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ABSTRACT

_We-have a.nalysedrthe coﬁstréints-that- the: turbulent, Mach number (e}, accretion
- rate (M) and. mass: (M) of the compact object: should satlsfy in order. tha,t .the solution for

_t’.he two temperature dlSk mode[ be conmsten& wmh the reqmrements of the model. We

9 13 x 10‘3

fmmd that. consmtency is.met. whenever This imposes

severe constrmnts in f.Ile system In partxcuiar, Cygnus X=r satmﬁes this criterion just for

mildly subsomc turbulence. (@ 8.3} It is.also shown that, even for such & high. value of

' a, .co_nduction is.the main: energy. {ransport- process.

Lo

Most of the models proposed: for Cygnus X—1 invoke non—thermal processes
(Apparao, K.M.V. and Chitre, S.M., 1976, S'pace Seience Review Vol. 19, 281—404; Galeev,
A.A., Rosner, R., and Valana, G.5., 1979, Astrophys. J. 229, 318; Ipser, J. and Price, R0,
1982, Astrophys. J. 255, 654.; Liang;, E.P. and Nolan, P.L., 1984, Space Science Review 38,
353—384; Liang, E.P. and Price, R.H., 1977, Astrophys. J. 218, 247; Liang, E.P. and
Thomson, K.A., 1979, M.N.R.A.5. 189, 421; Mészaros, P.,. 1976, Noture 258, 583; Mészaros,
P.,V 1983, Astrophys. J. Letters 274, L13).. The present, stage of our knowledge on these
processes. constitutes in the: major difficulty in making reliable predictions.fo;- ﬁhys_ical
conditions based on these alternatives: -Among the models based on thermal processes, the
inverse comptonization: of soft- photons: from. & very copious souree, in an optically thin
region with electronic. ternperature TGQ 109K and electron scattering depth. 7, ~.0.2-5,
seems to be, af present, the- best candidate for. exp_laining the observed. spectrum.. This
model leads naturally to a.power law spectrum. . . '

The:first: Compton madel was proposed by Shaplro et.al. {1976) and Was msplred on
an observation of Thorne and Price (1975} according to which-an instability: _develops in the
thin. (optically thick) disc driviné the inner region to a geometrically: thick and optically
thin dise. It is assumed fursher that there is 1o thermai equifibrium- besween. é_rqt.ous
(whose temperature is. T;) - and-eleetrons. (témperatt_ire -T,) and - unsaturated
Comptonization of an external soft-source (this is equivalent to.imposing the Kompaneets
parameter. 'Y = 1).

In this paper we will an.alyse the rangé of parameters (M,M, o) for which there is a
consistent _solution for the two temperature disc accretion model. . We have been
particularly concerned with the b_ounds imposed, f_or cons.is.:ency reasdns} on-the electrﬁnic
température T,. and ionic.temperature- T;. We show that T; has a lower bound

(imposed: by gas pressure domirance) and an upper bound (imposed by thin disc

approximation). - These. two bounds entail the condition E%{ﬁ < 1. The imposition that




' T, bebounded by: 6 x 109K (the threstiold for pair production) leads to a lower bound o
oMz _
"Besides the analysis of the consistency of the mode} being made in tefms: of the
bounds on:-the temper&ture T, and T, our paper differs from the others i in the liferature
in the fact: that in our paper we do not assume a constant Couiomb loganthm As a matter

of. fact we. further Show how to. deterrmne, consmtently, the value of the Coulomb log.

Our conc[usmn. is that the aceeptable range of parameters (M; M' ,a) for whxch there

isTa cons:stent solation to the two temperature ‘accretion model is very narrow:” For
'Cygnus X-Tit yJeIds mildly subsonic turbulence with: energy transport lamgely dominated

' by conductmn T

THE ASSUMPTIONS AND THE SOLUTION OF THE TWO TEMPERATURE ‘DISC
MODEL; . '

" We'shall consider & gas of completely ionized hydrogen in a Néwﬁonién disc, with
protons: and eiectmns out of thermal ethbmum As. usual in all equatxons we shall make
an average over z e f.he coordinate norma,l to the: pla,ne of the chsc

The usua,l assumpt:ons of this model that we also- make in this paper are:

'1); . the, sys_tem has_a.xialsymmetry; the azimuthal.-vglqcity i_s_kepleria.n, )

2): hy_drbsta{:ic. eq_;;ilibrium;normal-tb tﬁe_ disc Surfaﬁé, the z—direction,

3} geometrically. thin dise, f/r ¢ 1 _ _
ﬁ. and._ r a.re"réspeé_tively semi~scale heigh_i',‘ 6f the dise and distaﬁce to the compact
cehtre_ﬁ object,

4) - radiative Energy transport only id the z—direction,

5)

7).

8)

9

10)
11)

is taken 0. be equa.l to 1l a.[wa.ys

‘the stress tensor has: essentlally the I component given by W =aP , P being
rg

the pressure and @, the turbuient \[ach number.

