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Abstract. A kinetic description of the equilibrium structure of accretion disc plasma is presented.
It is possible to have an equilibrium configuration for a stationary axisymmetric gravitating plasma
disc with spatial gradients in density, temperature and drift speed of plasma particles.

1. Introduction

Astronomical objects like x-ray sources and active galactic nuclei are powered by
accretion discs around strongly gravitating bodies. Since the matter in the disc is in
the plasma state, it is necessary to take into account the combined influence of the
gravitational as well as the electromagnetic forces. While discussing accretion disc
models for X-ray sources, Pringle and Rees (1972) have considered the influence of
magnetic fields of the neutron stars on such discs in a qualitative manner. Bisnovati-
Kogan and Binnikov (1972) and Ichimaru (1977) have shown that, the presence
of magnetic field increases the efficiency of radiative emission. Prasanna and
Bhaskaran (1989) and Bhaskaran et al. (1989, 1990a,b) have studied the dynamics
of plasma discs around compact objects with self consistent magnetic field using
the MHD approach, and shown that, the magnetic field plays an important role in
the equilibrium configurations of such discs.

2. Formalism

Here, we present a study of the plasma equilibrium in accretion discs using the
kinetic theory approach. We follow the method developed by Mahajan (1989) for
getting exact solutions for the spatial variations of plasma parameters in different
geometries. This method has been applied to the study of plasma flows in solar
coronal loops by Krishan et al. (1991). Unlike in MHD, here it is possible to
get independent variations for plasma density and temperature without using an
equation of state. The kinetic approach provides a basis for investigating the micro
instabilities responsible for the heating, acceleration and radiation of plasma.

It was shown by Thorne and Price (1975) that the observed hard component of
the spectrum from x-ray sources like Cyg X-1 near 100 Kev can be explained if
the inner portion of an accretion disc consists of optically thin high temperature
gas (T ~ 10°K). Self consistent solutions for an accretion disc around a compact
object with high temperature at the inner regions were obtained by Stuart and
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Fig. 1a. Variation of density profile function g(r) versus ¢ = 7 obtained from the analytical solution
for two values of byd.

Lightman (1976) and also they showed that in such discs the ion temperature (7;)
will be larger than the electron temperature (7). Here we consider a stationary
axisymmetric two component plasma disc around a gravitating central object with
a constant magnetic field in the z direction of the cylindrical geometry with an
electron temperature T, ~ 108K. An inhomogeneous plasma supports different
types of particle drifts and it is important to study if the plasma can remain in
equilibrium in the presence of these drifts. Here, we take a nonzero drift velocity
u§ in the azimuthal direction in the cylindrical geometry, giving rise to the current
density Jy, which generates a magnetic field B,. The number density n,, the
temperature T,, and the drift speed u§ are spatially varying quantities, the variation
in the present case being restricted to only in the radial direction. The suffix o
stands for electrons and ions.

The relevant equations describing the equilibrium of a collisionless gravitating

plasma permitting only radial variations (% = % =0, % # 0) are:

v, g, O _y M
31‘ av

© Kluwer Academic Publishers * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995Ap%26SS.232...65B

&S 732 ~.J65B

o]

FT9O5A

KINETIC EQUILIBRIA OF ACCRETION DISCS ) 67

1.00

0.75

<~ 0.50

0.25

0.00
1000 1020 1040 1060 1080 1100

r/S

Fig. 1b. Variation of drift speed profile function ®(r) versus z = % obtained from the analytical
solution for two values of bpé.

