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ABSTRACT

We investigate the influence of radiative effects on supersonic wind accretion onto gravitating objects. The accreting matter is assumed to be
optically thin. The physical mechanisms taken into account include cooling due to free-free and free-bound transitions, the Compton heating
via X-ray scattering on electrons and the inverse Compton cooling in the regions where the temperature of the matter becomes sufficiently large
to be able to transfer part of its internal energy to photons. A wide range of determining parameters was covered, including the values applicable
to the Vela X-1 binary system, but our main emphasis is on the study of the effects of radiative processes on the behavior of accretion flows. It
is shown that the applicability of polytropic accretion models is very limited and the actual accretion rate can be considerably lower than that
provided by the Bondi-Hoyle-Lyttleton formula. The detailed consideration of the realistic radiative effects proved to be of great importance

in our understanding of the accretion phenomenon, since they can substantially affect it both qualitatively and quantitatively.
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1. Introduction

Accretion onto neutron stars and black holes is believed to pro-
duce the main energy supply in galactic X-ray sources. The
investigation of the wind accretion onto a gravitating center,
which is often called Bondi—-Hoyle—Lyttleton (BHL) accretion,
has long been the subject of interest in view of possible ob-
servations of black holes moving through the interstellar gas
(Hoyle & Lyttleton 1939, 1940a,b,c). If one allows some over-
simplification, this problem admits clear physical and math-
ematical formulations, which allows one to analyze in detail
various specific phenomena intrinsic to the accretion process.
The solutions of the wind accretion problems are expected to
explain the observations of X-ray pulsars where magnetic neu-
tron stars accrete from massive O/B companions (Benensohn
et al. 1997). These sources are reported to exhibit fluctua-
tions in their spin period (Boynton et al. 1984; Nagase et al.
1989; Chakrabarty et al. 1993), but they also show the pres-
ence of a long-term equilibrium rotational period (Borner et al.
1987; Nagase et al. 1989; Bisnovatyi-Kogan 1991; Anzer &
Borner 1995).

* On leave from the Institute for Problems in Mechanics, Russian
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For our investigation we use a gas dynamics approach,
which was first applied to analyze the supersonic wind accre-
tion of massive objects by Salpeter (1964), who showed the
presence of standing shock fronts behind such objects, with a
large pressure increase across the front. It was determined that
the shock has a conical shape and the cone angle depends both
on the Mach number of the flow and the polytropic index of
the matter. If the gas consists of noninteracting particles (zero
pressure approximation) with a number density n., and a veloc-
ity Vi at infinity, then the accretion rate is given by the formula

2GM
V&

M = Ry mpneVeo;  Rpp = , D
where M and G are the mass of the accreting star and the
gravitational constant, respectively; and m,, is the proton mass
(for a pure hydrogen gas). The quantity Ry has the dimen-
sion of length and is called the Hoyle—Lyttleton radius. If the
flow is axially symmetric, only particles with impact distances
smaller than Ry, can be accreted. If hydrodynamic effects are
taken into account, this formula is invalid, and M should de-
pend on the unknown function of the polytropic index vy, as
shown by Bisnovatyi-Kogan et al. (1979) who constructed self-
similar solutions in the framework of the gas dynamical model.

http://dx.doi.org/10.1051/0004-6361:20053091



http://www.edpsciences.org/aa
http://dx.doi.org/10.1051/0004-6361:20053091

864

Due to the complexity of the problem, a series of numerical
studies has been undertaken (Hunt 1971, 1979; Livio et al.
1979, 1986a,b, 1991; Okuda 1983; Shima et al. 1986; Matsuda
et al. 1987, 1991, 1992). Fryxell & Taam (1988), Benensohn
et al. (1997), and Pogorelov et al. (2000) studied both accretion
from a uniform and nonuniform wind at infinity. In a number of
these papers, the plane and three-dimensional solutions turned
out to be highly unsteady, exhibiting violent oscillations of the
accretion cone and its tip attached to the accreting boundary.
Since the stability of the solutions depends on y and is basically
non-axisymmetric, a detailed analysis has been performed for
a number of polytropic indices, e.g., for isothermal accretion
(Shima et al. 1998), and in three dimensions (Ishii et al. 1993;
Ruffert 1994a,b, 1995, 1996). Boffin & Anzer (1994) applied
the Smoothed Particle Hydrodynamics (SPH) method to this
problem. These SPH calculations gave results which were sim-
ilar to those obtained with the finite difference methods, but
they produced a much lower degree of instability.

