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RESUMEN

Se muestra que efectos no lineales en el disco de fotones suaves-comptonizados
de dos temperaturas aparecen cuando se toma en cuenta un acoplamiento variable (In
4) para protones y electrones. Ademis de mostrar una nueva forma para obtener la
solucién convencional a las ecuaciones de disco, este procedimiento muestra que la solucién
del disco de fotones suaves-comptonizados de dos temperaturas es doblemente valuado.
Para acrecién esférica habra soluciones Gnicamente para tasas de acrecién arriba de un
valor critico minimo independientemente de mecanismos de enfriamiento. Para discos
de acrecién suave-comptonizados, existen soluciones de dos temperaturas solamente para
tasas de acrecién abajo de un valor maximo. Debajo de este valor, las soluciones tienen un
comportamiento bastante diferente en las ramas superior e inferior. Las soluciones serdn
dominadas por la presién del gas en la rama superior y por la presién de radiacién en la
rama inferior. Para Cygnus X-1 encontramos que la turbulencia es cuando menos sénica.

ABSTRACT

It is shown that non linear effects in the two temperature soft photon comptonized
disc are exhibited when we allow for a variable coupling (In 4) for protons and electrons.
Besides providing a new way to obtain the conventional solution to the disc equations, this
procedure shows that the solution of the two temperature soft photon comptonized disc is
double valued. For spherical accretion there will be solutions only for accretion rates above
a critical minimum value, independently of cooling mechanisms. For soft comptonized
accretion discs two temperature solutions only exist for accretion rates below a maximum
value. Below this value, the solutions have quite different behaviour in the upper and lower
branches. Solutions will be gas pressure dominated in the upper branch and radiation
pressure dominated in the lower branch. For Cygnus X-1 we found that turbulence is, at
least, sonic.
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I. INTRODUCTION

Since the mid seventies, two temperature accre-
tion flows have found a large amount of applicability
in astrophysical systems, from X-Ray binaries to ac-
tive galactic nuclei and quasars (Rees et al. 1982;
Band and Malkan 1989).

Notwithstanding the most recent applications
related to pair production in accretion dics (Sikora
and Zbyszewska 1985; Kusunose 1987; Tritz and
Tsuruta 1989; White and Lightman 1989; Meirelles
1990) and spherical accretion (Kusunose and Taka-
hara 1985; Takahara and Kusunose 1985; Guilbert
and Stepney 1985; Begelman, Sikora and Rees
1987; Lightman, Zdziarski and Rees 1987; Parker
and Ostriker 1989). All this interest started, as

far as we are aware, with the sucessful paper of
Shapiro, Lightman and Eardley (1976) explaining
theoretically the data of Cygnus X-1. Application
of the standard a-accretion disc model to this X-
ray source, besides not fitting the data, may lead
to instabilities that may cause explosion of the
disc. These instabilities are present in the standard
model as long as radiation pressure attains 60% of
the total pressure. The two temperature disc model
of Shapiro et al. is ionic pressure dominated in
order to avoid this difficulty.

However, it should be argued that these results
rely heavily on the assumption of constant Coulomb
logarithm, and on the value of the accretion rate.

Besides presenting a new way to obtain the so-
lution of the two temperature soft photon compto-
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nized disc, it will be shown in this paper that non
linear effects are exhibited when we allow for a var-
iable coupling (In 4) for protons and electrons. The
physical meaning is that non linearity comes into
play when the number of particles interacting with
a test particle varies along the disc. Such effects
will make the general solution double-valued, one
of them being gas pressure dominated, and the oth-
er, radiation pressure dominated. The results we
present here differ from others in the literature in
the sense that, besides showing the double-value of
the solution, we show the conditions under which
(depending on the accretion rate) the solution is
stationary. To a certain extent, our work here is
complementary to that of Rees et al. (1982), who
exhaustively discussed the conditions under which
a steady two-temperature regime is likely to occur.
With their main conclusion for the occurrence of
this regime being a restriction on the M space given
by m[ = Mc?/LE] < 50 a?, (a being the ratio ac-
cretion velocity to free velocity), we are not allowed
to infer if this regime is stationary or not.

The method we employ here has been success-
fully applied by Meirelles (1990) to study pair
production in two temperature accretion discs; cool-
ed by externally produced soft photons, show-
ing a coupled of non linear effects not obtained
by the usual procedure (assumptions of constant
In 4). These effects are confirmed by the work of
Kusunose and Takahara (1990).

