SINGLE COMPTON SCATTERING

Contents
1 Introduction
2 Relativistic kinetic equation (RKE) for photons

2.1 Description of electrons . . . . . . . ..o
2.2 Description of photons . . . . . ... ..o L
2.3 Description of scattering act . . . . . ... ...
2.4 Kinetic equation . . . . . . . ...

Mean values

3.1 Mean extinction coefficient and mean degrees of frequency . . . . . .
3.2 Averaging over photon directions . . . . . ... ... ... .. .. ..
3.3 Averaging over electron directions . . . . . .. ... ...
3.4 Averaging over a Maxwellian distribution . . . . . . .. ... .. ...

Asymptotic behaviour of mean values

4.1 Functions s;(§) and S;(§) . . . . ...
4.2 Functions Wj(x,y) . . . ...
4.3 Maxwellian mean values . . . . . . . ... L

Energy balance, frequency dispersion and radiation pressure

5.1 Energy balance . . . . . .. ...
5.2 Dispersion . . . . .. ..
5.3 Radiation pressure . . . . . . .. ...

Scattering matrix and redistribution functions

6.1 Rotation angles . . . . . . . .. .o
6.2 Calculation of integral over electron directions . . . . . . .. .. ...
6.3 Redistribution functions . . . . . . . ... ..o
6.4 Boundaries and relations . . . ... ..o o000

10
10
12
14
16

17
17
18
20

22
22
27
28



7 Scattering matrix for Maxwellian electrons
7.1 General case . . . . . . . . e
7.2 Ultrarelativistic limit . . . . . . . . . . . ... ...
7.3 Small frequencies . . . . . . ...
7.4 Non-relativistic limit . . . . . . . . ... ..
7.5 Monochromatic photon beam . . . . . . ... ... ... ...

8 Redistribution function (RF) of intensity
8.1 Averaging over scattering angle . . . . . .. ...
8.2 Averaging with weight p . . . . . . . ..o
8.3 Relations between RFs and mean values . . . . .. .. ... ... ... ..
8.4 Zeroth and first moments of RKE . . . . . . . ... ...

9 Approximate forms of RF and kinetic equation
9.1 Scattering on weakly-relativistic and cold electrons . . . . . . ... .. ..
9.2 Scattering of soft photons by nearly non-relativistic electrons . . . . . . . .

10 Conclusions

42
42
43
43
45
47

49
49
52
54
95

56
o6
o8

59



1994, Astrophys. Space Phys., 9, 1-83

SINGLE COMPTON SCATTERING
D.I. NAGIRNER* and J. POUTANEN*

* Astronomical Observatory, St. Petersburg University
TObservatory and Astrophysics Laboratory, University of Helsinki

Abstract

A review of works on single Compton scattering is given. No limitations on the
energies of photons and electrons are assumed. The relativistic kinetic equation,
describing the scattering of the polarized radiation by a non-degenerate electron
gas with known distribution function, is formulated in linear approximation. The
formulae for the mean values of the Klein-Nishina cross-section and of the first
and second degree of frequency of the scattered photon are given. Three types
of averaging are considered: over the scattering angle, over electron directions and
over electron energy distribution, which is assumed to be the relativistic Maxwellian.
Using these formulae, the balance of the energy of the photon gas, the dispersion of
the scattered photon frequency and the radiation pressure are investigated.

The scattering matrix describing the interaction of photons with the isotropic
electron gas is obtained. It is shown that it consists of five redistribution functions
(RF) on frequency, depending on the scattering angle. The RF of intensity is studied
in more detail. This function is averaged over directions with the weight factors 1
and the cosine of the scattering angle. Its connection with the mean values is
ascertained, and the moment equations of the zeroth and first orders are deduced.

The formulae for all quantities considered are reduced to the forms free of can-
cellation. In addition to the exact formulae, the asymptotic expansions of the mean
values and RF are obtained in three cases: non-relativistic and ultrarelativistic elec-
trons and the photons of small energies. In particular, the limiting expressions for
the RF of intensity are found. Using these expressions, the well-known Fokker-
Planck differential (on frequency) kinetic equations can be easily deduced.



1 Introduction

Compton scattering, i.e. the scattering of photons by electrons, plays a major role in
astrophysical objects. This role is very important in media of low density, because the
number of scattering is proportional to the first degree of the electron density n., but the
number of the other processes, which determine the formation of the continuous spectrum,
for example, bremsstrahlung, is proportional to n?.

If the electron gas is non-relativistic, then photons of small energies (much smaller
than the electron rest energy mc? = 511 keV) change energy by small increments in each
scattering, and one can neglect this change. In this case the scattering is called Thomson
scattering and in a sense it does not differ from the Rayleigh scattering on molecules. On
the other hand, the scattering of the photon by the relativistic electron or the scattering
of the hard photon by the electron even of moderate energy leads to substantial change
in photon energy. In hot rarefied media the Compton scattering is the main mechanism
of energy exchange between radiation and matter.

Numerous papers have been devoted to the problem of Compton scattering in astro-
physical objects. If the electron gas is weakly relativistic and photons are not hard, then
the changes in the photon energy are small in each scattering, but they can lead to large
changes after many scatterings. In this case one can consider this process as diffusion in
frequency. The investigation of the Compton scattering using a frequency diffusion equa-
tion of the Fokker-Planck type, which was deduced by Kompaneets (1956) (see also the
review by Zel’dovich, 1975), gave important results on the evolution of the spectra of the
microwave background radiation, X-ray sources and other relativistic objects (see Levich
& Sunyaev, 1971; Zel’dovich et al., 1972; Zel’dovich & Sunyaev, 1982). Different methods
of calculation of the Compton scattering in this approximation were obtained in the works
by Langer et al. (1978), Illarionov et al. (1979), Lightman & Rybicki (1980), Williams
(1984), Colpi (1988). The multiple Compton scattering was computed by Monte-Carlo
method (Pozdnyakov et al., 1983) and in the frame of the double diffusion approximation
(in the optical depth and frequency) by Sunyaev & Titarchuck (1980).

Another limiting case is the scattering of the optical, infrared or radio radiation by
ultrarelativistic electrons. Such situation takes place, for example, in the jets from the
active galactic nuclei, where, as assumed, the low-frequency synchrotron radiation of
ultrarelativistic electrons in the weak magnetic field is scattered by the same electrons
and the photon energy essentially increases. The calculation of the synchro-Compton
radiation is usually based on the work by Blumenthal & Gould (1970). Among the latest
papers in that direction we can mention the works by Marscher (1987) and Hughes &
Miller (1991).

However, it is not always possible to reduce the problem to one of these limiting cases.
In some objects electrons have moderate relativistic energies and the photon frequency
changes due to the scattering are of the same order as their initial frequency. Then we
must consider the general case of Compton scattering without limitations on the electron
energy and photon frequency.

Another problem is Compton scattering of polarized light. The same methods were



used here as those mentioned above. The interpretations of the polarimetric X-ray obser-
vation either were made on the assumption of the conservation of the photon frequency
(see Loskutov & Sobolev, 1985), or the problems of studing the spectral and angular-
polarization structures of the radiation field were separated. So, in the limits of the small
frequencies and low temperatures of the electron gas the problem of the frequency depen-
dence of the polarization was reduced by Sunyaev & Titarchuk (1985) to the calculation
of the Rayleigh scattering of the different orders. It is possible because in the process
of the multiple scattering, the final photon frequency corresponds to the definite mean
number of scatterings and the scattering matrix is quite close to the Rayleigh matrix.

The scattering matrix for the case of the ultrarelativistic isotropic electron gas with a
power energy spectrum was obtained by Bonometto et al. (1970).

In the present paper we review the papers devoted to the problem of the description
of single Compton scattering, taking polarization into account and ignoring it. We do
not limit the photon and electron energies. The main attention is paid to the formulation
of the relativistic kinetic equations for the photon gas — in particular to obtaining the
expressions for the absorption coefficients and scattering matrix. It is assumed that the
electron gas is non-degenerate, its distribution function in momenta in all space is known
and macroscopic motions of the gas are absent. In the major part of the paper we
assume that the distribution function of electrons in momenta is isotropic in some frame
of reference. In particular we consider the case of the relativistic Maxwellian distribution.
This review is based principally on the works by Nagirner et al. (1991), Nagirner &
Poutanen (1991,1993a,1993b), Poutanen (1994).

The plan of the review is as follows. Initially the definitions and notations for the
values describing the photon and the electron gases are given. The kinetic equations
for the Compton scattering are formulated. Then we consider different terms of the
collision integral. In addition to the mean extinction coefficient of the radiation due to
the scattering, we investigate the mean values of the scattering act, i.e. the mean frequency
of the scattered photon, the dispersion of the frequency, the pressure of the radiation on
the electron gas. Then we obtain the scattering matrix and the redistribution functions
of the radiation on frequency and direction.

In addition to exact results we give the asymptotic and approximate formulae for the
quantities considered and the approximate forms of the kinetic equations.

2 Relativistic kinetic equation (RKE) for photons

2.1 Description of electrons

We assume that energies of the photons and electrons may be arbitrary. Therefore, the
kinetic equations which describe their interaction have to be relativistically covariant and
it is necessary to introduce relativistic notations.

Let the electron momentum in the arbitrary frame of reference be p and the four-
dimensional electron momentum p = {po, p}. Other four-dimensional vectors we represent
by their zeroth and space (contravariant) coordinates: a = {ag,a}. If the components



of the vector a are given in some frame of reference and another frame has the same
directions of the coordinate axies and moves with the dimensionless (in the unit of the
speed of light ¢) velocity 3 relative to the first one, then vector’s components in the second
frame can be obtained according to the Lorentz transformation:

_3. 1 .
=l dn e () B e

The scalar product of two vectors a = {ag,a} and b = {byg, b} we write in the form
a-b=ayby—a-b, a-a = a? except that we define the ”"vector” product of three

four-dimensional vectors by equation:
axbxc={(abc),apbxc+bycxa+tc axb}. (2.1.2)

So far as we are interested only in the Compton scattering here, we assume that in
region where it occurs there are only the electron and photon gases. We connect with the
electron gas the fixed frame of reference E (co-moving). In this frame the mean electron
momentum is equal to zero.

As was mentioned above, the kinetic equation we consider must be relativistically
covariant. It means that it has the same form in all frames of reference. But it is difficult
to calculate the mean values of the scattering in the arbitrary frame. Therefore, all
concrete calculation is better done in the frame E.

For such calculations we use the dimensionless quantities and express the length in
the Compton wavelength 7i/mc, energy in mc?, frequency in mc?/h. This is equivalent
to choosing the system of units where the main units are the electron mass, the speed
of light and the Planck constant m = ¢ = i = 1. In such a system the electron charge
is e = \/e2/hc = 1/4/137.036, the classical electron radius ro = €?/mc? = €?/hc = €? =
1/137.036 is equal to the fine structure constant. So, in the frame £ we assume

p=mc{y,z}, 2=2Q, y=vVI1+22% (2.1.3)

Let us now turn to the description of the system of electrons, i.e. the electron gas. We
denote the electron momentum distribution function f.(p). Following Belyaev & Budker
(1956), we assume it to be the relativistic invariant with a normalization

[ p10) &pfp =ne 5. 5= {1,811 5~ (2.14)

where 3 is the velocity of the arbitrary frame relative to £ and n, is the invariant electron
density in E. In particular, the relativistic Maxwellian distribution in the arbitrary frame
is defined by the formula

Te

pp
_ _oEE 2.1.5
fM(p) drm2ckpT, KQ(mCQ/kB Te) exp < CkB Te> ’ ( )

where K, is the modified Bessel function of the second kind (Macdonald function), Ty is
the invariant temperature of the electron gas, kg is Boltzmann’s constant.
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The isotropy of the electron distribution in the frame E means that the distribution
function depends only on the energy, i.e. in that frame

fe(P) = ne fo(y)/m? . (2.1.6)

The function f.(7) is normalized as follows:

47r/000 2 fo(y)dz =1, (2.1.7)

and for the Maxwellian electrons

m c?

fuly) = 1r Ky exp (—yv), y= T

(2.1.8)

2.2 Description of photons

In the same manner as an electron, the photon in the arbitrary frame of reference is
described by the three-dimensional momentum k and the four-dimensional vector of mo-
mentum k = {k,k},k = |k|. In the quasiclassical approximation the photon has the
definite values of coordinates and momentum.

In order to describe the polarization state of radiation in the relativistic form, it is
necessary to introduce two space-like four-dimensional vectors e(; (k), which satisfy the
condition of orthogonality and transversality, i.e.

e (K) - ey (k) = =055, ey(k) -k =0. (2.2.1)

Such a pair of vectors forms the relativistic polarization basis.

The polarization state of radiation is defined relative to the some polarization basis
e(j (k) either by a polarization density matrix 72, or by the Stokes parameters connected
with each other by the equation

- ( nay  naz) ) _ % < ntng Ny iy ) (2.2.2)

ne21) 122 ng +wn,  ng—ng

Here n;,ng,,n,,n, are dimensionless and relativistically invariant parameters relating to
the usual Stokes parameters — spectral intensities — by multiplying them by c k®/4 72 h2.
We represent them by the vector-column 7, such that n* = (n,,n,,n,,n,), and name
the Stokes parameters. As a rule we shall use these parameters.

If we transfer to another polarization basis g’(j)(k), the elements of the polarization
matrix and the Stokes parameters will transform. The basis vectors are connected by the
angle , which is defined by the equations

Q?

cosx = —eqy(k) -

. ﬁ:u)(k) = —e)(k) 'ﬁi(z) (k), (2.2.3)
sinx = eqy(k) -] %

o) (k) = —e)(k) -



Then the elements of the polarization matrix in the new basis are expressed through the
elements in the old basis

i’ =100 7 f(x) (2.2.4)
by the matrix

—siny cosy

f(x)=< 05 X Smx), 7100 = F=x) = F (0. (2.2.5)

The correspondent Stokes parameters, which are represented as a vector column, are
transformed by the matrix 4 x 4:

i = Ln, (2.2.6)
where (Chandrasekhar, 1960)
1 0 0 0
- 10 cos2y sin2y 0
LOO=10 _sin2y cos2y¢ 0 (2.2.7)
0 0 0 1

In the frame E we put k = mcxrw, i.e. in this frame the photon is described by the
frequency (or the momentum, that is the same in the chosen units of measurement) x and
the unit vector of the photon propagation w.

Let there exists in the considered region the marked direction, which is defined by the
unit vector 1. We introduce the four-dimensional vector with components in the frame
E [ = {0,1}, it means that in this frame it is a pure space vector. In other systems of
references its coordinates can be found according to Eq.(2.1.1). Let us connect with the
vector 1 the polarization basis efj)(k) and ef(k), which we shall call as ezternal. These
vectors are defined by the formulae:

g~ & : 94
ety (k) T - b

Ix[xk
ee%( k — — L.
ez (k) &b (2.2.8)

These vectors form the polarization basis for the photons of momentum k. It is easy to
verify that they satisfy relations (2.2.1). In the frame E they are reduced to

Gy (k) = {0, ej(w, )}, (2.2.9)

where (n =1-w)

e;(w,])=(1-nw)/y\/1—-7% e(w,])=wx1/y/1—n? (2.2.10)

have the sense of the usual three-dimensional unit polarization vectors.
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Introduced by equations (2.2.8) external basis we shall use to describe the polarization
of radiation in the frame of references connected with the electron gas.

