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IMPULSIVE SOLAR X-RAY BURSTS, IV. POLARIZATION, DIRECTIVITY AND
SPECTRUM OF THE REFLECTED AND TOTAL BREMSSTRAHLUNG RADIATION FROM
A BEAM OF ELECTRONS DIRECTED TOWARD THE PHOTOSPHERE

Steven H. Lanpger¥ and Vahé Petrosian¥

Institute for Plasma Research
Stanford University

ABSTRACT

A Monte Carlo method is described for evaluation of the spectrum,
directivity and polarization of x-rays diffusely reflected from.
stellar photospheres, The accuracy of the technique is evaluated
through comparison with analytic results. Usiﬁg the characteristics
of the ineident x-rays of the model for solar x-ray flares described
in the accompanying paper, the spectrum, directivity ahd polariza-
tion of thé.reflected and the total x-ray fluxes are evaluated, The

results are compared with observations,

Also Department of Applied Physics



I. INTRODUCTION

In 81l models for impulsive solar x-ray bursts the ohserved
x-ray flux is partly due to x~-rays emitted directly townrd the Earth
and partly due to the reflection of x-rays emitted toward the photo-
gsphere, In models where the x-rays are produced by a heam of electrons
directed toward the photosphere {see Petrosian,l1973, paper I, and the N
nccompanying paper III), the bulk of the x-.rays (especinlly at high
energies) are emitted toward the photosphere and the contribution of
the reflected x-rays to the observed flux becomes significant.

The general problem of the x-ray albedo of stellar atmospheres
and 1ts application ¢ - X-ray hinaries (treated in an approximate
analytic manner by Basko, et a1,1974) will be discussed elsewhere.
In this paper we present the expected characteristics (spectrum,
angular distribution and polarization) of the reflected and total
{direct plus reflected) x-ray flux from the model described in the
accompanying paper. The Monte Carlo procedure used in the calculation
of the reflected x-rays is described in section II, Our results and
thelr comparison with previous results (Tomblin, 1972; Santangelo et al,
1973; Henoux, 1975; Felsteiner and Opher, 1976) are presented in
section III. In section IV we summarize thé results and comment on their
comparison with the observations of the variation of the properties of.

impulsive x-ray properties with solar longitude.

II. X-ray Albedo of -the Solar Photosphere

The probiem of diffuse reflection of x-rays from the phdfOSphere

is treated by'using a'Monte Carlo techhique wﬁere the changes in.the



properties of photons (with various initial energies, directions and polari-
zations) are followed as the photons undergo Compton scattering in the
photosphere before they escape or are absorbed by photoionization,

Each photon is characterized by its momentum vector % = k(sing cosy,
sing sing, cos8), its polarization vebtor 2 (or the polarization angle ¢
between & and the vector X x 2 x K) and its depth 2z in the atmosphere,
Instead of z it is more convenient to use the electron column.density

above z (n = electron density)

N(z) =f_: n(_z.r)d.zr .. (1)

At the column density N ~ 10Pem™2 ‘where the photons undergo
most éf their scattering the density sczle height is ﬁuch smaller than
the solar radius so the semi-infinite plane parallel atmosphere
approximation will be used, and therefore the x and vy éoordinates '
of the photon need not enter into the problem (cf., however, the dis-
cussion at the end of this section), To further simplify the problem
it is assumed that the radiation pattern of the x-ray source has
azimuthal symmetry. This amounts to assuming that the magnetic fileld
lines {about which the electrons producing the x-rays spiral, gf. paper-II;)
are radial, this removes any dependence on the azimuthal angle of the
direction of observation, _

For the energy range (15 to 500 kev) of interest coherent scattering
can_be neglected (cf_f Viegele, Henry anderqcy,_lQGG) and the scattering.
electrons {with binding energy = thermal energy in the range 10 to 100 ev)

can be assumed to be at rest. Thus the Klein-Nishina formula can be
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used to describe the scattering process,

. dckn(ﬂycp) 3 o Er 2 lr.li,-i- K 2 b3 . a*)E]
dan = 3r \k k'
L ke (1 - cosp)
k’ mec
(2)
O = 6.66 y 107 en~?
(E . 5')2 = 00529 0052@4‘ Sinegp

where €, k and E', ¥ are the photon polarization vector and

energy before and after the scatt&ring through relative scattering angles
g and - For energles below 70 kov the classical Thomson cross section
can be used for d& without loss of accuraéy.

