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ABSTRACT

We have. solved the soft comptorized two temperature accretion disc with the
inclusion of the conductive energy {ransport, whlch .we show to be the main cooling.
mechanism in the hot inner: two. temperature region. .. We also show that the size. of the.
inner region grows as compared ko the  conduction: free modet and, if most. of the radiation
comes from that region, the flow is supersoﬁic. The maiﬁ mecha.niams usually invoked. for 7
turbulence generation, shear and convective instahilities are shown to be not operative,
which justifies the assumption of mot. developed turbulence.l It is shown that the most

probable source of viscosity are magnetie fields.

Key words: accretion dises — hydrodynamics — turbulence — convection — conduction —

radiative transfer




L. INFRODUCTION:-

The qbsé_rved.spectrum of Cygnus X~1 is very simjlér to a power law with spectral
index nz21 (£ E1) for energies up to 100 KeV, above which there is an exponential
cut—off (£E~ E‘“, exp.— E“m} (Liang and Nolan, 1984)..

Two known ‘radiation mechanisms could- produce 3 power law spectrum:
Synchrotron radiation from a relativistic power law distribution of electrons and unsatured
inverse Comptomzat.lon In the specific case of Cygnus X—1 there is a stmng argument
contrary to the adoption of ‘the synchrotron radiation model: & Lorentz averaged factor of
about, 108, which would imply low efficiency Eér the conversion of the gravitational energy
into radiation, requiring a very high accretion rate to supply the luminosity Ex ~ 1037738,
S0, we are left with only a mechanism, unsatured inverse Comptonizaton.

However, to obtain a power iaw integrated spectrum it is necessary to keep the
electronic temperature constant along the region where the radiation comes from.

Though the slightly radial distance dependent temperature obtained in the two
temperature accretion disc {Shapiro et al., 1976) be small, the temperature variation along
the region where the X-—radiation is supposed to come ﬁ‘om, may cast the spectral index n
very far from the. values required by observations. This wouid imply a softer X-tay
spectrum, even for states of high luminesity.

To conciliate the model with observations we must face 2 problems: the first is
related to the viscosity dependence of the temperature and the problem here is long
standing one in Astrophysics because the microscopic viscosity in the disc fails to provide
significant iransport by many orders of magnitude (Pringle, 1981). It was originally
assumed (von Weizsicker, 1948) that since the flow within the disc is strongly shearing and
often highly supersonic, it would be turbulent on scales comparable to the disc thickness.
However, it has been pointed out by Safranov (1972), that since a typical disc casily

satisfies the Rayleigh criterion for stability,

g?(rm) >0, - (.1)

- such an assumption is unjustified. Shakura and Sunyaev {1973} proposed parametrizihg

the unknown viscosity, ¥, by a constant a defined by

vo= o — . ' . (2)

Since then, modeling-of discs has usually. proceeded on the assumption that o is an
unknown eonstant whose value must be adjusted to fit observations.

In spite of the evident difficulty in deriving a value of: & from first principles, there

have been & number of efforts in that direction since Shakura and Sunyaev's paper. Among

the possibilities that have been discussed are the ideas of: effective viscosity derived from
turbulence induced by convection, which is 'due to the heating caused by viscosity (Lin and
Papaloizou, 1980; Cabot. et al., 1987a,b); viscosity due to tangled magnetic fields in the
disc sheated by differential rotation (Shakura and Sunyaev, 1973; Eardley and Lightman,
1975; Coronitl, 1981); viscosity generated. by the instability due to the constructive
interference after reflection from a radial boundary (Papaloizou and Pringle, 1984—83).

The second difficulty resides in the fact that a two temperature model yields high
temperature gradients, which makes the ionic conductive (or convective) radial energy

transport a very efficient one
— ~ 10 (3)
Q.

(Q, and Q, respectively conductive and radiative fluxes} by no means negligible.

In this paper we shail speculate with the idea of an unknown process

)
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respon31ble for the generation. of vxsccmty which will be parametrized: in the usual way,

though not, necessa.nly assigning | to q. the meaning.of turbulent. Mach number. Besides,

we: shall: consider:. the. ionic. conductwe radial: energy: transport, As.we do not assume

deveioped turbidence;-we: shall: take a. classical conductive.. constant. Regarding the
problem of: Ehe spectral mdex :we shall impose constant electronie. temperature along the

dise, Wh.!Ch unphes to find cut the Ia.w of:-variation of o with: the rad:al dlstance

1L THE EQUATIONS OF THE DISG

We shall comuder a gas of fully ionized. hydrogen, with pressure essentially given by
the. protons.: As- usual. the P componeut .of’ velocxt.y is: keplerian’ and the dige is
geomemca.lly thm Electrons: and 10113 are out. of thermal equilibrium and the ionic
tempera.t.u:e is: much greater than. the electromc temperature, . Electrons and protons are

coupled: only: tbrough collisionak energyr exchauge the coohng is dom;nated by unsaturated

inverse: Comptomzatmm

Thmugh(mt ﬂns paper we: shal} employ the. foﬂomng set:of dlmensmnless variables:

a}r, the radiab d:stance, in units of the mner radius. R; = Rg , where R, is the

gravitational radius; _ _
b} T;, T, .respectively ionic and electronic temperature in units of 10%K;
) M, ;. mass of the centra] compact object in units of 103 g ;.
d) M., accretion rate in units of 1047 g 51 .

