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SUMMARY: We have investigated the effects of Compton broadening due to
electron-photon scattering in hot stellar atmospheres. A purely electron-photon
scattering media is assumed to have plane parallel geometry with an input radia-
tion field localized on one side of the slab. The method is based on the discrete
space theory of radiative transfer for the intensity of emitted radiation. The solu-
tion is developed to study the importance of scattering of radiation by free electrons
in high temperature stellar atmospheres which produces a brodening and shift in
spectral lines because of the Compton effect and the Doppler effect arising from
mass and thermal motions of scattering electrons. It is noticed that the Comp-
tonized spectrum depends on three parameters: the optical depth of the medium,
the temperature of the thermal electrons and the viewing angle. We also showed
that the Compton effect produces red shift and asymmetry in the line. These two
effects increase as the optical depth increases. It is also noticed that the emergent

specific intensities become completely asymmetric for higher optical depths.
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1. INTRODUCTION

Electron scattering appears to have consider-
able influence through Compton broadening on for-
mation of spectral lines in objects such as the outer
layers of hot stars, AGN’s, Seyfert galaxies etc. Elec-
tron scattering contributes not only to the opac-
ity of high temperature stellar atmospheres but also
produces broadening and asymmetry in the spectral
lines of such stars. The redistribution of photons in
the line is due to Doppler motion of the electrons and
the Compton effect in the scattering process. Many
authors made attempts to solve the transfer equa-
tion for two level system accounting for noncoherent
electron scattering with various approximations. In
the following section, we shall briefly refere to some
of the relevant papers.

1.1. Impact on spectral lines

Theoretical calculations of the profile of spec-
tral lines broadened by scattering by free electrons
is a difficult problem. Munch (1948, 1950) investi-
gated the broadening of spectral lines due to thermal
motions and has found this effect in a Wolf-Rayet
stars atmospheres. However, Compton shifts have
been neglected. Chandrasekhar (1948) examined the
shifts due to Compton scattering but neglected the
Doppler shifts and used a Taylor series expansion (to
the first term). Peraiah (1990), Peraiah and Vargh-
ese (1991) extended this work to the spherically sym-
metric geometry by including the second derivative
of a Taylor series. Dirac was the first to study Comp-
ton scattering and he found that thermal motions
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produced a non-Doppler blue shift larger than the
Compton red shift. Therefore it would be interest-
ing to study how Compton scattering changes the
energy of a high frequency photon. Edmonds (1953)
derived the spectral redistribution function to the
second approximation. However, he solved the equa-
tion of transfer in plane parallel approximation using
the first approximation of the redistribution func-
tion. He found that non-Doppler blue shift due to
thermal motions is much larger than the Compton
red shift, for an optical depth less than one, which
is appropriate in a Wolf Rayet star. As this optical
depth is much less than what is actually found in
other objects, we would like to calculate the broad-
ening due to Compton scattering in a high optical
depth case and to include the second approximation
by adding the terms introduced by Edmonds (1954).

Auer and Mihalas (1968) carried out numer-
ical calculations of the profiles of broadened lines,
using the redistribution function found by Hummer
and Mihalas (1967). Zel’dovich et al (1972) consid-
ered nonlinear electron scattering effects to study the
evolution of frequency and angular distribution of
the radiation for a narrow line in an infinite medium.
Nagirnev and Vedmich (1976) developed a method
to study the formation of spectral lines under the
combined effects of resonant and electron scattering.
They proposed two methods to calculate the line pro-
files. The first method (based on two-dimensional
linear integral equation for the intensity of the emit-
ted radiation) is preferable when electron scattering
is comparatively unimportant, while the second one
(involves separating intensity into three parts, corre-
sponding to the continuum, electron scattering and
resonant scattering) is preferred in the opposite case.

In general, interactions between -electron
Doppler frequency shifts and thermally broadened
spectral lines can cause observable broadening of
lines in spectra of the hottest stars. Recent papers
by Hillier (1991) and Hamann et al. (1992) demon-
strate the effect in theoretical spectra of Wolf-Rayet
stars. Scattering of free electrons has to be treated
as noncoherent when the spectrum contains narrow
spectral lines. In that case the width of line can
be smaller than the electron Doppler width. This
aspect of the problem was studied by Rybicki and
Hummer (1994) who investigated the importance of
noncoherent continuum scattering for the formation
and broadening of spectral lines. Rangarajan et al.
(1991) obtained the solutions for parametrized mod-
els with both partial and complete redistribution in
the line. Some basic aspects were discussed by Pera-
iah and Srinivasa Rao (1993) in the context of Comp-
ton broadening due to electron scattering. Madej
(1994) studied Compton scattering on white dwarf
model atmospheres in detail and found that pure
hydrogen models with a temperature of 10> K show
depression in the X-ray continuum. In a later paper
Madej (1998) computed the effects of Compton scat-
tering for a model corresponding to the parameters
of DA white dwarf HZ43 and noticed large differences
between Compton and Thompson scattering models.