It should be remarked that we do not resort to
any new assumption, other than avoiding the usual
assumption of constant Coulomb logarithm. More-
over, it is shown in this paper, that this result applies
equally well to two temperature spherical accretion.

This paper extends previous work by Meirelles
and Marques (1989) on the consistency of gas pres-
sure dominated two-temperature soft comptonized
accretion discs.

I1. DISC EQUATIONS

We make the standard assumptions of accretion
disc theory (Shakura and Sunyaev 1973; Novikov
and Thorne 1973): that the disc half thickness is
much smaller than the radial distance, gas travels
in approximately circular orbit about a central
compact object, viscous stress is proportional to the
pressure ty, = aP, and all particles have thermal
distributions.

To simplify equatiors we define a set of dimen-
sionless variables: r is the radial distance in units
of the gravitational radius, M3z4 is the mass of the
central compact object in units of 1034 g, My7 is the
accretion rate in units of 107 g s™1, N is the proton
number density in units of 1016 cm=3, L37 is the
luminosity in units of 1037 erg s™1, the electronic
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and ionic temperatures, respectively Te and T; are
in units of 10° °K.

The hydrostatic equilibriuim equation together
with the thin disc assumption gives for the pressure

poef L0 )

p is the matter density, {2 the angular Keplerian
velocity and £ is the disc half thickness.

The half thickness of the disc follows directly
from equation (1)

0= 1.22x10* My, 2 TV 25 | @

with f = (1 + Pr/Pg)l/Z, P, being the radiation
pressure and Py the gas pressure.

Our main concern in this paper are the regions
in the temperature spaces T; and Tk, such that

045 T;InA » T2

This condition guarantees the dominance of un-
saturated inverse comptonization over bremsstrah-
lung or bound-free emission. The reason for that is
our interest for systems with X-ray power law spec-
trum.

We now assume unsaturated inverse comptoni-
zation and set the Kompaneetz Y parameter equal
to 1 and obtain

4 x 100k T,
4D ®)

me C

where k is Boltzmann constant, m, electron mass,
c velocity of light and 7 electron scattering optical
depth.

For the heat generation we shall use the well
known expression from the accretion disc theory,

Q = Emas
= 1.94 x 1025—2———38erg em?st )
M3,

withS =1—-6r"1/26 being the ratio of the actual
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LN}

& angular momentum of the flow to the Keplerian one

%: at r = 1.

& Fromtheangular momentum conservation equa-

& tion together with the definition of the stress tensor
" 7r we obtain for the density

P=Ira B O

M,; S .
a M2, 3732

0.33 ecm® . )

The collisional energy exchange term is given by
(Spitzer 1962),

i
T3/

Fop = 9.24 x 102 g ¢

InA 6)

where In 4 is the Coulomb logarithm.
Below we give the formal solution of the system
of equations (1) to (6),

1/6

3/2
T = 04| 34t (n ) 7
¢ a M;;S¢g £2/3
5/6
3/2
T. = 3% 102 My, (In A)l/3 g1/2, @8)
A0 M,; S {8/3
17/12
3/2
(= 21x10° P r] g (©)
e 10_5(1\'417 §)Y/4 4 g g3/
p = 6.3 x . 1374 2 ,  (10)
{M34 r ] (In A)
where

1, 7«1

T;l/2 , T>1
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To calculate fone needs the ratio of pressures given
by

P, M;; S ,
= 3x1073 . 11
P; M3, 3 T; ()

ITII. THE SOLUTION FOR THE ELECTRONIC
TEMPERATURE

We have written the formal solution of the disc
equations, [(7) to (10)], to show explicitly their
dependence on the ratio of pressures. We now
obtain the solution in a much more tractable form.

From equations (3), (5), and (11) we obtain

1/2
: 3/2
M, S My, 1Y/ o
£=43x10°| —————T.g . (12
M., ST,g
Ty = 12310 — 27— 13x10°
a Mz, r
) 1/2
MWS 1/2 1/2
—— 1 T s
a [M34r3/2]
1/2
-6 a
, = 1.5 x10 a

(T 8)3/2 Mn S Mg, /2

As it is customary to express the Coulomb
logarithm as a function of the temperature, we shall
use equations (4), (6), and (14) to write

. 3/2
M,; S

InA = 88x10*
3/2
M;, r/

(15)