Summarizing all these results one can say that solutions of
the axisymmetric problem are generally stable for most param-
eters of the uniform wind. Non-axisymmetric calculations can
be divided into two groups. One of them simply neglects the
dependence on one of the Cartesian coordinates, thus reducing
the problem to the planar case (note that a gravitation source
remains spherically symmetric in this case). The second, truly
three-dimensional, approach requires much more computer re-
sources and can hardly be expected to incorporate such fine
grids as are possible in the planar calculations. Most of the pla-
nar calculations of supersonic wind accretion onto a spherically
symmetric gravitating center exhibit oscillations. The oscilla-
tion amplitude can be extremely large. This instability is usu-
ally accompanied by a sporadic increase in the angular momen-
tum of matter, and accretion temporarily stops. Note that the
instabilities can originate spontaneously from an initially sym-
metric flow. Possible physical mechanisms of such a behavior
have been discussed by Foglizzo et al. (2005). It should be men-
tioned, however, that the flip-flop instability turned out to be
incapable of accounting for the periodic phenomena observed
in some transient Be-type X-ray binaries, since the amplitude
of fluctuations observed in the planar case is not large enough
(Shima et al. 1998). Moreover, three-dimensional computa-
tions (Ruffert 1996) give amplitudes which are 3 to 10 times
smaller than those observed in the planar case.

To clarify the stability issue, Foglizzo & Ruffert (1997,
1999) performed a local stability analysis of the BHL accre-
tion and determined the growth rates of both Rayleigh-Taylor
and Kelvin—Helmholtz instability modes caused by the entropy
gradient generated at the shock surface. Their results convinc-
ingly show that the presence of a shock is essential for obtain-
ing unstable flows. The overall instability is greater if this shock
is detached and for stronger shocks. A WKB analysis used in
those papers is only marginally applicable, since the growth
time is comparable with the advection time along streamlines
that cross the shock and terminate at the accretor boundary.
Decreasing the accretor size, if it is considerably less than the
bow shock stand-off distance, only slightly affects the stability.
Foglizzo & Tagger (2000) and Foglizzo (2001, 2002) discov-
ered an entropic-acoustic (or advective-acoustic) cycle that, in
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the linear approximation, feeds the above-mentioned instabil-
ity. It is important that a necessary condition for the possibility
of such a cycle is the acceleration of the accretion flow be-
hind the shock to supersonic velocities. Foglizzo et al. (2005)
systematized numerical results for BHL accretion onto gravi-
tating objects and demonstrated the relevance of the advective-
acoustic instabilities for cases with detached bow shocks. It was
determined that the accretion pattern must be stable in the limit
of a weak shock and that it must be unstable in three dimen-
sions for polytropic indices about the adiabatic value 5/3, Mach
numbers greater than 3, and an accretor size sufficiently small
to allow the development of perturbations.

As shown by Kryukov et al. (2003), the use of the poly-
tropic approximation (Kryukov et al. 2000) can consider-
ably distort the scenario of accretion onto stellar magneto-
spheres. By decreasing the polytropic index below its adiabatic
value 5/3, we can only approximately allow for cooling effects,
provided that the flow itself is very uniform and space varia-
tions in cooling intensity are not great. In fact, by specifying the
value of y < 5/3, we automatically prescribe energy losses at
each point. Since accretion transforms a part of the consumed
kinetic energy into radiation, one can expect related heating
effects which ultimately lead to a Comptonization of the ac-
cretion flow behind the shock near the surface of the accreting
boundary.

The effect of radiation pressure becomes important for star
luminosities of the order of the Eddington luminosity

GMcm,

Lggq = 4rm ,
gT

)

where ¢, m,,, and ot are the speed of light, the proton mass,
and the Thompson cross-section of electron scattering. The ef-
fect of the radiation drag on the Hoyle—Lyttleton accretion was
analyzed by Nio et al. (1998). Blondin et al. (1990, 1991) in-
vestigated a two-dimensional gas flow in the orbital plane of
a massive X-ray binary system, where the mass accretion was
fuelled by a radiationally-driven wind from a companion star,
and found time-dependent accretion wakes containing dense
filaments of compressed gas. On the other hand, for high X-ray
luminosities (L > 10%7 ergs™') and due to Comptonization
effects, the accretion flow was shown to be relatively steady.
Stellar wind accretion calculations taking into account radia-
tive processes were performed by Taam et al. (1991).