- The mtroduct,mn of the conductive energy transport and the assurmption of constant

electromc temperatyre with o = ofr) do not make any structural modificatiori on the disc

equations; but, the energy equation in which we shall also consider tadial transport.

Following Shapiro et al. {1976), we obtain the following solution for the thin disc

“structure variables: p (density, g em™), P (pressure, dyn cm'?), ¢ (semi-scale height,

cm), T;
£=12x 104. My, 2 Téﬂ | (4)
p = 033 " M:l,;;;ra (5)
P = 7900100 "5 | 6)
_ 106 = 10°M,, §

T. —_ T o B )
! a My, 13/2' ¢ S

where S =109 /2,
W:th the assumnption of constant, electronic temperature we would obtain from the

conduction free disc

M
a = 222 x 107 B—;L r3/2 (In A2 . . (8)
Te MIT ’

However, with the inclusion of the conductive energy tTansport together with the

assumptlon of isothermal atmosphere {in z direction), the energy equation changes to

/2
AS __pa [ 5T + ¢ (9)
3 S PRI Ry 73 .




with

- .
A= 1.93x10% —y—
Ma,
: 7/2 : :
306« 109 [ Mw
B = 2 (10)
. In A M,,
M
C = 3.54x10% ;;2
M34

One can easily check in equation (9) that A/B>» C/B, a fact that will permit us
to treat. the radiative flux as a perturbation. With such ar approximation together with

the boundary condition-

;|
ar— =0 (11}

I=t;
where r, is the outer radius of the inner region, we obtain the solution of equation {9),

_ 27 S -
a=E" <5 _ : (12)

Fogr " (Spitzer, 1962}

with

oM SIS YR |
S M R °} : (14)

E v 143« 10*2{
: My, (in A} 13

To obtain equation (%), we have: used the expression for collisional energy: exchange

F o= 9093x10%p — » 4 : (15)
eet ' v e EYD) A
1 _

and for the (classical) conductive constant (Golant, Zhilinky and Sakharov, 1980)

10t T3/
K, = 229 x ——— . . . (16)
In A )

It is interesting to remark from equation (9), that the radiative flux is given by. )

Mg i are e
g (1)

F = 1.92x10% ———
‘ MZ, la A rgﬂ'.

To obtain equation (9) we have set constant In A .

M. CONSISTENCY OF THE MODEL -

In a previous paper (Meirelles and Marqies, 1989}, we have aralysed the constraints

‘im'pos.ed on the turbulemt Mach number. accretion rate and - mass of the

=
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" compact: dbj_ect.'_ in:order:to: have a consistent solution for the two—temperature disc model.
) ' Ana.lysinéf the: as_sumpti’oris: -fonic pressure - dominated gas, thin disc, ionic
temperature: lesser:than. the. free fall: temperature; unsaturated inverse Comptonization we

have concluded that consistency:is. met whenever the following inequality holds,

. ® M, S
M, 4%7312

M 3
¢ A < 3607 [ o } /2

(18}
My.8

.. However, with: the: new assumptions: and' with: the inclusion of conductive energy
transport clearly. the coi;sistency condition will: change:

We now.obtain, _the validity. condition for each assumption of the model.

a). lonic pressure dorﬁin_a.ted gas

My, (In A) 32 8%% 1,

@ $ 2924 . ' (19}
- - 1/2 9/4
Ml;f S .f/ :
- b)Thin disc
' My ST, L
ay 0.2?—-le/—; . ' T (20)
M, r

¢):Unsaturated inverse.Comptonization and-scattering optical depth < 1

T, > 15 .. (21)
d}:.Ionic temperature less- than. the free—fall temperature
My § /2 o
@« 029 — T, . o (22)
_ _ My, . L
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Clearly inequality (22} encompasses (20), therefore we may write

MH § r1/2 T, 20:24 M,, (In A) 1.3/.2 83/2 Te
0.9 — e <y &

- s 172 : (23)
Mg, : M) _So-fg/4

A necessary condition for the. éxi'stenc_e of a solution of inequality (23} is

21.83 MY® (1n.4)3 ¢, $1/3

Ml'{. S = - - 83/3 I:II/S . (24)

The value of @ at r =71y, isgiven by the condition of instability, i.e.,

2P, = 3P, ' (25)

which yields,

7 _21p2
Mz,
g = §x10% .22 7°

— . 26
(M, 50)8 #6) '

If we assume that most of the luminosity comes from the inner region, we get

VHASEN
£x 2.7 % 10% - {mré'% 0T gy rg.zs]

(p»1) . (27)

Substituting M;; given by eq. {27} in the left hand side of inequality
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(23), we'get

7/2 ‘
Te/ _ C 0,34 15

< 28
My, 55 {J_ 125 4 075 L o 0% ]2/3 s5/8 (28)

55 Iy + 15 + 2

with £y, the luminosity in units of 10% erg 57
InA=15, .
“The: right- hand mde of inequality (23) is ea.snly satisfied, so we should say that
- inequality. (28} together with the condition

4 <1 : (29}

‘are the consistency conditions we. are looking for.

