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1. Introduction

During the last decade the X-ray source Cyg X-1 is considered as a most
11kely candidate for a black hole. The crucial arguments for such a hypothe-v
sis are rapid time-variability of compact X-ray source and the mass estimate
M~10 M, of invisible component of binary system, which is too large for
any compact object, except for black hole. The traditional point is that !
X-rays are produced in the hot accretion plasma surrounding the black hole.
The models suggesting a disk accretion are studied most extensively, althougil
the alternative models of un;teady spherical accretion cannot be certainly
ruled out (for review, see ).

The X-ray source Cyg x-:ln. assug;ng distance to the source 2.5 kpc ,
varies in the 1imits 310 - 10 erg/s with essential part of luminosity
in hard X-rays ( EZ 50 keV¥). Thus in any model of Cyg X-1 containing black
hole the accreting plasma should have a temperature more than 5 - 108 K.

When the “standard disk® models 3 were found as incapable to explain
the hard tail of obser\ésg X-rays from Cyg X-1, a new modified accretion mo-

[

Shapiro, Lightman and Eardley (!aereafter SLE) calculated a model of

dels were constructed

two-temperature disk in which the electron and ion temperatures of plasma
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in the inner, optically thin region of disk are essentially different. The
main result of the model is that the Comptonization of soft photons in the
inner, hot region of disk satisfactorily explains the observed hard X-ray
spectrum of Cyg X-1. The second important consequence of two-temperature
disk model consists in the formation of high ion temperature T, ~ l()12
which leads to intense gamma-ray production directly from hot proton-proton

interactions P+ P — T - , I —2% as well as_via Penrose

process in the ergospheres of massive extreme Kerr black holes lo] » Widely
discussed as the prime energy source of active galactic nuclef.

In this paper we have reexamined the two-temperature disk model of SLE.
The revision includes: 1) the calculation of disk parameters on the Dasis
of the self-consistent theory of magnetohydrodynamic turbulence i instead
of standard disk wmodel , providing to dominate the uncertainty associated
with magnitude of parameter ol characterizing viscosity; 11) the applica-
tion of correct expression for energy balance between electrons and protons
in hot electron plasma as a result of Coulomb interactions.

The calculations indicate a marked discrepancy with SLE disk parameters:
a) rather different radius dependence of the parameters; b) higher e'lectron
temperature and Thompson scattering depth larger than those obtained by SI.E

The high electron temperature lo ~ (1-4) x lo K and large scattering
depth ’Ccs ~2+13, obtaimcll7for accretion parameters characterizing Cyg
X-1 (M~ 10M, , M~10 g/s) are critical and may lead to instabili-
ty of disk associated with copious (e e ) pairs production due to Y&y —

+

e’ + e’ interactions of comptonized hard photons. Thus the accre-

tion disk may turn out a powerful source of positrons.

2. Basic Parameters of Two-Temperature Disk

The vertical structure of accreting disk with density @ and half-
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thickness h , neglecting self-gravitation (1.e.' in the approximation
h,/-(_ << 1 ), is defined from the equation of hydrostatic equilibrium

dP . o GM h (1)
dh f) e 7
(5]

Gas movement in the disk is described by the equation (e.g. )

. (2)
_ 67 o @
J M'Z Vl? - = 2 \“ 'L W'C LP >
where = (1 - azg /1 )’/2 » Vq is Keplertan velocity and \X/-(_q,
expressed through viscocity is
h (3a)
\X/‘LLP = j‘ pur d Z
-h
The theory of magnetohydrodynamic turbulence for plasma is the accretior

11
disk developed by Ichimaru allows to define pt‘-? :

(3b)

ok 9 kT VR dR
Ry (5)° 2 () 2 4o

where S2  is the angular velocity.

