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Abstract

The framework for describing the transfer of polarized atidn through a rela-
tivistic isotropic nondegenerate gas of free electronstpiCompton scattering
into account is developed. It is shown that the kernel of tianzation radiative
transfer equation (PRTE) can be presented as a product Giimpton scattering
matrix and two usual rotation matrices. The CSM for the mowogetic isotropic
electrons is derived. The methods of calculation of the C8MHte Maxwellian

and power-law electron distribution are presented. Tlratitee method of solu-
tion of the PRTE is proposed.

As an astrophysical application of the developed formaligra synchrotron
self-Compton (SSC) mechanism and comptonization in aocretisk coronae
are considered. The frequency and angular dependence witémsity and the
degree of polarization of an optically thin SSC source withaigned magnetic
field are obtained. The two-phase model of the accretiorsdiskctive galactic
nuclei is considered. The spectral and polarization ptaggeof such a model
are investigated. The limits of applicability of approxitiea formulae for the
spectral energy index as a function of electron temperatndeoptical depth of
the layer are given. The method of the determination of theehparameters
from observations is described.
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Chapter 1

| ntroduction

In spite of the fact that more than seventy years have passeel the discovery
by Arthur Holly Compton of the effect which is nowadays knoas Compton
scattering (Compton, 1923), itis impossible to say that ¢fffiect has been studied
in all its manifestations. In 1922, investigating the seatig of X-ray photons
from stationary electrons, Compton found that the photonelength increases
as:

", (1.1)

eC

N=X+

wherey is the cosine of the scattering angle. The valye:.c is the Compton
wavelength\¢ =~ 0.024A. The effect of transferring the energy from the photon
to the electron is called thecoil effect If, however, the scattering is undergone
by the moving electron, a photon is as likely to decrease agase its energy
(Dirac, 1925; see also Longair, 1992) due to Dwppler effect Scattering from
the ultrarelativistic isotropic electron gas increases thoton energy ak.’ ~
%’thl/, where~ is the electron energy in units of the electron rest masshif t
case the electrons lose and the photons gain energy andrdussg is called
inverse Compton scatterir(§eenberg and Primakoff, 1948).

In the case of nonrelativistic electrons where the chanfgeghoton energy
are small in each scattering, the process of multiple soagtean be considered as
a diffusion in frequency. The equation describing the etvoiuof photon spectra
due to the interaction with isotropic nonrelativistic éfen gas was derived by
Kompaneets (1956). This equation can be deduced from therBahn equation
using the Fokker-Planck approximation (e.g. Rybicki anghtiman, 1979). A
more general equation taking the angular dependence ofsityeinto account
was obtained by Babuel-Peyrissac and Rouvillois (1962¥k%1981) and Wilson
(1982) took polarization into consideration.

Compton scattering by a cold electron gas was investigatddahger et al.
(1978), Ross et al. (1978), lllarionov et al. (1979), Nagir(1984), Xu et al.
(1991), Chen and You (1993), and taking polarization intoaat, by Williams
(1984).
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The Kompaneets equation is applicable, strictly spealongy, in the infinite
isotropic medium in the limit where the photon energy andtets temperature
are smallhy, kT, < mec?, nevertheless it made it possible to obtain important
results on the evolution of photon spectra not only in cosgwl where these
conditions are fulfilled (Weymann, 1967; Sunyaev and Zeiclgv1970, 1980),
but also in objects with anisotropy and finite size. Diffdérerethods of applying
this equation were proposed by Lightman and Rybicki (19809 Colpi (1988).
Sunyaev and Titarchuk (1980) considered an optically tmeklium and used the
diffusion approximation to obtain the distribution of pbos over the escape time.
Its convolution with the solution of the Kompaneets equatioves the stationary
spectrum of the radiation escaping from the cloud.

The difference in the photon escape time leads to a differenthe number of
photon scatterings and gives rise to the formation of a havedep-law spectrum
(Shapiro et al., 1976). The understanding that hot Maxamlilasmas can form
power-law spectra was very important. If we observe sucheatspm it is not
necessary to call it non-thermal and to look for the meclmamitacceleration of
relativistic particles with power-law distribution in engges. If kT, < m.c?, and
the optical depth is large > 1, or kT, > m.c?, 7 < 1 these spectra can be
described by simple analytical formulae. In the intermet@ase analytical con-
sideration is difficult, and we must use either the Montelk&Cachniques (Pozd-
nyakov et al., 1983) or other numerical methods to solve #ukative transfer
equation.

The radiative transfer equation is in general an integfiemdintial equation
with a kernel given by the photon-matter scattering cresgisn (Pomraning,
1973; Rybicki and Lightman, 1979). In our case of the intBoscof radiation
with a nondegenerate electron gas, the kernel is the Congutaitering kernel
(CSK), which is defined as the Klein-Nishina scattering sfssction (Klein and
Nishina, 1929; Tamm, 1930) averaged over the electron grokstyibution. The
methods of calculation of the CSK for the relativistic Maxiea distribution
were proposed by Kershaw et al. (1986) and Nagirner and Rent@d 993). The
CSK for the power-law electron distribution was derived byzburg and Sy-
rovatskii (1964a) (see also Blumenthal and Gould, 1970).

The scattering of low-energy photons by relativistic el@ss can be formally
divided into two subcases: whemr < m.c? and wheny hv > me.c?. In the
first case, the Thomson cross-section can be adopted talzkeice scattering,
because the average photon energy in the center of momergoma of reference
is much smaller than the electron rest mass. Recently HEE®E8) adopted this
approximation to solve the radiative transfer equationnroptically thin plane-
parallel electron atmosphere. In the second case, the wuaetativistic Klein-
Nishina scattering cross-section has to be used (as in fa#ea> m.c?).

In the present thesis | consider the Compton scattering lafriged light. A
quite general form of the transfer equation has been givekchyista and Ander-
son (1974). Nagirner (1994) derived such an equation taikidgced scattering
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into consideration. | assume that the radiation field is oy wntense and con-
sider this equation in the linear approximation.

The radiation field and the polarization degree at each paantimet can be
characterized by the vector of the Stokes parameters (§th862)] = I (r,w,r,t) =
(I,Q,U, V). The radiative transfer equation describing propagatigotarized
light through an isotropic electron gas can be written infthlewing form (Paper

)

1 7 R -
(E%—l—w V) = —MNeO I+0Tne / dacl/d2 xxl? ) L(x1) 1,

(1.2)
wherezx; (z) is the energy in units of the electron rest massandw) is the di-
rection of the incoming (outgoing) photoh, = .f(xl, w1, r,t), o isthe Thomson
cross-sectiony, is the electron density, = w - w; is the cosine of the scattering
angle, andr(z) is the Compton cross-section (Paper Ill). Matri¢gs ) describe
transformation of the Stokes parameters due to the rotafitre polarization ba-
sis (Chandrasekhar, 1960). The kernel of the equation i€tmepton scattering
matrix (CSM), and can be presented as a single integral beeglectron energy
distribution f,(~)

S S5 0 0
A St Sq 00
S(x,l'l,/i) = OI OQ SU 0 (13)
0 0 0 Sy
R Ry 0 O
Rog 0 0
/fe l’ y L1y WUy '7 /fe I OQ RU 0 ’
0 0 Ry

where the matrix?(z, 21, 1, 7) was derived in Paper Il. The results of Wightman
(1948) (see also Akhiezer and Berestetskii, 1965; Berdstet al., 1971) for the
differential cross-section for the Compton scattering ollapzed photons were
used to calculate the expressions for the five functions u(1E2). The product
L(—x)S(z, 1, 1) L(x1) reduces to the CSK if the scattering of unpolarized radi-
ation is considered. The CSM for the power-law isotropidrdiation of ultra-
relativistic electrons was deduced by Bonometto et al. @)1 93ee also Papers |
and V).