In Section 2, we present the relevant equa-
tions for Compton broadening along with the trans-
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fer equation in plane parallel geometry. In Section
3, we present some of the important steps for ob-
taining the solution of the transfer equation. Result
and discussion are in Section 4. Conclusions and the
Appendix are in the next two sections.

2. SOLUTION OF THE EQUATION
OF TRANSFER WITH
COMPTON BROADENING

The optical depth within the atmosphere is
given by:

dr = —Ngo.dZ (1)

where dZ is the length, N, is the electron density,
and o, is the Thompson cross-section given by

8t et

% = 3 2 (2)

where e is the electron charge, m is its mass and ¢
is the velocity of light. The emission coefficient for
Compton scattering by electrons in thermal motion
is given by Edmonds (1954):

jlv,mop) = Neae/dw’ 2(1 + cos? ©)-

/OC dV' I 7 1), ©,0") (3)

0

where primed quantities refer to the incident radia-
tion, unprimed to the scattered radiation and

1= cosb. (4)

Further, p; = p and ps = p/, v is the frequency of
the radiation, dw’ increment of the solid angle about
the direction of the incident radiation whose inten-
sity is I(v/, 7, '), and the angle of scattering O, is
given by:

1
2

cos@:muﬁ[a—u%)(l—u%)} cos(p — ). (5)

The spectral distribution function for scat-
tered radiation to the second approximation is given
(Edmonds 1954) as:

(v, 0,1 = T—; {477ka(1 — cos @)} N
T
v 2 v P 4kT(1 — cos 9)
vVi—v  h 2 v -]t
[ - (1—Cos®)] [1—&— > } }(6)

v mc?

Here k is Boltzmann’s constant and h is Planck’s
constant. For convenience we shall define the follow-
ing:
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Let us express the frequencies in the form of Ed-
monds (1953)

] (52 252
4kT Vo 170
me2]% [N = Ao 1/ N =X
- i )05 o
2 / / 3
r mc v —1) vV — 1)
= o) ()]
m02 % )\I—)\() 1 )\/—>\(]
- {M] ( " ﬂ”z( " )] ®)

where A and A are the wavelengths corresponding to
v and fixed frequency vy respectively. By introducing

[N

VvV — 1)

- ©)

and

/
’ vV — 1)

A

(10)

Egs. (7) and (8) for a and o’ become

= e va (o)
o = j%{l—i—\/ix'(:b;)} ;

Vov
:%, v being the

N|=

(11)

N

(12)

where A is Doppler width (A

mean thermal velocity), T is the temperature of the
gas, and v° being the frequencies. I(a,r, ) is the
specific intensity of the radiation at the radial point
r, the radius vector, making an angle cos™! 1 with
the ray. N, is the electron density, o, is the Thom-
son scattering coefficient equal to 6.625x 10725 cm 2.
The quantity ®(«, p; o, ') is the scattering function
given by Peraiah and Srinivasa Rao (1993). In terms
of these variables, the emission coefficient j(a, 7, 1)
is given by

31 e
N e
dm [77(1—(:05@)]5

[t s -3(25) -]

3
2
exp{ ((O‘_O‘ +2(4kT> hvo ’—a)}(13)

1 —cos©) mec2

2.1. The equations of radiative transfer

The equation of radiative transfer in plane
parallel geometry can be written as:

3[(04 T, /J) ](Oé,T, ,U)
or N.o,

The second term on RHS of Eq. (14) is the source
function and we shall simplify the emission coeffi-
cient j so that a simple solution of the Eq. (14) can
be found. We shall perform the integration over the
azimuthal angle ¢ (refer to Eq. (5)). The trigono-
metric functions involving the angle © are simplified
and finally we obtain:

3
ﬂmﬂMZR%M%//WMdM%ﬂMK

- 3() -

= I(a, 7, p) = (14)