;na the inner region orT» Kg o with® O’T being the Thomson electronic cross section
and K'R the Rdséeland mean opacity for iree-free a_bsorption,

an instability de_ve_lops in the outer optically thick disc, making the inner region
optically:thin-and geometrically thick,

the main cdo]ing mechanism fn - the inner region is unsaturated inverse
Comptonization of soft photons' from a very copious external source. The

Kompaneets parameter

' T, 7r<l.
¥ =20 f(r)={

e C 7'2:;, T>1

k; Te-,. 75 Mg, € are respecmvely Boltzmann consta.nt electromc temperature,

scattering optical depth, electronic mass, velocity of light;

- the: main contribution: to- the pressure:is from: the: gés,-:--thé'-'ra.diatiéﬁ' presgure being.

negligible. : It is- also. assumed: that the: ionic temberatﬁre._ is much- bigger than the.

electronic temperature,
turbulence is subsonic,
ions and electrons are coupled by collisional energy exchange. No other instability

that may-provide further coupling is present.

Throught this paper we shall adopt the following set of units:

a) r in units of the inner radius R, = 3Rs, where Rs is the Schwarzschild radius,

T,

T, in units of 109K,

¢) Mas , mass of the central compact object units of 10%%g,

d) My7, accretion rate in units.of 1017 gs.

R

=3
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By making these assumptions, following Shapiro. et al. (1976), we get the following
solution- for the thin disk structure variables:. density (p), pressure (P}, disc half-

thickness (£), T, and.T;

£ = 104x 109 My, T2 % cm _ (1)
. M g . . . .
p= 185107 Wﬁ gem et @
P (3
T, @
i LB
' where S=1=br 1/ 2. §is the-'ratie o£ the. actﬂal;-_a,ngul_air momentum:of. the-_ﬂ_o.w to the

Keplenan one:. Accordmg to: refs.. (1,9). 6 0.9 ..
In the: foliowmg We shall frequent:ly use the va.nable f deﬁned as:.

o Mgy T

In terms- of the: £ '.'_va.riab:le-.c_me:. can: write; for instance,. the: ratic. of temperatures

To/T; a8

Te _ 2.5 x 1078

: . {7)
Ts &

Assuming In A =15, equations {4)—(5) reduce to those of Shapiro et al. {1976). In
our paper we look for solutions and o the question of self consistency of the model without

resorting to. this approximation. This is due to the fact that, as we argue in this paper, we

cannot, fix the value of In A a priori since it depends on T, and p that are variables ‘hat

we intend to determine from the model. In fact, from the definition of the Debye aumber
we- get. (Golant Zhﬂtnsky and Sakha,rov Fundamentols of Plasma Pkyszcs John Wiley &
Sons, 1980)

A= 3.3x 10
P

Ty o S
1/2° _ (8)

So that, in fact equations (1) to (5} are not the final solution, but a_-ée_!; of equations .

from which the solutions can be inferred. Equations (4)—(3) are replaced by '
' . (33 .x 108 T,1)3 S
o =1f3 ~1f3 ) : e . o

733 <108 T, 113
S
.’

Without the assumptien of constant ln A it is.no longer easy to get solutions to
equations {1-3)-and {9-10). One possible strategy, that we use in the following, is to write
an equation for. In A and then to use this solution to get the,soluiien for_.-'fhe reievant
variables. S

The equations satisfied by ln A 'are




exp = {n A . ) .
_T_eh = 7.36 %100 ME[T /T U7 41
e n A

= fpRm) MU T T )

where:: f lS deﬁned by equation. (6).

Fo: & gwen value of .7 ‘and for a given point in the {M M, c) space one can find by

using equa,tion (11} the: correspondmg In A value. FOJ: thls va.lue of ln: A one: ean ﬂud the

soliition for. (1) to (5):

Before continuing et us analyse the consistency of the model.

CONSISTENCY. OF THE MODEL -

I order: that the model be econsistent, it is necessary to check if the solutions are

compatible‘ witht thehypot.hesi's'-ma.de‘- First, we will concentrate on two requi'l:emeht.s: the’
thin: disk: approxtma.tlon and: the gas. pressure dommance hypothesis. . The thin disk
appmxxmat.lon 1mpose£ an upper bound o Tl ; thatis..

- 616 - . . B

Ty <+ _ : (12)
The gas pressure dominance hypothesis on t’h‘e.ot_hel; hand sets. a lower temperature

to. Ty . Since

P, = 124 x 10" (13)

&
My, /2 712

and

= TN mh e e ),

2T M,

i AL
then the Pl./Pg €1 hypothesis implies

Ti-} 8.9 o2 £t . “ )

The consistency- of the model requires that T4 be;in the range

89c2¢t < T, .<_6_1.67r':-_. S (1sb)

However, the. unsatura.ted condjmon togef.her Wﬂ:h T l places & Iower boumi £G.

T; greater than that given by (16). Deﬁmtwely the: Ty range s -
BT < T, < 66/t . . . . {16

_ - If one uses equation {5), then relation: (16) is equivalezit. to the’ following constraint.
la A _ L _
2267 & < lnA < 23 r3(—;g P AR ¢

That. is;. & salition: of equation: (11}, is: consistent:if the -_Co.ulbnib-ldgaﬁ_ri_thm: is in the
range given by relation: (17): By looking a¢ this inetiuafity it follows our first Testriction on
the. region of the allowed {a,M,M) parameters. This restriction is, independently of the
object, o _

rl/? E<1 ., (18)

This requirement just follows from the fact that the right hand side be larger than

@ .