Note that the polarization matrix and vector of the Stokes parameters as well as
the electron distribution function can depend on space coordinates and time. However,
we shall not indicate them as arguments of these function, because the values of these
variables in both sides of the kinetic equation are equal.

2.3 Description of scattering act

Let the photons of momenta k be scattered by the electrons of momenta p. We denote
their momenta after the scattering as k; and p,- Then the four conservation laws have
the form
B‘}‘E:Bl‘}‘ﬁy (2.3.1)
Raising (2.3.1) to the second power and multiplying it by k, we obtain the following
consequences:
k-p=ki-p, ki-p=k-p, k-(p+k)=kp (2.3.2)
The photon frequency after the scattering k; can be easily obtained from the last equality
in (2.3.2):
po—p-k/k
po+k—(P+k) -ki/ki
Let us introduce the designations for the scalar products of the electron momentum p
and the photon momenta k£ and £;: a

f:]j'ﬁ/m202> &1 :Q'El/m202> C]:E'El/m202 =§— & (2.3.4)

ki =k

(2.3.3)

In the last relation we take into account Eqs.(2.3.2).

In the frame E the photon of momentum k; is characterized by the same quantities as
k, but with a subscript 1: wy,n; etc. The cosines of angles between the direction of the
initial electron €2 and the photon momenta before and after the scattering w and w; we
denote ( = Q- w and (; = 2 - wq, respectively; = w - wy is the cosine of the scattering
angle.

The quantities (2.3.4) are given in E by:

E=z(y—20), &G =z(y—2G), ¢=zniw=2zr:(l—p). (2.3.5)
The Compton formula (2.3.3) for the frequency of the scattered photon takes the form

v —2C

- 2.3.6
v — 2(1 + xw ( )

r1 =
We shall often use the designation w = 1 — u for brevity.

As a result of the scattering, the photon energy and direction are changed. The
polarization state is also changed. The elements of the density matrix before and after
the scattering are connected by the two-dimensional tensor of rank 4:

TL/( = Ta aa’ o/ N(aa’)- (237)

ala/1) 14y



Briefly we can write this relation by means of the tensor designation

W =T . (2.3.8)

i = Fn. (2.3.9)

The expressions for the elements of the matrix F through the elements of the tensor 10’ are
given by Nagirner & Poutanen (1993b). They are close to the expressions presented in
other papers for the case when this tensor can be represented as a product of two matrices
(cf. Hovenier et al., 1986; Dolginov et al., 1979).

For the scattering k,p — ky, p, we introduce the internal basis

in §ik+ 8k —qp 4, pxkxk
ﬁ(l)(k) = meq A ) ﬁ(g)(k) = m, (2.3.10)
where
A? =266 /g —1=(1+po)/(1 = o), po=1+1/&~1/&. (2.3.11)

In this basis the tensor of rank 4 transforming the elements of the matrix 7 (in accordance
with (2.3.7)) due to the scattering of photons on the unpolarized electrons has the simplest
form (Berestetskii et al., 1971). Its non-zero elements are

T =[B+2-41—ud)l/2, Tioe = Tozn = (B - 2)/2,
T2222 = (B + 2)/2, T1122 = T2211 = (B + 2) MO/27 (2312)
Tig91 = Toriz = —(B — 2) o /2,
where

B=¢/&+&/¢. (2.3.13)

The elements of the matrix F , which describes the transformation of the Stokes pa-
rameters due to the scattering, in the same internal basis are the following:

Fou2-1 0 0
2 2
s |l wd—1 w@+1 0 0
F= 0 0 2um 0 , (2.3.14)
0 0 0 B uo
where )
11 1 1 § &
F:,u2—1+B:<———> +2<———>+—+—. 2.3.15
° § & § &) & ¢ ( )

When we consider the particle interaction, one more selected frame of references is
appeared — namely, the frame where one of the interacting particles is at rest before
the collision. In the case of Compton scattering such a particle can be only the electron.
The frame where the initial electron is at rest, we shall name laboratory (following the
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terminology of the text-books by Landau & Lifshitz, 1951, and Shiff, 1956, on the quantum
mechanics, but not of the modern astronomical literature).

In the laboratory frame the expressions for many quantities simplify because the elec-
tron momentum there p = mc{1,0}. In particular, the quantities { and &; are photon
frequencies before and after scattering in this frame, and the quantity ¢ can be presented
in the form g = £& (1 — o), where p is the scattering angle in the same frame. Taking
into account the expressions (2.3.4) written for the laboratory frame, we shall demonstrate
that o from (2.3.11) is the same quantity that expressions (2.3.12) and (2.3.14) for the

tensor 70” and the matrix F' contain.

We note that the matrix F' in the laboratory frame is the sum of the pure Rayleigh
matrix and the matrix proportional to B — 2 > 0. The latter has elements only in the
corners of the principal diagonal. It is obvious that the upper element produces the
depolarization and the lower one leads to the additional circular polarization.

The vectors of the internal basis in the frame F, if the scattering is undergone by the
electron at rest, are reduced to the three-dimensional:

eth(k) = vrk/k — {0,e1(w,wi)},  ef(k) — {0,es(w,wi)}, (2.3.16)

where
r_1+u_1+,u

_1—,u w

(2.3.17)

The addition of a vector proportional to k to the first vector has no influence on the
description of the polarization state. The three-dimensional internal vectors are expressed
by similar formulae to those describing the external vectors (2.2.10):

e(w,wi) = (w) —pw)/\1—p? ew,w))=wxw/y/1—pu (2.3.18)

These two vectors together with w form the three-dimensional basis. In this basis the
direction of the electron propagation in the frame FE is defined by the cosine ¢ and the
azimuth &:

Q=4/1-C[cosP e;(w,w;y)+sin® ey(w,w;)] + (w. (2.3.19)

Now we can formulate the kinetic equation for Compton scattering.

2.4 Kinetic equation

The relativistic kinetic equation describing the scattering of the polarized radiation by
the electron gas in terms of the polarization density matrices in the linear approximation
in the arbitrary frame of reference may be written as:

. r2 d3p d3p; 3k 5 s
k-Vn= ——0m202/— . 1(5(]_9—1—&—]21 — k) [fe(p)Fn— fo(p1)ny].  (2.4.1)
2 po P ki

Here for the matrix describing the scattered photon we introduce the designation
n = f(—X) T (f(Xl) 10} f(_X1)) JE(X)7 1 = (k). (2.4.2)

9



The Dirac d-function in the integrand enforces the conservation laws. The matrices
f transform the density matrices from the external polarization basis to the internal one
and back.

Equation (2.4.1) can be derived from the quantum Liouville equation by the Bogo-
lubov method in the manner that was used by Silin (1971) for another problem. From
Eq.(2.4.1) we obtain the equation for the Stokes vector:

v = e [ Lt

- 2 o0 o o O@HE—p = k) fe(P) A= f(pym], (243)

where, as in Eq.(2.4.1), we denote
= k), iy =n(ky), 75 = L(—x) F L(x1)n. (2.4.4)

3

In the last term in the square brackets of equations (2.4.1) and (2.4.3) the scalar
quantity F' is the Klein-Nishina cross-section, which is not a matrix. This fact is the
consequence of the isotropy of the medium.

By means of the designation

. 3 m*c® rdpd® L (—x) I
me /_p Po(p, + by —p— B) () L(—x)FL(x1),  (2.4.5)

R(kl - k) T Po Pio

16T ne
we rewrite Eq.(2.4.3) in the following form

Ne dgkl ~

k-Yii=—ko,So(k)neii+ o, R(k; — k) iy, (2.4.6)

mec kq

where 0. = 87 73/3 is the Thomson cross-section and the product

2
"o

30 437, 43
Mo 0 So(k) = ﬁm%?/ﬁd p1d°ky

Po Pio ki

fe(p) Fo(p, + ki —p—k) (2.4.7)

is the extinction coefficient of radiation due to the Compton scattering. Note that kSy(k)
and the elements of the matrix R are the relativistic invariants. Besides, R and So(k) are
dimensionless, which directly follows from their definitions.

Now let us consider the terms of equation (2.4.3). First, the term connected with the
extinction of radiation and then the term describing the scattering.

3 Mean values

3.1 Mean extinction coefficient and mean degrees of frequency

As we can see from the definition (2.4.7), the extinction coefficient due to the Compton
scattering is proportional to the mean cross-section (in units of the Thomson cross-section)

3 m202/d3pd3p1 A3k,
167 kne J po po ki

So(k) fe(p) F'o(p, + ky —p — k). (3.1.1)

10



Calculating the integral over p; and using the identity
d(pro+ ki —po—k) =06k - (p+k)—p-Ek)puo, (3.1.2)

which can be deduced directly from (2.3.2) and (2.3.3), we obtain the following expression
for the dimensionless mean scattering cross-section:

so(k) 167rnek/ dkl (p) Fo(ky - (p+ k) —p-k). (3.1.3)

In the frame E, where the electron distribution is isotropic, the equality (3.1.3) can
be presented in the form

3 [ 22dz o
So(x) = 167Tx/0 > fe(v)/dQQ/d%)l/o r1dax F

X O(z[y+x—wr- (2Q+2w)] —§). (3.1.4)

By making the change of variables in the external integral and calculating the internal
integral, one obtains the following expression

50 = ez [ e ) [ [

167mx /1

= [Ty [@acse). (3.15)

T J1

where now the frequency z; is defined by formula (2.3.6) and

so(&) = %ﬂe / 7] F dPw;. (3.1.6)

In addition to the mean extinction coefficient, let us define the mean frequencies of the
scattered photon. We will consider three types of averaging: at first, over the directions
of the outgoing photon, then over directions of the incoming electrons and, finally, over
electron energy distribution.

So, at the beginning, we introduce the total cross-section of the Compton scattering (in
units of the Thomson cross-section) and the degrees of frequency averaged over directions

j 3 +2 1 72
<l > so(6) = 16W52/ ARFOCE (3.1.7)

Now we define the mean values averaged over electron direction

Ui(z,y) = W/dm <z > Es0(6) (3.1.8)
and over electron energies
2] 30(z) = 4mal /0 22 f, () dz W (x, ). (3.1.9)

Let us consider these stages in turn.

11



3.2 Averaging over photon directions

The total scattering cross-section o, so(§) is a relativistic invariant because the quantities
F, & and 22 d®w; are invariants, so it depends only on £. The mean frequencies are not
invariants. They depend on the frequency of the initial photon, the electron energy and
the angle between their momenta. Therefore, it is important what frame of references we
choose to calculate the mean frequencies. We shall give all results in the frame E. To
perform such calculation we have to introduce concrete angle variables, which characterize
the vectors’ directions.

We fix the electron and photon momenta before the scattering z {2 and x w and form
the three-dimensional basis by these vectors as in (2.2.10) and (2.3.18):

e (w, Q) = %, e (w,N) = %, €3 =w, (3.2.1)

where ( = w - €, therefore 2 = /1 — (?e;(w, Q) + (e2(w,2). Then we decompose the
unit vector of the scattered photon momentum in these unit vectors:

wp =1/1—p?(cospe(w, Q) +sinper(w,N)) + pw. (3.2.2)
The cosine
Clzﬂ-w1:u§+\/1—u2\/1—C2cosqb. (3.2.3)

All quantities in the integrals (3.1.7) — (3.1.9) are expressed in terms of the introduced
variables: 1, by the equality (2.3.6), £ and &, in accordance with Eq.(2.3.5); d*w; =
dp d¢. But the calculation in these variables is very difficult and we introduce new angles
in the laboratory frame.

The corresponding quantities in the laboratory frame will be marked 0. The passage
to this frame from the frame FE is performed by the Lorentz transformation with the
velocity B3 = 2Q/v. The frequencies x and x; transfer to £ and &, and the scattering
angle in this frame jy was already used for writing expressions (2.3.12) and (2.3.14). The
inverse passage is carried out with velocity —3; therefore, all inverse transformations can
be obtained by making the change z — —z. In particular, the inversion of (2.3.5) is the
equalities

r=E(v+20), n=&0+2(). (3.2.4)

As a result of the application of the Lorentz transformation, we obtain the vectors w®
and w?, but the vector € does not change. Two vectors  and w" give rise to the basis
e, €Y, e) = w’. The unit vectors are defined by the same formulae as (3.2.1), but w and
¢ are replaced by w® and (; = Q- w’. The formulae for the 2, w? and (Y can be written
if we add index 0. For example,

Q=0 = oG+ /1 — 13 /1 - G cos o (3.2.5)
The invariant ¢ was already written in both frames — namely:
=z (1—p)=~8& (1 po). (3.2.6)
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As it is mentioned above, this equation agrees with the definition of py and with the
consequence of the conservation laws £ = & + ¢ =& [1 + & (1 — po)]. The simple relation
can be obtained between the projections of the photon momentum in both frames on the
unit vectors e, and eJ, because these vectors, as perpendicular to €2, coincide:

1)1 — p? sing = & (/1 — p3 sin ¢y. (3.2.7)

The quantities po and &; are connected, and therefore we can choose & and ¢, as new
variables. The relations between them and u, ¢ are defined by the formulae:

¢ sin ¢
Ecosp—axz/1—C2r
where 7 is given by Eq. (2.3.17). The element of surface % d®w; in the new variables is

d&; dgg. The expression for the frequency x; can be obtained from (3.2.4) and (3.2.5),
and takes the form

Y —z2G
vy—z2G+zTw

, tan qb() = (328)

&1=¢

=& [7+Z(M0Co+\/1—u(2) \/1—C3 cos ¢o)]. (3.2.9)

The quantities po and z (y can be excluded, using Eqs.(2.3.11) and (3.2.4).
We note that the quantity F' does not depend on ¢y and in powers of x; the quantities

\/1 — p2 and cos ¢y enter only in the form of product. The integrals over ¢ of the odd

powers of cos ¢y are equal to zero; therefore, all square roots /1 — u2 disappear. The
limits of integration over &; are defined from Eq. (2.3.11). So, & changes from £/(1+2¢)
for g = —1 to & for pug = 1.

Thus, definition (3.1.7) can be rewritten in new variables in the following form:

. 3 13 2w .
<> :—/ Fd / I deo. 3.2.10
1 > 50() 672 Jejaoe &1 . Po ( )

We consider here the total cross-section and the first two powers of frequency. To
write the results of calculation, it is convenient to introduce the functions

3 £ y
5O = 55 [ 10q GF 6 (3:2.11)

For the total cross-section one obtains the well-known formula (cf. Berestetskii et al.,
1971):

s0(6) =34+ (E—2—2/6) 1 +28 (1+&) RE] /8% (3.2.12)
Hereafter
le=In(1+2¢), Re=1/(1+2¢). (3.2.13)
In the same designations
s51(€) = 3[le +467/3-38/2—ERe (1/2+E RE/3)] /8 €7, (3.2.14)
s2(8) = (1+4E+78+98/2) Re. (3.2.15)
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Then for the mean frequency of the scattered photon we obtain

<z > 50(§) = &y Si(€) + xS ()], (3.2.16)

and for the mean square of frequency

<22 > 50(6) = Y2E2 G4 (E) — yw € S5(€) + 2% Sg(€) — €2 .57(€). (3.2.17)

All functions S;(§) are elementary and are expressed by means of introduced functions
(3.2.11). In addition, we define them in such a manner that they do not become zero if

E=0:

S1(§) = [s0(§) — 51(8)]/E€, S2(8) = [s1(8) — S1(§)]/€,

S3(&) = [51(8) — 52(8)]/€, Sa(§) = [S1(§) — Ss(6)]/¢,

S5(8) = 354(§) —4.593(8), S7(§) = S3(§) — Su(§)/2, (3.2.18)
S6(€) = s2(§) — 3.57(§).