2 % h
exp {(o/ —q) (Z{;) m—zoz — (o = a)Q}, (15)
where:
27 9 9
Yo = 243Mi+ = (2M] + My)+
91
+ 24(2M1 +3MM3)+
217 3
+ e “— (2M{ + 6M M3 + 41\42) (16)
with:
My = papio (17)
and
3
My = [(1—u%)(1 —u%)] (18)
Eq. (14) can now be written as:
dl (o, T,
pOT) (ol 7ty = Stamp), (19
where the source function is:
oo
S(a, T, 1) :/ do/
— 00
+1
/ D (cv, p; o, W) I (! 1 )dp (20)
—1

and the quantity ®(«, u; o/, p') is a scattering func-

tion:
3 AKT
vy, |1- =
167 [ 2<mc2) (o a)]

e@{m'aVZ§M'a(§ﬁf}.@n

Computed source functions are plotted
against 7 for both cases and shown in Fig. 4.

(a0l p') =
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3. METHOD OF OBTAINING
THE SOLUTION OF THE
TRANSFER EQUATION

The solution of radiative transfer Eq. (19) is
developed by using discrete space theory of radiative
transfer, following the procedure given in Peraiah
and Wehrse (1978) or Wehrse and Peraiah (1979).
In general, the following teps are carried out for ob-
taining the solution of the transfer equation:

(i) We divide the medium into a number of ”cells”
whose thickness is less than or equal to the critical
(Terit). The critical thickness is determined on the
basis of physical characteristics of the medium. 7¢.it
provides the stability and uniqueness of the solution.
(ii) Now, the integration of the transfer equa-
tion is performed on the ”cell”, which is a ra-
dius - angle -frequency grid bounded by [r,, rn41] X

[Njfémujur%] X [#4, T4 1], where Hjpi= Z?c:1 Ck,j =
1,2...,J, where Cy are the weights of Gauss Leg-
endre formulae, and for frequency discretization
the discrete points xl and Weights a; are used:

fj;o O(x) f(x)dx ~ Z a; f(x;), Z a; = 1.
i=—1I i=—1I

(iii) By using the interaction principle described in
Peraiah and Grant (1973, hereafter PG73), we ob-
tain the reflection and transmission operators over
the "cell”.
(iv) Finally, we combine all the cells by the star al-
gorithm described in PG73, and obtain the radiation
field.

So, now, we can write the discrete equivalent

of Eq. (19):

+ + +
My, (Iz‘,nﬂ - Im) t gl 1 =

1
++ + -
|:(I)11/ nt+3 @i ”+ CII’ n+1¢11 n+1az n+3 CII n+3 :|
(22)
M <Iz_n+1 Iz )+T +1Izn+1 =
- 1
+ + - -
|:(I)11/ n+1al ntg CI1 nt3 T n+1az n+ C’I1 n+3
(23)
where:
X;,u-&-% = (I)(ai,+ﬂl;a/i,+u2);
@;zin—ﬁ-l = @(ai7_ul;a;7—ﬂg). (24)
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Similarly, ®~7,® "~ are defined as:

@ vy =P, s af, — )
‘P;;f’mr% = ®(aj, —p1s 04, +p2)  (25)
and:
Si:_% = (c®], 1) Bt 107 (26)

where € is the probability per each scattering that a
photon will be destroyed by collisional de-excitation,
and B is the Planck function. Furthermore:

M = p1jk0;k, (27)

C = cjkéjk (28)
1 and C being the root and weight of the angle
quadrature. Egs. (22) and (23) can be combined
for all the frequency points in line and discrete equa-
tions can be written as:

+ + +
Mm(.rn+1 —In> SRTEY AP

1
= -T,1 [<I>++W++I+ + <I>+—W+—I—]
2 2 n_,'_é
(29)
M,, (I;_H —I;) +Tn+%1;+%
1
=T 1 {ﬂ!I)‘J“W_JFIﬁL + <I>"W"I_] ,
2 2 n_,'_é
(30)
where:
T
I {11]213 I] , (31)
+ 1
n+3z
and
Aiq)i
Wi =a;cj; ai= ———), (32)
Zl’:l Al(I)l/
k=j+@—1m, 1<k<K=ml (33)

where m= total number of angle points, i= running
index of frequency points, j= running index of the
angle points, I= total number of frequency points.
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and

(34)
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Fig. 1. The scattering function (<I>) for two tem-

perature T=1x10* K and T =1 x 107 K.

Fig. 3.
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Fig. 2. Intensity profile of I- given for Tmin=1 and
Tmax =100 for different angles 1 and ps.
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The same as Fig. 2 but for Tmin=10 and
Tmax =1000.
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T=1x10* K —=—- Doppler
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Fig. 4. Variation of source functions against the
optical depth T = Timax =100, 500, 1000.

