International Conference on Particle Physics and Astrophysics (ICPPA-2015) IOP Publishing
Journal of Physics: Conference Series 675 (2016) 032020 doi:10.1088/1742-6596/675/3/032020

Vertical convection in turbulent accretion disk and
light curves of X-ray Nova A0620-00

Konstantin Malanchev?!?2

1 M.V. Lomonosov Moscow State University, Faculty of Physics, Leninskie gory, GSP-1,
Moscow, 119991, Russia

2 M.V. Lomonosov Moscow State University, Sternberg Astronomical Institute, Universitetsky
pr., 13, Moscow, 119234, Russia

E-mail: malanchev@physics.msu.ru

Abstract. We describe phenomenon of X-ray Novae in a model of non-stationary accretion
a-disk with account for irradiation and vertical convection in outer disk region. We extended
the commonly used disk vertical structure model by adding viscous turbulent energy generation
in mixing length theory. This model was used to simulate both optical and X-ray light curves
of the 1975 outburst of X-ray Nova A0620-00.

1. Introduction

X-ray novae are close binary systems with relativistic star (a black hole or a neutron star)
and a low-mass Roche-lobe-filling star (see reviews [1], [2]). We will consider systems that
contains a black hole and a low-mass main-sequence star and show the so-called fast rise and
exponential decay (FRED) X-ray light curves. Light curves of such systems can be described
by non-stationary evolution of a standard accretion disk ([3], [4]). Analytical solutions of this
problem are presented in [5], [6] and [7]. These solutions cannot take into account some of the
features of accretion disk structure.

First, outer parts of the disk could be cooler than 10* K and have a zone of partially ionized
hydrogen where opacity law differs from that in a hotter region of the disk. Second, vertical
convection appears in the zone of partially ionized hydrogen ([8], [9]). Third, the outer part of
the disk with temperature 10* K could be irradiated by X-rays from the inner part of the disk
that has a temperature of 10° = 10° K.

Here we describe a numerical model that includes these features and apply it to both X-ray
and optical light curves of 1975 outburst of X-ray nova A0620-00. In this work we discuss only
the behaviour of the descending branches of the light curves.

2. Viscous evolution of accretion disk
Let us write the continuity equation for a geometry thin axially symmetric accretion disk:

oY 10
0=~ (Sour), (1)

ot r or
where ¥ = fix;o pdz is the surface density of the disk at radius r, z is the axial coordinate, v,
is the radial velocity of the accreting matter.
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We assume that the angular momentum is taken away only from outer radius of the disk, in
other words, there is no wind, and tidal torque from the secondary star is efficient only for the
outer edge of the disk [10]. Then equation of the angular momentum transfer reads

2
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where w = /G My /r3 is the angular velocity of accreting matter, G is the gravitation constant,
M, is the mass of the black hole, F' = 2mr? x ffooo aPdz is the viscous torque in standard
accretion disk [4], v is the turbulent viscous parameter, P is the pressure.
Combination of equations (1) and (2) yields the diffusion equation:
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where h = Vwr? is the specific Keplerian angular momentum.

The last equation is a second order differential equation, so we need two boundary conditions
to solve it. The first boundary condition is for the inner edge of the disk where matter falls
down on the black hole almost without producing viscous torques:

E, = 0. (4)

The second boundary condition is due to the assumption that during an outburst the mass
transfer rate from the secondary star to the disk is much smaller than accretion rate on the
black hole: oF

— =0. (5)
oh out

Equation (3) with boundary conditions (4, 5) composes a system of equations for two unknown
functions: F(t,h) and Xo(¢, k). In the next section we will find relations between these functions
by solving the vertical structure equations.

3. Vertical structure equations
Equations of the vertical structure of the disk are similar to equations of stellar radial structure.
Let us write and discuss them one by one.

3.1. Hydrostatic equilibrium
We simulate the disk on timescales much larger the free fall time and therefore we can assume

] z

2

where p is the density, g, >~ w?z is the free fall acceleration.

3.2. Surface density
The second equation comes from surface density definition:

as

P p- (7)
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3.3. Energy generation
There are two sources of energy in the outer region of the disk: viscous heating aP and
thermalization of X-ray photons coming from the inner region of the disk ey:

d@

E = OZP + €x. (8)

We used the same approach as in paper [11] to calculate ey.

3.4. Energy transfer

When the surface temperature of the disk is higher than 10* K all the energy is transfered by
radiation. But if there is a vertical convection in the cold disk region then it could transfer part
of energy in the direction from the central plane to the disk surface.

AT g:pT
dz P

where V = dlogT/dlog P is the actual logarithmic gradient. In this work we describe the
vertical convection by mixing length model in accretion disks from paper [12].

v, 9)

3.5. Equation of state
We use equation of state of perfect gas to link thermodynamical quantities:

p— PRI (10)
u(p;T)
where R is the gas constant, u(p, T') is the molecular weight of the gas. We assume that accretion
matter is a mixture of neutral hydrogen, ionized hydrogen and neutral impurity, so molecular
weight p depends on thermodynamical state of the gas. In addition we assume that this mixture
has solar composition [13].

4. Simulation of the light curves

Solution of the vertical structure equations (6 — 10) provides us with relation between the
surface density ¥y and the viscous torque F. One can use this relation to solve equation (3)
and find temporal evolution of the disk and, as a result, the light curves of the outburst.

We assuming the initial condition in the form:

2 . . 7 h—hiy
F(h) = 71_(hout hin) My x sin (2 - hin>’ (11)
where MO is the initial accretion rate on the black hole, hi, and hqyt are specific angular momenta
at the inner and outer edges of the disk, respectively. Here the initial accretion rate My is the
accretion rate at the moment of the peak of X-ray luminosity.

For our simulation of light curves of A0620-00 we used parameters of the binary system
from [14] and [15]: mass of the secondary star is 0.4 solar masses, mass of the black hole My is
6.6 solar masses, orbital inclination is 51°, orbital period is 0.323 days, the Kerr parameter of
the black hole is 0.2.

Results of our simulations are shown in Fig. 1 and Fig. 2. It is seen that the X-ray light
curve (Fig. 2) has the secondary peak. We explains it with an additional mass transfer from the
secondary star to the disk 43 days after the X-ray luminosity maximum. We need to add 30%
of the disk mass to it to explain the observed feature.

The late part of the model optical light curve (Fig. 1) lies lower than observations. It could
be explained by adding some light from the secondary star. The star could be irradiated by the
X-ray photons from the accretion disk and heated. The dashed line on Fig. 1 shows the light
curve for the disk with the star that has a constant luminosity.
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Figure 1. Optical light curve of X-ray nova Figure 2. Soft X-ray (3 + 6 keV) light curve
A0620-00. Dots indicates observations [16]. The of X-ray nova A0620-00. Dots indicates observa-
solid line shows the model with flux from the disk, tions [17], the solid line indicates model.

the dashed line shows the model with optical star

with magnitude m = 13™.

5. Results

We showed that the standard model of disk accretion can explain behaviour of light curves of
X-ray nova both in the optical and X-rays. In the context of this theory we found that during
1975 outburst of X-ray nova A0620-00 the o parameter of the disk was approximately 0.5. We
also found that the distance to the source in our model should be somewhat smaller than in [14]
and is approximately 0.85 kpc.
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