In this paper, we analyze the accretion flow from a uniform
supersonic wind onto a gravitating center. The physical mech-
anisms taken into account include cooling due to free-free and
free-bound transitions, the Compton heating via X-ray scatter-
ing on electrons and the inverse Compton cooling in the regions
where the temperature of the matter becomes sufficiently large
to be able to transfer part of its internal energy to photons. In
contrast to the parametric analysis by Taam et al. (1991), we
choose the wind parameters in a range that approximately cor-
responds to the Vela X-1 binary, according to the observations
by Kreykenbohm et al. (1999). On the basis of these data, we
derive proper parameters that determine the Compton heating
rate and accretion efficiency. To facilitate the analysis of the
radiative effects, we solve the problem in a rather simplified
statement where the flow from the supergiant star is uniform
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at about 20-30 Ry, from the accreting star. The assumption
of a uniform flow is only approximately valid for the binary
systems considered. But as long as the accretion radius is suf-
ficiently smaller than the dimensions of the binary system this
assumption is reasonable. One finds that for the Vela X-1 bi-
nary system this is the case, since the accretion radius is around
3 x 10'! cm and the binary separation is 3.6 x 10'?> cm. For the
accretion flow, we take a basic velocity of 400 km s~!, which
results from an orbital velocity of 280 kms~! and a wind speed
of 300 km s~ (for the justification of reduced wind speeds, see
Feldmeier et al. 1996). Then the Bondi-Hoyle-Lyttleton accre-
tion rates were taken between 107! and 1078 M, yr~'. We fur-
ther assume that the chosen flow rate is constant in time and
ignore any possible back reaction due to X-ray heating of the
stellar atmosphere. One also finds that the stellar radius in such
massive binaries is much smaller than the Roche-lobe surface,
therefore neglecting tidal effects may also be justifiable.

The paper is structured as follows. Section 1 gives an intro-
duction where we summarize a number of important results re-
lated to the supersonic wind accretion onto gravitating objects.
In Sect. 2, we describe the physical and mathematical formu-
lations of the problem of the supersonic wind accretion onto
gravitating objects with radiation effects taken into account in
the approximation of an optically thin medium. The details of
the numerical method are briefly addressed. Section 3 contains
the results of our numerical modeling. Finally, we discuss the
importance of the obtained results for a better understanding of
the accretion process in widely separated binaries.

2. Description of the problem

We shall perform our calculations on the basis of the Euler gas
dynamics equations including the source terms responsible for
the gravitational attraction from the star, the radiative pressure,
and the cooling and heating terms. We assume that the matter is
ideal and perfect, with the caloric equation of state in the form

p
= —, (3)

(y-Dp
where €, p, p, and y = 5/3 are the specific internal energy, the
pressure, the density, and the specific heat ratio, respectively.
The thermal equation of state is

kT
pP= Zp_’
my

&

“

where T and k are the temperature and the Boltzmann constant.
The coefficient 2 is chosen to take into account the pressures of
electrons and protons, the temperatures of which are assumed
to be the same in the, on average neutral, hydrogen plasma.

The problem is solved for axisymmetric configurations.
The symmetry axis, Oz, is aligned with the velocity vector at
infinity. The governing equations are solved in a Cartesian co-
ordinate system using the nonuniform mesh which is shown in
Fig. 1. The grid is constructed as follows. One of the two fam-
ilies of grid lines is represented by radial rays 6 = const. The
second family is given by a super-elliptic function

G

)
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Fig. 1. Computational grid around the accreting center.

Here we assume a = b = R. To implement a smooth transition
from a circle at R = R., where R, is the radius of the inner
boundary, to a rectangle at R = R.,, we use a variable exponent
in Eq. (5):

29

———F% (R—R.),
—R*( )

R)=1
n(R) +Roo

(6)
where R is the distance from the star to the current point of the

computational region. The mesh is refined for both R — R, and
6 — 0 using the formula

Ry = R, + (R — R,) X

k—1+ ARpin 1
N Ro—-R. N

y sin(w(k — 1)/N)
sin(rr/N) ’

where k is in the range between 1 and N + 1, N is the number
of intervals, and ARy, is the minimum cell size chosen. In our
calculations, the minimum radial and angular cell sizes were
0.01R. and 0.005R., respectively. In Fig. 1, we show a sample
80 x 60 mesh with R, = S00R.. From now on quantities at the
inner and outer boundaries will be denoted by the subscripts =
and oo, respectively.

The dimensional form of the system of governing equations
in the coordinate system (x, z) shown in Fig. 1 is the following:

oxU O0xE 0xG

7+W+6—Z+H1+XH2—XHC+XHCOO1=0, (7)
where
U = [p, pu, pw, €T, (®)
E = [pu, pu® + p, puw, (e + p)ul’, ©)
G = [pw, puw, pw’ + p, (e + pyw]", (10)
T
Hy =[0,-p,0,0], (11)
0
L \pGM cosf
usinf + wcosf
koM Tc-T
He=10,0,0,HT, H=-TMp pdc2D (13)
TN, R
pe
Heoo = [0,0,0,C1",  C=n*A(T) = = A(T). (14)

ny
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In these formulae v = [u, v, w]T is the velocity vector and e =
p/(y — 1) + plv|>/2 is the total energy per unit volume. H is a
geometrical source term that appears since in the axisymmetric
case we can exactly calculate the partial derivative d/dy in the
three-dimensional system of the Euler equations (the y-axis is
perpendicular to the plane shown in Fig. 1). The given form of
this term is valid in the half-plane x > 0, y = 0.