Eq. (19) is integrated following the lines of
PG73. The intermediate matrices I, r and t and
internal sources %° are given in Appendix and the
numerical evaluation is the same as in Wehrse and
Peraiah (1978). All the calculations are done in a
plane parallel atmosphere.

16

4. RESULT AND DISCUSSION

The problem of radiative transfer in an at-
mosphere of free electrons is solved using the afore-
mentioned procedure. In the solution, the account
is taken of noncoherent character of electron-photon
scattering due to Doppler shifts arising from ther-
mal motions associated with kinetic temperature T
which is constant throughout the atmosphere, and
broadening due to Compton scattering for different
optical depths. We have considered the tempera-
ture T = 1 x 10* K for two different optical depths
Tmax=102, 103 to study the effect of Compton broad-
ening due to electron-photon scattering. We have
also shown in Fig. 1 the variation of scattering func-
tion @® for two different temperatures 7' = 1 x 10* K
and T =1 x 107 K. Since we are using discrete space
theory of radiative transfer, in general, we divide the
medium into N=100 plane parallel layers of equal
thickness. The layer N=100 corresponds to 7 = Tyax,
and layer N=1 represents 7 = 0. We have chosen two
angle points on the Gauss-Legendre quadrature (0,1)
and along with normalized frequency points a; from
-4 to +4 with corresponding trapezoidal weights. We
have given incident radiation at 7 = Tyax and no ra-
diation is incident at 7 = 0. This can be written in
the following form:

I(,u'jaaiaTTmax) =1 I+<.uj705i57_0> =0.

Fig. 1 shows the behavior of the scattering
function ® with respect to the scattered frequency
o for different temperatures T’ = 1x10%, represented
by solid line, and T = 1 x 107 by dashed line. It is
easily seen that the probability that a photon emit-
ted at a=-4 with reappears at a=0 is considerably
higher than that if emitted at a=+4. However, in
the case where the photons are emitted either at a=-
4 or a=+44, their probability of reappearing at a=+4
and a=-4, respectively, is extremely small. The pho-
tons emitted at a=0 would appear at a=+4 more
strongly, although at a=-4 the probability is slightly
higher than at a=+4. This happens because of the
fact that the contribution comes from diffuse radi-
ation field from the layers bounded by 7 = 0 and
T = Tmax-

Figs. 2 and 3 show the plot of I~ against the
original frequency «. The figures also show 7 = i
at 1, 10 and 7 = Tmax at 102,103 for two different
viewing angles of p® respectively. We can see that
the dashed curve for Doppler and the continuous
curve for Doppler+Compton (Doppler+Compton,
hereafter (D+4C)) differ considerably.

Fig. 2 (a, b, ¢, d) shows Doppler effect which
is symmetric with respect to the central frequency
at a = 0 for smaller and larger optical depth, 7 =1
and 7 = 100, respectively (in some cases, in particu-
lar those shown in Fig. 3(a, c¢), the symmetry is not
seen due to numerical instability with the method
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and it can be avoided by considering larger num-
ber of layers, angles and frequency points). When
the Compton scattering is introduced, the asymme-
try and the red shift from the central frequency are
seen in the intensity profile of Figs. 2 and 3. That
means that Comptomization can cause significant
rise of gas temperature particularly at small opti-
cal depths, and also excess heating of the outer lay-
ers can cause interaction between photons of high
thermal energies coming from hot layers and the gas
which was initially cooler than the radiation. In such
situation hotter photons lose energy during scatter-
ing, whereas electrons get hotter.

In the case of higher optical depth, Figs. 3 (a),
3(c) show some red shift of the line and increase at
higher frequencies. This happens because of the fact
that the gas temperature and photon energies are
small compared to the electron mass and repeated
Compton scattering. Thus, one can conclude that
for 7 > 1, the Compton scattering produces more
broadening and increases asymmetry.

Fig. 4 (a, b, ¢) shows the variation of source
function against the optical depth 7, and reveals that
larger fraction of radiation is redistributed across the
medium with scattering. The source function for dif-
ferent optical depths m,.x =100, 500, and 1000, is
shown, the dashed line is for Doppler and solid line
for Doppler with Compton (D+C). It can be noticed
that the source functions are almost parallel to each
other in the interior of the atmosphere and, as the op-
tical depth increases, the large differences are seen in
all the three cases. One can observe that the source
function is increasing towards the interior of the at-
mosphere from 7 = Tyin t0 T = Tmax. This is due
to the fact that no radiation is incident at 7 = 0;
when the incident radiation is given at 7 = Tyax,
the radiation is redistributed in the atmosphere. It
can be also noticed that the radiation increases as
the optical depth increases. We also observe that
the combined source function values (D+C) are less
than the Doppler source function values.