The interest in the investigations of the scattering of ppéal radiation from a
hot electron gas has risen after the first observations @fy{solarization in galac-
tic black hole candidates by tl@SO 8satellite (Long et al., 1980). First theoreti-
cal models for the polarization of X-rays from the accretilisks near black holes
have appeared even earlier (Angel, 1969; Lightman and 8hap®75, 1976).
Further development of such models was made by Loskutov abhdI&v (1982,
1985), Connors et al. (1980), Phillips and Mészaros ().986



4 CHAPTER 1. INTRODUCTION

In the frame of double diffusion approximation (in the optidepth and fre-
guency) Sunyaev and Titarchuk (1985) calculated the frecpueependence of
intensity using the solution of the Kompaneets equatiod,the angular and po-
larization structure of the radiation field was obtained hyitaration procedure
based on an expansion in scattering orders using the Rayieadyix. Following
this idea to find polarization and applying the method of ldaét993), Haardt
and Matt (1993) have calculated X-ray polarization prapsrof optically thin hot
plane-parallel atmospheres.

Comptonization models for AGNs and X-ray binaries have shuweir vital
capacity. However, an eclectic approach of mixing even KaeteCSK with the
Rayleigh matrix is unacceptable for the investigation dapaation properties of
such objects because the Rayleigh matrix gives correcttsesnly for nonrela-
tivistic temperatures of an electron gas (Paper IV). Th@Xpolarimeters aboard
theSpectrum-X-Gammeatellite (Kaaret et al., 1992) will give a possibility to-ob
serve polarization of X-ray sources, and in order to intetrffrese observations the
theory of Compton scattering of polarized light is needele @ttempt to realize
this idea is made in the present thesis.

The thesis is based on the following articles which are reteto in the text
by their Roman numerals | — V.

| Nagirner, D.I., Poutanen, J.: 1993, "Compton ScatterihBalarized
Light: Scattering Matrix for Isotropic Electron GasAstron. Astro-
phys.275, 325-336

Il Poutanen, J.: 1994, "Compton Scattering Matrix for Riglatic Maxwellian
Electron Distribution”J. Quant. Spectrosc. Radiat. Transtr, No.
6, 813-822

[l Nagirner, D.I., Poutanen, J.: 1994, "Single Comptont&aang”, As-
trophys. Space Phys. Refed. R.A. Sunyaev), Vol. 9, p. 1. New
York: Harwood Academic Publishers

IV Poutanen, J., Vilhu, O.: 1993, "Compton Scattering of drizied
Light in Two-Phase Accretion DiscsAstron. Astrophys275, 337-
344

V Poutanen, J.: 1994, "Relativistic Jets in Blazars: Pa&tion of Ra-
diation”, Astrophys. J. Suppl. S&2, 607-609

The exact expressions for the CSM for the isotropic monagierelectrons
are derived in Paper I. Paper Il is devoted to the methodslofikedions of the
CSM for the relativistic electron distribution. The revieaf works on single
Compton scattering is given in Paper lll. The CSM and the &ghl matrix are
compared in Paper IV, where also the polarization properieaccretion disk
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coronae in AGNs and X-ray binaries are investigated usiagtiution of the ra-
diative transfer equation in a single scattering approtiona Application of the
formalism developed to the relativistic jets in blazars esd@in Paper V.

In addition, the thesis contains some new results which oabafound in the
above papers. The most important of these are the solutitreahultiple scat-
tering problem (Chapter 3) and its application to the Comjztation in accretion
disk coronae (Sect. 4.2). This is a generalization of PaygdniChapter 2 of the
introductory part, | consider methods of calculation of @&M for the relativistic
Maxwellian and power-law electron distributions and comepaxact formulae for
the CSK with well-known approximations. Chapter 3 is deddi® the iterative
method of solution of the polarization radiative transfguation. Astrophysical
applications (synchrotron self-Compton polarization &wampton scattering in
hot atmospheres of accretion disks in active galactic mueid be discussed in
Chapter 4. The conclusions are given in Chapter 5.



CHAPTER 1. INTRODUCTION



Chapter 2

Compton scattering matrix

In this thesis the formation of the radiation spectrum du€ompton scattering
from an isotropic electron gas with a fixed energy distritwis investigated. We
must remember, however, that the electron spectrum isyim tependent upon
the processes causing the electrons to lose (or to gainj\eese e.g. Karda-
shev, 1962; Ginzburg and Syrovatskii, 1964b; Felten andrislam, 1966; and
for a review Blumenthal and Gould, 1970). We assume that ldetren energy
distribution does not change significantly, and is deteediby other processes
than Compton scattering. In many astrophysical applioatihe assumption of
isotropy of the electron distribution is allowed, and in maaspects it is better
than the hypothesis of the isotropy of the photon field (Qhiset al., 1991).

To solve the radiative transfer equation we need to knowdineet. This chap-
ter is dedicated to the methods of calculating this kernelSéct. 2.1 | consider
the case of unpolarized photons and review papers, whert€3$kewas derived
and investigated. This will help us to consider the more gdrease of polarized
radiation and study the CSM in Sect. 2.2.

2.1 Compton scattering kernel for unpolarized pho-
tons

The CSM for an isotropic electron gas can be presented agaiseover the elec-
tron momenta:

A 3 d3zd3 . =
S, o) = - 727215(21 +2; —z— ) fo(n)L(V)FL(P)
3 d321 A AA
= 1on | = L OILOFL(D)(z (2 —2) +22),  (2.1)
m g

where the electron and photon momentum four-vectors béédter) the scatter-
ing arez;, = {m,z1}, z; = v1{l,w1} (z = {7,2}, z = z{1,w}), F is the

7
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Klein-Nishina scattering matrix (Wightman, 1948; Berésité et al., 1971):

000
000
000 |[°
00 0 u

A

F=R+q(1- p)

S O =
o O O

(2.2)

wherey, is the cosine of the scattering angle in the electron restdta = z z, =
xz1(1 — p), andR is the Rayleigh matrix:

1 p2—10 0
pi—1 p2+1 0 0

=1y 0 20 0 (2:3)
0 0 0 2140
The expression for the angleis given in Paper I.
The electron distribution is normalized as follows:
47?/ 22 fo(y)dz = 1. (2.4)
0

The argument of the Dira&-function enforces the conservation laws. | consider
three types of electron spectra:

1. monoenergetic electrons

B 1
B 47200

fm(7) 5(7 =), (2.5)

2. relativistic Maxwellian distribution of temperaturg

2

Y mec
_ _ - 2.6
Sa(y) K0y exp (—=y7), ¥y T (2.6)

whereKj, is the Macdonald function, and
3. power-law electrons
—1-p

e P/2, Ymin <Y < Yimax s

H() = { 0, otherwise (2.7)

wherec, = [y.P —y1-P]/ar(p—1), o, if p = 1, ce = 1/47 In(Vamax/Vonin)-

To show the properties of the CSM we will consider the scieof the mo-
noenergetic photon beam. Let this beam be propagating #temmgaxis of a fixed
frame of reference

j1(951,7h, @) = o 206(71 — 20)6(m — 1)d(¢p). (2.8)
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Then from the kinetic equation (1.2) we obtain the Stokedoreaf single scat-
tered radiation (the emission function, EF)