The vector H, describes the action of gravity in the pres-
ence of the radiation pressure force in the momentum equations
and its work in the energy equation. Here we assumed that the
radiation flux is isotropic in space. For this reason the total lu-
minosity L is connected with the spectrum averaged luminos-
ity L per unit solid angle Q by the formula

L= f LdQ = 27rf L(6)sin0d6 = 4 L.
4n 0

We assume that

L = E.sMc?, (15)

where E.g is the efficiency factor. For the case of the accre-
tion onto black holes this factor is rather uncertain, but for the
accretion onto a neutron star we have
GM

Re2

For Vela X-1 van Kerkwijk et al. (1995) give M = 1.9 M.
Assuming R = 10° cm, we obtain E.g ~ 0.25.

Formula (13) describes the heating/cooling due to the
Compton effect (Levich & Sunyaev 1971). The value of the
Compton temperature can be obtained (see Levich & Sunyaev
1971) from the formula

1 fooo eE(e)de
€7 4k fow E(e)de '

Ee = (16)

a7

where the photon radiation energy density E depends on the
photon energy € = hv. Kreykenbohm et al. (1999) analyzed
observational photon spectra for the X-ray pulsar Vela X-1
obtained with the RTXE (Rossi X-ray Timing Explorer) in
February, 1996. None of these spectra could be fitted with
thermal bremsstrahlung or black body spectra and they used a

power-law approximation modified by a so-called Fermi—Dirac

cut-off:

Cle) = —= (18)
exp o +1

The fitting parameters @, €y, and €q are summarized in
Table 3 of their paper. As E(e) = €C(e), we readily ob-
tain T¢ = 4.6, 3.0, 2.9, and 6.1 x 107 K for observations 1—4.
This means that the observation-fitted Compton temperature
in all these cases is systematically greater than the value
€m/4k, which is usually taken to characterize T¢ (see, e.g.,
Bisnovatyi-Kogan & Blinnikov 1980). The actual value of the
Compton temperature is determined by the physical processes
near the surface of the neutron star. In our calculations we use
an effective constant Compton temperature, which is based on
observations of Kreykenbohm et al. (1999) and is expected to
take into account those processes. Thus, only the luminosity of
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the neutron star varies with the accretion rate. We calculated
models for all the Compton temperatures quoted above.

The cooling term due to radiative losses is represented by
Eq. (14), where A(T) gives the cooling function, which is usu-
ally calculated for a low-density, optically thin gas of some
chosen cosmic element abundances (see, e.g., Raymond et al.
1976). We shall give the expression approximating this func-
tion later.

Let us normalize the quantities of density, velocity, pres-
sure and temperature t0 Pe, Veo, Poo V2 and T, respectively.
Since a wind accretion flow has its internal length scale, e.g.,
Ry = 2GM/ Vgo, the time scale becomes 2GM/ Vgo. Thus, the
dimensionless system acquires a form similar to Eq. (7), where
the structure of U, E, G, and H| remains unchanged. The other
source terms become

0
L P cosf
H=|1-—|—=— ) , 19
2 ( LEdd) 2R? sin @ (19)
usiné + wcosd
.o(Tc-T _
H=scEam™ 7D ¢ = 5y2A) (20)

where we used the Bondi-Hoyle-Lyttleton accretion rate
(Lipunov 1992) to introduce
M = M/Mgy,

Mg = 4n(GM)* (@2, + V2 Ppw.  (21)

The dimensional cooling function is normalized here by some
characteristic value [A].

Formulae (19)-(20) involve two additional dimensionless
parameters:

T korMgpuL
T 2GMV,, TN,

2GMpo[A]
b= "z 5

Sc
Vgom%

(22)
The parameter S measures the ratio of the Compton heating
rate to the rate of potential energy gain of the accretion flow;
the other parameter S, quantifies the ratio of the radiative and
convective transport cooling.

The equation of state (3) preserves its form, whereas the
dimensionless thermal equation of state becomes

pT VZ, YPeo
pP= 5 M§o=_27 ai:— (23)
YM& ax Peo

where M., and a, are the Mach number and the speed of sound
in the supersonic stellar wind.

All quantities at the entrance segments of the outer bound-
ary should be specified. In dimensionless form, we have
Po=1,Tw=1, po=1/yM%, u=0,and w = 1. In fact, if we
specify dimensional values of V., and T and then find p. by
choosing Mgy , all parameters of the problem will be fixed.