'The abéorptiph procéss ié described by a photoionization cross

3

section which obeys a k™ power .law between K-edges and has

discontinuous jumps at the. K-e_dges of the various elements. It is
convenient fo normalize all cross sections to the tqtal classical
Thomson cross éection and measure column densities in units of the

reciprocal of this number. The photoionization cross section may then

be written

o =, [ Y3
_Uph/a’l‘ =% (12.2 kev) p By S E< kg (3)



The values for C, are taken from Fireman (1974), with ¢, constant

between the k-edges at ki and ki+l' At 12,2 keV di = 1.0 and the

total effective photolonization cross section is equal to the totnl

Compton scattering cross section,

The Monte Carlo Procedure, Consider & photon after the ith

gscattering at a column density Ni with momentum and polarization

. — ) L)
vectors ki and €y

and ¥y relative to the fixed axes described above (for incident

characterized by energy ki and angles 91’ ?i

photons i = 0, N, = 0).

0
We first calculate the column density,

N = N, + &N cosei.;' ' ()

i+l i

where the next event (absorption or scattering) occurs, ‘The column

density 6N traversed between events is obtained from the solution of

Ry =_/;3 " 7 as', (5)

where RN is a ranAOm number between zero and one, Two column densities
GNkn and éNph are gengrated using the total Compton scattering and
photgionization cross section Oyn and cph’ respectively. .Thg column .
dehsity traversed is chosen as §N = min(aNkn,aNph) and the process

associated with the smaller column density occurs wunless N turns

_ i+l
out to be negative, in which case the photon escapes before the next
event, If absorption occurs the position and energy deposited by the

photon are recorded,




Iin the event of scattering the relative scattering angles § and

® "are obtained from
8

. J.de'c (g ,2n) esing’ _
R, =l k0 (6)

2] b
v lfat '
JO de’ o, (g’ ,21) +5ing

and
o ’(BJCP) '
1
Ry = R o
L {0,2%)
where R

g end ch are random numbers between zerc and one, and

o I(e’:P) = __..._.d.ﬁ_,,,_____ dfp’ ) . (8)

These integrals are inverted using a modified regulae falsi numerical

method (Conte and DeBoor, 1972), The energy of the scattered photon is
k

S ]

mec
e

The polarization angle ¢ relative to the coordinate with z-axis
- . rS — —i. -4
parallel to .ki (i.e,, the angle hetween CI -and ki+l X !{i ¥ ki-t-l)

is determined from an examination of the scattering cross section which can

be written as

2
do, ) 3ch Kby o+ o) _ (_ )
dQ 32 |k Pu™ Pyt 2 9
with
k k
i+l 1 A " 2
Py = o -2, p, = ME € )7 . (10)
uo ko kg L T2 :

B R TR [T RPN
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The Py portion of the cross section corresponds to unpolarlzed photons

and is a relativistic correction. The classical term, is n

Py,

standard dipole scattering contribution. The polafization vector of the
scattered photon, ei+l , must therefore lie in the plane of the old

polarization vector Gi and the new direction of propagatim §i+l'

Therefore, if the photon is part of the p (1inearly polarized)

component, ¢ must satisfy

, _ tang
tany = i (11)

Thus, should be evaluated at this value of ¢ bhefore generating

Py,
B and ¢}

pp = u(cosge cuse¢-¥ Sinzw) . (12)

The value of § is set by generating yet another random number, R,
Py v
pu+PL

between zero and 2x; otherwise ¢ is given by {(11).

between zero and one. If R > ; then { 1is chosen randomly

The values of the'angles ¢i, 91’ P, (reiatiﬁe to the fixed
coordinates) after each scattering are kept track of by using a rotatien
matrix R(y,, 8,, ¢ ) which is the ordinary rotation matrix for Euler

]
angles @i, 8,5 & (see e.g., Mathews and walkef, 1970) and satisfies

-1

R0 = R () BTHE) 1Y)

Y n - _
R (@,G,@)k =2 ' ' {13)
N D .
R (¢:95$)9_= X
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The geometry of the system is shown in figure 1,