2

~ T~ A
(@, 1) = neor—S(x,z0, 1) | © | (2.9)
o Uo
Yo

This equation shows the physical sense of the CSM. Averagweg the actual
spectral and angular distribution of initial photons detigres in general the spec-
trum of scattered photons. If the initial photons have oitr distribution, then
the scattered photons are unpolarized and distributesbfgotlly. Then the emis-
sion function is

1 [t 2
i(0) = 3= [ i dn = " S (e a0), (2.10)
47 1 2 Zo
where we define .
1
5@w®=§/‘ﬂ%%mﬂw (2.11)
—1

Let us consider now the scattering of unpolarized light. Ppheduct of the
three matrices,(¥) F'L(¥) in this case reduces to the scalar Klein-Nishina cross-
sectionF (left-upper element of the matrik), and matrixS reduces to the CSK
S(x,z1, ). As it was shown in Papers | and Ill, the CSK may be presented as
single integral over the electron energy distribution:

ﬂ%%»ﬂZ%lmﬂwRqumwﬁu (2.12)
the lower limit of the integration
Yo = (@, @1 p0) = |2 = o1+ Qv+ 2/q] /2 (2.13)
is the root of the inequality
Q> [y(1 — 2) — qf*, (2.14)
which reflects the conservation laws. Here
Q*=Q* = (1w —aw)’ = (x —x1)* +2¢. (2.15)

Indeed, changing, to z in the argument of thé-function in Eq. (2.1), and raising
it to the second power, we obtain

y(z1 — ) — qf° = [z (2101 — 2w)]* = (2Q)? < Q. (2.16)
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The functionR was deduced by Jones (1968). Unfortunately, the formulae
given there contain several misprints (Coppi and Blandf@@90). Attempts to
calculate this function were also undertaken by other ast(i®aylis et al., 1967;
Ribberfors, 1975, 1976). The correct expression was dgtweAharonian and
Atoyan (1981) and was studied in detalil in the works by Kenskaal. (1986)
and Nagirner et al. (1991):

2 P#-2q-2/(1 1 1 /d_ d,
R =4+ — [ — - — — | =+ = 2.17
(xwrla,uf‘)/) Q + q2 (a a+) + q2 (&?i + ai)- ) ( )
where
dy = (af —a® £Q%)/2, af =13+,
ro= I+p)/(Q—-p), v~=vy—z, y=7+.

Methods of integrating over the relativistic Maxwelliaetdron distribution were
proposed by Kershaw et al. (1986) and Nagirner and Poutd898). The EF

for monoenergetic electrons and isotropic photons can peesged through the
zeroth angular moment of the redistribution function (2:17

neor 3’

3272 42y
where the limits of integration and expressions for the g function can be
found in Brinkmann (1984) and Paper lll, where also the firgjudar moment is
deduced.

2.1.1 |Isotropic approximation in therest frame

A very simple expression fak can be derived if we assume that the characteristic
photon energy in the electron rest frame is smal, < 1. We adopt the Thomson
scattering approximation, and assume also that the soattisrisotropic in the
rest frame. Such a simplification, however, gives correstilis satisfying the
normalization of the redistribution function (see Sec3)3Hence, the functiof®
in that approximation is (Arutyunyan and Nikogosyan, 1980)

4

R=55 (2.19)

The CSK for monoenergetic electrons of enetgyg
S(z, 1, p) = 1/8m27Q, (2.20)
and is not zero if the inequality

2q2° > (z; — 2)? (2.21)
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holds. The EF for the isotropic photon field can be derivednbdggrating ovey
between the limits defined by Eq. (2.21) (Rybicki and Lightm®979):

, NeOT T xr v
v(r) = 1+——-=
(z) 3272 zyxg { + To =z

x
1 — 2
Zo

} : (2.22)

wherez/zq € [(v — 2)?, (v + 2)?]. For Maxwellian electrons the CSK is

1 e Y=

" SO (2.23)

S(x7w17u)

wherey, = Q/+/2q. The equation (2.23) gives a very good approximation for the
exact CSK for weakly and mildly-relativistic temperatutds < m.c?.

2.1.2 Ultrarelativistic approximation

Let us consider the case>> 1 and take the angular dependence of the scattering
cross-section into account. We assume, however, that tie3dn approximation
holds, i.e.r;y < 1. Expanding (2.17) in a power serieslifry, one obtains

2 2(z+x Tr+x
R(x, 1, p1,7) ~ 0 5( 2 ) + q2741 [(x—i—wl)Q +3rq}. (2.24)

The EF for the isotropic photon distribution is exactly then as the one that Blu-
menthal and Gould (1970) derived using another method. Deneo= x/4z¢y?
and usingr ~ zyy? > xy, we have

i(x)=

Ne0T

3272

12¢g(€), (2.25)

where
g(e) =1+e—2 + 2lne. (2.26)

Differences between the exact expression (2.18) and theappooximate solu-
tions (2.22), (2.25) are shown in Fig. 2.1. We can see thaistiteopic approx-
imation is very accurate for low electron energies, and ttranelativistic one is
accurate fory > 3. However, if the photon energy in the electron rest frame
is quite large~ xyy ~ 0.1, then the ultrarelativistic (as well as the isotropic)
approximation (2.25) is not very good.

In the same ultrarelativistic approach the CSM for relatieci Maxwellian
electrons { < 1) takes the form:

3 2e Y%= 200+ «x
S(x,xl,u) { ( 1)

321K, (y) Y Ey(yy.)  (2.27)

Q q7Y«
2
n y(ﬂU +$1)[($q;;f1) + 3rg] E4(y7*)} ’
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Figure 2.1: The emission function for the isotropic photstribution. The ini-
tial photon energy, = 10~%. Solid lines— the exact EF (2.18)jotted lines—
isotropic approximation in the electron rest frame (2.22xhed lines— ultrarel-
ativistic approximation (2.25).
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whereF, is the exponential integral of order
Power-law electrons (2.7) produce a power-law photon spectvith index
a = (p—1)/2inthe limitszoy2,, < 7 < 2072

3¢ To

i (@, 0) = neor = 201 = )" C) () (2.28)

where

p?+4p+11
(p+1)@+3)p+5)

C(p) =

and the EF for isotropic photons is (Ginzburg and Syrovat$R64a; Blumenthal
and Gould, 1970; Rybicki and Lightman, 1979)

NeOT 2P
3Ce
47 p+3

i (z) = CW) (@)a . (2.29)

X

The method used here to deduce expressions for the CSK muadesible to
solve the radiative transfer equation not only in the cadesrevthe photon field
is nearly isotropic, but also in the case where the phototmilligion is highly
anisotropic. Classical works by Blumenthal and Gould ()% Rybicki and
Lightman (1979) give angle-averaged CSK, and specialdranle necessary to
include anisotropic scattering (Haardt, 1993).

Now we are ready to begin the next section, where we condigesdattering
of polarized radiation.