The expressions for < x; > were obtained in the papers by Guilbert (1986); Haruthyu-
nian et al. (1988); Shestakov et al. (1988); Barbosa (1982). The special cases of
Eq.(3.2.17) were considered by Barbosa (1982).

Now we obtain the values averaged over the electron directions.

3.3 Averaging over electron directions

Since the medium in which the scattering takes place, is isotropic, the functions W, defined
by Egs. (3.1.8) and (3.1.9) and the mean values of frequency z; depend only on the photon
frequency x (and on the electron characteristics), but do not depend on the direction of
its momentum w.

As previously, we limit ourselves by 7 = 0,1,2. As the variables of integration in
(3.1.8), we choose the cosine ( of the angle between w and €2 and the corresponding
azimuth. In accordance with Eq. (2.3.5) £ = 2 (y — 2¢) and < ] > depend only on the
fixed values of x, v and £. The integral over azimuth can be replaced by 27 and we can
choose ¢ as the variable of integration instead of (. Then

1

TSR
Ve = 5o /mz) <a] > Es08)de. (3.3.1)

Introduced functions may be expressed in terms of the functions of one variable, namely

) &
V(€)= Z;Hl/o §"s5(&)dE, i > 1,
1 /¢ d¢’
vl = 7[5l (332
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For j = 0it is obvious; for j = 1, 2 such a possibility can be found out after the substitution
of (3.2.16), (3.2.17) and expressions (3.2.18) for S; to (3.3.1). Let us write the expressions
obtained as result of such substitution in the following form:

1 ug Ytz
Yo(z,7) = 3933 Yro(ru)|
2! -
1 ug Ytz
‘111(1',’}/) = 5 g [’y\ljgl(l' U) +I‘1122(I' u)] s (333)
vz -
1 ut u? u? ut T
Uy(z,y) = 2_72 l»ﬂz\pzﬂ(y& u) — 7y 311125(a:u) + E\Dlﬁ(x u) — qu37($u)] «,_Z’

where a new set of functions with two subscripts is introduced :
t+1 <,

V(€)= i /0 €1.5,(¢") de'. (3.3.4)

Since functions S; are expressed through s;, functions ¥;; can be represented through

%-:

Wi =2 (Y00 — Yo1)/§ iz = 2 (Vo1 — Yo2)/§,
Uiy =211 — Y10 — ¥_12) /€,
Wig =12 —3 W13 +3W,/2,

Wor =3 (V1o — ¥11)/28, Wag = 3 (Y11 — 12)/2€,

Woo =3 (Y11 — U11) /28, Woy =3 (Wyy — Uy3)/2¢, (3.3.5)

sz =4 (a1 — 2) /3, Wap =4 (Vg — Wa3)/3¢,

Wos = 3Wgy — 4 W3, Wiy = Wag — Wyy/2.
In these formulae we omit the argument £. These functions do not vanish at £ = 0.
In Egs. (3.3.3) we must take the difference of the values on u =~y + z and u =y — z.

Thus, to calculate the functions Wy, ¥; and Wy one must know 11 functions v;;.

All necessary functions are elementary or include one more function (already used in
the paper by Haruthyunian et al. (1988)):

13
9€) = [ m+2¢)agye. (3.3.6)

It is possible to write a relation between the values of this function on £ < 1/2 and
€ > 1/2. Let us define for that the auxiliary function for £ <1

¢
9.(8) = 9(¢/2) = [ m(1+¢)ag/e. (3.7
It can be presented by series
S (-1, D<e<e <1,
E+ln2ln§+k§::0 T3 mz:%?mm’ £, <E<1.
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As &, we can take 0.8 — 0.9. Then
9+(2§) 0<€<1/2,
9(&) = { /12, §£=1/2, (3.3.9)
7/6+n*(2€)/2 — g.(1/2€), £>1

Other methods of calculation of the function g(§) are given by Luke (1975).
The expressions for the functions 1;; are the following:

Yo(é) = i[i4r2+<8 §_i_i>z§—335_21,

sele e e o 3
bon(E) = élg%—; <8+€1>l5—4R5—R§],
bo1(f) = 1;£[11+16l5—7R5—3R5 R,
wnl© = lo@-F+ (3432 )k-3R-3
Yor(§) = %E—%Jr@—%g)ls—%&—%f??],
Yoa(§) = QL& g+9l§ Rg—gRg—Rg’], (3.3.10)
dol©) = %_<§+9+§>l5—4—§+§%—2g<§>],
wn(© = galorae-s (§+i)i-earomr]
o) = o [b+ 98—l — Rer 1R,

() = g [0 +38 - 56— k-5 ERY.
Un(f) = 64363 962 =8¢ +51c—£(2+116+108°) RY].

To prevent the loss of accuracy if £ is very small, we can use the series which we shall
obtain below.

3.4 Averaging over a Maxwellian distribution

Let us now average our quantities over the relativistic Maxwellian distribution of electron
energies, i.e. calculate the integrals

x_{EO(a:) =A4dnqgd /OozvfM(v) dy U;(z, ). (3.4.1)

1
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The mean frequencies x_]l depend on the frequency of the initial photon and also on the
temperature of the electron gas through the paramater y (formula 2.1.8). The dependence
on y we do not show explicitly.

The preliminary study of integrals like (3.4.1) shows that it is better to use vy as the
variable of integration, but not z. In addition, it is convenient to integrate by parts. Then
for 7 = 0,1, 2 we obtain, respectively,

o) = sy e sn| )
CEE - A CR [(” " 5) i)
+ wud Sa(au)] ]:t (+), (3.4.2)
Sa) = g o2 (7424 ) s
— <v + 5) u® Ss(zu) +u? Sg(zu) — u' Sy(x u)] :+ (+).

Here the sign (+) at the end of the expressions (3.4.2) means that it is necessary to take
a sum of results after the substitution ©w = v+ 2z and u = v — 2, but not the difference, as
in (3.3.3).

For small and large values of x we can obtain asymptotic expansions of the mean
values, which we present at the next section.

4 Asymptotic behaviour of mean values

4.1 Functions s;(§) and S;(¢)

All function s and S can be expanded to the series, which converge in the region £ < 1/2.
It is easy to show that

55(6) = f: 0y (26", 5,(6) = f: A (—20)", (4.1.1)

where

Gon =3[0 +2+2/(n+1) +8/(n+2) — 16/(n + 3)|/8, (4.1.2)
ai, = [n(n+5)+24/(n+3)]/8, as, = (n®+9n?+22n+ 32)/32.

Using Egs.(3.2.18), one can obtain the expressions for the coefficients A through a:

Aln:2(a1n+1_a0n+1)7 A2n=2(A1 n+l — a1 n+1)7
Az =2 (az nt+1 — A1 n+1), App =2 (A:s nt1 — Ay n+1), (4-1-3)
A5 =3A4n— 443, Arn=A3,—A10/2, Aspn =02, —3A7,.
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There is no losses of accuracy when calculating functions s,, S5, Sg, S7. We note that it
is not necessary to expand the whole function in a series. The terms which lead to loss of
significance, have the form In (1 +2¢)/£", n = 1+5. Therefore, it is sufficient to subtract
from In (1 4 2¢&) the first n — 1 terms of the expansion and to find the remainder by the
series.

It is no difficult to obtain the expansions of our functions in series for large £&. But
these expansions begin from the terms of order 1/£%, and we have to write the initial
terms for every function separately. Thus,

i n+2
sol€) = — (5—2—g> 1n2§+§+2——+z< ) b0n], (4.1.4)

8¢&? §
3[4 3 1 1 X 1\
= — | = — = - 1 2 - = — A ~ b ni| o 4]'
s1(&) S¢ 35 2+5 n2¢ I n:0< 25) 1] (4.1.5)
3 _OO 1 n+2
$2(§) = 8—52 Zg <—2—§> ban,, (4.1.6)
where
1 2 8 16
b n @ — - 2 - )
0 4[n+ +n+3+n+2 n+1]
(n—1)(n+4) 2
b = — 4.1.
In 12 n+1’ (4.1.7)
b B nd+3n2—2n—24
2n 48 .

The expansions for the functions S; can be obtained from Eqgs.(4.1.4) — (4.1.6).

4.2 Functions V,(x,7)

The expansions for the functions 1;;(§) and ¥;;(§) in series for £ < 1/2 have the same
coefficients as (4.1.1). If we substitute the Eqs.(4.1.1) for the definitions (3.3.2) and
(3.1.8), we obtain

o i1

Vi (§) = ngoajn(—%) P (4.2.1)

B = X o (2075 (4:2:2)
1+ 1

\ij(f) - ZA]n - 6 z+n—i—1 (4'2‘3)

Using (3.3.3) and (4.2.3), the expansions of ¥,;(z, ) for y < 1 in a Taylor series can
be deduced. For ¥, we write the whole series:
Int((n+1)/2) n—2k .2k

7
Z"O" D D N T T R
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Here Int(z) is the integral part of z. The expression correct up to three terms is the
following

3

For ¥, and ¥, we limit ourselves to the first three terms:

2
Wo(z,7) ~ 1——(472—1)%+€(272—1)x2. (4.2.5)

1 1 T
Ui(wy) ~ (A" =1) =2 (427" =299 +2) S

3
1 4 2 2
+ 2—5(11767 — 1147 4% 4 206) 22, (4.2.6)
1 4
Ua(e,y) ~ 1z (429" = 3497 4 7) = — (528¢° — 6187 + 17297 — 1) %
1
+ (109120~° — 158856 v* + 63677 7% — 6066) °.

525
The expansions found agree with the limiting values of these functions:
U,(z,1) = sj(x). (4.2.7)

In the same manner, using the expansions of s and S for large &, one can obtain the
series for the functions ¢ and ¥ for # > «. Let us write them up to terms of order 1/x":

2 1 9 T
0 ~ —2L,— =) In2 L,vy— = L, — ——
o) ~ g% (x :1:) " x+( 7 2)‘7”2 12 22
13y 2 11 4+%2—-1 272 -1 11 169* — 1242 +1
P (L- )2 JLa ot o 2ol AL 16y 29t
8 /) x 576 3 60 a* 2400 0
3 3—2L.~y 4 2\ 11
Uy (z, ) ~ —L,+—"Z 1) In2zx+ - LZ(Q——)——
1(7,7) 8 v a2 KW + x )n x+3x—|— 7 3 6V
13\ 1 3 11y 1  2+92—-25/16 29+%—32 v
3L,y——)=-—(2L,—=) =+= — -
+< 7 4) (2 12) 29 288 24
142~* — 9942 +7 1
— 4.2.8
2400 5 (428)
3 Y2+2-3L.y _L.(v*+1)—2y 3 7
U ~ -2 In2z+ -z + -
2(z,7) 822 K . 2 n x+496+4V
25 12942 —17  58~%2—173\ 1 76v24+25 13 \ 1
-=L L, — | L,—— - ) =
12 Z+<7 12 0 )z 24 37 )22
(or U 34097779\ 1 2997 -324  204'+129°-23 1
2 576 2 288 576 |

Here for short we use the notation L, = In (y + 2)/z.

When we derive the asymptotics for z < 1/7, all functions ¢ and ¥ in formulae (3.3.3)
are expanded in series on small xu, and for z > 7 the series on large zu are used. There
is one more wide asymptotic region, when zvy > 1 and v > 1, so v > max{l,1/z}.
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Then we may use the expansions of functions v and ¥ for large values of their arguments
on the upper limit uw = v+ 2 ~ 2y > 1 only. Their values on the lower limit are not
essential. As a result, for this region we have

3 1 1

o(z,v) = 3 ﬂ(lnlkﬁ’y—é),
31 11 4z

Uy (z,y) = 3 2 <ln4a:7— 5 + 35 (4.2.9)
3 v 29 T ax 3 a?

\IJQ(ZL‘,’}/) = g E <1Il4$’7— ﬁ‘i‘z - Z ¥>

All these formulae may be obtained from the asymptotics of corresponding functions
(4.2.8) if we put & ~ v > 1 in the leading terms. They hold as well when v > x (then
ratios /v must be omitted) or when x > v > 1 (then we must put /vy — oo, but for
this region we have more precise formulae). This is true of all formulae in such cases. For
short we shall call this region x ~ v > 1.

Let us now obtain the expansions of the quantities averaged over the Maxwellian
distribution.

4.3 Maxwellian mean values

In order to deduce their asymptotic expansions, it is necessary to substitute the formulae
like (4.1.1) for the definitions of the corresponding quantities. For x < min{l,y} we
obtain

[e.o]

So(x) = D _(—22)" aon fato, (4.3.1)

n=0
00

x_lgo(ﬁ)/m = Z(_Q x)n [aln fn+2 + (n + 4) Aln fn+3/y]7 (432)

n=0
_ 00

aiSo(x)/x® = Y (=22)" [asn farz +2(n+5) Asn fuis/y

n=0

+ (n?+ 110+ 30) Ay, fora/v?, (4.3.3)

Here we denote the ratio of the Macdonald functions

fa = fuly) = Kn(y)/Ka(y), (4.3.4)

and the argument y is omited for short. The expansions (4.3.1) and (4.3.2) are given in
works by Shestakov et al. (1988) and Prasad et al. (1988).

For the asymptotic region x > max{1,1/y}, in the same manner one can obtain the
expansions

T Ty

So(z) — %{{@—2) f1—2f0} ln2x+<§+g+i> fo
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+ <g - %) Ji+ i (_i)wr2 bon fn+2} 5 (4.3.5)

n=0
_ 3 4 2 1 3
=g {<3x 3y 4z yx2> N
2 1 2 3 3
+ —+—-hA——folIn2z+|—=—=4+—] fo
Yy €T 2 ) Ty
o 1 n—+2
_ Z <_%> [bm frao —2— (bon 1+ b1 1) fn+1]} (4.3.6)
n=0
— 8 i 1\ 712 9 .
. o _ b 1 27/, @
r150(z) 3 7223 2n( Qx) Jnr2 + ” K +3y> fi

2 In2z 7 1 1 (13 f1
_ =z 1. = Bl
yfo] x? +l2< fvy>+$y <12 xy)] y

6 1 fO n+2
e s ) A RS () e

+1

X |? (bln -+ bgn) -+

The first terms in (4.3.1), (4.3.2), (4.3.5) and (4.3.6) were obtained earlier and are given,
for example, in the papers by Guilbert (1986), Haruthyunian et al. (1988), Pozdnyakov
et al. (1983).