When a photon scatters the momentum vector Kk and polarization

1+ 1

-~
vector e are given by

i+1

A
1

=1 ~
4 = B (4,0,9) Vg1 2
(14

=1 ~
R(0,0,9) €44
The Fuler angles of the scattered photon relative to the fixed xy=z

coordinate system, {¢i+1’ei¥l’@i+l)’ asre then obtained from

-1 . <1 -1

The Generation of the Incident Photons. The incident photons are

generated uniformly in the chosen energy band, uniformly in coseo within
the cone subtended by the photosphere at the x-ray production site, and
uniformly in %0 in the range O to 2n, Each photon i assipned

| ﬁ statistical weipght equal to the photon number flux in direction 80

at eﬁergy ko in the incident heam

= 3(k) Dliye,)/ /% 0 (16)

where k. 1s the initial photon energy, J is the integrated flux and

0
D is the directivity (see paper 111 for the definition of J and D
and their form for the model of solaf.x-ray flares under consideratioh).

This weight is carried with the photon and is used to increment the

proper bins in the histograms when the photon escapes.



The initial polarization angle WO _should be goneriated so as to
give, on the average, tho degree of polarization P(ko,Bo) of the
inecident radintion, In general, the incident radintion will be partianlly
linearly polarized and may be decomposed into a combination of unpolarized
and linearly polarized light, The linearly polarized and the unpolarized
components have relative weight I P(WD’GO) | and 1 - | P(ko,eo) |
respectively, The degree of polarizati-m P{ko,eo) for the model of
impulsive solar x-ray bursts under consideration here is gilven in
paper I1I. As described there the symmetry of the bremsstrahlung process
and the choice of the 2 - k

0
ensures that for P(kb,eo) <0 the linearly polarized component lies in the

plane as the @O = 0 reforence  plane

Yo, n
direction @0 = 0, and for P(ko,sog > 0 it lies in the direction o= %
(normal to the =z - ky plane). ‘The polarization angle of the incident
photon is picked by generating a random number, R?O, between O and one.
If R¢0 < | P(ko,ao) | the photon is linearly polarized {with ¢O = 0

for P <0 or %~for P > 0); otherwise 15 chosen randomly between

Yo
0 and 2=,
As mentioned ot the beginning of this section the secattering has

been treated in the plane parallel approximation. However, if the source

helght ahove the scattering level is cdmparable to the radius the proper

transformation between coordinates referred to the surface normal at the
flare site and those referred to the normal at the point of entry int6
the photosphere should be made, and the inverse transformation should bhe
- made for escaping photons,

This process is carried out by rotating the matrix, R(¢0,§b,ﬁb),
of the pho&on'in flaré site coordinates through the angle 8§ between

‘the  rnormal at- the flare site and the normal at the point

8



i

of enfry into tho photwnhere giving the matrix H(¢0,ao,0) to be used

for the plane parallel approximation as
~ 1, -
R(\{'o:eo:o) = R(‘?o’%‘o"*’o) R (03913{.’0) (17)

A photon escaping after the nth scattering, R(¢n,en,¢n), must be

referred back to flare coordinates
R(T,%,4) = R(\}Jn: Bn;cpn) R(O,E,-?p'o) (18)

The properties of each escaping photon are recorded in the proper
histogram bins using the final direction, %, polarization, y; and
cnergy, k. { the symmetry of the incident flux assures that there is no

¢ dependence).

ITI. RESULTS

A, Comparison with Previous Work

Before presenting the spectrum, directivity and polarization of the
total (reflected plus direct) flux for the model of impulsive solar
x-ray bursits described in paper III, we can test tha Monte Carlo proce-
dure_and evaluate its accuracy through comparisons with earlier work.
The problem of seattering from an atmosphere of e¢lectrons has been
treated previously by several authors using both the classiéul and
relativistic cross sections. Our results can therefore be compared to
exact results from the theory of radiation transfer, approximate
analytic solutions to the problem of a Compton scattering atmosphere

and to previous Monte Carlo solutions,

i b 2




Chandrasckhar (1960) found the directional and polarization proper-
ties of the radiation diffusely reflected by a plane parallel atmosphere
of porfoct Rayleigh (dipole) secatterers. Abhyankar and Fymat {1971)
have extoended this calculation to include scatterers with single
scattoring albedo w, = 0.99.

