetic fi.eld
perpendicular to the line of sight which determines the brightness of a synchrotron
source. Furthermore, as shown in Figure 2d, the variation of the intensity (along
the loop) is strongest at the highest frequency, so that the source ¢f the micre-
wave radiation will appear smaller (more concentrated toward the middle of the
footpoints) at higher frequencies. Comparison of the 2 cm (Marsh and Hurford 1980)
observations and at 6 cm (Kundu et al 1981 igrees with this aspect of the model.
The flux from the whole loop can be obtained by integration of the intensity
along the loop. As shown by the dashed line in Figure 2b or 2c at v > v* _ the

max
total flux will be decreasing as in eq. (3) with most of the contribution



N
coming from 6 = n/2. At lower frequencies the contribution from other parts
begin to become significant, and the total spectrum will be somewhat flatter
thar ( but will approach asympthotically to) the spectrum in eq. (4). This
type of spectrum is commonly observed (Hurford, Marsh and Zirin 1981; see also
Solar Geophysi-al Data) and is attributed to inhoilogeneities in the source or to
other absorption processes (Ramaty and Petrosian 1972). We can see here that
even a uniform loop (uniform in field st-ength and particle distribution) <can
qualitatively reproduce such observed microwave spectra.

Note that the above picture remains qualitatively the same even for non-
uniform magnetic field as long as the magnetic field variation is slower than
1/sinf, Any such variation, however, would give rise to a slower variation of
the intensity along the loop and to stronger asymmetries for loops away f{r¢m

the center of the disk.

2) Non-uniform Trap Model (cE >> 1). Now we consider a model where the

magnetic field varies rapidly throughout the loop (RdinB/ds >> 1) instead of
the extreme variatfon concentrated it the footpoints of the above model. As
mentioned above, particles responsible for tne microwave emissior. have Tg << 1
so that for a, of order unity g > 1. As in model (1) the pitch angle
distribution is governed by eq. (6), according to which the dist:ibuticn
broadens as the field strength increases.

This model is different from model (1) not only in its allowance for
non-isotropic distribution but, more importantly, because of its rapid variation
of the magnetic field (and vp). both v* and Y;] increase from top to lower

parts of the loop reversing the trends of model (1). The dashed line on

Figure 2a shows the schematic variation of v* (the decreise near cosd = *1 is
due to the unrealistic circular shape of the assumed loop). This increase in v*

(and the decrease in Y, and¢ the increase in f x G) is stronger for loops
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away from the center of the disk. In this model then the top curves on
Figures 2b and 2c will correspond to the footpoints of the l1oop such that the
trend in Figure 2d is reversed, as shown by the dashed line which clearly
disagrees with observations.

3) Uniform Beamed Model (cE << 1). Now we complicate the models by

injecting electrons non-isotropically with small pitch angles. If the magnetic
field is constant or varies slowly, then Tp << 1. The variation of v* and
Y, in this model will be similar to that of model (1). However, the quantity
f(eocose,yo)G will now vary not only because of variation of Y, but also
because of the non-isotropic nature of the distribution and the variation of
Bocose along the loop. For this model the variation of the distribution is
given by eq. (7). As mentioned above, along most of the loop Tesy < 10'3
so that if a is greater than a few degrees, thenineq. (7) 1Ing < a; s
a = cos'l(BOCOﬂe) ~0 and fs(eocose,Eo) « fo(Eo) exp(-ez/a;).

For all orientations and locations of the loop we have at the footpoints
m/2 < 8 <7 and at the top 0 < 8 < /2 so that the value of f 1is, in
general, much larger at the top, which makes the variation of IQ(e) in
Figu.e 2d even steeper than that of model 1. There are, however, two problems
with this result. First of all, the stronger the beaming the fewer the number
of particles contributing to the flux. If the self-absorption was not important,
this would be a natural explianation of the old discrepancy between the number
of electrons needed for x-ray and microwave emission. However, with strong self-
at- ~ation this model will produce less microwave flux than observed. The
secoru difficulty with this mcdel is that eq. (7) is valid for small pitch
angles while we are interested in values of f, typically, at o = /2. As
inspection of Figure 1 of LPI will show, the number of particles at such large

pitch angles can vary by large factors with slight changes in the value of as o
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or in the field geometry. Thus, it is difficult to make a definite statement
about the validity of this model.