The series (4.3.5) — (4.3.7) diverge and their summation is necessary, as usually for
the asymptotic expansions, up to the term which is greater than previous one. Note
that for large = the main contribution to the asymptotic expansions (4.3.5) — (4.3.7) is
brought not by the series, but by the terms, which are out of the sign of summation.

As for functions VU, (z, ), the asymptotics may be derived for Maxwellian mean func-
tions in the region where z ~ 1/y > 1 or (more accurately) y < min{z,1}. We can
obtain them immediately from expressions (3.4.2) using the expansions of functions s; and
S; such as (4.1.4) — (4.1.6) or from the leading terms of asymptotics (4.3.5) — (4.3.7).
The result is the following

_ 3y 4x 1
T1_ 3 4x 1 2
2
xry_ 9 4z 7 1455

Here v, = 0.577216 is known as Euler’s constant.
It is easy to verify that for y — oo the quantities (3.4.2) tend to the correspondent
functions s;(x). The next two terms of the expansion of these quantities in 1/y for large y
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(i.e. electron distribution close to the non-relativistic Maxwellian) can be easily obtained.
The expansions mentioned above have the form

A 50(2) /a0 ~ 5(x) + 551(@) [y + sia() (4.3.11)
The six functions which define the correction terms for 5 = 0,1 and 2 are the following

3 8 6\l 4 12
sor(z) = —[18xR§+6R§—<3————>———— ] (4.3.12)

16 x 22)x x 22|’

3/5 8 5 18 30
( >z$+

3
—+— — 120z R} — 33 R,
X

wie) = 515(G-5 2
73 89
+ 18R§+?R§—7R4, (4.3.13)
173 7 66 42
su(z) = 1_6_?(4_5) ==+ + 24 R+ 18R
— 2RI—4R2+108R,]|, (4.3.14)

x

3 [142 94 ( 47) ly

T

24 — —
T

64 R 2
— G2RI+94R}+84R% — 244R,], (4.3.15)

sp(z) = +240 R’ — T2 RS

12

3 8 3 2 1 6 5 4
sor(z) = 4—x4<l$—§x 2w —2x>+3—2(60R$+72R$+51R$

+ 23R34109 R +101R,), (4.3.16)

3 7N | 1 39 21 1
= Z(g—-1) = 4~ (462422 — (2520 R® + 1800 R’
s22(2) 8( x) a:3+4x< x +x2>+128( =t v

+ 1020 RS 4 240 R + 921 R% + 1789 R3 + 983 R2 — 2809 Rx) . (4.3.17)

Formula (4.3.11) is valid for all « by virtue of the boundedness of the functions s;;.

The expansion of the cross-section 3p(x) was obtained by Pozdnyakov et al. (1983),
where the coefficients sg; and sgy were expressed through the derivatives of x so(x) to the
eighth order, inclusive. In the paper by Prasad et al. (1988) the whole expansion on 1/y
was written, and its coefficients were defined by the differential recurrent relation.

Using the introduced functions, we shall study physical quantities in the following
sections.

5 Energy balance, frequency dispersion and radia-
tion pressure

5.1 Energy balance

As far as we are interested in the behaviour of the photon and electron gases, which does
not depend on their macroscopic motion, we shall consider a frame of references E and
express all the quantities in the system of units h =c=m = 1.
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Let us consider the difference x — 1, where x is the photon frequency before the scat-
tering, x; is the frequency after the scattering defined by formula (2.3.6). This difference
represents the energy which the photon of momentum x w loses because of the scattering
by the electron of momentum z €2, if the final photon moves in the direction w;. If this
difference is negative, then xy — x is the energy which the photon gains. The quantity
xr— < x1 > is the same energy averaged over the direction of the scattered photon. The
product

(x— <21 >)Ne oy 50(E) =neoy (x+2&—7E) S1(E) (5.1.1)
is the energy which in average the photon of momentum xw loses as a result of the
scattering by such electrons on the unit length. Further, the mean energy which the
photon of frequency x loses in the process of scattering on the isotropic ensemble of
electrons with a fixed energy is x[1 — Vy(x,7v)/Yo(z,7v)]. The product z[Vo(z,7) —
Uy (x, )] ne o, is the energy loss of photon on the unit length at the layer of such electrons.
Finally, x — 77 is the energy that the photon of frequency x loses in the thermal electron
gas with a relativistic (in the general case) Maxwellian distribution function. Multiplying
this quantity by neo,.So(x), we obtain the energy loss on the unit length of photon
propagation. Obviously, this energy is transmitted from photons to electrons and vice
versa.

The energy balance between photons and electrons was considered by Barbosa (1982);
Pozdnyakov et al. (1983); Guilbert (1986); Haruthyunian et al. (1988); Prasad et al.
(1988); Shestakov et al. (1988), Coppi & Blandford (1990). Expression (5.1.1) was
obtained by Haruthyunian et al. (1988) and Barbosa (1982). We supplement their results
with those obtained by Nagirner et al. (1991).

Let us consider, first, the asymptotic expressions for the photon energy losses due to
the scattering by the mono-energetic isotropic electron gas. For small frequencies of initial
photon (z < 1/7) the losses can be obtained using formulae (4.2.4) and (4.2.6). Thus,
the losses on the unit length

4 1 x
U — ¥ ~ =22 (1267 — 12742 + 16)=
1z, 7) — Vo(z,7) 3% 15( v v+ )7
1
+ o5 (1176 v* — 1407 4% + 336) 2%, (5.1.2)
and in respect to one scattering act
1 1
Wy (2,7)/Up(,7) — 1~ 5 422 — — (2187% — 18142 + 8)~
3 15 v
1 x2
—— (13672~° — 14529 ~* + 22622 + 80)— | . 5.1.3
+ oo v v+ 7+ )72 (5.1.3)

From expressions (5.1.2) and (5.1.3) it follows that in the case of immovable electrons and
r<1

21
Uy (2,1) = Yo(z,1) ~ —z+ = 2
11
Uy (z,1)/Yy(z,1) ~ 1—a+ = z?, (5.1.4)
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In the opposite limiting case x > v we write only main terms of the expansion, though
formulae (4.2.8) give a possibility of obtaining more detailed results:

11
Uy (z,y) — Yo(x,y) ~ —x <1n2x + L.y — —)

8 v a2 6
1 11
+ (y+L,) In2x+ 1L, (72 — %) — F'y} , (5.1.5)

n2x+ L,y —11/6 — [(y+ L.) m2z + L, (v* — 31/6) — 11v/6]/x
n2zx+L,y—1/2—L,(2In2z—9/2)/x ‘

The main terms in (5.1.5) and (5.1.6) (in the numerator and denominator) are given in
the works by Pozdnyakov et al. (1983) and Guilbert (1986).
For the third asymptotic region z ~ v > 1 from (4.2.9), we have

Vi(z,y) 4 1-a/y
Uo(z,7) T <1 3 Inday — 1/2) ' (5.17)

The similar asymptotic expressions are valid for the photon energy losses due to the
scattering on the Maxwellian electrons. We write down these expressions, as above, in
the same sequence and with the small number of the expansion terms. The results of the
previous section permit us to move further, but the formulae become too cumbersome.

For # < min{1, y}, using the notations (4.3.4), we obtain

4 21
(T1 —2)3o(z) /2 ~ §f3 — [aax + = fas @
A/y — =, x> 11y, (5.1.8)
16(1—632/2y)/v% V*<r<y <1, T
4 8 21 16 314
T/ -1 ~ —fy— <f34 - —f:)?) T+ [—f% + f3 <—f§ —2f3 — —f4>1 z°
Y Y 5 Yy 5y
16(1—472/2y)/v% V¥ <r<y < 1. T

Here is denoted firir1 = fr + 21 frr1/y, the first and the second lines marked with curly
brackets correspond to the non-relativistic and to the ultrarelativistic limits, respectively.
For large frequencies, from (4.3.5) and (4.3.6) one can obtain

(x —T7)So(x) ~ §f1{ln2x+£—§+l[—2<f*+l> In2x
3 y 6 Y

-3
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3 ) 3
2 (m2z—2) = = (2w — 1
8<n x 6) 4x(nx 3), <z <Ly,

~ (5.1.10)
3 4xr 5 2 4z 1
—ylmh——-2—- = (lm—=—=]|, 1 Ly <1,
16y[ny 6 xy<ny 3)] ey

where f, = fo/fi = Ko(y)/K1(y). To find x — Z7, one must divide (5.1.10) by S¢(z). The
expansion of this quantity for large frequencies with the same accuracy can be obtained
from (4.3.5):

So(x) = 3fiZ/8x, Z~n2x+1/2+ f./y— f (2In2x—9/2) /x
In2z+1/2—(2Im2x-9/2) /z, 1<z <Ky,

~ 5.1.11)
4 1 9 2 (
ln§+§—%(21n2x—§)ln§, I/Vr <y <1
Formulae (5.1.9) for z > 1/y? and (5.1.10) in the general case were deduced earlier by
Pozdnyakov et al. (1983) and Guilbert (1986).

If z ~1/y > 1, then as follows from (4.3.8) and (4.3.9)

T 2 1 5—4xy

~= 12 .
r xy 6 In(dz/y) — v, +1/2

(5.1.12)

Calculations of the quantities W, /W, and T7/x are presented in Fig. 1 in the form of
a set of contours, where their logarithms are constant. The values are indicated on the
contour lines. The first quantity in Fig. 1a represents the ratio between the scattered
and initial photon frequencies for the case of scattering on the mono-energetic isotropic
electron gas as a function of electron momentum z = y/~? — 1 and initial photon frequency
x = k/mec. The vertical lines correspond to the limit 2y < 1, where W, /¥y ~ 4~42/3 for
v > 1 and ¥ /¥y ~ 1 +422/3 for z < 1. The horizontal contour lines reflect the limit
z < 1, where the photon frequency does not change if z < 1 (Thomson limit, Eq. (5.1.4)).
In the opposite case of high-energy photons (z > v ~ 1)

\Ijl(x7ry) ~ 4/3
Uo(z,y) In2z-—1/2

(5.1.13)

This formula can be obtained from Eq. (5.1.6). In the region v > z, z7y > 1 the ratio
U,y /Wy ~ v/x (inclined lines). All these limits are the special cases of asymptotic formula
(5.1.7).

For the Maxwellian electrons (Fig. 1b) vertical lines correspond to the asymptotic
region z < min{l,y} (see formula (5.1.9)); horizontal lines correspond to the non-
relativistic case (y > 1), where T7/z ~ si(x)/so(z) and the asymptotes for z < 1
and x > 1 are the same as for the mono-energetic electrons. Inclined lines correspond to
(5.1.12).
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Figure 1: Mean frequency of the scattered photon in units of the initial frequency: (a)
mono-energetic isotropic electron distribution; (b) Maxwellian electron gas.
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5.2 Dispersion

The dispersion of the frequency of the scattered photon can be found with the usual
formula, as a difference between the mean square and the square of mean of the frequency.
Now we write down the asymptotic expressions for the same limiting cases as in the
previous section. In the case of mono-energetic isotropic electrons the dispersion

D(x,v) = 2 [Wa(x,7) — ¥i(z,7)/Po(,7)]/ To(z,7), (5.2.1)

and for scattering by Maxwellian electrons the corresponding dispersion D(z,y) = 22 —
2
ZT1~.

Starting from the asymptotics of the mean powers of frequency, we obtain for small

x, namely for x < 1/7:
D(z,7)/x?* ~ (2/45) [(23+* — 8) 2% — 2 (2624 v* — 1120~+* — 19) 2% /15~

2% (108826 v® — 174788+ 4 70047 +* — 315442 + 14)/105~?]. (5.2.2)
For large x
1 9y 112 1
) [ln2x+L37—§—Lz <2 1n2x—§) ~| = ~

D(z,

3 155 1
~2(In2z+ L, — [(14L.— 11~ —25) In2
4(11 r+L,vy)— o —1—12 [( v—25)In2x

1 1
+L, (% —114% — 25) — 521y~ 25)} . (5.2.3)

For the Maxwellian electrons and = < min{1, y}

D(x y)%"‘; <f34—§f§> _g [452 <3f4+—f5> +4 f3 (16f9?

= 3 faa)] + 27 [7<1_ﬂf4>—f§ <1——f3 192f _@le)

5 5y
1032 682
+ 5—f5 <109— f3> <f3 fa— —fﬁﬂ (5.2.4)
Yy Yy
2 386« s 2 1/
— - T
y 5 y 5 7 y?

752 233586 x
y 5 yb

1>y>a>°

From formulae (5.2.2) and (5.2.4) it follows that in the case of cool electrons for small
values of frequency z the dispersion is D(z,1) = D(z,00) ~ 22*/5.
If the frequency is large, the Maxwellian dispersion

_ 72 3 fx 101 1|11 fx
D(x,y);w{z <1n2$+?>_ﬁ_5[6 << f)anac—l—?)



127 173 1/2
L LYY O 5.2.5
36y 24f+3y” (5.2.5)
3 101 1 /11 173
G P Y (et O SO 1
1T x(6nx 24)’ STLY
3 101 1 (11, 4z 1927
S mop— o (st 22 1.
 m2r—— xy<6ny 36)’ [V <<y K

The logarithms of the quantities D(z,v)/2? and D(z,y)/2? are presented in Fig. 2a,b
in the same manner as the mean frequency. The vertical lines in Fig. 2a correspond to
the asymptotic region xy < 1, where we can obtain the first term of the expansion from
Eq.(5.2.2): D/x? ~22%/3 if » < 2 < 1 and D/z* ~ 4671/45 if v > 1. In the limit
z <z < 1 dispersion D/z? ~ 22%/5 and it is the same as in the limit y > 1, z < 1
for Maxwellian electron gas (Fig. 2b). disc correspond to the horizontal lines. In the case
v ~x, xy > 1 (inclined lines)

D(z,vy) 7* 3(1—a/y+2*/9°) Indwy — (155 — 289z /v + 272° /4%)/18
x? x? A[lndxy — 1/2]? '

(5.2.6)

For the Maxwellian electrons the dispersion in the asymptotic region r < min{1l,y}
(formula 5.2.4) corresponds to the vertical lines and in the region y < min{z, 1} the
inclined lines reflect the formula

_ 2 12— 227y + 9z%y? 1 5 — day ?
D(z,y) ~ = |1+ ™ . (5.2.7)

Y2 24 In(4z/y) — v, +1/2 18 dr/y) — vy +1/2

In the next section we shall study the effects of the radiation pressure on the electron
gas.

5.3 Radiation pressure

The last quantity we consider as an application of the developed formalism of the mean
values of single Compton scattering is the radiation pressure on the electron gas. This
problem was considered by Pozdnyakov et al. (1983), where the calculations by the
Monte-Carlo method were performed as well.