Mmp

Following SLE we admit that the gas pressure exceeds the radiation one

and thus the pressure in the disk is
P
P - vy K(TitTe)

where Ti_ and Te are ion and electron temperatures , respectively.
Hereafter we 1imit our consideration with pure hydrogen plasma only.
In the case of polytropic disk with index n = 3 Eq.(3a) might be
12

written in the form

e GM Yoy ht dR (3c)
Wz9°’10(§ef')a’i_?) pa dv



The two additional equations together with Eqs.(1)-(3) determining the
disk structure are energy balance equaticns for protons and electrons.

in the case of nonrotating black hole the maximum proton energy is de-
termined by the gravitational binding energy of a proton in the inner edge

of ‘he disk

qu.x‘v %mPca"' 120 MeV )

hence we may consider protons in the disk as nonrelativistic without any
noticeable error. On the other hand, the electrons depending on physical
conditions may turn out nonrelativistic as well as relativistic. Therefore
in the inner region of disk the proton cooling rate due to proton-electron
Coulomb collisions may be correctly described by expression (e.g. U3])

(4)

dlei BALE me® A ( Me T;)

dt (kT /m,c*)% mp Te

where
'
S(x) =¥ (x)-x¢(x)
and ¢ (x) is the error function, T, is the elctron classical radius,
A is the Coulomb logarithm,

The Coulomb ceooling rate of protons must be equal to disk heating due

to viscous dissipation. Therefore the energy balance equation for protons is

(s)

The last equaiiun determining the disk structure is the equation of
energy balarce tor electrons: the heating rate of electrons due to Coulomb

{p-e) colli jons . be equal to radiation cooling rate. Following SLE




on the possible solutions of disk accretion plasma instabilities are assumed
absent and the electrons cool dominantly by unsaturated Comptonization. In

this case we have

y 4e T
(8’?“.’ g%’aﬂ)j‘ ‘;ﬁx‘z%"l'asubc (6)
or
KTg 2 _ {’)
Lj(mecz—)max (’c‘“» Tes) = 1,

(3 GMM 3
where photon density is ut. = (ET ——E’—M- —c‘)Max (4,@“) , nd
is the optical depth with respect to electron scatterinn,
From Egs.(1)-(5) and (7) we obtain the main physical parameters of the

disk near its inner edqge:

T.~6-10"M 2 M% K (%)
T, = 4-10° M2 M7 K (9)
h~2.40°M”2 M"” em (10)
P =1210° MM g jem? (11)
Tes® 3 (e pyhe (12)

Here we use the following normalization for the variables: black hole
mass M, = M/1O M@ and accretion rate M°= M /101'7

The radius dependence of electron and fon temperatures, together with the
density of the disk is shown in Fig.l. We see that the ion temperature is
nearly constant. Note that solution by SLE give physically nonexpiainabie
result, namely increasing with radius ion temperature. The other parameters

differ, too.




It is easy to convince that for disk parameters {8)-(12) absorption depth
1
of plasm T, = (’t’es T4 ) /2«'1 , and thus the disk fs optically thin.

3. Photoproduction of Electron-Positron Pairs in_the Two-Temperature Disk

In the previous section we have ensured that in the case of two-tempera-
ture disk-type accretion regime onto the black hole the electron plasma be-
comes very hot with temperature exceeding 109K in the inner region of the
disk.

The results obtained for self-consistent model of the disk with more accu-
rate consideration of energy balance between electrons and protons sufficient-
1y differ from those of SLE. As it was mentioned in Sec.2, the most important
difference is the high temperature and large scattering depth of electron
plasma. The importance of these results is not Timited by quantitative argu-
ments only. As it will be shown below, the electron plasma with temperature
Te Z 109K and with Thompson optical depth Tes > 1  appears critical
with respect to te+e-) pair production and leads to instability of the disk. _
The photoproduction in the accretion disks was earlier discussed by Stoegm!'w
and Liang > |

The self-consistent solution (8)-(12) of equation system (1)-(7) was fount
under assumption that the main source of electron cooling 1s the unsaturated
Comptontzation. However, beginning from the temperatures T, ~ 109K the
electron cooling via processes with production and subsequent annthilation
of positrons become rather important. At subrelativistic temperatures of the
2lectron plasma the photoproduction X+~ e*s e~ 1s the main
source of positrons,