Because of the symmetry of the problem, it clearly suffices
to seek the solution only in the half-plane x > 0 of the Cartesian
system. As conditions on the inner boundary of the computa-
tional region we use absorbing boundary conditions suggested
by Pogorelov & Semenov (1997). They consist in the extrapo-
lation of data on supersonic segments of the boundary and in
applying relations in a centered rarefaction wave to accelerate
the flow to a sonic velocity on subsonic segments.
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The numerical solution of system (7) is performed with the
help of the hydrodynamic package MHD-E-NS2D, developed
for the simulation of compressible gas and plasma flows gov-
erned by ideal magnetohydrodynamic (MHD) and purely gas
dynamic equations and the Navier—Stokes equations (Ivanov
& Kryukov 1996; Pogorelov & Matsuda 1998; Ivanov et al.
1999). The package is characterized by a developed modular
structure that allows us to obtain the required resolution in
time and space and add different physical processes by com-
bining the proper program modules. It is substantially based
on numerical schemes that ensure high (second or third) or-
der of accuracy and preserve the monotonicity of functions
at discontinuities. Most of the incorporated methods can be
classified as Godunov schemes and can be attributed to TVD
(total variation diminishing), ENO (essentially nonoscillatory)
or WENO (weighted ENO) classes, depending on the imple-
mentation of the code modules. To determine inviscid fluxes
through the computational cell interfaces, either the exact or
some of the approximate solutions to the Riemann problem
of the disintegration of an arbitrary discontinuity are used
(Kulikovskii et al. 2001). The methods are implemented on
both stationary and moving structured adaptive grids. The nu-
merical results presented below were obtained using substan-
tially two-dimensional reconstruction procedures for determin-
ing the values of the vector U on the right- and left-hand sides
of the computational cell interfaces. The time integration is per-
formed by third- or higher-order Runge—Kutta methods, whose
application allows one to improve the overall stability of the
numerical method.

3. Numerical results

The code has been tested by Kryukov et al. (2003) performing a
comparison with solutions of the one-dimensional spherically
symmetric accretion with radiative effects (Bisnovatyi-Kogan
& Blinnikov 1980) and supersonic, polytropic wind accretion
onto a gravitating center (Pogorelov et al. 2000), and a good
agreement has been obtained. It turned out that an implicit
approximation of the source term allowed us to perform cal-
culations with the time step determined by the stability con-
dition of the discretized differential operator in a wide range
of the dimensionless parameters S ¢ and Sy, (in all calculations
the Courant—Friedrichs—Levy stability parameter was 0.5). The
choice of the initial values turned out to be of particular impor-
tance for the calculations described below; e.g., if we start with
a uniform flow at large distances from the accretor, a thin low-
temperature column forms in the tail region around the sym-
metry axis (T ~ 10> K for Tc = 10 keV). Since the Mach
number in this case becomes extraordinary large (about 10%),
calculations with the help of an explicit scheme become im-
practical. This can be avoided if one starts with the solution
that corresponds to accretion with only bremsstrahlung cool-
ing. It is important to note in this connection that the restriction
of the temperature values from below, as was done by Taam
etal. (1991), where only values greater than 5 x 10* K were al-
lowed, can cause substantial perturbations in the flow field that
result in the development of highly unsteady solutions.
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In this paper we follow Buff & McCray (1974), who noted
that if stellar radiation substantially increases the ionization
degree of trace elements by the photoionization process, the
radiative cooling rate can be lower than in the purely colli-
sional case. For this reason, an appropriate cooling function
(Stellingwerf & Buff 1982) has been chosen:

A(T) = ([2.4 x 10777TV? 4+ 6 x 10‘22T‘1/2]_]

.y
+2.5 % 1075T—‘2) . (24)
This function obviously degenerates into the free-free, brems-
strahlung cooling if 7' — co.

Prior to proceeding with a detailed description of the nu-
merical results, we note that very long-time calculations were
usually performed, with at least 6 x 10° time steps. This re-
sulted from the large difference in computational cell sizes
in the vicinity of and far away from the accretor. A solution
was considered as converged to a steady state if the accretion
rate M had not changed more than 0.01% within 1000 con-
secutive time steps, which corresponds to 6 min physical time.
It should be noted that a general structure of the flow at dis-
tances of about 1 Ry turns out to be established after 10 h
(compare with the Vela X-1 binary period 8.964 days given by
Kreykenbohm et al. 1999). This means that the accretion time
scale is considerably less than the rotation period.