It is easy to see that if the mono-directional (along the vector w in the frame F)
photons interact with the electron gas, then, by virtue of the isotropic distribution of the
electron momenta, these photons transmit to the gas (on average) the momentum in the
same direction w. The photon of momentum x w transmits to the electron of momentum
z €2 the momentum = w — x; wy, if after scattering it has the direction w;. The frequency
x1 is defined by Eq.(2.3.6). Therefore, the mean momentum which the scattered photons
transmit in the direction w is

<x—x1p> 80(8) = (x— <21 >)50(§)+ < w1 (1 —p) > 50(§). (5.3.1)
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Figure 2: Dispersion of the frequency of the scattered photon: (a) scattering on the
mono-energetic electrons; (b) scattering on the Maxwellian electrons.
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The additional term by which the transmitted momentum differs from the energy trans-
mitted, does not require the introduction of new functions. In fact, using Eqgs. (2.3.11),
(3.2.4), (3.2.6), (3.2.11) and (3.2.18), we obtain

<@ (1l - M) > 50(§) = %52 /95?(1 — ) Fdw,
= /51 (1= po) Fd&i dgo = 8x3§2 /;(1+2§ (€ —&) Fd&
2
=§M@—am:%&@. (5.3.2)

Thus, if we fix the electron and photon energies and the angle between their momenta,
then the mean momentum transmitted to the electron gas in the direction of the initial
photons’ propagation in accordance with (3.2.18), (3.2.16) and (5.3.2) is

(z— <z >)80(6) = (w+x&—Ey+E2/x) S1(8). (5.3.3)

The averaging of this quantity over the directions of the electron momenta adds to
Uo(z,v) — Vi(z,v) the mean value of £251(£)/x, which we denote as

. 1 [et+2)
Vi) = g [ <o) > G e
1 22 1t Ttz
= dé = — — U3, . 3.4
szx4éh_d €510 e = 5~ T Walrw) (5.3.4)

Y—z

Further, the momentum which is transmitted to the mono-energetic isotropic electron
gas in respect of one photon and unit length we denote as x U*(x, ) noo,. And here

‘1/*(1‘,’}/) :\IJO(ZE,’}/) —\Ill(x,v)%—\lﬂf(x,v). (535)

To write down the expression for the function W3, (£) which enters (5.3.4), it is neces-
sary to introduce the twelfth function like (3.3.2):

9

vnl(©) = 5

l—f+<§ g——>k+§&—2ﬂ®- (5.8.6)

Then
W31(8) = 4 [20(8) — ¥a1(§)]/3€. (5.3.7)

Averaging (5.3.4) over (2.1.8), we obtain the difference between the momentum trans-
mitted to the electron gas and the transmitted energy, i.e.

nl=wm(a) = 4ma [~ 2y fu(7) &y i)

- smo e Zusien] 6. 639
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The values of the transmitted energies Wy (x,v) — Wo(x, ) or (7 — ) $(x) can be positive
or negative, but the mean transmited momentum is always positive.

Let us now present here the asymptotics of the functions defining the radiation pres-
sure. First, we write down the formulae for the additional term, then for the force of
radiation pressure, or, to be precise, for its dimensionless factor divided by .

For < 1/ one obtains the expansion similar to (4.2.4):

) Int((n+3)/2) 22k 2k
Uy = —2z)" 3)NAL, 5.3.9
1(@,7) §O< @) (n+3)\4, g::o (2k + 1)!(n+3 — 2k)V (5.3.9)
and for x > v
3 2 L, 2% —1 4 442L,yv L,
vy = ———3—) In2 L,——y——————
(@) 8y a2 [(7 x 3x2> ner =737 x x?
oo 1 \"+3 Int(n/2) =2k 2k
- 2 — '(boy,, + b1n 5.3.10
nz::o( 2a;> nl(bon + bin) ,;0 2k + 1)!(n — 2k)! (5.3.10)

Then the first terms of the expansion of the function ¥*(z,~) are the following, respec-
tively, for x < 1/ and = > ~:

2972 +1 3781 - 12142 - 17 z

4704v* — 33182 + 189 9
311
+ 150 x°, (5.3.11)
11 14\~
o ~ 2z + L. L.(n2z T (5312
(z,7) 8yx? (n T Ly 6) ( 3)+2} ( )

For the third asymptotic region x ~ v > 1 we obtain

. 31 4 . 31 |1 11
Ui(z,y) ~ 32 <1n4:1:'y — §> , U (z,y) ~ 32 [5 +— S <1n4x”y — F)] . (5.3.13)

Operating in the same manner, we find that for the Maxwellian mean values the
asymptotic expansions have the form for z < min{1, y}:

r1(1 — =z Z —22)" A1y fria, (5.3.14)
and for x > max{1,1/y}:

3 5 1
<:L’—2f1——fo)ln2x——x+6f1——f0
x 6 T

21 (1 = p)so(x) = )

[e%¢} n+2
+ 2 (xﬁ - :1:]; — 0) + > (bon + b1n) (—%) fnﬂl : (5.3.15)

n=0
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The first two terms of the expansion of the mean transmitted momentum for the same
values of x are, respectively,

(v — 70 )so(z) /2 ~ 1+gf3— (16f3+@f4> z
Yy Yy )

6
1— —u, l/y<zr<l,
~ (5.3.16)

T
y?

5 f, 1 31 1
Sl o (22— ) - =
6+y+x[f(nx 6) y]}
5 1

6 =

<
w
A
8
A
<
A
-

—{ln2x— — (1n2x——) , 1<Ky,

~ (5.3.17)
3 4r 5 1
—y|In—— =+ — 1 1.
16y<ny 6+xy>’ [V Ly K

The notation are the same as above.

We note that for small frequencies x the pressure is larger than the energy losses
in both ultrarelativistic and non-relativistic cases. For large initial photon energy both
quantities are of the same order and differ only by terms of order ~ 1/z (formulae 5.1.10
and 5.3.17). Note also that if in Eq. (5.3.17) for 1/y/z < y < 1 we omit the terms
of order 1/z, then the expression obtained will be valid for y < 1/x < 1, i.e. for the
ultrarelativistic electrons, energies of which are larger than the photon energy. Formulae
(5.3.16) for 1/y < x < 1 and (5.3.17) for 1 < & < y are given in the paper by Pozdnyakov
et al. (1983).

Finally, let us write down the expansion of the additional term (5.3.8) for y > 1, i.e.
in the nearly non-relativistic case:

w1(1 = ) So(@) /@ ~ Si(x) + 1y (2) [y + s1a(2) /7, (5.3.18)
where
) 373 2 6 12
si(z) = s [? <1+E) l$+;_ﬁ_4Ri
+ 2R, -8z RE+20R,|, (5.3.19)
. 3 172 42 3 12
sty(z) = T {? -— - <5+ ?> l. — 120 RT 4+ 140 R® + 32 R®
— 46 R} — 48R3+ 32R2+T6R,|. (5.3.20)

As in the previous two sections, we present the radiation pressure in contour form
(Fig. 3). Thus, in the case of mono-energetic electrons (Fig. 3a) in the limit 27 < 1, 7>

32



LOG hv/mc?

LOG V'/¥,

\\

o

5.

Co [T I I T T I I I

o Lo

-0.1

LOG  hv/mc?
(-}
\HHHH‘H HHH‘HHH\H‘HH HH‘HH\HH‘HHH\H‘H‘\HHH

o o |
. o
LN

@
o
LN

\)\HH Hvu\l

AW

=)
IR

) :\HHHH‘H.H\HH L
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1 pressure ¥* /Wy ~ 272/3 (vertical lines) and in the asymptotic region zvy > 1, v > 1
orx~ry>1
U*(z, ) v/2x —4/3
Wo(x,7) - Indzy —1/2°
which corresponds to the inclined lines.
For the Maxwellian electrons the vertical lines correspond to the limit x < min {1, y}
(Eq. (5.3.16)) and the inclined lines are described by the formula
T

TR g 1/3+1/xy ‘
x In(4z/y) — v, +1/2

We have now finished the consideration of the results connected with the term of
the kinetic equation describing the extinction of the radiation due to the non-induced
Compton scattering. In the following sections we shall study the scattering matrix which
defines the term describing properly the photon scattering.

(5.3.21)

(5.3.22)

6 Scattering matrix and redistribution functions

6.1 Rotation angles

The scattering matrix describing the scattering with the transformation of the photon k;
to the photon k was defined by Eq. (2.4.5). We considered the inverse scattering in the
sections 2.2 and 2.3, i.e. the initial particles were the photon of momentum k and the
electron of momentum p. The expressions for the unit vectors of the internal polarization
basis, for scattering matrix and for all other quantities, were written for that case. In the
paper by Nagirner & Poutanen (1993b) matrix (2.4.5) was calculated in such a way that
the initial and final electrons were replaced without changing photons. It is possible to do
this by virtue of the specific properties of the internal polarization basis. Here we deduce
the scattering matrix in another way, considering the scattering act k, p — ky, p;. Let us
rewrite definition (2.4.5) for that process

Rk — k) =—

16T ne

o0 e St = BL@)IL-)FLOO- (6.11)

The triple integral over p; vanishes, owing to the existence of the three-dimensional
0-function. Then we must substitute p; = p + k — k; into all quantities in the integrand.
Using (2.3.2) and identity (3.1.2), we write down (6.1.1) in the form

- 3 m3c3/d3pd3p1

Rk =) = 1 [0 ()~ k) o) K PEGO. (612

Now we pass to the frame F and take into account the isotropy of the electron distri-
bution on momenta. Then the scattering matrix takes the form

~

R(z,w — z1,wy) =
d3z

- 16%/ —S@n (1= 2G) +a—a (= 2O) ) L) FL). - (613)
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We have to calculate the triple integral from the matrix function. It contains of the
Stokes parameters’ transformation matrices, which depend on the angles between the
vectors of the polarization bases. Therefore, it is necessary to find these angles.

Now we give the expressions for the cosines and sines of the rotation angles of the
polarization bases in the frame E. First, for the rotation angle x° between the internal
basis (2.3.10) of the photon w and the external basis (2.2.8) for the scattering by the
electron at rest:

cosxoz(nl—un)/\/l—nQ\/l—/ﬂ, sinxoz—Cl/\/l—nQ\/l—/ﬂ, (6.1.4)
where C} = (lww;). In the same manner for the photon w,
cosxd = (n—pm) /1 —ny1 -2, siny = Ci/y\/1—ng /1 -2, (6.1.5)

which can be obtained from (6.1.4) by changing w < wj.

Then let us find the angles of rotation y and x; for the same photons, but for the
scattering on the electron of the arbitrary momentum. Using Egs. (2.2.3), (2.2.8) and
(2.3.10) and some relations for the products of four-vectors (see Nagirner & Poutanen,
1993b for detail), we obtain for the initial photon

cosy = m—pn) = zfwr (m=mnd]

vV1i—-nwA
. (v=20)C—zwC,
= — . 1.
sin TP wh (6.1.6)

Here A is defined by (2.3.11) and

T=c2
C, = (lwQ) = \/1?/62 [C} cos® — (m; — pun) sin ], (6.1.7)
T =2
K = Q.l:ng-f-\/l?fﬂ[(nl—,uﬁ) cos ® + C; sin 9. (6.1.8)
We note that @ is the azimuth of the vector € in the basis (2.3.18), the quantity uo was
defined in (2.3.11) and p is the cosine of the scattering angle.

For photon w; the expressions can be obtained by changing w « w;:

cosy, = 7(77—#771)—2[1‘1”"‘(77—771)(1]’

V1I—-niwA

siny, = Gz btzwl, (6.1.9)

V1—n2wA

where

/1 _ /2
Cop = (w1 Q) =-Ci( + \/%52 [ Cpcos® — (n— pm) sin P . (6.1.10)
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Expressions (6.1.4) and (6.1.5) can be obtained from (6.1.6) and (6.1.9) for z = 0.
Substituting the expressions for , C,, and C,, into (6.1.6) and (6.1.9) and denoting

cosU = [(v —20)Vr — 21— (2 cos@] /A, (6.1.11)
sin¥V = z4/1—2sin®/A, (6.1.12)
we find that in the frame E

x=x"-"¥, xy1=x}+V. (6.1.13)

6.2 Calculation of integral over electron directions

Representing the triple integral in (6.1.3) as the sequence of three integrals over the
separate variables and substituting instead of the scalar products in the argument of the
0-function their expressions through the introduced angles, we get

R 3 oo 22dz 1 L .
R(r.w = m,wn) = o [T R0) [T aRE () PLK)

) (’y(aa —x)+q—z[r1 (Cp++v1—CV1— p?cos®) — xC]) : (6.2.1)

First, we calculate the integral over the azimuth ® of the direction of the electron
momentum. We do not write down the matrix, which is the product of the matrices in
the integrand, but note that only cosines and sines of 2y and 2y; depend on ® through
the quantity ¥ according to Eq. (6.1.13). This quantity is defined by formulae (6.1.11)
and (6.1.12).

Calculating the integrals over ®, we observe that the argument of the J-function
becomes equal to zero if cos ® = cos ®°, where

wi(y—2Cp) —x(y —20) +q _ (zip—2)+q(y + )
r1 2T = VT — 2 qzNT=Cr

and r is defined in (2.3.17).
The integrals are not zero if the absolute value of cos ® = cos ®° is not larger than 1,
or

cos ®° =

(6.2.2)

D2 = (1= ) = oy — 20— 2y =20+ 20, (623
1

To satisfy this condition, the values of ( must be between the roots of the left hand side
of inequality (6.2.3)
(1 = 2) + g)(@ap — @) £ 2w,

22 ’

(F= (6.2.4)

where

b, = \/7_"\/22622 — (1 —2)+q¢?, Q= (z—m1)*+2¢. (6.2.5)
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For the existence of the real roots (¥ of D2, it is necessary that
2Q* = [y(wr —2) + ¢ > 0. (6.2.6)

Under these conditions there are two values of the azimuth ® in the interval [0, 27| where
the argument of the J-function becomes zero: ® = ®° = arccos cos ®° and & = 27 — ®°.
The values of sin ® at these points differ by the sign sin ® = 4 sin ®°, where

D, -
21 —=Cr —
Owing to these facts the integrals over ® from all quantities proportional to cos ® must

be taken into account twice, but those proportional to sin ® enter with the opposite signs
and vanish. The integral over ® from the ¢-function

sin @° = (6.2.7)

/O%(S(v(xl —x)+q—z[$1(Cu+\/1—C2\/1—,u200s<13) —xC]) dd =
B 2 2z
Csin®zaI—-CVI—p2  Dig

(6.2.8)

After calculating integrals over ® the structure of the matrix L(—y1)FL(x) simplifies
immensely. Actually,

/OQW(S('y(xl—x)qu—z[a:l(Cu—i—\/1—C2\/1—,u2csos<1>) —xC
- 2x

X L(—x1)FL(x)d® = 5 L(—X%) < F > L(x"). (6.2.9)
xq
Here
F (2 —1)cos2¥® 0 0
5| (wd—1)cos20® FT 0 0
< F>= 0 0 0 ) (6.2.10)
0 0 0  Bu
where 1
F* = 5[(1 + p19)? cos 400 £ (1 — po)?], (6.2.11)
and W0 is the value of ¥ for ® = ®°. In particular,
D
inv’=_—— 2.12
sin NV (6 )
We can express all functions of U0 through that sine.
Thus, the matrix R can be presented in the form
R(ZE,UJ _>x17w1) = ‘E(_X(l))g(th?l’b)ﬁ(xo)u (6213)



where

S =5 [ fO)d Rz, (6:2.14)

8 Joye (w1,m,0)
The lower limit of the integral ~.(z1,z, ) is the positive root of the left-hand side of
inequality (6.2.6), which we shall discuss in Section 6.4.