We have found that with a few thousand photons the Monte Carle
procedure gives'results in good agreement with tho analytic selutions.
An éxnmple is shown 1in figure 2 whore we plot the directivity and
degree of polarization of the radiation reflected from an azimuthally
symmetric (;b chosen randomly between O and 2i) inci@ent beam with
8o = 60° and ¢ = 90°. The directivity is defined as the xatio of
the intensiiy in g given direcetion to the average intensity and the
degi'ee of pol-:iiiiion 18 the diffcrence between the intensity with
pn!nfization perpendicular to and in the meridian plane as o fraction
of the total intensity; tho meridian plune coniaing the direction of
obscrvation and the normal to the scattering surface, Here we have

lgnored the Compton shift, i,e,, we have set o ; and set

m = 9

g, = aT/99 to give a single scattering albedOiDO = 0.99, The direc~

ph
tivity results are good to within_the one sigma error bare inferred
from the Monte Carlo results, and the degree of polarization results
are good to much better than one sigma.

Basko et al (197h), by making various simplifying assumptions,
found an analytic approximation for the radiation diffusely refleocted
by & plane pa?allel Compton scattering atmosphere. Felsteiner and’

Opher {1976) have treated the same problem with a Monte Carlo approach.

- ‘The spectrum of the radiation diffusely reflected in the backward

10
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direction from a beam ¢f unpolarized, normally incident 30 keV photons
is shown in figure 3. Our results agree very well with Felsteiner and
Opher, Basko et nl's approximation III (shown in the figure) locates
the single scattering peak and gives about the right height and width
(Basko et al used a spread of incident energies between 29 and 30 keV).
We find an albedo consistent with Felsteiner and Opher and significantly:
less than Basko et al which is due to their lower iron asbundance,

The problem of the radiation diffusely reflected by a Compton
gcattering atmosphére from a model spectrum (as opposed te a monochro-
matic line) has been treated by Tomblin {1972), Santangelo et al (1973),
Henoux (1975) and Felsteiner and Opher (1976). %omblin dealt with
energies lower than we treat and Felsteiner and Opher used a thermal
bremsstrahlung spectrum which is of interest in the case of x-ray
binaries., Santangelo et al treated only the case of an isotropic power
law saurce and did not report results for polarization, In figure )
we compare oui resﬁlts for the directivity with those of Santangelo et dl
and Henoux for roughly equivalent isotropic sources. At the lower
energy the three curves lie within about 2¢g of each other while at
the higher energy our results agree very well with thbSe.of Henoux and
also with Santangelo et al, taking zccount of the slightly different

energy hands.

B. Results for Solar X-ray Bursts

Using the Monte Carlo procedure described in section II we have
calculated the spectrum, directivity and polarization of the reflected
radiation from the incident beam of the wodel described in the accom-

panying paper. Adding the reflected fiux to the direet flux we obtain

11



the spectrum, directivity and polarization of the total flux expected
from this model. These predictions for the observable flare properties
are prescented below.

1) Spectrum

The spectrum of the total flux expected from a powor law electron

dJ
beam (with a differential number f£lux EEE o E”a'l

is presented in fipure 5. In order to show the detailed properties of

» c.f. paper I, eq. 1h)

the spectrum we have plotted K® n{k) versus photon energy where n{k) = J(k)/k
is the photon number flux (per sec per unit energy interval). As is

evident from these curves the stecpening of the spectra beyond lQO keV

which was present in the direct flux (c.f. papers.I and III) becomes

more pronounced when the reflected flux is taken inteo account, Such

breaks have been observed (Frost 1969 and Frost and.Dennis 1971) during

the impulsive (but not the slow) phase of the flare for flares with § < 3.