4) Non-uniform deamed Model (cE>> 1). Finally, we consider a model

diametrically opposite of model 1 in that the field varies strongly and particle
pitch angle distribution is non-isotropic. Since the magnetic field varies
strongly, we have a situation similar to model 2 where v* incCreases with cos®
(see dashed line in Figure 2a) and Y, decreases with cos8. Here, f(aocose.yo)
increases with cos® not only because of the decrease of Y, (as in model 2)

but also because of variation of B,C0S0. As evident from eq. (6), the pitch

distribution broadens with increasing field strength, giving rise to a larger
value of f(BOCOSO,YO) at the footpoints as compared to the top. For example,
for a gaussian injected spectrum in a loop at thz center of the disk
fnzo(Bocoso,yO) w exp(-a;2)<< 1 at the top of the loop, while at the footpoints
where Bocose = -1 and b>> 1, fn =n/2 is about unity. Thus, in contradic-
tion with observations, Iv(O) varies even faster tharn that given by the

dashed lin~ in Figure 2d.
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IV. SUMMARY

We have presented a qualitative description of microwave emission from
electrons injected at the top of a closed loop with particular attention to
the variation of intensity and spectrum along the loop. As evident from the
discussion of previous sections, many parameters enter into this description
of the models. We emphasize here the effects of the orientation, location and
geometry of the loops and the pitch angle distribution of the accelerated

electrons.

We have considered the total intensity (disregarding the polarization)
for four models which qualitatively agree with the HXIS observation of
20 keV x-rays. We find that the high resolution microwave observations can
be reproduced by models where the magnetic field increases slowly from the top of
the loop to its footpoints at the transition region. Faster field variations
give stronger emission at the footpoints. In addition, another requirement is

that the accelerated particle distribution should be nearly isotropic. Model 1

satisfies both these requirements. If the accelerated particles are strongly
beamed along the field lines, ther the footpoints will be brighter than the top for
@ rapidly increasing magnetic field, but for a uniform field the situation is
uncertain and a more detailed analysis of the pitch anqle distribution is
needed.

We have considered models with the extreme value of the critical parameter
g For intermediate values of this parameter results intermediate to those
described will be obtained.

We have neglected absorption process other than the self-absorption. These
other processes will be more important at the lower, high density, regions o

of the loop und, therefore, could reduce the intensity of the footpoints
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(see e.g. Ramaty 1969, for effects of Razin-Tsytovich suppression
mechanism). These and consequences of ou: other simplifying assumptions, in
particular, setting v* = Hovbsine , along with the expected variation of the

poiarization. will be described elsewhere.
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FIGURE CAPTIONS

Figure 1. Geometry of loops on the sun.
a) Assumed geometry for a loop. Electrons are injected at the top
n-= %-= 0, = 0. The indicated values of cos@ 1is for a loop
at the center of the disk.

b) Loops at various solar longitude ¢ and orientation . For

Toops at the center of disk cose = +sinp, at the limb 6 = w/2

throughout if ¢ = /2 and cosé = cosn  if ¢ = 0.
Note that for loops with distinct footpoints the point where
line of sight is perpendicular to the field 1ine will appear midway
between the footpoints.
Figure 2. Schematic representations of variation of various quantities with
angle 6 and frequency v  for model 1.
a) Variation of the critical frequency v*, eﬁergy Y, and Gf(yo), the
quantity determining the emissivity in the optically thin region, with
coso (dashed line for model 2).
b) Synchrotron spectra at different values of 8 for a power law
electron spectrum. |[cos8| = 0 (6 = n/2) for the curve with
v* =y aax and increase gradually for the lower curves. Dashed line
for the spectrum integrated over all angles 6.
c) Same as (b) except for a Maxwellian electron distribution.
d) Variation of intensity with cosg at two different frequencies (dashed
iine for model 2). The location of the top and footpoints are shown
for a loop at the center of the solar disk. For loops with y = 1/2 the

footpoints move in the direction of the arrow as the loop moves from the

center to the limh. At the limb all points along the loop are at cosp = 0.
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