T, ’

with T; given by equation (13).
From the definition of the Debye number (Golant,
Zhilinsky and Sakharov 1980),
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3/2
e .
1.7 x 10° 72 T, < 1.5x10™
p
A =1 (16)
€
3.3x103 7z Te>1.5x10"
p
Equations (14) and (15) combined with equation
(16) yield
1.76 x 105 by 190t (17)
. x =
My, /2 T;
. 1/2
My S My, /2
7/2 3/2
= 1.45 x 1012 [——a—— T2y
where ) is given by
1 , Te<15x10* |
= (18)
2.65x103T, , T,>1.5x10"*
For
- 3.1 x 103 [ 3/2]9/5
M, < 3Lx10 My o (19)
17 S 016/5 4
equation (17) has two approximate solutions,
( o 1744
39x10"* | ——0— ——
M,; S My, r3/2]
1/6
3/2
T, ~| 056 | Mser
ol/? M,; S
M, 372 13/14 7 11/3
1+4.5x1021n L——lm - (20)
o7
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In equation (20) v = 1 for T, > 1.5 X 157* and
v="79forTe<15x 1574

IV. SPHERICALLY SYMMETRICAL ACCRETION

To study spherical accretion we shall adopt some
simplifications, identical to those of Lightman et al.
(1987), i.e.,

1. We assume that the inward velocity v at any
radius, is a constant fraction of the free fall velocity

v=a| 2E"'M,where 0<agl

2. The luminosity per unit radius is given by

dL_ G MM

05
T - (1)

r

where n < 1 is the constant local cfliciency of con-
verting released gravitational energy into radiation.

From assumption 1 and from the equation of
continuity

M = d4rr2pv (22)
we obtain for the dcnsity

p = 4.25x 107 S —gem’ (23)

M2, %%,

Using equation (6) properly modified to the
spherical case together with cquations (17) and (19)
we find

- (24)

M
InA = 41x1059p — &
M

In equations (19) and (20), r is expressed in units
of 4 GM/c2.

Assuming the ratio T;/Te, constant and equal to
b, we obtain

1/2

Mg, a2 T

8.2 x 105 e

: 1——%

M7
M2, %24
= 26x104 ———— T2 ) (25)
17
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If the relation

b M?./,“ b 11/8
1/2 7/4
Msé n a"/

> 1.36x103 (26)

is satisfied, equation (25) has two approximate
solutions

. v/2
. M, v/
M3, /2 a
Te; ~
M;; tb 2
2.5 x10 - 13 In? {¢ In ¢}, (27)
n M, a
L
where
46 x 107 , T,>15x10"
d =
1.13 x 10% |, T,<1.5x10™"
1, Te>15x10™
VvV =
2/3 , Te<1.5x10™ ) (28)
3/4
¢ = 2x1073 g Wil

1/2
Msé Ui 37/4

The subscript F in equation (27) stands for lower
(—) and upper branches (+).

V. ANALYSIS AND CONCLUSIONS

With the procedure we have adopted here to
obtain the solution of the two-temperature accre-
tion flows, some non-linear effects, such as multi-
valuedness of the solution and critical values for the
accretion rate, are exhibited. This procedure es-
sentially consists in avoiding the usual assumption
of constant Coulomb logarithm. Physically, this is
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equivalent to take variable coupling (number of par-
ticles in the Debye sphere) along the disk.

First, analysing spherical accretion we see that,
despite the lack ofa correct solution for the radiative
transfer, the approximation we have used, equation
(27), offers some qualitative conclusions. One of
them concerns the existence of a minimum local
accretion rate, below which there is no solution
for a two-temperature flow. For accretion rates
above this minimum value we obtain two solutions
for the temperature, with completely different
structure. The lower branch, lower temperature,
slightly dependent on the ratio accretion rate-mass
of the compact object, decreasing with the inflow
velocity and distance to the compact object. There
is no dependence on the ionic temperature as well
as no dependence on the efficiency of converting
gravitational energy into radiation. In the upper
branch, the dependence on the ratio of accretion
rate to mass of the compact object and on the inverse
of the inflow velocity is sharper.

Temperature, here, besides growing rapidly with
distance, depends on the cfficiency and on the ionic
temperature.

Although these results should be interpreted
with reticence because we do not know how depen-
dent upon M are a and b, we conclude from our
work and those of Rees et al. (1982) and Begelman
et al. (1987) that a steady two temperature flow oc-
curs, as long as

300 a2 {_’14_3*__

1/3
. 2
o v r11/2] <m<50a

For accretion discs one finds the existence of a
maximum accretion rate, above which there is no
two temperature flow. However, this does not affect
the establishment of a two temperature regime,
because accretion rate close to the maximum would
imply luminosity 2 or 3 orders of magnitude greater
than the Eddington luminosity.

We are deeply indebted to the referee for helpful
comments.
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