Thus, after averaging over the azimuth in the expression for the scattering matrix, the
transformation matrices L depend only on the angles between the direction of photons
and vector 1. The dependence of these matrices on the electron momentum disappears.
The central part of the scattering matrix is now matrix (6.2.14), depending on the photons
frequencies and the scattering angle. This matrix, as well as (6.2.10), has only six non-zero
elements two of which are equal because of the symmetry.

We are left to obtain the expression for matrix in the integrand (6.2.14):

A P L (G

R(xy,x, pm,y) = w0l D <F>. (6.2.15)

To do this, we must calculate the integral over (.

It is easy to see that all the quantities in the integral (6.2.15) can be expressed through
¢ and & as po and B (in accordance with (2.3.11) and (2.3.13)). In their turn, £ and &
are expressed through the variable (. All these integrals are the elementary functions.
Thus, in the next section we shall give the five redistribution functions (RF) describing the
redistribution on directions and frequencies of the Stokes parameters due to the scattering.

6.3 Redistribution functions

Although the calculation of the scattering matrix is performed for the scattering k, p —
ki, p1, we present the result in such a form to write down the kinetic equation. For the
process k; — k

R(zy,wi — z,w) = L(=x°)S(z, 21, ) LX), (6.3.1)
~ 3 oo A
S(xaxlnu) = g fe('y)d'yR(x,xl,u,'y). (632)
Ve (2,1, 48)

After integration over the directions of the electron momenta, the scattering matrix
for the isotropic electron gas with fixed energy takes the form:

R R 0 O
A Ry Rq 0 O
R([B’ Ty, [, ’7) = 0 ! 0 @ RU 0 : (633)

0 0 0 Ry

The elements of the scattering matrix (6.3.3) (redistribution functions) have common
parts; therefore, it is convenient to introduce a set of designations, namely:

r+x (V- Y+ rf1 1 2 (1 1
Ry = —3 <—3+—3>+—<—3——3 a2l )
q a- ay g \a- ay q° \a- a4
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2 ¢g-2(1 1
Ry, = +2——Q———J, (6.3.4)

Q]

q a— a4
2(x + _ 4
RC — (‘7;2 1'1) (V_+V_+>+T(@_&+)
q*r a_  ay qQ>r
Here
a?l: = (Pyi)2 + r,
Ve =7+T1, Y-=7—1T.
Then
R = R,+ Ry,
RI = Ra+Rca
2 4Q((x+x)? 4 2/1 1
Ry = —+——"—+2R.— —(a_ — il
! Q@ " q*r? * qr(a a+) * qg \a_- a4
4
- 12 [2 (a?i - ai) + 3 (z +21) (7= a_ + v aq)], (6.3.7)

Rq = Ruy+ Ra,
RV = Rb—qRa.

The expression for the function R (redistribution function of intensity to intensity, i.e.
neglecting the polarization) was obtained by Jones (1968). Unfortunately, the formulae
given there contain several misprints (see Coppi & Blandford, 1990). Correct expression
was derived by Aharonian & Atoyan (1981) and was studied in detail in the works by
Kershaw et al. (1986) and Nagirner et al. (1991). Some of its properties will be considered
in Section 8.

Expressions (6.3.7) are useful to obtain various asymptotic expansions and approx-
imate formulae (see Sect.7). However, when the frequencies x and x; are small, the
quantities a4 are very close to each other, and the loss of accuracy can appear in the dif-
ference between them. The same phenomenon occurs when p is close to 1. To prevent loss
of significance, we must regroup the terms in (6.3.7). Using the additional designations

u=a;—a_=(x+x)2y+x—2x)/(a- +ay), v=a_ay, (6.3.8)
we represent the quantities (6.3.4) in the forms:

(- @)+ 50) | QP

R, = w 24203 o2’
2 U 2
R = —4+—-11—-— 6.3.9
b Q 3 < q) ’ (6.3.9)
R. = E<M_Q{J>
Vg qr
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The formulae for R and Ry do not demand the transformation, but

2 — — 2
Ry = _+2u @ u Q(2Q+u)—4 +—u+2RC. (6.3.10)
Q qr qr vgq

The formula for Rq remains unchanged.
Loss of accuracy appears as well when we calculate the difference u — @) for v close to
v«. In that case, we present this difference in terms of the two auxiliary quantities:

u—Q = 2qrC,D,/(u+ Q),
Dy = (y+z—2+%)(y— %) (6.3.11)
Cyo = 2/[y(v+z1 — )+ 7+ x21p0 + 0]

There is no another difficulties in calculating the redistribution functions.

6.4 Boundaries and relations

As it was mentioned above, the integrals over azimuth & differ from zero and, therefore
RF's are not zero only if the inequality (6.2.6) satisfies. For the scattering k; — k this
inequality must be written with changing z < x1:

2Q* — [y(zy —x) — q]* > 0. (6.4.1)

The limits for the quantities which RFs depend on follow from this inequality. These
limitations have different forms, depending on what values are fixed. If we fix x, x; and
i, then from (6.4.1) we have v > ~.(x, 1, 1), where

Vel z,p0) = (x — 21+ Qth)/2, t.o=1/1+2/q. (6.4.2)

These designations and inequality were used in the expression of the integral in (6.2.14).

If we calculate RF's (6.3.7) for the fixed electron energy v > 1, then, for the fixed initial
photon frequency z; and the scattering angle arccos u, the frequency of the scattered
photon is limited by the roots of (6.4.1): z_ <z < x,, where

+y(y + 2w +
ry = g, PO T o (6.4.3)
1+ 2vy2 w4+ ziw?

and w = 1 — u. If the frequency of the scattered photon is fixed, we can obtain the
limitations for the frequency of the initial photon, but they are more complex, because
the coefficient at z7 in (6.4.1) can be positive and negative. Namely, for 0 < zw < v — 2,
the inequalities 7 < z; < 2 must satisfy, where

— 2w+ zwa_
xli:x““’(” pwtzwa. (6.4.4)

1 —=2~vxw+ 2?2w?

If xw is limited by v £ 2z, then z; > x7 .
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Finally, for fixed x, 1,7 the values of i do not fill out the whole interval [—1, 1] and
we shall discuss this in Section 8.1.

Let us present here the expressions for RFs in the cases when all operations of the
previous section can not be performed, namely when the co-multiplier of cos® in the
argument of the d-function is zero. Then the integral over ® is equal to 27 and we must
calculate the integral over ¢ in another way. We do not present the calculation and give
at once the results.

For the case of scattering by immovable electrons

R('Ta Iy, W, 7)/Z‘v=1 =20(z) — 7 — Q)F‘uo:um:x/(l—xw)- (6.4.5)

If the energy of the initial photon is formally zero, then the frequency of the scattered
photon is zero as well, and the scattering matrix takes the form:

RS RF 0 0
- _ RE Ry 00
0 0 0 RS
where

R* = 4ln(y+ 2) + 2wyz[w(y* + 2%) — 2],

Rf = —2(1—p%)yz,

RS = [-6p +4u+6]In(y + 2) + vz[4p® + 4p — 8 — 2w*(29* — 5) /3],

Ry = (84" —4In(y +2) — v2[4p” +4p — 8 — 2w*(2y” - 5)/3], (6.4.7)

Ry = 4ln(y+ z2) — dwyz.

The forward scattering is a special case as well, because the photon frequency does not
change:

R(z,x1,1,7) = 46(x — z1) In (7 + 2). (6.4.8)
The scattering matrix in that case degenerates to the unit matrix. Finally, for y — —1 all
functions are continuous, function Ry(z,x1,—1,7) = 0 and other RFs have finite limits.
We have derived the expressions for RFs for the scattering z,w — x,w;, but the
result has been represented for the scattering zy,w; — x,w. RFs of the direct and
inverse processes are related by the simple relation which can be obtained from the explicit
expressions (6.3.7): R R
R(zy,z,p1,v) = R(z, xy, vy + & — x7). (6.4.9)
Analogous relations hold for all limitations and limiting cases which are considered in this
section.
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7 Scattering matrix for Maxwellian electrons

7.1 General case

With regards to the mean values, we consider here the case when the relativistic electron
gas is thermal, i.e. it has Maxwellian distribution on energies (2.1.8). We present the
results of Poutanen (1994), where in the same manner as for the scalar RF studied earlier
(see Kershaw et al., 1986; Nagirner & Poutanen, 1993a) the expansions in a series for the
scattering matrix in the limiting cases of weakly-relativistic and ultrarelativistic electron
gas, and for small photon energies were obtained.

We present the matrix S in the same form as matrix R in (6.3.3), i.e. denote the
elements of (6.3.2) by S with the same subscripts as R in (6.3.3). Other designations of S
and R with the same indices correspondent to each other, i.e. related by the Eq. (6.3.2).
Then the relations (6.3.7) are valid for S with the correspondent indices. Do not confuse
these RF's S with S;-functions from Sect. 3, 4 and 5.

We note that the direct consequence of relationship (6.4.9) is the relation between the
scattering matrix, averaging over the Maxwellian electron distribution:

Sy, x, 1) = exp (—y(xy — x)) S(x, 21, ). (7.1.1)

This relation can be useful for checking the accuracy and for reducing the scope of the
programmes for calculating RF's, because we can confine ourselves to the case © > ;.

Observing that the quantities ¢, @), x, 1 and r do not depend on the electron energy
and introducing the designations

6, = /jo(a” —ay)exp (—y (v —%))dy,
oy = /jo(va” + vy al)exp (—y (v — 7))d, (7.1.2)

we write down the quantities (6.3.7) averaged over the Maxwellian distribution in the
form

T+ 1 + ro_ 2
S, o« 7 o 5673—?5,1,
2 q—2
S X —+—5:7
b Qy ¢ !
2($+I‘1) + 4 _
SC X T(Sil—i—q?—ré‘l, (713)
21 2Q(z+ ) 4 _ 2
Sy —28S. S . L LA R —) -0
v > y<Q+ q27“2 gt Tt
12 (x4 21) N
- 1 537
12 qr2

and the coefficient of proportionality is 3ye ¥ /32w Ks(y).
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Integrating 6% by parts, we express (7.1.2) in terms of the other four functions:

_ _ _ qts y o
5—1 = 0Oy, 5—1——1 = \/7_”0-;—7 5—3 - I + W 015
(- _ _
6, = %—yagﬂ 9 :—%—i-jral, (7.1.4)
1 2 t. 2
o = Qlto@+o) + (z —|—2:1:1) Al (—Uf - TUJ) ,
yq Yy y \y
B O, 3(Q*+qr)t. 6Q 3\ <2 N )
by = —— =% T/ TV | Zo; —\rog |.
’ y y> ooy \y ! 0
Here
ar(g+2
m= Y q;”q(q - %[(zq +3)Q + 3rq(q +2)], (7.1.5)
0F = O LpE @ L py = () = (Ot £ @))/2, (7.16)
LT = / exp(—vy, L, P =A\TY, C+ = T 7.1.7
n r p( yp)m Y \/7y + p:l:/\/_ ( )

The methods of calculation of integrals (7.1.7) are considered in works by Nagirner &
Poutanen (1993a) and Poutanen (1994).

7.2 Ultrarelativistic limit

Let us assume that the electron temperature is large, so y < 1. We assume as well that
yr = /ry < 1. By making the change of variables p = (u — 1/u)/2 in the integrals
(7.1.7), expanding the exponents in a Taylor series and integrating by parts, one obtains
the following expansions

00 k
Yr Yri+ + 2 4 1 _
Li=§j—< ) E, . Li=—ZLF 4 —evre, (7.2.1
0 Pt k! 2Ui +1( 2 ) 1 n 0 n )

where uy = (t. £1)(Q +x+x1)/2/r, and Ej is the integral exponential function of order
k.

Thus, functions (7.1.7), and through (7.1.3), the scattering matrix (6.2.14) as well, are
represented by the quickly converging series. The expansions for the RF S were used by
Kershaw et al. (1986) and Nagirner & Poutanen (1993a).

7.3 Small frequencies

The following case, when the expressions of RF's for Maxwellian electrons are simplified,
is that of small frequencies (hv < mc?) of initial and scattered photons. Let us assume
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that z,2; — 0, and the ratio x;/z = X is constant. Then for x — 0 the product
x R(x, X x, pt,7y) has a finite limit. Expanding it in a Taylor series in x, we have:

o0

xRz, Xz, p1,7) Z (X, p,y) x (7.3.1)

It is easy to see that the coefficients of expansion in the second argument are the same:

[e.o]

tR(X x,z,p1,7) = Z (X, ) (—2)™. (7.3.2)

The formulae for the coefficients of power series (7.3.1) can be obtained by expanding the
powers of a4 in a series in Legendre polynomials. The initial expansions are the following;:

P R ) n23

and the expansion for 1/a,, which can be obtained by replacing x by —z;. Here we
denote a2 = 72 + r. The coefficients of the expansion of matrix (6.3.7) are easy to find,
substituting series, which follow from (7.3.3) and (7.3.1) into formulae (6.3.4) and (6.3.7)

1 Xn
Roa(X,p,y) = 5{71%3
0

X2w2ag
1 (n+2)(n+3)
— 1— (=Xt P, isn
Xwag[ (=X)""1 2n+5 AL
B (X,,7) = o+ = {[1 = (~X)" 1] P - (-X)" P,
nb s b7y - QO n0 Clg n—1 Xwag n+1 (>
Roo(X, 11,7) = 2 Xn_p (7.3.4)
nc s Y - TX2w2 angQ 2n+5 n+3,n+1; .O.
2 40, 5
Ryu (X, 1, = 2Ry (X, p, —+ 555 1+ X 671
(X 1,) (Xop) +|  +  (1 X7
2 1 Pn—i—l 2Pn+1 n—1 6Xn
- = ’ 1— (—=X)"*! — .
T X ap < a? +7"(2%—1-1)) [ (=X) rXw(n+2)(n+ 3)
Here for short we denote
Xn = (m+ DA —(=X)""]4+ (n+3) X[1—(=X)"*"], (7.3.5)

Q= (1-X)P?4+2wX, P,=Pu(y/a0), Pum=Pn— Ppn.