We performed a rather detailed parametric investigation of
the possible accretion patterns. Some of the variants calculated
are summarized in Table 1, where the right two columns rep-
resent the results of our calculations. Here accretion rates are
given in M yr‘l, velocities in km s~!, densities in g cm™3, and
the star luminosity L in ergs™'. All other parameters are di-
mensionless. Variant 2 (the base variant) is the one which is
closest to the parameters of the Vela X-1 binary. We fixed
Te = 10* K and varied the following quantities: V., Tc,
Do (via Mppr, since To was fixed), E.g, and the form of
the cooling function. The effect of different values for V.,
Tc, and Mgy can be seen by comparing Variants 2—4; 2, 5,
and 6; and 2, 7, and 8, respectively. The abbreviations BR
and SB refer to the pure bremsstrahlung and the Stellingwerf—
Buff cooling function. Variants 9 and 10 have the lowest and
the highest calculated accreting rates. Variants 11-14 corre-
spond to the accretion efficiency equal to 0.1, which is fre-
quently used in calculations of the accretion onto neutron stars
(Bisnovatyi-Kogan & Blinnikov 1980). The size of the compu-
tational region was chosen so that radiative effects near the left
(upstream) boundary were negligible. The last two columns of
the table indicate the calculated accretion rate (in terms of the
Bondi—Hoyle-Lyttleton rate) and X-ray luminosity of the neu-
tron star.

In Figs. 2-5 we show the distributions of the Mach num-
ber (above the symmetry axis) and temperature logarithm (be-
low the symmetry axis) for Variants 1-4. All contour plots are
shown for a fixed region of —20 < z < 20and 0 < x < 20. It
is clearly seen that the macrostructure of the accretion flow re-
mains similar in all four cases, only the linear scales being dif-
ferent. One can see an extended heated zone ahead of the star,
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Table 1. List of calculated variants.

N Mgy, My yr! Tc, K Vo, kms™'  A(T) R. Es¢ Re Peos gCM™> M L, ergs™
1 107° 4.5x 107 400 Br 0.05 0.25 25 5.07x 10" | 0.289 | 4.11 x 10%
2 107° 4.5 % 107 400 SB 0.05 0.25 25 5.07x 10 | 0.291 | 4.13x10%
3 107° 4.5x 107 300 SB 0.05 0.25 25 2.14x 10" | 0.236 | 3.34x10%
4 107° 4.5x 107 500 SB 0.05 025 225 9.89x10% | 0359 | 5.10x 10%
5 107° 2.9 x 107 400 SB 0.05 0.25 25 5.07x 10" | 0.384 | 5.45x10%
6 107° 6.1 x 107 400 SB 0.05 025 275 507x10% | 0242 | 3.43x10%
7 10710 4.5x 107 400 SB 0.05 025 225 0.507x10% | 0.587 | 0.83 x 10%
8 1078 4.5x 107 400 SB 0.05 0.25 30 50.7x 105 | 0.112 | 15.9x 10%
9 10-8 6.1 x 107 400 SB 0.05 0.25 30 50.7x 10" | 0.084 | 12.0x 10
10 10710 2.9 %107 400 SB 0.05 025 225 0.507x10% | 0.639 | 0.91 x 10%
11 107° 2.9 x 107 400 Br 0.05 0.1 25 5.07x 10" | 0.503 | 2.85x10%
12 107° 2.9 %107 400 SB 0.05 0.1 25 5.07x 10 | 0.509 | 2.88 x 10
13 107° 4.5 % 107 400 SB 0.05 0.1 25 5.07x 10" | 0.407 | 2.31x10%
14 107° 6.1 x 107 400 SB 005 0.1 225 507x10% | 0349 | 1.98x 10%
15 107° n/a 400 n/a 0.05 n/a 25 5.07x 10 | 0.709 | 10.05 x 10°®
Mach number Mach number

o <
® .

1g(T)

Fig. 2. Contour lines of the Mach number and the temperature loga-
rithm. Variant 1.

which is caused by Compton heating and hydrodynamic focus-
ing effects. All variants involve a bow shock and a contact dis-
continuity which separates cold “external” gas from that with
the higher temperature due to the Compton heating and passage
through the bow shock. The tail region possess a rather com-
plicated shock structure, typical for jet flows. This macrostruc-
ture is intrinsic for all cases given in Table 1. The exception is
Variant 15, which is given for comparison purposes. In Fig. 6,
we show the Mach number and temperature logarithm distribu-
tions for this variant, which corresponds to adiabatic accretion
with Vo, T, and p, from Variant 2 without radiation. The
general structure of the flow can be seen from Figs. 7 and 8

1g(T)

Fig. 3. Contour lines of the Mach number and the temperature loga-
rithm. Variant 2.

that show the distributions of streamlines and velocity vectors
for Variant 2.