8fi+a>'.3fi _

V}aT Y 0 (2)
dB, 4

= ~ 3)
T C

Jop = —e / d’ ‘_/—)VO(fe — fi)- 4

where f.;(r) are the single particle distribution functions for electrons and ions,

Ee,i are their acceleration under the action of electromagnetic and any other external
forces that may be present. Equations (1) and (2) are the collisionless Boltzman
equations for electrons and ions respectively, Equation (3) is the Maxwell’s equation
and Equation (4) defines the current density in terms of the distribution functions
of electrons and ions. Mahajan (1989) has shown that, for a plasma with radial
gradients in temperature, density and drift speed, a series representation of the
distribution function with the ratio of drift speed to thermal speed as the expansion
parameter provides a solution to the Vlasov—Maxwell system of equations. When
the drift speed is small compared to the thermal speed, it is possible to terminate
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Fig. 2a. Variation of density profile function g(r) versus ¢ = % for different values of C; with
bpd = —0.1.

the series by retaining only the first few terms. We write the distribution function
as:

n 2m 2

nog 2u90 o ( ) ( %4 ) -V
o = — €X P
f 77% ('Uzo\:[!g’l) 'UaO\If Z Z Va0 Vo Va0 ¥V P ’U?xO\II"

n=1m=0 «
(5)

where g(r), Uo(r) and ®,(r) represent the spatial variations of density, ther-
mal speed and drift speed respectively, with ng, v and ug, the values of these
parameters at some reference point say, ¢ the inner radius of the disc, such that,

g(ro) =1,
\Ila(TO) = la
q)a(’l”()) = 1.

When both electromagnetic and gravitational forces are present, the acceleration

—

a o is given by:

— - ‘_;X B GMA
a o= _q_a E + B - ) Er (6)
Ma c r
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Fig. 2b. Variation of drift speed function ®(r) versus = % for different values of C1; with
boé = —0.1.

where M is the mass of the gravitating object, G the gravitational constant, E the

electric field and §=§, +B,yé, is the magnetic field consisting of the internal

field B; generated by the currents produced by the plasma motion and the externally
imposed field B¢é,.

Substituting Equations (5) and (6) in Equations (1) to (4) and equating the
coefficients of different powers of (ug;) to zero and retaining only terms up to first
order in (:jgiz ) gives the following set of differential equations:

3 d ( g ) 2 (GM ~ anr> _ oo 2au50B:®a

)

g dr \I'_g P 7N me ) 10 cmav2, U2
_2_d\I/a o a 2qaugoBz@a (8)
T, dr 1 oemau2 02
148, 1 C* 2 (GM B anr> C% 24uB.  _
D, dr T  CHV2TL N\ r? Ma CS cmauao¥a
o a 2qaug0BZ(I)a
(Cfi — CTo) ——Cmavio‘lﬁ ©)
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Fig. 2c. Variation of Temperature profile function ¥(r) versus ¢ = z for different values of C1;
with bpé = —0.1.

dB 47 5 ) . 5 .
e = enog [uine (Co+ 301 ) —in® (h+ 30h)] a0
o -1
o = o 8 lacq, _acq + Gl (L 4¥a) (b 1)
G = O”vao‘I’a [ fo — 2Cf + 2 \T. ar d, dr 1
(11)
a a\2 u30q)0‘
— Z60~a 12
C3 = (Cf1) veo¥a (12)
All C2_, for which m > n + 1 turn out to be zero.

nm?
The number density, drift speed and temperature are defined in terms of the

distribution function as follows.

g = / fudV (13)
naVa = / faVadV (14)
3 1 2 —

oK Ty = / SmaV2od V (15)
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Fig. 3a. Variation of density profile function g(r) versus = % for different values of C1; with

b6 = —1.0.

For the distribution function given by equation (5) we get, up to first order in

“’aguq)“
('UQO\I’&)’
Mo = Nog (16)
_ 5
Na Vo = nogugyPa (C’ﬁ) + —Z-Cf‘l> a7
KT, 1
m:‘ = -2-1;3,0\1@ (18)

We choose CTj + %Cf‘l = 1, so that ug,®, represents the drift speed. Also we
assume C$ = 0. Since we are interested in the equilibrium solutions we will
assume that at equilibrium ®, = ®; and ¥, = ¥;, i.e., electrons and ions have the
same spatial profiles. Also, it is assumed that the expansion coefficients Cfy, are
same for electrons and ions. From Equations (7) and (8) we find the conditions:

Uéo T

—_— = —— = —T 19

s Too 0 (19)
2¢E, To — & 2GM

———— T — € 20

mev2, U2 ( 0+ 1 ) mev2, U2r? (20)
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Fig. 3b. Variation of drift speed profile function ®(r) versus z = % for different values of Cy; with
boé = —1.0.