At higher temperatures ( K le >> Me c? } the reactions of patr produc-

tion by (e-e) and (e-p) collisions have remarkable contribution , too. Posi-




trons are generated in inelastic nuclear collisions of hot ions as well,
especially in the interactions of protons and ol -particles with CNO group
nuclei (1 Mev < kT; = 100 MeV) and in inelastic (p-p) and (p- &t )

9] -meson preduction at higher temperatures (kTi = 100 Mev).

The main process of generating high energy photons associated with plasma,

electron component is the Comptonization of low frequency photons. The

spectrum of escaping radiation depends on electron scattering depth T es

and temperature Te of plasma only and is described by the following ex-
16

pression

-Xf2

(13)
~ 2 e (V74
q>'t'¢s ,KT(w) KTe 2 J

x = ._“'l_ . K = g'_e 1
KT ! 5KT€ (’C’esf -as)a

where Wh/u (x) is the Witteker function.

Function (13) characterizes the escaping radiation spectrum of plasma.
The photon spectrum within the plasma generally varies from point to point
depending on mutual disposition of the external low-frequency photon source
and plasma configuration. Note, that the solution (13) derived from nonrela-
tivistic transfer equation is correct for temperatures e < 100 kev.
Howe .er , Monte-Carlo calculations by Pozdnyakov et al. X show that at
higher .temperatures the behaviour of Comptonization spectrum does not vary |
essentially.

On the other hand, as 1i is seen from (8), the temperature depends on
radius as weli. Nevertheless , for qualitative estimations we suggest the ra-
diation spectrum inside the disk being invariable and described by function
(13). '
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Then the production rate of (e e ) pafrs by means of photoproduction

process is

Qxa(fcs.re)=g¢ ()¢ (“)6(“)“)0'0)05&)

gs,Te ) tcs,

(18)

where S (w, wW') 1is the photoproduction cross section averaced by al
directions of interacting photons. For isotropic distribution of photons
é§ was obtained by Aharonian and Atoyan - . It depends on energies of
colliding photons and has a maximum at (J () = 3;(nwce) * . The rate of
photoproduction for comptonized radiation spectrum (13) was calculated, too.
The Table represents some results from that paper for a number of values
of plasma temperatures and optical depths, Values presented in the Table
are normalized so that the energy density of W > O.1rnca photons be
1 erg/cm3 , i.e.
(15)
&Q) T (w)dw :12&
eSS cm

O{mc

Then knowina or taking the luminosity of the disk L'K in this energy
2 + -
band (1.e. more than 0.1 mc ) 1t is easy to estimate the rate of (e e )

pair production.

Let € be the characteristic size of radiation region considered (of
order of magnitude 10 rg).

Then the photon energy density is
(16)

L L
U= = & UrTe) ~ g3 (14 Tes)

and respectively

(1+t¢5 (17)

= 2 L,
0“— Wy Q ('tes,Te) “’Tg% er('tes Te)
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The (e e ) pair annihilation rate is determined by density and temperature

of plasma only

v,

ete =, n. QZ*E'\TE) (18)

7
The function Qve- (TQ) at Tg > 10 K is conpletely determined

by free annihilation without preliminary formation of bound system-positro-
1

nium. As the calculations of Aharonian et al. show , Qe‘e‘ (Te) depends

2
weakly on temperature up to KTQ ~ '%._"m,_‘: and by the order of maqgnitude
2
equals to .‘)Tro C , hence, for electron temperature of interest
Vgrer = 7re
e’e“ —I’L+ n . JiYe C ,