Let.us now- apply them for Cygonus X—1. Using the values Mg, =3, T,~2,

P

L3; = 3 (Liang and Nolan, 1984), we see that inequality {28) changes to

)

532 ¢ ' : ‘ C(29)

273
{glg M5 0T rm]
satisfied by any ry2 1.
However, from equations (12) and (26) we obtain
ry = 6.57x 101 513 ' (30)

which yields r, % 40. Substituting back into-equation {26) gives ¢y = 1.7, and the flow
fails to be subsonic.

If we relax the assumption that most of the radiation comes from the

To obtain (28) Wé have set

12

inner region and use instead

. 0.33 S
My = === _ (31).

where € is the efficiency for the conversion gravitational energy into radiation, we obtain

S

s =263 o5 (32)
Ty
and
_ oy = 0.29 r;3/14 ' T . (33)
which shc_n_vs that tl:_ié flow is subsonic everywhere.
As we have assumed a black hole for the éentr’al-dompact..ohject, we must have
0.07 < & < 04 : (34).
which implies _
22:35: < 1. € 10% . : ' {35.2)

V. CONCLUSIONS

With the inclusion of the (classical} conductive energy transport and the assumption
of constant electronic temperature our model: will make a- better fit to the spectrum. of
Cygnus X1, because our solution gives exactly a spectral index n=1. With these new

assumptions the ionic temperature gradients will be softened. The radiative flux will no

_longer be .given for the usual expression from the accretion disc theory, because the

radiative transport along the direction normal to the surface of the disc will be drastically

altered owing to the conductive transport along the radial direction. ‘The size of the inner

S
i}
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region wilt be increased as compared to the size of the conduetion free model. When these
results are applied to Cygnus X—1 we can no longer find arh < 1 if the radiation comes

mainly from the inner region. When this assumption is relax we obtain oy < 1 and
22.35 €ty £ 102 . . (35.0)

If we assume & description of the turbulence of Landau, we must have

L v

Rcafy

(36)

where R, is the critical Reynolds number, v, is the keplerian velocitg}, L a caracteristic

length in the disc. Setting L equal to the radial distance, we obtain
R, & 148107 gt/ (37)

or R, € 129 x 102

However, from experimental results it is currently accepted that for turbulence

generated by shear
R, > 1.3x10%

{Monin and Yaglom 1971, page 77).

For turbulence generated by convenckion, a necessary condition is (Tayler 1980)

14

FAL > e (38)

Using equations (6), (7) and {13} we obtain

L Ll (39)
which is much less than 1/4. Therefore, the disc is not coﬁvectivel_y unstable, and the
assumption of not developed turbulence is justified.

Finally, we must inguire ourselves about. the source of viscosity in the disc. Besides
the possibilities we have already mentioned, as the ionic temperature is sufficiently high to
produce neutrons by the dissociation of the “*He (T; > 30) or even by the reaction
pp-pns*  (Ty > 300), neutron viscosity (Guessoum and Kazanas, 1990) could be
operative in the inner region (r < 100} in accretion dises. However, we shall not consider it
here because nuclear abundance curves in Guessourh and Kazanas (1990) paper focuse a
very narrow range in (£,M) space, we are not allowed to infer general conclusions.

The Papéloizou and Pringle process for viscosity generation is, to a certain extent,
similar to the mechanism proposed by Vishniac and Diamond (1989), who have showed

that the resulting viscosity is, approximately, given by

12
v [;] tv, . (40)
where v, is the sound speed.
It is easily seen from equation (40), that the resulting o parameter is. much less the
one obtained in the text. We are, therefore, left only with magnetic fields as a probable

source of viscosity.
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“From: equa.tmns (33}, a.ssummg r0 ~ 40 (eq. 35.b); yields: o < 0.13 , and \.nezlobtaind__

'from the a prescnpmon

As the magnet.lc pressure is about one tenth of the gas pr%sure, _the ma.gnetlc field: -

may be consndered a, weak ﬁeld w1th its effects bemg neglected in the conductlve constant

a.s..we-dld._ A.bet_ter-.argpment is that the-.La.rmor frequency is: much-less tha,r_l- t_he-mu—mn. ’

frequency., .

We now _c&rﬁpére: the cyclbtrc_m flux. -

to the total radlatlve ﬂux, eq (17)

It is easﬂy seen that for- = 40 aad r= 2 the tatioiof the cyclotron emission to

the: total emission: is;- r%pectwely, 2 x 1073 a.nd 5.x 10'3 ;Le:, cyclotron emISSlOIl lias:

neghglble effect: on- the emission. Even ift comptomzatxon of this radiation: were taken mto
' account the results would change, at the most by a factor of 10. "

We, then, concIude that magnetlc ﬁelds are the’ most. llkely source of v1sc031ty

© oM@
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