2.2 Redistribution matrix

2.2.1 Exact expressions

As in the case of unpolarized radiation, the CSM can be ptedess a single
integral over the electron energy distribution (see EQ®)J1.The expressions for
the five functions of the redistribution matrix (RM) are giv@ Paper |, but here
we will give a slightly different representation:

R R; O 0
- Ry Ro O 0
R,z = | o' 0% R o (2.30)
0 0 0 Ry
R R, 0 0
B 2 2u)\ R R’Q 0 0
- (@‘@)” 00 Ry 0|

0 0 0 R,
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wherel is the unit matrix,

2
R, = Ra‘i‘gy Rl[:Ra_'_RC__u?
v vq
R, = 2" @ Q00 ) —a| 4 2R,
rq rq
Ry = Ry+ R, ’vz%—qRa, (2.31)
and
PN i (U B )
2q%v3 qv? vg  rq
u = &+_&7:(x+x1)('y++'y,)7 v=a_a;. (2.32)
CL—l—aJr

The arguments of the RM must satisfy Eq. (2.14).

In Sect. 2.1.1 we have considered the isotropic approxanati the electron
rest frame and obtained a very simple expression for the ®@8Know it is very
difficult to imagine how the same approach can work when weardegested in
polarization. In that case the angular dependence of th@opents of the scatter-
ing matrix is essential. Unfortunately, this approximateannot be applied here,
and we have to consider the general matrix. Equations (2:30)2.31) give di-
rectly the CSM for the monoenergetic electrons. Methodsatéuwtation of the
CSM for the Maxwellian distribution are presented in Papleasd III.

2.2.2 Rayleigh approximation in therest frame

If photon energies in the electron rest frame are small coetpaithm.c® (¢ <
1), we can apply the Rayleigh scattering mafixo calculate the CSM. The result
does not differ very much from the exact expressions (2(203,1), except

=0, R =R,, (2.33)

and these expressions do not simplify calculations in coispa with the exact
formulae.

2.2.3 Ultrarelativistic approach

Making the same assumptiongs & 1, 2,7 < 1,2 ~ 217* > z;) as in section
2.1.2, we obtain the formulae for the redistibution funietio

2 2 x
R = Z— Ry =0
T rmwy? + riw?yt’ ! ’
x 2 2
Ry=2-— (2.34)

~ 52,047
2ziw=y T TIWwYy

Ro = —Ry
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wherew = 1 — pu. Integrating over the Maxwellian distribution in Eq. (1.3)
between limitsy, = \/x/2wz; andoo, we obtain the formulae for CSM in the
limit y < 1,97y, > 1:

A o 3ere 2

— 2.
S(x,z1, 1) T ADE , (2.35)

oo o~
oo~ o
|
o~ oo
—_ o oo

where we used the approximatiéh (yv.)e¥” ~ 1/y~..
Integrating over the power-law distribution of electro85( gives us the fol-
lowing expression for the CSM in the limitg2,, < = < 1172, (see Paper I):

p>+4p+11

2 g il | TOEETD 0 8 8
A ce 2wz, —L
I = 2Ce pt5
(Il?xl)M) 41'( T ) 0 0 _p_JlrS 0 )
1—
0 0 0 Gmem

wherea = (p—1)/2. The correct expression in the whole frequency range isgive
in Paper V (see also Bonometto et al., 1970). It is easy totssart the case of
ultrarelativistic electrons the scattering does not poedadditional polarization,
i.e. the unpolarized radiation remains unpolarized.

2.2.4 Nonrdativistic limit

In the limiting case of small photon energies< 1 (for example, if we are inves-
tigating the broadening of atomic spectral lines in theagtor ultraviolet regions
due to the scattering by nonrelativistic electrons) we aatnep= x; everywhere
except in the expression for (see Eq. 2.13) where we use the differemce x;.
Taking into account terms of ordéyy, we obtain the deviation of the CSM from
the Rayleigh matrix in the nonrelativistic limit (Paper:Il)

. 31 —15/8y) T — I T — 2 AWy
S(x,z,p) = EOREIom exp | =y 1+ Sn? R+§C ,

wherew = 1 — », R is the Rayleigh matrix (2.3) andis the correction matrix

2+ p—>5u? 44— pu—5u 0 0
5 | 4—p—5p* —2—3u—5u° 0 0
¢ — . s I (2.38)
0 0 0 1-3u

An expression close to that for the case of scattering of lamzed light can be
found in Hummer and Mihalas (1967), Babuel-Peyrissac anavRois (1970),
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Zeldovich et al. (1972), and Mihalas (1978). This exprassiearly shows that
the scattering matrix for cold electrons is proportionathiie Rayleigh matrix.
Even in the case of nonrelativistic temperatures the comlgleolarized light
normal to the plane of scattering= ¢y = 1, ug = vy = 0 (See Eq. 2.9) becomes
partially polarized. The EF is:

242 3 —bu?

~ 22 2w 1—2 —52

i) =] "f + R (2.39)
0 0

and for scattering at the right angle & 0) the polarization degre® = 1/3,
apart fromP = 1 for the Rayleigh matrix. So, even for nonrelativistic eteas
the CSM is not proportional to the Rayleigh matrix.

In the next Chapter we will consider the iterative method atison of the
radiative polarization transfer equation in an opticallintplane-parallel atmo-
sphere.



Chapter 3

Radiative polarization transfer
equation

| consider the transfer of polarized radiation through aaitgure scattering elec-
tron atmosphere. We assume that the electrons have anpiothstribution
in momentum. The only process taken into account is Comptatiesing. To
describe photon polarization we choose thaxis of the frame of reference to
be in the direction of the surface normal. The direction & ghoton propa-

gation is defined by two angles = (/1 —n2?cosp, /1 — n?sing,n), w; =

(/1 —=nicospr, /1 —n?sing;,n). Following Paper IV we write Eq. (1.2) in
the form:

Ud](xd T ) = —s(x)[(z,n,7)+x / %dQML S(a, 1, 1)) L(x1) (21,71, 7).
T :El

(3.1)
Heredr = orn.dz is the Thomson optical depth(z) = o(x)/o7 is the total
Compton cross-section in units of the Thomson cross-gectibe expressions for
x andy; throughn, n; andA are given in Paper IV. The fourth Stokes paraméter
is independent of the other parameters and the scalar egdatil’ can be solved
in the same manner as the vector equation (see Sect. 3.1)toRbe azimuthal
symmetrylU = 0, and Eq. (3.1) can be rewritten for the vector (I, Q)" in the
form

dl(z,n,7)

T — —s(@) (w0, 1) + 5 (), (32)

where the electron scattering source function is

~ dxl Re¢ e ~
Sx,n, T :x2/ / ( mwl )].r, ,T), 3.3
(z,n,7) ; R, R22 (1,11, 7) (3.3)

or in the operator form

S¢ = Re(I). (3.4)

17
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The azimuthal averaged redistribution functions are

27
Rfj(xan?xbnl):/ Sii(z,m;xy,m; A)dA (3.5)
0
where

Sll - S(a:,xl,,u),
512 = S[($,$1,M)COS2X1,

Sy = Si(x, w1, 1) cos2y, (3.6)
Sog = Sycos2(x —x1)+S_cos2(x + x1),
S = [So(w,x1, 1) £ Su(z,z1, )] /2, A=¢1—¢.