Our model shows that a larger change in the spectral index occurs at

100 keV for harder flares than for softer ones, although experimentally

the detexmination of a break for softer flares would be more difficult,

In Table I we present results from least square fits of the spectra
to two power laws, one for photon energies between 20 and 100 keV and
another for photon energies greater than 100 keV. The residual variance
is much less for the two power law fit than for a single power law fit
across the entire energy range. Using the F-test it is possible to test
the hypothesis that the data is actually a sample from a single power
law with statistical fluctuations and that the reduction in variance .
wlth the two power law fit is due simply to the increase in the number

- of free parameters in the fit, The results show that for none of the

12

&



curves can the achieved reduction be expected more than 154 of the time
on a statistical basis., Taken as a whole this strongly indicates; but
by no means proves, that our model spectra are best fit by a two power }
law spectrum,

Sometimes such deviations of flare spectra from a single power law
are interpreted as indications of a thermal bremsstrahlung of the flare
x-rays (c.f., e.g., Elcan 1975). We have therefore fitted our model
spectra to a thermal spectrum and determined the temperatures shown in
Table I, The thermal spectrum provides a podrer but neverfheless
acceptable f£it.-

We would also like to point out the syétémaﬁic flattening (or
haxrdening) of the spectrum (in 20 to 100 keV ranée) of harder flares
(86 < &) in going from limb flares (cosp = 0.0) to flares at the
center of the solar disk (cosg = -i.O). Because the majority.of _
flares have § between 3 and 4, this model indicates that on the
average limb flares would ﬁe steeper (or softer) than those at the
center of the disk although the variation is not as strong as observed

(ec.f. however, section 1V),

13




TABLE I

Results of Fits to the Spectra

K = cosp
5 _
0 <= -0.2 -O.h_sus -0.6]0.8<p=-1.0
X' 3] .55 & .03 Mo & .06 .20 & .08
20 < k < 200 keV | 4| .57 = .02 6L 4 .08 A6 4,09
51 .61 & ,01 69 + ,06 61+ 11
£ 3| 1.64 + o4 2,68 & .26 3.54 & .96
k > 100 keV 41 1.52 & .03 2.25 & .07 2.86 + .54
51 1.52 + .0L 1,98 + .07 2,35 + .16
3/120.7 + 3 20.3 + 3 9.1 £ 3
kT keV L 6.4 + 3 15,9 & 3 15,7 £ 3
513.6 & b 131 + b 12.6 + &

¥  d log J(k)

d log &k

J(k) = photon flux in

Error bars are for a 994 confidence interval,

+ 86 -1

keV

cm -sec-keV

IR




ii) Directivity
The directivity D of the total outward (-1 < cosd < O) flux

normalized at cos® = -1 (center-of-disk flare) is plotted for various

J(k,8)
JT(k,cose = ~l)

is defined differently than the directivity D in paper IIL.) Compari-

energles and'index § in figure 6. (Note that D(k,g) =

son of these curves with the directivity of the direect flux of paper.III
show that between 20 and 100 keV the radiation is usually fairly
isofropic. For example, at 20 keV the ratio of center to Limb flux

is 1:6 for the direct £1' x while for the total flux, in the case of

zero pitch angle and an electron energy spectrum with index § = 3, L

and B, these ratios are l:1, 1:1.5 and l:l.B,Irespectively. This
structure is even more pronounced at 100 keV, and for .30 < k < 100 keV
and & = 3 the limb flares (cosg = 0) become weaker than the centor-of-
disk flares,

Above 100 keV the scattered flux makes a smaller relative contri-
bution due to larger relative energy shifts of the scattered radiation
.up the steep power law spectrum, The scattered flux also makes a
reduced contribution_below 20 keV due to stronger absorbtion thfough
photodonization, The result is that outside 20 to 100 keV the direc-
tivity is similar to that of the direct flux. The directivity does
.noﬁ depend foo strongly on the pitch angle but does tend to decrease

wlth ihcreasing pitech angle.

iii) Polarization
' The degree of polarization of the total flux i5 shown in figure 7.
In general, as comparison of these curves with the curves in paper IIT

for the degree of polarization of the direct flux shoWs, the scattered

15



flux reduces the degree of polarization from that of the direct 3lux,
but the overall shape is preserved, The degree of polarization
decreases both with increasing pltch angle and increasing energy

but increases with inecreasing §, the power law index. The scattered
radiation affects the degree of polarization only slightly because for
cosfh M -1, where 1t dominates, both the direct and scattered flux have
zero polarization, while at cos® =~ 0, where the direct flux is

strongly polarized, there is little scattered f£lux,

iv) Albedo
The albedo of the solar atmosphere for a monochromatic incident
flux is shown in fipgure 3. 1In general, for steep spectra of incident

flux, such as those occurring in solar x-ray bursts, at o given energy

most of the contribution - to reflected flux come from incildent

photons of similar and slightly higher energies with little contribution
from much higher energies. Thus, in general, monochromatic albedos
will be pood approximation for steep power law incident flares, Because

of strong directivity of the incident flux of a solar flare, albedo

.definitions become complicated. On table II we give DhEF(k,g) the

reflect photon number flux as a fraction of the total (integrated

overall energies and directionstla(k)dk) generated flux. For comparison

we also show this fraction for the direct flux which is the same as

D(k,cosp) [note that D+ Dopr & D]. As evident for center-of-disk

‘flares the reflected flux.is 5 to 6 times stronger than the direct

#1ux while at the limb the reflected flux contribﬁtes only about

354 to the total observed flux.