Equation (20) shows that the charge neutrality condition introduces an electric field
in the disc whose strength depends on the parameter 7y = ;":—g The electric field is
zero when 79 = 74,

Now the set of iEquations (7) to (10) reduces to

1dg (HZZ) 2 GM 3 bd
-—= = — -Cn) = 2
gdr + (14 70) vZy? r? (Clo + 2 11) U2 @
2 dV b®
v - w 22
(1 5)
1d® 1 Cn m. 2 GM bd
= - e =(Cp—-Ci) — 23
®dr r Cp (1+7) v3,02 r2 (Cro = Cu) P2 23)
dB, A4rx
5 = 7en0u§0(1 + 70)9® (24)
e 1
where b = %‘zﬂl, and plasma frequency, wp, = (“%ﬁ) 2. § is an effective skin
€vel €
depth of plasma.
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Fig. 3c. Variation of temperature profile function ¥*(r) versus z = 7 for different values of Cy
with bpé = —1.0.

For the present study we assume that the external field B, is much larger than
the internal field produced by the currents B,; and we make the approximation b ~

by = %@. Now the set of Equation (21) to (24) in terms of the dimensionless
parameter T = % can be written as:
1dg B ( 3 ) b P
- =—|C =C — 2
gdz + 22 0+ 5% ) g2 25
2 d¥ b6 P
v T e 2o
1dd 1 Cpp B b6
—_——— =(Cio—Cn) —- 27
ddr z Cip2x202 (Cro n) P2 27)
db
prie 2gP (28)
where § = — =2 and B = (1+52) 2GM
’ (T+mo) %6

veougy(1+70) 2

From Equations (25) to (27) we get an expression for the spatial profile of
temperature U2 in terms of g and ® as given by:
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Fig. 4a. Variation of density profile function g(r) versus z = % for different values of magnetic
field with C1; = —0.08.

2¢10Cy

v = [(L) gehs] T coricnen 29)

=1\

For C; = 0, which corresponds to a disc with constant temperature Equations
(25) and (27) can be solved to get analytical solutions for the spatial profiles for
number density and drift speed as given by:

_ To (;_72 B_B
g= [1 + by > (1 w%)] exp (m 330) (30)
x x 2\
_(Z zo _ X
o= (mo) [1 + bob (1 w%)] 31)

For the case with C1; # 0 corresponding to a disc with spatial variation in
temperature the Equations (25) and (27) were solved numerically and the spatial
profiles of number density and drift speed were obtained. The temperature is given
by the relation (29) and the pressure profile obtained from the relation: Pressure

x g¥2.
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Fig. 4b. Variation of drift speed profile function ®(r) versus = % for different values of magnetic
field with C1; = —0.08.

3. Results and Discussions

We have considered a plasma disc around a neutron star, with the inner radius (7o)
of the disc at 10° cm. At the inner boundary ¢ = ¥ = & = 1. We assume an
electron density no = 10'° particle/cm?, an electron temperature T, = 108K and
ion temperature T; = 10'°K at the inner boundary. The corresponding electron and
ion thermal speeds are veg = 5.5% 10° cm/s and v;p = 1.285x10° cm/s. The drifting

Maxwellian can exist for time scales smaller than the collision time uei)_1 , Where
. . .. 3 4 N}
the collision frequency v; is given by ve; = % (3)? ZZ;—Z, (#%)2 Nig(v,T) ~

S50N; T~ 2. For stability of the plasma against microscopic instabilities electlron drift

speed u$, should be less than the ion sound speed given by ¢, = (%) 2. which

is 9.1 x 107 cm/s in the present case. The condition that the characteristic drift time
uézo < (ves) !t and u§, < c, restricts ug, to 5 x 102 cm/s < ugy < 9.1 x 107 cm/s.