3.1 Iteration scheme

We solve the integro-differential equation (3.2) expagdime Stokes vectaf in
scattering number (Neumann series). Following the prageftam Sunyaev and
Titarchuk (1985) we represent the Stokes vector as a sum:

[=) "I, (3.7)
k=0

wherel}, is the field of photons having undergohscatterings. The intensity for
the non-scattered component can be found using the bouodadytions. For the
layer of optical depth, the Stokes vectaf, for all other scattering orderis > 1
can be calculated employing the iteration formula:

7_/

o,

T T—1
Ii(z,n, 1) = / Si_1(x,n,7) exp{—S(:r) 7 }7 n>0, (3.8)
0
Ii(x,m,7) = / Si_i(@,m, ) exp{—S(x)T__nT} i—;, n<0, (3.9)
Sg(x,n,7) = R(Iy). (3.10)

This procedure gives us the dependence of the Stokes parmsnoet frequency,
angle and optical depth. Substituting= 7, into Eq. (3.8), andr = 0 into
Eq. (3.9), we obtain the emergent intensities. All iteratmethods where the
calculations of the spectral and angular-polarizationcsure of the radiation
field were separated (Sunyaev and Titarchuk, 1985; PhdliyjgsMészaros, 1986;
Haardt and Matt, 1993) failed to obtain the frequency depand of the Stokes
vector for a fixed scattering order.
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3.2 Numerical integration

In order to find the solution of the radiative transfer equative have to calculate
four different types of integrals:

e over the azimuthal angle in Eq. (3.5);
e over the zenith anglg, and

e over frequencyt; in Eq. (3.3);

e over optical depth’ in Egs. (3.8), (3.9).

Let us consider these integrations in turn. To calculatetheuthal angle aver-
aged CSM (3.5) we used the Simpson quadrature. One pecubpeny of the
CSM we must consider in detail. The CSM in the vicinity of tham 4 = 1 is
singular and has &function character:

A 3 Ko(y)

S(x,x,p=1)= QKQ(y)é(x—xl)i. (3.11)

The azimuthal integrals can be presented as

N,
. - 3 Ko(y)
R (e, mu; 1, 1) = p Ed ApSii (s 1, M Ap) Ao KQ(y>5(w—$1)5ij5zm>
=O0lm

(3.12)
whereA, are the weights)\, are the nodes, andl, is the number of points of the
Simpson quadrature. Equation (3.3) takes the form:

3 Bo(y)~ A~
€ T7) = BlAy— I )+ R(1 3.13
5(%771, ) l 08 Kg(y) (3777717 ) (), ( )

whereB; is thel-th weight of integration over, .

Furthermore, we apply Gauss’ formula to calculate integoater zenith an-
gles. Integration over frequencies can be performed usiagtiadrature formula
of rectangles on a logarithmic scale/r = dInxz. The trapezoidal formula
makes it convenient to calculate integrals over opticatlilelp gives a possibility
to use the result of the previous step for the next one:

J hT ge Qe —s(x
Ie(Tos1) = m [Skfl(Tn-l—l) + S8 (mn)e )hf/”}
+ jk(Tn)e_S(ﬁ)hT/n’ n>0, (3.14)
1 or ge ge —s(z -
Ii(Tho1) = () [Sk_l(rn,l) + 8¢ (1a)e 3@ /( 77)]

+  Ly(ry)es@h/m <0, (3.15)
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wherer,, = nh;, andh, is the step of integration. Here we have omitteandr
as arguments af; andSk

To estimate the accuracy of the calculations we check theoplftux conser-
vation (Compton scattering conserves the number of phitansl compare the
number of photons emergent at the boundaries with the nuailigput photons:

/Oooi_x/o d77 []0(%777 0)+]0($7 _7777—0)]
- [T [ S + e -n0] . @16)
o T Jo k=0

We must remember, however, that this condition may be sdigfith an accuracy
not greater than the normalization condition permits (se.33.3).

3.3 Symmetry properties

The azimuthal angle averaged functidifs have symmetry properties which may
be exploited to simplify the radiative transfer equatianyg¢duce time needed to
calculate all elements of the scattering matrix and to chikekaccuracy of the
calculations:

1. Frequency symmetry

Rfj(xﬂ%iﬂlﬂh)eiym = Rfj('xl?n;wanl)eiyxa Za] = 172 (317)
2. Angular symmetry

(x 773371a771) Rfj(ajanl;xlan)a Z == 1a27
Rm(x nwn,m) = R (w,m;x,m),
Ri(x,m21,m) = Ri(w,—nmyx,—m), 4,j=1,2,
)

( —1,%1,T = Rfj(wan;xl>_nl)a Za] = 172 (318)

As it was shown in Paper Il (Sect. 8.3, see also Pomraning3)lhe total
cross-section and scalar redistribution function are eotad as follows:

00 1 1
s = [ ey [ dn [ dn (R (o) + By i, )]
" o (3.19)
Analogous integration aoit{, and RS, elements gives zero in the Ihs. These rela-
tions can be used to check the accuracy of the calculatidmrecd¢attering matrix,
and to estimate the quality of frequency and angular digagon (the paper by
Kershaw (1987) can be a useful guide to that problem).



Chapter 4

Astrophysical applications

4.1 Synchrotron self-Compton (SSC) mechanism

The model of synchrotron self-Compton emission is ofteus@xplain the non-
thermal (power-law) spectra of many sources (e.g. blazadso-loud quasars).
Linear polarization observed in the radio, infra-red anticgbspectral regions can
be interpreted by synchrotron radiation in an ordered migfield. The electron
distribution which produces the power-law spectrum is assilito be a power-
law. A part of the emission can be due to Compton scatteringyathrotron
photons. A substantial amount of the synchrotron polaorais preserved in
Compton scattering. To interpret the observations in difie spectral bands we
can use theoretical calculations of the amount of SSC [zai@oin.

My calculations here are based on the solution of the p@ltadaz radiative
transfer equation in an optically thin homogeneous sphksmurce with an aligned
magnetic field in a single scattering approximation. Thdtsoag kernel is the
CSM for the power-law electrons. General formulae for th&€ Sifear polar-
ization are given in Paper V. Formulae for the circular paktion can be de-
rived in the same manner. Analogous calculations were pertoby Blandford
(1972) using another method. Differences in the resultsvarg significant at
least for the case of circular polarization. Linear polatian was also calculated
by Bonometto and Saggion (1973) and their results are vesedb ours.

First, in this section | consider properties of the synatmoemission. Then |
give general expressions for the vector of Stokes parametéhe SSC radiation
and, finally, derive simple formulae for the degree of the $i8€ar and circular
polarization.

4.1.1 Optically thin synchrotron emission

The emissivity of the synchrotron process in an aligned raagfield B is

e(v,¢) ~ sin®1 ¢ (”—B>a , 4.1)

14
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wherevy = eB/2mmc, indexa depends on the index of electron distribution as
a = (p — 1)/2, and( is the angle between the magnetic field and photon mo-
mentum. This spectrum covers the range of frequencies rippately between
vy, < v < vpyi.., Wherevmim, ymax are the low- and high-energy cut-offs
of the electron distribution (2.7). Synchrotron radiatfmmeduced in the aligned
magnetic field is highly polarized. Linear polarizationnslependent of the angle
and frequency:

p+1
PL = . 4.2
S p+7/3 (4.2)

The sign of polarization is chosen in such a way that it istpaesif the polarization
vector is perpendicular to the projection of the magnetld fimto the plane of sky,
and negative when parallel.