16
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. The observed flux for a given incldent electron beam is given by

3 s(Ks8) = [D(k,e) + DREF(k,e)] J(x) . (19)

Thus with the help of this equation and the relation between J(k)
and the incident electron beam one can calculate the total energy of
the accelerated electron for observed fluxes at any value of 6,

We also note that most of the photons not reflected are absorbed

within three scattering lengths,

17



TABLE II

Co:ﬁpnrison of Direct and Reflected Fluxes at 20 - 25 keV

5 0O<p< -0.2 ~0.8 < 1 < ~1.0]
Do pr(koh) 3 .0ko 0.122

L 052 0.153

5 .05k 0.129
p(k,n) 3 .078 0.024

S 091 0.022

5 .09k 0.021

W = co0Sf6

J

= fJ(k) dk = total incident flux (keV cm-?' sec™™)

18
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IV, SUMMARY AND CONCLUSIONS

We have developed a Monte Carlo procedure for evaluation of the
spectrum, directivity and peolarization of x-rays reflocted from
an atmosphere containing electirons and dons, We have tested
thé accuracy of this procedure by comparing its results with analytic
solutions of similar problems, Our results also agree with previous
numerical and Monte Carlo solutions. Thié program has been used to
deterﬁine the properties of the reflected x-rays from the solar atmosphere
during a solar flare. Using the polarization, spectrum and directivity
of the x-rays expected :from the model deseribed in paper I and the
accompanying_paper (pgper_lII), we have calculated the expected
properties of the total (reflected plus direct) radiation for various
parameters of the model, In comparing the total flux with the direct
£1ux (the flux in absence of reflection) we find the Pfollowing:

1) The total flux is affected mainly in the 20 to 100 keV range
of energies. Above 100 gev the contribution of the reflected radiation -
is small because of increasing Compton shift with energy, and there is
little reflected radiation below 20 keV because of strong photo-
absorption at these energies.

2) Because of the abeve the steepening of the spectrum ahove
100 keV is more pronounced than that reported on paper I {and is in
better agreement with observations by.Frost (1969) for the direct flux),
We also note that for flares with smaller electron index § (i.e. harder flares)
the spectra tend to be steeper near the solar limb, cosg = 0, in comparison with
those at the center of the disk, cos® = ~l. This phenomenon disappears
as § increases. In some cases the curvature produced by this break

could result in a spectrum (from a power law electron spectrum) resembling

19



%

RFPRODUCIBILITY 0%
pITNAL PAGE IS I vk

a thermal bremsstrenlung spectrum indicating that observation of such
spactre does not necessarily indicate a thermal origin of the radintion,

3) The directivity of the total flux in the 20 to 100 keV range
is reduced considerably in comparison with the directivity of the
direct flux. Tor electron spectra with index § = 3 the flux is isotrapic
at 20 - 30 keV, and has the opposite sense of directivity (stronger in the
center than at the 1imb) compared to the direect flux in the 30 - 150 keV
range of energies, For higher values of § directivity is similar to
that of the direct flux but the ratios of 1imb to center fluxes are
smaller,

4) In general, the total f£lux 4is still highly polarized but the
degree of polarization is smaller than that of the direct flux.