The expansions of RFs are obtained by substitution of (7.3.4) for relation (6.3.7).
From the explicit expressions (7.3.4) or from (7.3.1) and (7.3.2) the property of the
matrix coefficients follows

Ro(1/X, p,7y) = (—1)"X "R, (X, 1, ). (7.3.6)
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Expansions (7.3.1) are not more useful than the expressions from Section 6.3 but
they help us to obtain the expansions for the functions averaged over the Maxwellian
distribution. Actually, substituting (7.3.1) and (7.3.4) into (6.3.2) and integrating over -,
we obtain
3y

327 Kol ) e v Zx" LS (X, ). (7.3.7)

S(.T, Ty, /’L)

The coefficients of the expansion are deduced from (7.3.4) and (7.3.1) and expressed
by means of the two sets of functions I

Xn 1 (n+2)(n+3) "
Sna(Xa M) = XQ—wQI,Lg— X w on+5 [1 - (_X) +1][n+3,n+17
2 n— 2 n
Sub(Xop) = o5t [L= (=)™ = 5= (S X)L,
Suel(X,p) = —2__Xn_g 7.3.8)
nc y Y - TX2w22n+5 n+3,n+1, ( o
2 4
SnU(Xa,U) = QSnC+ [Qo + 7“2X76§Ow2(1 +X)2] 5n0

2 ) . . 6
o (Dt s ) 1= () .
X w r(2n+1) rXw(n+2)(n+ 3)

The functions mentioned above are the integrals

o0 d
Lﬂl: — / e v p. <l) 11, Lim=1 —1F. (7.3.9)
Y

ag &g

Computations of these functions can be performed by the recurrent relations

1 «
nlf = —p, (7 ) I+, (7.3.10)
ap Qs
_ 2n—1 Vs _
n(2n—-3)I1, = 5 Po1 < ) +2(n -1, —y@2n—1)I_,
a~ Qs

where a2 = v2+r. It is necessary to calculate the first two functions of each set numerically
by the same procedure as for integrals (7.1.7).

The recurrent relations give accurate results for not all values of variables. For large
y, errors increase very quickly, but in that case the integrals (7.3.9) are easy to calculate
using the Gauss-Laguerre quadrature. The formulae of the next section can be useful as
well.

7.4 Non-relativistic limit

When the temperature of the electron gas is low, the value of y = mc?/kp T, is large. In
that case it is possible to obtain the expansion in negative powers of y. Let us present
here the terms of order to 1/y? inclusively.
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The initial expansions are

1 1 & (v—7\"
LAE () ra
a+ gy n—0 gy
where
af =ax(y) =[x +21)t. £Q)/2, Py = Pu(ps/cd). (7.4.2)

Substituting (7.4.1) into (6.3.4), (6.3.7) and (6.2.14), integrating by parts and collecting
the terms with equal powers of y, we obtain for functions (7.1.2)

2
+ + 7
Yo, ~ .EOA”’j/y]' (7.4.3)
]:

We express the quantities here by means of the functions introduced earlier:

Q - b

AT, = ik AT, = 24113 [—Q* +rqlqg — 1)Q* + r*¢* (¢ + 2)],
B 20,  3rd,.
Afl 2 = H3 - H5 )
Q(x + 1) r(x + x1)ts
+ _ + _ 2
A%, = T ATy, = W[@q +1)Q" +rq(q + 2)],
3r Q(z + 1)
+ 2 4
AT, = —ﬁT[(ZQ +4q+1)Q
+ 2rq(1+q—¢*)(g+2)Q° + r*¢°(1 — 2¢)(q + 2)?],
Ay = =’ C31 = ﬁrqg[—Q(q +1)Q°
+ 7“q(2q2 —2q — 7)@4 + 27"2q2(2q2 +3q — Z)Q2 + r3q3(q + 2)2],
. 126,, 157 Q . 4 ) )
+ Trq.(2q +3)(2¢ + DQ* + Tri¢(4q + 3)Q* + Tri¢?), (7.4.4)
+ _ Q(x + 1) 2
ATy = W[(q +1)Q° +7rq.(1 —q)],
3r(z + o)t
+ _ 2 4
ATy, = W[(‘lq +6¢+1)Q
2
+ 2rq.(3g + 1)@ + '] - —AL,
15rQ(x + x
Aty = I 4 1) ag? 80+ 1)°
rg.(—4¢> +4¢° + 15¢ + 3)Q* + r*¢Z(—8¢° + 3¢ + 2)Q°
2
Tng(l - SQ)] - ;AJ—rma
_ _ rqt, B rd,
A1,0 = —Q, Al,l = T A1,2 = 1’
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+1
Aty = Q(l"i‘fﬂl)q

AL =@t o)t (2 - 1) ,

’ Il
r+x
Al = (zqginlg)Q[Q‘l +7q¢(3g 4+ 5)Q* + 3r°¢*(q + 2)],
Agvo = _CD*’ Ag,l = _3t*(Q2 + TQ)> A;Q = —3Q (2 —+ %) .

Here ¢. = q(¢ + 2), @, is defined in Eq. (7.1.5), and

Q

q)** - 5
2q>?

(46> + 10 + 5)Q* + 10rq. (¢ + 1)Q? + 5r2¢7). (7.4.5)

Some approximate representations of RF of the intensity for Maxwellian electron dis-
tribution we give in Section 9.

7.5 Monochromatic photon beam

In this section we give an example of calculations of the scattering matrix for Maxwellian
electron distribution. We consider the scattering of the monochromatic photon beam of
energy 0.5keV on the electrons with a temperature 25keV. For the Stokes parameters
of the initial radiation we take the following form ng o (ig, o, uo, vo)T. Then the Stokes
vector of the scattered radiation 7y (z) o S’(:U, X0, 1) To-

First of all, we are interested in polarization in that region of angles and frequencies
where the intensity is large. In Fig. 4 we show the dependence of the intensity of scattered
radiation as a function of scattering angle and photon energy for the case of unpolarized
initial beam.

To show the differences between polarization in the Compton and Thomson scattering,
we consider four different cases of the polarization of the initial photon beam.

Unpolarized initial beam. For the Stokes vector of the initial radiation we take iy =
1, qo = up = vgp = 0. The polarization degree of the scattered radiation is P, = Si/S.
It differs about 20% from the polarization in the case of the Thomson scattering (PI =
(v* =1)/(1+p?)) (Fig. 5).

Linear polarization parallel to the plane of scattering. In this case ig = qo = 1,ug =
vo = 0. The degree of polarization is B, = (Sq + S1)/(S + S1) (Fig. 6). In this case the
polarization degree differ from the polarization due to the Thomson scattering (P = 1)
many times in a wide interval of energies and angles.

Linear polarization at o = 45° with the plane of scattering. In this case ig = ug =
1,q0 = vo = 0 and 1y () o< (S, St, Sy, 0)*. The degree of polarization is P, = /S + S%/S
(Fig. 7). The differences from the Thomson scattering (P = 1) are about 20%.

Circular polarization. In this case ig = vg = 1, ¢p = ug = 0. The polarization degree is
Py = Sy /S and there are no essential differences from P{ = 24/(1+ p?) for that electron
energy. Therefore, we do not represent here the results of calculation.

47



N W RN

INTENSITY < o® S (x, 2, B )

Figure 4: Intensity of the scattered radiation (arbitrary units) as a function of the cosine
of the scattering angle and photon frequency.
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Figure 5: Polarization of scattered radiation. The case of unpolarized initial beam.
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Figure 6: Same as Fig. 5, but for the case of the linear polarization parallel to the plane
of scattering. For the Thomson scattering (Rayleigh matrix) P = 100%.

8 Redistribution function (RF) of intensity

8.1 Averaging over scattering angle

In this section we give additional results on the RF of intensity. In according with (6.2.13)
this function

3 o'}

Rz, w1 — z,w) = S(z,21, 1) = g/ ( )fe(v)dvR(x,xl,um% (8.1.1)
VT, T1, 1

because the transformation of the Stokes parameters from one basis to another does not

concern the intensity. The formula for R(z,z1,u,y) can be obtained from (6.3.7) and

(6.3.4) and has the form

2 ¢P?—-29q-2/(1 1
Rz, @1, p,7) = ot T & <&— - Z)
q a- az

In many cases when there we have little information about the astrophysical object
(polarization is not observed; radiation comes from the whole object, not from its parts),
to interpret such observations in the first approximation we can assume that the intensity
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kgT,= 25 keV

POLARIZATION DEGREE

Figure 7: Same as Fig. 5, but for the case of the linear polarization at the angle 45° with
the plane of scattering.

does not depend on the direction. Then to obtain the intensity of the scattered radiation
we need only the redistribution function of intensity averaged over the directions. Let us
find this function.

We define the RF averaged over the angles by the integral

1 1
S(x,x1) = 5 /71 S(x,xy, 1) dp. (8.1.3)

To avoid the calculation of the double integral (over v and ), we substitute the expression
(8.1.1) for (8.1.3) and change the order of integrations. Then the lower limit of the integral
over v depends only on the frequencies x and z;. The investigation of the dependence of
Ye(x, 21, ) on g in the interval [—1, 1] leads us to the conclusion that the limit in the
integral over -y is

oz, 2, 1), for |v — 21| > 2229,
Y@, 21) = { Vemins for |v — 21| <2z 21, (8.14)

It is easy to obtain

Yelw, 21, —1) = [z —x1 + (x+21)\/1+1/221]/2, (8.1.5)
(8.1.6)

Ymin = 1+ (x —xz1 + |z —2x1])/2.
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The quantity v.(z,x1, 1) has its minimum value Yy at g = pmin = 1 — | — 21| /z21.
Correspondingly, the limits of integration over u depend on the frequency and the electron
energy. Investigation of these limits leads us to the following formula for (8.1.3) (see details
in the paper by Nagirner et al., 1991):

3 o
S(z,r) = — / R(z,x1,7) fo(y) dv, (8.1.7)
16 Jyu(z,z1)
where
— Mt Mt
R(xuxlav) :/ R(x7x17,u77) dM:T(I,[El,M,’}/) . (818)
m Hm

Here we introduce a set of designations. The limit on u are defined by
=1, if |z — x| > 22 29,
pm =< —1, if |z — x| <222 and v > v (z, 21, —1), (8.1.9)
py if |z — 2| <222 and i <7 < (@, 11, —1).

The quantities u4 are the roots of the equation v, (z,x1, 1) = 7:

Dy, (x — @1)*
o =1—-— =1 - —— 8.1.10
p Tay He Do (8.1.10)
where
Dn=2"+7(x1—2) +2 \/z2 +2v(z1 — ) + (21 — x)2. (8.1.11)

These limits were discussed in Section 6.4.
The primitive for R(x, z1, i, y) as a function of p can be expressed in terms of functions
of one argument (Brinkmann, 1984):

2 W 4 1
T _ -2 YIZ g 1+—)H
(2,21, 11,7) xw1Q+ 2{351’1 0—|—w( +:1:x1> !

+ ﬁfl(’u) [w—l— %2:1:% (2%2 — (z— xl)Qﬂ } (8.1.12)

The quantities H are the differences
H=A(h_)—A(hy), H,=A,(h_)— A,(hy). (8.1.13)

The functions A,, are defined by the common formula by means of derivatives of the zeroth

function:
. 12n —1]

(2n — !

They can be obtained by the recurrent relation

An(h) = (=2) A (h). (8.1.14)

1| 2n+1 1

Ans1(h) = W T2n =1 n(h) — AR

(8.1.15)
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The zeroth function of this set, as well as all others, is defined by the different formulae
for the positive and negative argument

Ao(h) = {1n(f+\f1+ h)/Vh, h >0,
0 arcsin (v/—h)/v/—h, h <0,

but all of them have the unique expansion in a series, which converges for |h| < 1:

(8.1.16)

2n — 1] & (2n+2k— 11 (=h)*

A, (h . 8.1.17
(h) = 2n—1)HZ QK 2n+2k+1 (8.1.17)
Besides that, following quantities enter (8.1.12):

he = (vi — 1) w/2 (8.1.18)

and the function without indices, the values of which are expressed by means of the
quantities ay used earlier (see Eq. 6.3.5)

ha) = Jw/2 ax = 1+ ha. (8.1.19)

Note that hy is always positive, but h_ can be negative and h_ > —w/2 > —1.

The terms in (8.1.12) are disposed in such a manner that there is no loss of significance
for h_ and h, close to one another (that happens, for example, when x and x; are small).
If h_ =~ hy, the subtraction in (8.1.13) is better performed analytically, namely:

H = AR/[A(h-) + A(hy)], Ah=h_—h, =—2y+x; —2) (z+x1)w/2. (8.1.20)
In the same manner, when hy > 0 and h_ ~ h, are not small,

Ah Aoh) |

H VR + g Aol
O = (hEav Tt (81.21)
Hi = [Ho— AhA(hs) + H/A(h)A(hy))/hs (8.1.22)

The negative h_ can be close to the positive A, if both are small. Then such subtraction
can be performed in series. It is possible to symmetrize the differences Hy and H; relative
to h_ and h,.

8.2 Averaging with weight p

The intensity of radiation is often presented as a linear function of the cosine of angle
between some directions (for example, in the case of the plane geometry between a normal
to the layers and a direction of the propagation of radiation). In that case it is necessary
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to know the first angular moment of the redistribution function on u. It is convenient to
find the following quantity:

1 1
S*(x,xy) = 5/_1w5(x,x1,u)d,u:

3 [ Mt
= — fe(y) dy w R(z, x1, p,7y) du. (8.2.1)
16 Vs (x,21) Hm
The moment sought is the difference S(z, 1) — S*(x,z;). The function S(x,z;) and the
difference mentioned above are the coefficients before the zeroth and first polynomials in
the expansion of the redistribution function in Legendre polynomials.
For the internal integral in (8.2.1), i.e. for the fixed electron energy =, as above, we
introduce the primitive function 7*:

Het

H+
R*(xw%'la 7) = / UJR(.CE, L1, [, 7) d:u = T*(xw%'la ,U/‘)/) (822)

Hm

It is expressed in terms of the functions used earlier:

37 (- >—q}+2(%)3/2%(w‘x%>
() (&) [0 A

T*(‘T?xlau 7) -

+ Hgl (8.2.3)

A3(h_)A%(hy)
1 fw\3/? (x — 11)? 1 /w\'/?
- (3) [4— ro | Pa (3) #n
where

For close h_ and h, the quantity Hy can be found simply by the recurrent relation

1 2n+1 &k k—2n—1
o k=0

It is more difficult to prevent the loss of accuracy in the expression for the quantity
Hy1, which for small Ah is of order (Ah)®. We combine the terms in a special way; thus
expression (8.2.4) takes the form

i h Ag(h_) — \/hy Hy (AB)? Ly ViR
01 = 9 h3/2h3/2 3 P2
h ) h.(Ah)? o h? — /h_hy
+ QW D [Ao(h*) - 1} - WAO(}Z*)T
2
pH [ AR AR + VER] e
h_h, A(h_)A(hy) ’ -
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where h = /h_ + /.
As above, for small hy we use the series expansions. In particular, for small and not
small Ay the quantity Hy, is represented by the series:

< (—1)F 2k +5)! & _
Hyy = 2(AR)? ( D(k+1—m)hFmpm 2.
o =2 ),§)2k+7(2k+6)!!n§0(m+ ) (k+1—m)hZ™ (8.2.7)

1 & (2n+3)N(AR)?
Ho = 4 2 2n)!(n+2)(n+3) Ants(ho).

n=0

(8.2.8)

8.3 Relations between RFs and mean values

In this section we find the relations between the mean values studied in Sect. 3, and RF.
First of all, let us consider the scattering by the isotropic electron gas of the fixed energy.