The presence of the disordered magnetic field decrease&gineedof polar-
ization and changes the angular dependence. If we imagena#gnetic field as
a "sum” of aligned and disordered components, then synmamission pro-
duced by the disordered component is unpolarized and @otréhe intensity of
the other component depends strongly on the angle. Thetdiioear polarization
of the total radiation depends on the angle (Begelman, 1@e®tti and Matt,
1994).

Circular polarization of the synchrotron radiation has ayv&rong angular
and frequency dependence (Legg and Westfold, 1968; Joaés E974)

1%

1/2
PY = e (7’9) cot ¢ sin'/2 ¢, (4.3)

and is negligible at high enough frequencies. Hegas a slowly varying function
of a of the order of unity. Expression (4.3) is valid in the range@gles where
Ymin SINC > 1.

4.1.2 Single scattering approximation

It is a well-known fact that Compton scattering of power-lsynchrotron radia-
tion does not change the index of the power-law (stricktlyadqng, it is correct
up to a logarithmic factor), and only shifts the spectrum ighbr energies. We
consider here scattering of polarized synchrotron rawhaith a spherical homo-
geneous source. The boundary does not play a role becausgtibal radius
of the source is small. Polarization of radiation is desstiby three Stokes pa-
rameters/, , V (due to the symmetryy = 0 can be achieved by choosing the
polarization basis). Solution of the polarization radiatiransfer equation (1.2)
in a single scattering approximation gives the expresdionthe Stokes param-
eters of scattered radiation. Integrating over the spaksarface, we obtain the
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scattered polarized flux:

~ HIC [e%¢) dl/ 1 2 S
Hv, ()= | Hf | x Ty2/ V—Ql/ d,u/ dé e(vy,T) | SoP¥%cos2(x1 + @)
H$ 0 1 J-1 0 Svpb‘{

(4.4)
wherer = n.or R is the optical radius of the sourgejs the cosine of the scatter-
ing angle ' is the angle between the momentum of the initial synchrgdtoston
and the magnetic field; is the azimuthal angle, arfds the angle between the line
of sight and the magnetic field. The arguments, , 1. of the functionsS, Sq, Sy
are omitted for brevity. The relation betwe&n y; and the variable of integra-
tion can be found in Paper V. Calculations can be performedyuke exact CSM
for the power-law electron distribution. However, polatipn properties of the
synchrotron self-Compton radiation at frequencies whiehfar enough from the
low- and high-energy cut-offs of the Compton spectrum cambestigated using
approximate formulae (2.36). This will be done in the nextiea.

4.1.3 SSC polarization

Applying the expression for the synchrotron emission (4djl for the CSM
(2.36), we see that the frequency integral separates frematigular integrals.
Integrating over frequencieg, we must remember, however, that not all of the
synchrotron photons can contribute to the SSC flux at the fregpiencyr. Such

an analysis was performed by Gould (1979) for the intenditthe SSC radia-
tion. In the frequency rangeyl, < v < 442, ~2.. (in this section we measure
the frequency in units afz) the limits of integration are?, andv/4+2%,,. The
upper limit is determined by the Compton scattering kineesat In the range
A2 v < v < 4yt we integrate between/442 and~+?Z... The SSC
Stokes vector takes the form:

1 27
Hf (v,() o 7 lnA/l(l — )t du/O d¢ sin®* T, (4.5)
1

2
HS(v,() o .Pglf’éyl/_o‘ln_/\/(1—,u)o”rl d,u/ de¢ sin®™' I cos2(x1 + @),
- 0

1

~ e PV 1 2
(v, () o« —2Cp 2|1 —27207 12 / (1 —p)>tt d,u/ d¢ sin®™/2T cosT,
-1 0

Ym
where
A~ 47% s Ym = Ymins T 47 <V < 207
min (4.6)
A= Bma i a2t < v < At

14
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andP% = Sg/S, PY = Sy /S, or in that approximation
pr_ P+ D +3) v _ (1-p)p+5)
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Figure 4.1: SSC linear polarization. Here= 0.1, v.;, = 10. a Dependence
on frequency is presented far= 0.5, 1.0, 1.5, and¢ = 90°. A higher degree of
polarization corresponds to a larger Dotted lines— only Compton scattered
component;solid lines— total radiation. For larger there is the minimum of
polarization in the transition region between synchrotrod self-Compton com-
ponents. For smaller this effect can be unobservable Angular dependence of
linear polarization of the self-Compton component at fEmyr = 442, V2 .-
Solid linescorresponds to the exact results of calculatiaogted lines— approx-
imate formula (4.8).

The second Stokes parametgrhas the same frequency dependence,as
therefore the degree of SSC linear polarization does nartepn frequency. Pa-
rameten/ has a different frequency dependence as a consequencdrefifhency
dependence of synchrotron circular polarization.

Now we can write the expressions for the polarization degf&SC radiation.
The following simple formulae give good approximationslie exact results of
the calculation:

Pl =~ PLP§epsin®((1.25+0.3¢ +0.1¢°%) , (4.8)
21— 2720712 epar
Pl =~ } A ’ 5f;m cos(, (4.9)

where( is measured in radiang;, is a slowly varying function of frequency of
order unity ¢, ~ 0.6 for v = 441, ; e; ~ 1.0 for v = 442, ). At small
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Figure 4.2: SSC circular polarization. Designations an@dupeters are the same
as in Fig. 4.1.a Dependence on frequency is shown o= 0,0.5,1.0,1.5. A
higher degree of polarization corresponds to a largePolarization can change
its sign for largex in the transition region between synchrotron and self-Comp
componentsb Angular dependence of circular polarization of the selfx(pton
component at frequenay = 4~2. . Polarization is negligible fonn = 0. Solid
lines— exact results of calculationdptted lines— approximate formula (4.9).
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frequencies < 4+1. approximation (2.36) fails and the exact CSM was used in
calculations. Dependence of polarization on angles argliéecies is shown in
Figs. 4.1 and 4.2.

It is necessary to note once more that the SSC linear pdiiamzes nearly
independent of frequency, but the circular polarizationrdases when the fre-
guency increases (in contrast with the results of Blandf®@¥2). The degree of
SSC circular polarization at the low-energy cut off of then@xon spectrum is
determined by the maximum synchrotron circular polaraaijwhich is in turn
determined by the low-energy cut off of the electron disttitin), at higher ener-
gies this dependence becomes logarithmic and then disappearder to inter-
pret observations we must remember that in a real objectdlzipation degree
is smaller due to the contribution from the disordered m#grfield.

4.2 Comptonization in accretion disk coronae

The possibility of the existence of very hot coronae in sesrwith disk accre-
tion onto black holes has been studied in many papers (egnoiatyi-Kogan
and Blinnikov, 1977; Ostriker et al., 1991). Two-phase nisd®ve been used
to explain the X-ray emission from Seyfert galaxies (Haardt Maraschi, 1993;
Wandel and Liang, 1991; Wandel and Urry, 1991) and quasaer(@ and Elvis,
1987). To explain the X-ray spectra of AGN’s and X-ray biearcomplex multi-
component disk models should be introduced. In these mtdetaultiple Comp-
ton scattering by hot electrons (Comptonization) givestoghe power-law shaped
spectrum, into which the direct and reflected disk speceaadded (e.g. Fabian
and George, 1991; Nandra et al., 1989).