In paper I1 {Petrosian 1974) the properties of the direct flux
were compared with the statistical behavior of a sample of flares
described by DatloWe, Elcan and Hudson-(l97h). Two important aspects
of this comparison were the absence of variation of frequency of
occurrence of flares across the solar disk and steepening of the spectra
toward the limb., I£ was shown that although for the direct flux the
spectrd are identical across the disk the strbng direetivity of the
 direct flux causes favorable conditioﬁs for observatioh of steeper
spectra tﬁ@ard the limb. As menfioned above.the directivity of the
total flux is smniier or non-existent at the 20 - 30 keV range. Howaver,
as hentiéned in items (2)'and (3) above, for values of § where directivity
is small the Qpectra.of the total flux tend to he steeper_(of softer) on
the 1imb, whiie for highef '8 where this stéepening'is absent thé.flare

tend to be stronger toward the Iimb than at the center.
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The situation here is more complicated than that of the direct
flux, and the simplified annlysis of paper II becomes complicated and
not worth being repeated because of 1ts simplicity. However, it can
be shown that the above two effects tond to result in gradual steepening
of the spectra toward the 1imb, In fact, an analysis similaxr to that
of paper II shows that for the total flux one can define an equivalent
parameter b so that the b/a§’ term in paper II is about unity
implying a difference in spectral index between flares at -1 < cosg < -%
and at n% < cosg < 0 of about +0,5 instead of the observed 0.7. Note
also that because of the smaller value of  b/a§’ the expected fre-
quency of occurrence of flares.would be ﬁore uniform across the disk
(once the H, visibility factor is taken into account) than for the
direct flux,

The negative polarization is in agreement with observations of
Tindo et al {1971), but because of the tentative nature of these
observations not much more could be inferred from their comparison

with the model.
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Figure 1

Figure 2

Figure 3

Figure U

FIGURE CAPTIONS

The Euler angles o, ¢, and § which transform the x-axis
into the photon polarization voctor 3, and theo z-axis into
thé momentum vector k. Adopted from Mathews and Walker {1970).
Comparison of the Monfe Carlo results, represented by circles,
with the analytic caleulations of Abhyankar and Fymet (1970)
(1ines), for dircctivity (openrcirclos and dashed lina)

and polarization {filled circles and solid 1inﬁ) of scotiered

- radiation from a plane parallel atmosphere consisting of

Royleipgh scatterers with single scattering albedo Wy = 0.99,
The ineident beam is normal to the atmosphere (coseo = 0,

¥y uniformly distrihuted between O and 2r) and has polariza-
tion vector normal to the meridiun plane, ?b = O,
Approximately 4,000 emerging photons,

Albedo {normally refleﬁted photon number per keV per sr

per incident photon) versus photon energy of an atmosphero -
containing electrons and ions with "cosmic' abundance

rnfios for a normal incident monoenergetic heam of 30 keV,
The sqlid line is fitted to the filled circles from this
paper., The open circle from Felsteiner and Opiar (1976)
Monte Carlo results, The dashed line from semi-analytic
approximation III of Basko et al (1974) with incident photon
energies between 29 and 30 keV and for lower iron abundance.
Comparison of the present Monte Carlo results (solid lines

and points with error bars) with those of Henoux (1975)

(dashed lines) and Santangelo et al {1973} (dotted lines).
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Figure 5

e GO

Figure-6

Figure 7

T = e

All curves are for an unpolarized incident photon flux of
index & = 3. Lower curves for reflected photon encrgles

50 < k < 70 keV; middle curves for B0 < k < 100 keV; upper
curves for 15 < k < 20 keV except for the dotted line which
is for 15 < Ik < 30 keV photons. Santangelo et al results
are for a lower iron abundance and for 6§ = 2.5.

Spectrum of totel (direct plus reflected) photon flux for
various index § of the incident f£lux. n(k) = photons per
keV per sec; k = photon energy; the curves marked -1 give the
flux for -1 < cosd < -0,8 (center-of-disk flares) and the
curved marked zero give the flux for -0.2 < cosp < 0  (1imb
flares). Pitch angle n=0." |
Directivity, normalized at cos® = -1 {center-of-disk flares),
of the total flux for various index § and energies k in kaV. Pitch
angle T = O Tfor all curves, For 7 # O directivity is
slightly smaller than for 1) = 0.

Degree of polarization of the.totul flux versus cos§ for
various values of the index §, pitch angle N and énergy k.

In (a) all curves are for § = b and are labelled by the

‘value of 7 in degrees, In (b) curves are labelled by the

value of index §. The dotted line is for an unpolarized
incident.(or direct) fIusx and the dashed line gives the
polarization of the direct flux at 21.% keV, Points are

from the observations of Tindo ot al (l972).
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