By




o

o]

‘o

the left of the inequality. Inequality (18} implies .

M, S

’I‘he requirement. of subsonic regime: assoma.ted w1th the bound in_expression (19) o

1mposes a, restnctmu on \’117/M34 - thatiis -

MET . S
My, r-1-/2._

- Another consequenoe of (18} IS that smce r s ia.rger tha,n i and ccmmdermg Lo

M34 > 1, itis posmble to lret; a lower bound fo: In A From it follows o

oA >1325 . 0 @)

_Expressibn--(QZ) _imposes_ another: severe. constraint.. bn=the allowed. values. of the ¢

’ vana.hle- First: of alk it can:be: noted tha,t mdependently of the ob]ect T, > 1.48 (since -

e>1 and. £< 1), Furthermore 1f it is: requu:ed that. T <6 {which is the threshold for -

paiE p_roductmn_,.._that—.. is not- taken into-account. in the model):the eonsistency requirement, is
given by - . _ - .

913 x 1073 o | . | .
€> 2t : - {29

<1l o | _.(20.)'.

(22

10

From relations (18) and (23} it follows that the variable £ should be in the range

. -3

The, range of allowed. values. for -§' is indeed very narrow. The main conclusion of

Our. paper. is tﬁat',,_ independently: of the object considered, the description of the disc in
' tgr'msx.; ofthe. two, temperature mode[_'_ié' consistent on'Iy if the variable ¢, defined in
) equéui;_ion,(ﬁ)'_- is_'in, the range'(zfl)_; _ It:ca,h._ be noted that condition (24) does not permit

' objeéﬁ_s', diﬁgring__lb__gbné order of.-_magnitu&e_ in the variable £.

. The bounds onithe M,M;Q parameters read

. -5_. M 3
8.3 = 10 < i

<
7 M,, 372

(25)

adi=]

Condition (25). is quite general being, independent of the object. We now.apply
expression-. (25) to  Cygnus X—l. .. Assuming. that the energy - above 3 KeV
(L~3x10% erg.s™) is generated in the inner region, we obtain-(for a ﬁlaximaliy rotating

Kerr black hole},

: 0.22.
My = 0.4 0.6 1 (26)
tap To-
Iy : .

where ry is the location of the instability. However, the locamon of the mstablhty is glven

by {Shaplro et al., 1976)

1%1/8 S(;‘Z = 5.95x 104 NI:T(Q/N[g‘i)x/‘i . - : :'_ ‘ (27)
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" Cb;ﬁbiﬁiug equations {26 and-'(z’f). we obtain

8
0.4+ 06 L )
cL 96 x 107 50 ) 3/2 i
= : 50 M r_-——-—— 98
—M:M—'—D 34{] 1— 0.9 rallg_ ()
'whiéh:insertedzinto_'thé.right hand side of 'expressior_i (25) gives.
PR 0.6 1
. '1.%_. ) 04+3/2 Iy o
1 < 325 =107t T P B 7l & 2
Mag ] 7570 T o9 512 (26}
For M, = 3; we obtain: -
T, > 47
and _
@ > 050 (30)
InA = 16.8

How does this.conclusion change if we assume, instead, a black hole with negiligible
angular momentum and null boundary condition for the torque at the inner radius?

 In that case equations {26}, {27) and (28} change to

v £.02
M, - - (31}
T+ 2ry e 31‘51
-3 . B . . .
2B S — 541 x 102 Moy 0/ M) (32)

12

= 112 'xla“" 5/2 .
__M—_ Ms

34

Again,_applyiﬁg:- thé;éxpressidn;_f'of-' ‘@ inito; the righ . B  side:of lnequahty (25) we

gt
. 428 Owrgr M 1+ 2‘3/2—3ru
4 IR x ~H.
- 1 M; : 34 Ty |- Eo 17—1/._2 R (34)
The solution of which is -
.r'o>126-- .
@ > 03¢ L e

and . A= 1838

As it is requiied t'ha.a a< I to; vmd colhsxonlems shock heatmg, Whlch Wouid :

rapldly equahze l:he electron a.nd :on tempera.tures, we must oonclude that the ra.uge of a
is very narmw, a result mdependent of the bou.ndary condztmn for t.he tarque at: the inner

radius.

Furthermore, a crude est:mate of the ratlo of conductwe energy fiix: (for a classical

conductive constant) to the radiative energy flux yields - -

e L
_7.61 x 105 [ MirS In A)/®
= “g;mr[mr] L;rgj/s— (36).
. 1 ,

{corresponding to a maximally rotating hole).

With the values given by {30), we obtain-

@)

<7

[




]

S

£
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q > 146 x 10* (37)

a result. that makes. conduction a not negligible energy transport process in a two

temperature accretion disk, even for such a high value of the surbulent Mach number.

Therefore, a.two temperature accretion. disk is. very unlikely to occur around Cygnus

14
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