In the present consideration we do not take into accountctedte from the
cold phase. We consider a very simple two-phase accretnrdodel. The
black-body radiation produced by the cold disk is scatténgélectrons in a hot
optically thin phase. Comptonization is described by thiqmation radiative
transfer equation (3.1). This equation is solved by the oetthf successive ap-
proximation over the number of scatterings (Chapter 3). dégree of polariza-
tion in the X-ray region is calculated for the broad range afgoeters (electron
temperature of the coror¥a, Thomson optical depth of the corona Following
Haardt and Maraschi (1993), the energy balance equatienfoanulated. The
important parameter of the model is the fractjoof the gravitational energy dis-
sipating in the hot phase. If the hot corona does not covemti@e cold disk
we introduce the covering factgr, and find for a given set of parameters of the
corona the dependence of the covering fagton f and optical depth. The de-
gree of polarization and the position of the high-energycspécut-off can give
additional information to fix the parameters of the model.
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4.2.1 Spectraand polarization

Let us start from the investigation of the spectral and proddion properties of
radiation produced by Comptonization in a hot phase. Thatitee method of so-
lution of the polarization radiative transfer equation &pter 3) gives a possibility
to determine the vector of the Stokes parameters for a satiation angles as
a function of frequency, if the corona is not optically toeccth Such calculations
in a single scattering approximation were performed in PApeébservations of
Seyfert galaxies argue against optically thick coronae.

Spectral behaviour of such a model was investigated by HaatiMaraschi
(1993) using the method of Haardt (1993), which is correctplooton energy
hv/mec* < min{y, 1/y}, wherey = mqc*/kT,. Our method does not have
such limitations. Because of the large number of paramé€igrs— temperature
of the cold disk;, 7) we show here the dependence of the intensity on frequency
and inclination angle only for two sets of parameters (Fig).4Our calculations
confirm the main results of Haardt and Maraschi. In order aatverload the
reader by hundreds of spectra, we fitted them in the speegabms 1-20 keV
and 20-100 keV by a power-law. The dependence of the angi&ged energy
index on optical depth and temperature is shown in Figs.dd#sb. Itis far from
the dependence given by the often used approximate fornegae-ig. 4.6):

=g+ 2y/(1+3y)
- Ig(12/y? +25/y)
B —lgr
“ T 1g(12/4% + 26/y)
For nonrelativistic electrons Eq. (4.10) gives a good apipnation, but in the
case of ultrarelativistic temperatures, the spectralxndedefined by radiation
scattered once, formula (4.10) in turn gives the index foeey\broad spectral
region. The power law index has a strong angular dependé&acysmall optical
depths ¢ < 0.05) the radiation emerging along the normal to the disk has&flat
spectrum in the 1-20 keV range than that emerging along ke With increasing
optical depth the situation changes to the opposite. As ample the angular
dependence of the energy index in the 1-20 keV range is showigi 4.7 for
the same parameters as in Fig. 4.3. To show the degree oftaimtgrin the
determination of the parametérs, + from the observed energy indexwe plot
the contour lines of the angle-averaged index, the inde# fer0° and the index
for & = 90° for values).7,0.9 and1.1 at the plane(., 7) (see Fig. 4.8).
Polarization of such objects in the optical spectral regsonot high (Stock-
man et al., 1984), therefore we assume here that the colcethsik isotropically
unpolarized radiation. Even if this initial radiation islpozed, radiation after a
few scatterings "forgets” the initial polarization. As waentioned in Paper 1V,
our calculations based on the exact CSM show a significanbller degree of
polarization compared with the results of Haardt and M&9Q@), which are based

(Pozdnyakov et al., 1979), or (4.10)

+ 0.2y (Pozdnyakov et al., 1983). (4.12)
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Figure 4.3: Energy flux for the set of the inclination angles) = cos ). Cov-
ering factorg = 1, temperature of the cold disk,, = 5 eV.a T, = 100 keV,
7=0.5,bT, =250 keV,7 =0.1.
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Figure 4.8: Contour lines for the energy index= 0.7,0.9,1.1 in 1-20 keV
range. Solid lines— angle-averaged indexiashed lines— index for6 = 0°,
dotted lines— index forf = 90°. a1y, = 5eV,b T, = 50 eV.
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on the Rayleigh scattering matrix. The upper limit of the réegof polarization
at 2.6 keV and in the 4-20 keV band is shown in Fig. 4.9. Theueegy depen-
dence is shown in Fig. 4.10 for two sets of parameters. Amgidaendence of
polarization at 2.6 keV is shown in Fig. 4.11. The polariaatdegree increases
with the number of scatterings. At a given frequency the ouation from the
following scattering becomes smaller, and therefore jtion decreases when
optical depth decreases. For the same optical depth thezadian is smaller in
the case of a higher electron temperature. Polarizatioeases with frequency,
but never exceeds approximately — 15% (for the energy index: ~ 0.9) in the
region where the X-ray polarimeter on board the Spectru@axama satellite can
measure polarization (Kaaret et al., 1992), and it is eveallenfor non-idealized
geometries. If the initial vector of polarization is perpeular to the axis of the
disk, then at least after two scatterings it rotates 90 ae=yr€he reason for that is
easily understood. In the limit of small optical depth, tihfmns most likely to be
scattered are those traveling along the disk (Angel, 1969)ur case of optically
thin corona, the vector of polarization is parallel to thesaof disk. The absence
of significant polarization does not argue against the Comipation model, in
a sense, it argues for that model and can give some restisctio the electron
temperature in the corona. Future observations of X-ragrmation can be a
powerful tool for the determination of the physical conaiits in AGNSs.

If such a two-phase model can be applied to the galactic blalgkcandidates,
then we can expect that the optical depth of the corona i®darge and the
electron temperature is smaller than in AGNs (Grebenev. €t293). The degree
of polarization can be large, and therefore chances to wb#esare higher.

4.2.2 Energy balance equation

Let us consider the energy balance of the two phases. Fofisitygve use here
the designation of Haardt and Maraschi (1998)s defined as a fraction of the
gravitational energy dissipating in the cororajs the luminosity of the cold disk;
L. is the Compton luminosity, i.e. the total energy of radiatgzattered in the
corona; the parameter of anisotropylefines the fraction of Compton scattered
radiation directed back to the cold disk;is the disk albedo, which defines the
fraction of energy reflected by the cold digkis the probability of radiation from
the cold phase scattering in the corona (connected witlcaptiepthr of the
corona); and finallyg is the part of the cold disk covered by the coropa< 1
corresponds to the model of Haardt and Maraschi, 1993). &mon why the last
parameter was introduced will be explained below. Enerdgruz equations for
the cold and hot phases, respectively, are the following:

Ly = 1—-f+(1—a)nLe,
L. = f+plgLls+anlL.). (4.12)



32

CHAPTER 4. ASTROPHYSICAL APPLICATIONS

1o

0.6

chTe /mc’g

LOG

—1.0L.4

2 0 7 /—/_\
AT\6 07 90 -—
N A s ST o

7
1 AN

y 570 E
N ASDAG R T R

-5.0

-2.8 -20 -1.5

LOG T

—1.0

0.5

-2.6 —-20 -158 —1.0 =05
LOG T
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Figure 4.10: Polarization degree as a function of frequemxyinclination angle
for the same parameters as in Fig. 4.3.