The comparison of formulae (3.1.8) and (6.1.3) gives the expression for functions ¥,
through RF":
3

Ui(x,y) = -——

5(@,7) 327y zaitl
The integral over directions of the scattered photon momenta can be calculated, using
the RF averaged over direction. To do this we must find the limits of variation z; as a
function of z and 7, i.e. invert the dependence of the low limit (8.1.4) in (8.1.7). We

obtain

/x{“dxldelR(xl, Ty, Y). (8.3.1)

3 @) L
Uj(x,7) = W/x‘(m) 7 Ay R(xy, ,7), (8.3.2)

where the limits of integration

2

2
vy+ax—1, if1§7§1+1 ‘ and z < 1/2,
—2x

_ 2 2 0.
(2, 7) v (z,y), 141 T <y <tocandz<1/2, (8:3.3)
— 4T

vtr—1, ifx>1/2
et (r,y) = w(yE2)(y£z2+22)/(1 +4yx+427). (8.3.4)

It follows from (3.1.9), (6.1.3) and (8.1.1), that the quantities averaged over the Maxwellian
(or any other) distribution are connected by the relation

2 5o(z) = (47/1) /O T e, (e, ). (8.3.5)

In the same manner we obtain the relations for the mean values of z1(1 — p):

. 3 e,
Ui(z,y) = W/x(m) widay R* (21, ,7), (8.3.6)
21 (1 —p)so(z) = — ) ridzy S*(z1, 7). (8.3.7)
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The definitions of ¥, and 27 in Sect. 3 and given in this section present these quantities
as a multiple integral, where the integration over variables is performed in different order,
thus the deduction of Egs. (8.3.2), (8.3.5), (8.3.6) and (8.3.7) reduces to the change of the
order of integration. These relations can be the tool to check the accuracy of calculation
of mean values and RF.

8.4 Zeroth and first moments of RKE

Using relations found between RF and mean values, we can write the moment equations,
which follow from the relativistic kinetic equation (RKE) if we integrate it over the photon
momenta with some weights. The moment equations are widely used in the kinetic theory
of gases, for example, for deducing of the gas-dynamic equations from the Boltzmann
equation, and in the theory of radiative transfer for the approximate solution of the
transfer equations (see Sobolev, 1985). Here we obtain the two first moments of our
kinetic equation.

Assuming k = {k,k} = mc{x,rw} and taking into account the induced scattering,
we write the equation for the Compton scattering in the frame E in the dimensional form
and do not take into account the polarization:

o.ne [ A3k

k-Vn(k) = [S(z, z1, p) n(ky)(14+n(k))—S(x1, z, u) n(k)(1+n(ky)]. (8.4.1)

me kq
Multiplying (8.4.1) by 2cd®k/k(27h)3, we integrate it over photon momenta. Then in
the integrand we obtain the expression symmetrical relative to the change k < k;, which
means that the equation of continuity of the photon number holds:

V-H, = agtph LV Hy, = 0. (8.4.2)
Here the four-dimensional vector of the photon flux
2c d3k
Hy, = {cppn, Hpn} = @rh)? /En(k) 7 (8.4.3)

and ppp, is the density of photons, Hyy, is their three-dimensional flux.
The moment of the first order can be obtained in the same manner. Let us define the
density and the radiative flux of a photon field, and the tensor of pressure:

p= (2%)3 /lm(k) &k, H= @%Tich):g/kn(k) &3, (8.4.4)

o

T= (2%)3 /k: w o wn(k) d’k. (8.4.5)

The definition w o w represents the dyad product of the vector w by itself. The radiation
pressure averaged over directions is expressed through the trace of the tensor

1 9¢ 1
P—- :7/1@ K) Pk = ~p. 4.
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The last relation is the ordinary connection between the pressure and the energy density
of the ultrarelativistic gas. The quantities p, H and jo” are the components of the four-
dimensional tensor of the radiation energy-momentum-stress flux T.

Multiplying (8.4.1) by (2¢*/(27h)3) kd3k/k and integrating over momenta, we obtain
on the left-hand side the vector of the divergence of tensor 7"

. 8p 10H 0

Making the change k < k; in one of the terms on the right hand side, we find

2c? oL n A3k A3k,
VIi=—"""1"° [ = 2= "5z, , k)[1 ki)|(k, — k). 8.4.8
e | T g S+ k)] — b (3.48)
Omitting the non-linear terms, we obtain in the linear approximation the equation of
energy conservation:

dp B 2 16 [ _
E—l—v H = WUTnem ¢ / (k)47r/a:ldxl(xl—x)S(xl,x)—
= 2 o nem?* /d3xn (T1 — x) So(2) (8.4.9)
@rhp e 1 (), 4.

10H o2 o
i = 4.1
-, +c¢V-T @) OpNeM” C (8.4.10)
d3x *
X /Tn(k)llww/xlda:l (21 — ) S(z1,2) — 21 S™ (21, )]
P , —
= @rhp 0. nem* /d znk)w[(TT — ) — x1(1 — )] So(2).

Similar moment equations were deduced by Ochelkov et al. (1979). We have reproduced
them here to show the physical sense of the mean values and averaged RFs. This explains
why we use here the dimensional quantities.

9 Approximate forms of RF and kinetic equation

9.1 Scattering on weakly-relativistic and cold electrons

In this section we shall give the limiting expressions for RF in the case when Maxwellian
electrons are weakly-relativistic or even immovable, and specify some results of Sect. 7.
The exact asymptotic expansion for S(x,z1, ) can be obtained if y > 1

3
Sz, 1, p) = 397 Kol 6 e Zy (T, 21, ). (9.1.1)
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Here

2 nl [0, P+ (n+1)qt.P,
Sn(, @1, 1) = aéno - ? [ —(a_)n+!
. = 9.1.2
T —(CL+)”+1 ’ ( )

where 6,, = ¢> — 2+ (n — 1)q. Nagirner & Poutanen (1993a) have shown how to prevent
the loss of significance using this formula.

For large y the function S(z, x1, 1) is not small only for those parameters x, z; and p,
for which 7, is close to 1. We present the difference v, — 1 in the form

Velz, 21, p0) = 1= (¢4 x — 31)*/d°, (9.1.3)

where d* = q(Q t, +2+x; —x). Equality ¢ = z; —x  means that the scattering is being
undergone by the electron at rest. In that case

rn=z/(l-—zw), w=1—p=1/x—1/xy, (9.1.4)

i.e. x,x1, p coincide with &, &, po respectively. The function S(x,z1, ) has a d-function
character. Let us show it explicitly.

To deduce the limiting form of the equation, we use the following expansion of exponent
in d-function and its derivatives

oo £(2n)
g 7yX2 = 5 (X) ~ L "
—e ;:0 0y d(x) + 4y5 (x), (9.1.5)

which is easy to verify if we find the Fourier transforms on y from both sides of the
equality. We shall take into account later only terms of order 1/y.
Let us write Eq. (9.1.1) with the same accuracy

3

S(%xlaﬂ) ~ 327TK2(y)

1
eiy’y* I:So(x7xlu) + gsl(xaxlnu)]? (916)

where

(14+ Q"+ ¢*(q+ 2)rQ* + ¢*r*(q + 2)°
QlQ? + qr(q +2)]? ’
APB(@ = P+ (¢ — 20+ 12)¢*r? Q% + Bar@Q* — Q°)
Si(z,xq, 1) = gt )] . (9.1.8)

Using substitutions (9.1.4) simplifies functions S,:

So(z,xy, ) = 2 (9.1.7)

T 1|z1=x - T/ aval1/9°0
q(qg+2) T (g (g + 272

Fio = 224 u—5)+u2-3p+3p*)q+ pwd, (9.1.9)

SO |$1:a:+q - F* = 1+u2+wq,
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because now Q* = q(q + 2),d = v2Q). The asymptotic properties of the Macdonald
function allow us to write RF in the form

St = g {ite—a—a) R (1- 2) + ]

167 8y)  ylg+2)

So T —T—q
+ 5”( ) . 9.1.10
442y d } ( )

This representation is the initial step in deducing various approximate expressions.
For cold electrons, i.e. for y = oo the exact limiting form of the kinetic equation can be
obtained from (8.4.1) and (9.1.10):

10n 3 3
ot +w-Vn= —167T0Tne/?d w1
X {77,11(1 + 77,) F*’xlzx/(l,xw) — n(l + 7111) F*’xlzx/(lerw)} . (9.1.11)

Here ny; = n(x1,w;) (dependence on coordinates and time is omitted).

For the case when n = n(t,x) does not depend both on the coordinates and on
the direction of the vector w, i.e. the radiation field is isotropic and homogeneous, an
equation like (9.1.11) and reduced from it the differential Fokker-Planck equation for small
frequencies were obtained in the paper by Ross et al. (1978) (see also Nagirner, 1984).

Let us consider in detail the case when the energies of the non-relativistic electrons
and soft photons are of the same order (~ kg T, < m c?).

9.2 Scattering of soft photons by nearly non-relativistic elec-
trons

In that case it is convenient to measure the photon frequency not in units of electron rest
energy, but in units of thermal energy kg T,. We put xy = xy = kc¢/kg T,. Then

q = Qt/3/2a Gy = Ty T11W,
Q= Qt/y: Qg = (ﬂUt - $1t)2 +2¢q, Q. ~ (Qf + 2r Qt)/y% (9‘2‘1)

In the limiting case of small frequencies, one must distinguish the subcases of different
relations between the typical energy that photon loses (or gains) in the interaction and
the typical frequency scale where n changes essentially. If we investigate the broadening
of an atomic spectral line in the optical or ultraviolet region by non-relativistic electrons,
then the line absorption coefficient profile is narrower than the mean photon displacement
in frequencies due to the electron scattering. Then we can neglect recoil effect and put
T = xy = xo everywhere except difference x1; — 2. Rejecting corrections of order 1/y,
we find RF that reflects only the Doppler effect:

3(1 + NQ)\/y_ exp <_y($t - xlt)2>dx1t. (922)

S day ~
(1, )y 32m3/ 2z /w 4w}
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This RF was deduced by Hummer & Mihalas (1967) (see also Mihalas, 1978).

On the other hand, if we calculate the continuous spectrum in the region wider than the
photon displacement due to the scattering, then one can transpose the integral kinetic
equation to the differential (on frequency) equation. Substituting (9.2.1) in (9.1.10),
expanding all functions in 1/y and taking into account only the terms of order 1/y, one
obtains the expression for RF in that approximation:

St(%;%t;ﬂ) (36 x, )/3/ = 1g)7r {W(l —Zu )xt [xté//(xlt - iUt) (9-2-3)
— (x4 +2)0 (w1 — -Tt)} + [(1 + 1) <1 + th) - 27#(1 +dp—3p )] Oy — xt)} :

If the radiation field is isotropic and homogeneous, it is sufficient to use RF averaged
over the directions (i.e. over p). From (9.2.3) we can obtain

Si(we, 1) = {1+ (2 — 2)/ylo(1e — 1)
+ o /yled (z1e — o) — (2 + 2)8 (23 — a:t)]} JAm. (9.2.4)

Using the representation of RF in the form (9.2.3), one can deduce from (8.4.1) the
equation, which was obtained by Babuel-Peyrissac & Rouvillois (1969):

10n 3
Ea%—w Vn = UTneﬁ/d%)l

2 Tt 2 2 3
X {(nl—n)[(l—Fu)(1—2w§>+§(1—2u—3u —|—2,u)1
b w ) o (i 1+ 20) +4(n;+nl<l+n>)}}. (925)

Here n = n(z,w) and ny = n(x,w;). The dependence on coordinates and time is omitted.
The presentation (9.2.4) leads us to the Kompaneets equation (Kompaneets, 1956):

18n_a nel 0 .
c ot Y xtaxt

0
n+n?+ a_;’tﬂ 7 (9.2.6)

where n = n(z,t) depends only on frequency and time.

10 Conclusions

We have considered in this review, we hope, almost all known analytical results concerning
single Compton scattering of polarized light. Let us list them briefly.

The kinetic equation describing this scattering is formulated. There is no limitations
on the photon energy. It is assumed that the electron gas is non-degenerate and the
distribution function is known. The equation is written in terms of the polarization density
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matrix and of the Stokes parameters, which are dimensionless relativistically invariant
quantities.

The terms of the equation describing the extinction and the scattering of radiation
are considered successively. The mean coefficient of extinction due to Compton scattering
and the mean values of the powers (the first and the second) of frequency of the scattered
photon are defined. The averaging is performed in three stages: first, over the direction
of the scattered photon; second, over the direction of the initial electron; and, finally, over
the electron distribution, which is assumed to be relativistic Maxwellian.

The quantities which have a direct physical sense, such as the energy balance between
the electron and photon gases, the dispersion of the frequency of the scattered photon
and the radiation pressure on the electron gas, are considered.

Together with the exact formulae for all quantities considered, we have given the
asymptotic and approximate formulae in different limiting cases: weakly relativistic and
ultrarelativistic electrons with fixed energy, soft photons (with energy less than the elec-
tron rest energy), and Maxwellian electron gas of low and high temperature.

The scattering matrix is obtained for the case when the electron distribution in some
frame of reference is isotropic. It is shown that the scattering matrix consists of three
co-multipliers. Two of them are the same as for the Thomson (Rayleigh) scattering (ro-
tation matrices), and the central matrix has five functions describing the redistribution in
frequency and direction. These five dimensionless RFs depend on the photon frequencies
before and after scattering and the scattering angle.

The expansions of RF in a series or asymptotic representation are obtained for the
same limiting cases as for the mean values. The RF of intensity is investigated in detail.
Averaging over direction (over the cosine of the scattering angle) with the weights 1 and p
is performed. The relations between RF and the mean values are found. The zeroth and
the first moments of the kinetic equation are deduced. The approximate expressions of RF
for nearly non-relativistic electrons and small photon frequencies are obtained. With the
aid of these expressions it is easy to derive the known Fokker-Planck equations deduced
earlier in a different way.

All exact equations and relations are relativistically covariant. Calculations are per-
formed and results are given in the frame of reference co-moving with the electron gas.
However, using the Lorentz transformations, it is not difficult to obtain these results in
the covariant form.

The equations which take into account the polarization of radiation are linear. The
form of the equation describing the change of intensity for the induced scattering is known.
But the equation, describing the non-linear processes due to the scattering of polarized
light is not yet formulated and deducting it is the problem. First attempts in that direction
have been made — namely Stark (1981) has considered the induced scattering for the
linear polarization in the Fokker-Planck approximation.

Now the question arises as to how to solve the relativistic kinetic equations, i.e. to
calculate the multiple scattering. Some approximate methods for the special cases were
mentioned in the Introduction. In the general case this problem remains unresolved. The
solution of this problem can extend possible applications of the theory to the interpretation
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and prediction of the observation of relativistic astrophysical objects. Some applications
of the developed formalism of the scattering matrix were made by Poutanen & Vilhu
(1993) for a two-phase model of accretion disc.

It is necessary to note that for the application of the equations considered to the case
of scattering of gamma-photons, we must take into account the possibility of the electron-
positron pair production and the subsequent annihilation. Significant advancement in that
direction was made in the works by Svensson (1987), Zdziarski et al. (1990), Zdziarski &
Coppi (1991). We hope that the solutions of the problems outlined are not far distant.
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