Unperturbed matter starts feeling the influence of the
Compton heating at distances of several Hoyle—Lyttleton
radii (in the investigated range of determining parameters).
Radiative cooling, however, does not allow any substantial tem-
perature growth. Starting from a certain distance, cooling can
no longer compete with heating and the temperature of the gas
increases and reaches 10°-10° K ahead of the bow shock. The
bow shock stand-off distance from the star does not change
substantially from variant to variant, being approximately
equal to (0.15 + 0.25)Ryr. This is comparable with the value
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Fig. 4. Contour lines of the Mach number and the temperature loga-  Fig. 6. Contour lines of the Mach number and the temperature loga-
rithm. Variant 3. rithm for the adiabatic case. Variant 15.
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Fig.7. Streamlines and velocity vectors in the box 0 < x < 1,
—1 <z < 1. Variant 2.
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Fig. 5. Contour lines of the Mach number and the temperature loga- 7@

rithm. Variant 4. <20 —10 0 10 20

Fig. 8. Streamlines in the box 0 < x < 20, =20 < z < 20. Variant 2.

of 0.17Ryy, given by Taam et al. (1991). Behind the bow shock,

the gas heating further continues as it approaches the inner from the face side — this is characteristic for accretion flows

boundary. The gas temperature near it is close or even higher with a detached bow shock. This is also due to the local tem-

than the Compton temperature. perature maximum location in the downwind region, since it
Figure 9 shows the temperature and dimensionless mass is crossed by the gas that experienced longer action of the

flux distributions along the inner boundary for Variant 2. It is Compton heating. The space extent of the bow shock and the

not surprising that the main portion of the matter is accreted size of the heated gas zone strongly depend on the amount of



870

32

28 30

26

log T K
7.54 7.56 7.58 7.60 7.62 7.64 7.66

pU
2

2R

20

0 05 1.0 15 20 25 30 0 05 10 15 20 25 30
® ®

Fig.9. Angular distributions of temperature a) and dimensionless

mass flux b) through the inner boundary for Variant 2.

radiative cooling. It is largest for Variant 1, where only free-
free cooling is operational. In a polytropic case or if only the
Compton effects are taken into account, the space extent of the
bow shock can, in principle, be infinite (see, e.g., Ruffert 1994
or Pogorelov et al. 2000). In all considered cases of radiative
flows, due to intensive cooling behind the bow shock, the tem-
perature jump across it decreases rapidly with distance to the
symmetry axis, which leads to the decrease in the pressure
jump across it.

As seen from Table 1, radiative effects impede accretion.
All calculated accretion rates are substantially less than the
Bondi—Hoyle-Lyttleton rate. What is the influence of the other
factors? By comparing Variants 1 and 11 with Variants 2
and 12, we see that the choice of the cooling function only
slightly affects the accretion rate. On the other hand, compar-
ison of Figs. 2 and 3 reveals that the accretion pattern can
be geometrically very different. The reason for this behavior
is the fact that for all temperatures which are not too large
the SB cooling is much more efficient than the BR cooling.
Therefore the high temperature region will be much more ex-
tended in the bremsstrahlung-only case than in the SB case; and
also the shock cone is correspondingly wider. Only in those
regions which have very high temperatures (i.e. close to T¢)
the SB formula of Eq. (24) tends towards pure bremsstrahlung
cooling. Therefore in these regions the behavior for the two
cases will be similar.

Comparing variants 2, 3, and 4, which all correspond to the
same Bondi-Hoyle-Lyttleton accretion rate, we see that the in-
crease in V,, raises the accretion rate. This can be explained by
the decrease of the dimensionless parameter S ¢, which is re-
sponsible for the Compton heating. The cooling dimensionless
parameter Sy, also decreases. However, the Compton effects
dominate in the vicinity of the accretor in the chosen range of
parameters. Accretion becomes more efficient for cooler gas.
We also would like to point out in this context that if Mgy is
fixed, p becomes larger for larger values of V.

The accretion rate also decreases for higher Compton tem-
peratures (see Table 1), since this primarily increases the
Compton heating intensity. Being hotter near the inner bound-
ary, the matter expands, and the resulting decrease of density
makes the mass flux onto the accretor smaller. The role of the
efficiency factor E.g is analogous.

L. Kryukov et al.: Radiative effects in the supersonic wind accretion

©
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Fig.10. Dependence of the accretion rate on the efficiency of the
Compton heating. The calculated rates are shown with circles, the
black dot corresponds to one of the calculations of Taam et al. (1991),
and the black rectangle shows the accretion rate for adiabatic accretion
with parameters of Variant 2 without radiation.