4.2. COMPTONIZATION IN ACCRETION DISK CORONAE 33

14

(%)

12

10

DEGREE

POLARIZATION

[Av]
T T

0.0 0.2 0.4 0.6 0.8 1.0

Figure 4.11: Angular dependence of the degree of polaozati 2.6 keV for the
same parameters as in Fig. 43lid line— T, = 100 keV, 7 = 0.5; dashed line
— T, =250keV, 7 =0.1.

We measure luminosities in units of the gravitational podissipating in both
phases. Defining the amplification factéras A = L./g L, (it can be calculated
for a given set of coronal parameters, see Fig. 4.12), warotita expression:

o g(A-p)

S T g Al (-]~} *13)

where we assumgan < 1. Calculations show (see e.g. Haardt and Maraschi,
1993) that the facton (1 — a) lies within the interval0.45; 0.52), andA > pin

the region where the energy indexs close to the observed values 0.6 — 1. We
come to the conclusion that parameters,  are unessential. Substitutipg= 0,

n(l —a) = 1/2into Eq. (4.13) one obtains

gA
~—2 4.14
/ 1+gA/2 ( )
We needy A < 2 to satisfy the conditiorf < 1. If we can fix from observations
values ofT, andr, which give the value of amplification factor, we get the depe
dence of the covering factagron f. The procedure of the determination of the
model parameters will be explained in the next section.
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Figure 4.12: Amplification factord as a function of electron temperature and
optical depth.a T, = 5 eV; b T, = 50 eV. Dotted linescorrespond to the
angle-averaged energy index= 0.9.

4.2.3 Determination of the model parameters from observa-
tions

Observation in principle can provide the following infortioen:
e energy indices in the 1-20 keV and 20-100 keV range,
¢ the frequency of the high-energy cut-off,
¢ the ratio of the "hard” flux to the "soft” flux,
¢ the degree of polarization (in the future).

Our aim is to find out a way for the determination of the modebhpaeters from
the observed data.

Two spectral indices give a region at the plaiig (), which is not a line due
to the dependence of on the inclination angle (which is unknown). The energy
of the cut-off & kT,) or the absence if it gives the restrictions on the electron
temperature.

Let us consider now the ratio of the "hard” flux to the "soft"XluThe "soft”
flux depends strongly on the inclination angleand is approximately

F, oc 2 cost [1 —g+ ge_T/COSG} L. (4.15)
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If the optical depth is smalt < 1, andcosf > 7, thene /¢ ~ 1, and
1—g+ge ™/ ~ 1. Forr ~ 1, inthe region ofx ~ 1, A > 1. Due togA < 2
we obtaing < 1, thereforel — g + ge~ ™/ ¢ ~ 1 as well. Hence, for almost all
values ofr andf we have

Fy o< 2cosf Ly . (4.16)
The "hard” flux does not depend on the inclination angle, and
gA
Fhoch[l—njL(l—p)an]Lsz7LS. (4.17)
The observed ratio of the fluxes
. Fh ~ gA
Ths = F,  4cosf (4.18)
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Figure 4.13:a Amplification factor as a function of optical depth far= 0.9. b
Covering factor as a function of optical depth for the foulues of the parameter
f = 0.25,0.5,0.75,1.0 (the upper lines correspond to the larger valueg )of
Solid lines— T, = 5 eV, dashed lines— T}, = 50 eV.

gives at once limitation on the inclination angles < 1/2r,,. "Forgetting”
the angular dependence and putting ~< cosf >= 1/2, we obtaing A ~
2rys, and Eq. (4.14) gives the value ¢f Not all values of the parametgrare
possible for a giverY, andr. The region of the acceptable valuesigfand
gives limitations for the amplification factot, and we obtain the covering factor
g. The degree of polarization can give additional restriegidor the inclination
angle and electron temperature.
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Let us consider as an example that the observed energy indie i1-20
keV range (after deconvolution of the reflection component) 0.9. We do not
consider here the uncertainty brought about by the ingbnangle. We assume
that there is no information on the index in 20-100 keV rangetting the line
a = 0.9 at the planeT., 7) we find the amplification factor as a function of the
optical depth (Fig. 4.13a). The dependence of the covesanwpfg on 7 for the
given f can be obtained from Eq. (4.14) (see Fig. 4.13b). It is easgéathat for
some values of and optical depth the covering factor exceeds unity, whiehms
that these parameters are forbidden. Having informatiotherhigh-energy cut-
off, the energy index in the 20-100 keV range, and "hard"—"sthuxes ratio
helps to fix the other parameters of the model.



Chapter 5

Conclusions

In the present thesis the polarization radiative transfgragon describing the
propagation of polarized light through the isotropic nayeleerate gas of free
electrons is formulated. It is shown that the kernel of suclequation can be
presented as a product of two usual rotation matrices (Ghaakhar, 1960) and
the Compton scattering matrix. The CSM is presented as desiniggral over

the electron distribution. The analytical expressiongliersix elements (redistri-
bution functions) of such a matrix for monoenergetic elaasrare derived. The
methods of calculation of the CSM for the relativistic Maxiigs and power-

law electrons are proposed. Thus, the relativistic kinetjaation describing the
Compton scattering of polarized light is reduced to the farfmthe usual radia-
tive transfer equation (RTE). A well-known iterative methaf solution of such

an equation which was used earlier for the solution of the RT&E more sim-

ple case without frequency redistribution (see e.g. Sungad Titarchuk, 1985)
is adopted here for the case of Compton scattering with &equrangular redis-
tribution. It is shown that the eclectic approach of mixinge the exact scalar
Compton scattering kernel with Rayleigh scattering magirot always correct
(at least for high electron temperatures).

The methods developed have been applied to the investigatipolariza-
tion properties of the synchrotron self-Compton sourcese fivo-phase model
of accretion disks in AGNs and X-ray binaries was studiedatad. The model
considered belongs to the second class of models in thefcdaten of Svensson
(1994) used to explain X- ang-ray spectra of AGNs. In our model the rele-
vant process (Compton scattering) is considered in détatithe geometry of the
source is assumed to be plane-parallel. The spectral andzailon properties of
such a model are investigated. The method of the determamafithe physical
conditions in accretion disks of AGNs from observation isa#ed.

The framework formulated in the present thesis can be dpedin different
directions. One of them can be an adaptation of the metholtiskme@vn from the
theory of radiative transfer in spectral lines (Feautd®64; Milkey et al., 1975;
Grant and Hunt, 1969a,b; Peraiah, 1984) for the purposdaseoddlution of the

37
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RTE taking Compton scattering into account not only in agdtycthin media, but
also in optically thick atmospheres. The iterative metheedln the present thesis
and based on the expansion in scattering orders fails icaitithick media,
because of the large number of scatteringsX,. >~ 72 > 1) that have to be
taken into account.

Another direction is the extension of these methods to spddeatmospheres.
And the last thing | want to mention here is the induced Comsicattering of
polarized radiation. There are only few papers on that th@&taek, 1981; Wilson,
1982; Coppi et al., 1993), and in all of them the scattering leen considered
in the non-relativistic limit of electron temperatures. eThew approach to that
problem is given in the recent paper by Nagirner (1994), wliee polarization
RTE taking induced scattering into account was formulat&tiout limitations
on the photon and electron energies. The solution of suclyaati®n can help us
in the understanding of the processes which are respongaplexample, in the
formation of AGNs spectra.
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