With electron drift speed ug, = 3 X 10% cm/s, we get:

§ =10° cm,
teon = 28,
tarfe = 3.42 x 1074s.
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Fig. 4c. Variation of temperature profile function ¥(r) versus ¢ = 3 for different values of
magnetic field with C1; = —0.08.

For a solar mass neutron star § = 1.62 x 10°. The relation between magnetic
field strength B, and the dimensionless parameter byd is given by: B, = 500(bo6)
Gauss. The rotational velocity up of the plasma around the central gravitating
object can be obtained from the drift velocities of the ions and electrons using the

. _ min,-uf, +meneug i
relation ug = Py a— For the parameters that we had chosen ug ~ uj and

at the inner boundary of the disc u}) = u}, = 3 x 10% cm/s.

We note that the Debye length A\p = %i% = 1 cm, which is much smaller

than § = 10% cm. There for it is justified to neglect charge separation effects, for
the equilibrium. However charge separation effects will have to be included while
studying the stability of the equilibrium.

The characteristic time scales over which microscopic instabilities occur are
determined by the electron plasma (wp.) and ion plasma (wp;) frequencies, both of
which are much larger than the collision frequency v;. Thus the relevant equilib-
rium configuration which may become unstable against microscopic instabilities,
is described by the drifting Maxwellian, instead of thermal Maxwellian.

Figures 1a and 1b show the spatial profiles of number density and drift speed
given by the analytical solution for the case of a constant temperature disc, for two
different values of the magnetic field. The drift speed shows the same behavior,
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Fig. 5. Variation of pressure profile function g(r)¥*(r) versus z = } for different values of
magnetic field with Cy; = —0.08.

i.e., decreasing with increasing * = %, in both cases. For by = —0.1 which
corresponds to B,y ~ —50 Gauss, the number density decrease as x is increased.
For bpé = —1.0 corresponding to B,y ~ —500 Gauss, the number density increases
for some time and then stars decreasing.

Figures 2a to 2c show the spatial profiles of number density, drift speed and
temperature for different values of Cy; with bp6 = —0.1. C;; < 0 and Cy; > 0
corresponds respectively to discs with increasing or decreasing temperature with
increase in x, while C1; = 0 corresponds to constant temperature disc. Figures 3a
to 3¢ show the same profiles for the case bpd = —1.0.

Figures 4a to 4c show the spatial profiles of number density, drift speed, and
temperature for different values of magnetic field. As magnetic field is increased the
drift speed and temperature decrease faster. For large magnetic fields, the number
density increase for some distance and then starts decreasing.

Figure 5 shows spatial profiles of pressure for different values of magnetic field.
Figure 4a and Figure 5 show that, at the inner edge of the disc, the spatial profiles of
density and pressure depend on the strength of the magnetic field present. While for
small magnetic field strength, density and pressure increase continuously towards
the inner edge, for large field strengths they reach a maximum value and then
decrease rapidly. This shows that the disc structure gets disrupted in the presence
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of strong magnetic fields, and agrees with the result obtained using the MHD
approach by Bhaskaran et al. (1990a,b).

Here we have shown that it is possible to get equilibrium configurations of
plasma discs with spatial variations in number density, temperature and drift speed
using the kinetic approach. It is shown that the spatial profiles of the number density
and pressure in the disc, and hence the structure of the disc depends on the strength
of the magnetic field. Using kinetic approach it is possible to get the temperature
and number density distribution separately without using an equation of state.

4. Conclusions

Kinetic equilibria of accretion disc plasma have been determined under the assump-
tions of quasineutrality and absence of collisionality. These equilibria stay for times
which are much smaller than the collisional time but much larger than the time
scales of the microinstabilities which can heat and accelerate the plasma particles
extremely rapidly.

In this study we have neglected the effects of the self consistent magnetic
field generated by the currents due to motion of the plasma, on the structure and
dynamics of the disc. We are trying to extend our analysis to plasma disc systems
with spatial variations of the plasma parameters in both r and z directions, and also
including self consistent magnetic field with proper boundary conditions.
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