From the condition of plasma neutrality we have

(19)

where ne is proton density.
From the stationarity condition assuming that there is no positron escape

it follows that the pair production and annihilation rates must be equal to

\)Kxg\)e’e‘ ,1.e.
2 [
L (1+7..) - e (21)
—X. 28] Qg (Teg Te)=diron(n_-np).
Lfﬂz Cuca KK( es ) P)
Solving this equation with respect to h_ we have
(22a)
k3
e Ly e GlraTe)
T SAPS Frt
and
(22b)
n_= np~ né’- [,G
2
11

e e P ——— | T, i e e



Hence equation {22a) has solution if

> 2 G UE (23a)
-
where
G- an (1 +’t’€s)2 _Q_lsx___(:tGS'Te )— ‘ (23b)
BECS @ rot
9

Using characteristic values of parameters To o ~3 ,T. ~ 3-1C K,
7
¢ ~ 10 cm from Eqs.(8) , (10). (12) and the corresponding values of

37

QN (Tes, Te) 3 taking luminosity /. ~ 10 erg/s , we find the den-

sity I’L ~‘10 cm » 1.e. of the order exceeding that determined from (11).
Evidently , the account of photons generated at the annihilation of pairs

will sti11 enhance this contradiction.
4. Discussion

From the results obtained above we conclude that the accretion disk wit
parameters (8)-(12) following from the system of equations (1)}-(7) canrot
be stationary due to copious (e e ) pair production. The instabil{ity may
result in the following: the intense pair production and formation of nearly

pure electron-positron plasma with a density

Ne~n- = G e
will lead to fast cooling of the plasma due to photoproduction and annihila
tionup to T < 108K. after which these processes become fneffective. The
returning to a stationary state may take place :hrough a flare (as a result
of annihilation) with luminosity maximum in the region of ~ 1 mcz. Due to
thermal motion of electron-positron pairs the annihilation 1ine undergoes
ultraviolet shifting: AE ~ a(KTg , where  ~ 1 in a wide region of

temperatures, besides, the line will have a strong broadening (e.g. at

12




9 [i9 , 20]
Te::' 10 K the width of the line is ~ 300 keV) .

Besides this, for fon temperatures 1’i ~ 5. IOHK from Eq.(8) many other
nuclear gamma-ray lines generated in inelastic nuclear reactions should be
expected (a1, 22 . Evidently these 1ines will be strongly broadened due to
high ion tempsrature. In the mudel we have obtained for pure hydrogen plasma
" we omit the discussion of contribution of these Tines to the resulting spec-
trum. It is obvious that all these processes will make our arguments still
more convinced.

(23]
On the basis of results obtained by Gurzadyan and Ozernoy for charac-

teristic evolution time scale of the dis‘t we find

O -0,3
S
AR TN B TSIl B A

which excludes fast (with a time scale shorter than the X-ray fluctuation
ones for compact X-ray sources) recovery of the two-temperature disk des-
cribed in Sec.2.

Thi[;41’n;§ability can Jead also to injection of a large number of posit-
rons . We do not discuss the dyramics of this process , only noting
that the positive charge of a black hole may essentially promote this in-
Jection. Thus an accreting disk around a black hole my appear an intense
source of positrons. This possibility is of special Interest associated with
great difficulties in the explanation of the observed annihilation line from
the centre of salaxy[ZG].

The authors express their gratitude to Prof. S.G.Matinyan and all the

participants of the theoretical seminar.




Tabl.

0.05 0.1 0.2 0.5 1

- - 6.3-10% 1.2-1010 1.3-1012
1 1.1°102  5.4-106 7.4-100 7.9.1012 g.9.1012
10 2.7-10¢  4.5-109 2.4-101% 1.5.-1013 8.3-1012

Photproduction rate Qa’r for comptonized radiation obtained by
£

Aharonian and Atoyan in the units of 10 cmssew;
1]3 is plasma temperature in mcz ’ 7:;5 is electron

scattering depth. Photon energy density is \ = 1 erg/cm

LogT Logﬂ

r/r:.

Figure. Density and 1on and electron temperatures
profiles in the emission zone for a black
hole with M = 10M, and accretion rate
M= 10” gs'i‘
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