The last column of Table 1 shows the total luminosities of
the accreting star calculated from its accretion rate. It appears
that the luminosities are of the order of the Vela X-1 typical
luminosity 4 x 10% ergs™ (Kreykenbohm et al. 1999) for all
variants except 7—10, which correspond to high or low densities
in the wind. Note that the Eddington luminosity for Vela X-1 is
2.4x 103 ergs™!, that is, radiation pressure is of minor impor-
tance.

It is interesting to examine the dependence of the dimen-
sionless accretion rate M on the efficiency of the Compton
heating shown in Fig. 10. As a measure of this efficiency we
chose the dimensionless parameter ScE.Tc, which appears
as factor in the corresponding source term of the energy equa-
tion. Because of Eq. (22), this parameter is proportional to the
Bondi—Hoyle-Lyttleton rate. One can see that as this efficiency
coefficient grows from small values to larger ones, the accretion
rate first drastically decreases, and then tends to some nearly
constant value independent of the choice of the cooling func-
tion. For comparison, we included a black dot in this plot. It
shows the accretion rate for Variant 3 in the paper of Taam et al.
(1991). It appears that our results are in good agreement with
this value. For reference purposes, we also included a black
rectangle marker on the ordinate axis, which corresponds to
Variant 15 that preserves the attributes of Variant 2 with omit-
ted radiation effects.

To check the applicability of the optically-thin-medium ap-
proximation, we calculated the optical depth of plasma along
different rays starting at the neutron star. The result is shown
in Fig. 11 for parameters of Variant 2. It appears that the max-
imum of the optical depth is about 0.03 for this (base) vari-
ant (integration was performed from R = 0.05 to R = 20).
As one would expect, the maximum optical depth is in the ac-
cretion tail. The situation is very much different in Variants 8
and 9, where the largest optical depth is observed. If we inte-
grate up to R = 12.5, the optical depth in the tail region riches
the value 0.65, However, there exist a farther region around the
z-axis, where the density of matter increases due to decreasing
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Fig. 11. Optical depth of the accreting matter as a function of the line-
of-sight angle for Variant 2.

cross-section of the tail jet (see the conical contact discontinu-
ity in Fig. 4). This is caused by the intense cooling of matter
at large distances (z > 15 Ryp) behind the accretor. Although
matter becomes optically thick in this region, distances to the
neutron star are so large that radiative effects become of little
importance for accretion.

It is known that numerically obtained accretion rate may
depend on the size of the accretor (Matsuda et al. 1991,
Foglizzo et al. 2005). We performed calculations for the base
variant (Variant 2) with sizes of the inner boundary equal
to 0.05, 0.025, 0.0125, and 0.00625 Ry, while preserving
the grid resolution in terms of the inner radius R,. Although
it was very difficult to find any difference in distributions of
quantities for all these variants, it turned out that the accretion
rate gradually decreases with R,, revealing the differences be-
tween consecutive variants equal to approximately 10%, 1%,
and 0.1%. Since higher resolution drastically increases the cal-
culation time, we presented all results for R, = 0.05 Ryr..

4. Conclusions

In this paper we analyzed the influence of radiative effects on
the accretion pattern in a scenario where matter is accreted
from a supersonic wind possessing no angular momentum.
Although this approach is oversimplified, it allows us to sep-
arate the contributions of different mechanisms and make pre-
dictions that might be applicable to widely separated binary
systems, like Vela X-1. We showed that the applicability of
polytropic models is very limited, and the combined influ-
ence of radiative cooling and the Compton effect (both heat-
ing and cooling) is so large that it can change the topology
of the accretion pattern as well as the value of the accretion
rate. Moreover, it appears that the Compton effect is a domi-
nant factor (accretion rates calculated with the bremsstrahlung
or Stellingwerf—Buff cooling mechanisms differ by about 1%).
It leads to flows which always have temperatures close to the
Compton temperature, Tc, for the entire region around the in-
ner boundary. Such a behavior cannot be modelled with poly-
tropic flows. In particular, choosing the polytropic index lower
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than 5/3 will be in conflict with such a strong heating pro-
cess. We showed that steady solutions are possible in a wide
range of determining parameters and the accretion rate can be
considerably smaller than the Bondi—Hoyle—Lyttleton value.
This reduction factor becomes particularly large for high ac-
cretion rates. For our set of variants the actual accretion rates
lie between 0.6 x 10719 and 1 x 107 Mg yr‘l, whereas the
theoretical Bondi-Hoyle—Lyttleton rates range from 107'° to
1078 Mg yr~!. This then implies that although the observed
X-ray luminosities of Vela X-1 are well within the range of
our present calculations, much higher X-ray luminosities mea-
sured in some other sources will be very difficult to explain by
the type of models studied here.
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