5. CONCLUSIONS

We have investigated the Compton broaden-
ing due to electron-photon scattering in a hot stellar
atmosphere in a plane parallel medium using the dis-
crete space theory of radiative transfer and noticed
that the Compton effect increases asymmetry in the
line. This also increases when the optical depth in-
creases. We would like to extend the above work to
the case of a spherically symmetric atmospheres to
study Compton broadening effects on spectral lines.
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APPENDIX

The transmission and reflection operators are
given by:

tn+1,n) =G [ATA+g g "] (35)
tinon+1)=G "[A"D+g Tg" ] (36)
r(n+1,n) =G Tg T[T+ A" A] (37)
r(n,n+1)=G g™ [I+A™ D], (38)

where I is the unit matrix, and cell operators are:

2;% =G~ A*SL% +g+’A’S7’L+% Tpit (39)
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Z;Jr% =G T [A‘SLi —I—g_+A+S:+é:|Tn+1, (40)
where:
—1
G = [I —g+‘g_+} (41)
-1
G = [I - g+g+} (42)
- = 17 ATY (43)
g 9 n+3 -
—+_1 ATY 44
g §Tn+% + ( )
D=M-71,,1Z (45)
A=M-71,,.2Z, (46)

1 —1
A+: |:M+2Tn+éz+:| (47)
1 -1
A = [M + 2Tn+§Z_:| (48)
1
Zy=—3 <¢»++W++> (49)
n+%
|
Z_ =— <<I» w ) (50)
2 il
Y, = <<I>—+W) (51)
n+%
Loy
Y =—(®" W (52)
2 il

NCTPAKMNBAIBE KOMIITOHOBOTI' ITNPEIHA YCJIEIL
PACEJAIBA $OTOHA HA CJIOBOJHUVM EJIEKRTPOHNMA

M. Srinivasa Rao

Indian Institute of Astrophysics, Koramangala, Bangalore 560034, India

E-mail: msrao@iiap.res.in

YK 524.3-852-64
Opuzurasnu HaywHL Pad

Y oBoM pamy OaBuaMm CMO C€ WCIUTU-
BameM e¢erara KoMOnToHOBOI mupema yciaen
pacejama (poToHA Ha CIOOOAHUM EJIEKTPOHMMA
y aToMocdepama Bpeaumx 3Be3na. IlIpermocras-
JEHO je Ha je TeoMeTpuja CpeauHe y KOjoj ce
ZleTaBa pacejame IUTaHnapaJenaHa U A2 yIalHo
3paveme [I0JIa3U Ca jeqHe CTpPaHe MapaJiesHUX
cinojeBa. VIHTeH3UTET €MUTOBAHOT 3pavema je
noOujeH NpPUMEHOM MeToHa KOjU Ce 3acCHUBA
Ha AWCKPETU30BAHOj] TEOPUjU NMPEHOCA 3Pavemha.
W3Benena je um permena jegHavyWHa, TIpPEHOCA Y
cay4dajy pacejama Ha CIODOTHUM €JEKTPOHUMA
y 3Be3JaHUM aTMoc(pepaMa Ha BUCOKUM TeMIEepa-
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TypaMa ¥ aHAJU3UPAHO NOOWjEHO pelIeHme KaKO
ou ce yrBpamo 3Hadaj] KommromoBor um lomie-
poBOT edeKTa KOju OOBOIE MO0 IMUpema M IOo-
MakKa CHeKTpaJdHux Jjunauja. I[Ipmmeheno je na
pesyaryjyhu ”KoMOTOHOBCKM” cHeKTap 3aBUCU
OI TpUW mapameTrpa: ONTUYKe nyOumHE CpenuHe,
TEeMIIEpAType TePMAaJIHUX €JEeKTPOHA U yIJia IMOC-
MaTpama. Tarkobe je morka3ano ma KomnToHOB
eperaT m3a3uBa IPBEHU IIOMAaK Ka0 U aCUMEeTPUjy
auarja. OBa mBa edekra mocTajy 3HAYAJHUJU
kako ce mnosehaBa omnTuuka nybuHA CpeauHE.
3a BeqmMKe ONTHYKE TyOWHE M3TA3HU MHTEH3UTET
3pavema MOCTaje MOTIYHO aCUMETPUUYAH.



