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Abstract. A numerical investigation is performed of the acflow is the subject of current discussions. Numerous unsteady
cretion of slowly rotating matter onto a stellar magnetosphegatterns resulting in the formation of transient accretion disks
The shape of the magnetosphere is represented by an imper@hima et all”1998) coexist with the self-similar (Bisnovatyi-
able, contracted dipole magnetic field surface with polar holé&ogan et all"197/9) and numerical Newtonian (Pogorelov et
Depending on the governing parameters, both steady-statead02000) and relativistic (Font & Iz 1998a, 1998b; Font
lutions with a system of discontinuities and unsteady flows witt al.[1999) steady-state solutions.
expanding shock waves can be obtained. Certain solutions ex-Under high wind velocity conditions, the angular momen-
hibit extended outflow regions. The simulation is performadm of infalling matter is sometimes not sufficient for the ac-
using a high-resolution finite volume numerical scheme amwdetion disk formation at distances of the Adfvradius where
structured irregular grids adapted to the shape of the accretihg magnetic pressure of the star is in balance with the dy-
body. namic pressure of the gas, and approximately spherical free-fall
onto the magnetosphere takes place, see the discussion by lllar-
Key words: accretion, accretion disks —hydrodynamics — metienov & Sunyaev((1975), Cassen & Pettibohe (1976), Shapiro
ods: numerical — stars: magnetic fields & Lightman (1976), Arons & Led (1980). This occurs in some
binary X-ray sources with amassive companion star where long-
periodic pulsars are observed (Nadase 19&9nBr et al. 1987;
Bisnovatyi-Kogar 1991; Anzer & &ner1995).
1. Introduction Without angular momentum, the flow pattern reduces to a

Accretion onto neutron stars and black holes gives the main &4rely spherically-symmetric one (Boridi 1952; Ruffert & Ar-
ergy supply in galactic X-ray sources. If the angular momentuigtt .1994). Sglf—smllar sphencally—symmetnc accretlon in the
of the matter provided by the massive companion star is sufffavitational field of a point mass was thoroughly investigated
ciently large, accretion occurs through a disk formed by the céﬁ( Kazhdan & Murzmg (1994_) for the case of an ad'ab?‘t'c flow
trifugal forces. In this case, there exist two substantially differe§{{th @ power-law density distribution far from the accreting cen-
mechanisms which allow accreting matter to loose its angulf- They performed the analysis of various situations, starting

momentum in the vicinity of the inner boundary of the accretigifio™ nydrostatic equilibrium to an arbitrary Mach number at

disk and fall onto the star. One of them is based on the cladgfinity. One of the important results obtained by these authors

cal turbulent viscosity model by Shakufa (1972) and Shakdgathat the accretion pattern strongly depends on the boundary

& Sunyaev [1978). Another mechanism is due to Sawadac@nditions at the center, namely, on the accretion rate-at0.

al. (1986) who found out that spiral shocks originating inside€ Solutions can be subdivided into two groups. One group

the accretion disk are able to diminish the angular momentfigntains continuous, supersonic infall solutions (the Bondi so-

of the matter to such an extent that the centrifugal forces canfiion belongs to this class). The other one contains various

prevent its accretion on the star. types of solutions with a shock wave expandingRas~ t2/3.

Another limit in the variety of accretion flows relates tol hese solutions for conditions fixed at infinity are character-

accretion from a high-speed wind. If this wind is supersonitZ€d by the arbitrary position of the shock wave at a given time.

a bow shock is forming near the black hole or near the stellGpis position can be determined uniquely only if we specify the

magnetosphere. Depending on the velocity of the incoming fidigture of the infall near the center. This means that the shock
at infinity and on the cooling phenomena in the vicinity of th@ave IS formed due to the presence of imaginary impermeable

accretor, various accretion patterns can be obtained (see thpéé’-art'_a”y mpermeable_surface_s_at the origin. They decelerate
he falling gas to subsonic velocities.

dimensional calculations by Ishii et al. 1993; Ruffert 19945. X ) i
The existence of a steady-state solution for the wind accretion | "€ Paper of Kazhdan & Murzina (1994) gives us the guide-

line to what we might expect if the flow is not self-similar. In this
Send offprint requests ). Anzer case we must specify conditions both at the oue= R,) and
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at the inner R = R.) boundary. Let the flow be supersonic ab. is the angular velocity which could be attained at the dis-
R = Ry.Inthis case we must specify all quantities on this sphdanceR, from the axis of rotation under the assumption of con-
ical surface. Ifp, p, andU are dimensionless density, pressuretant angular momentum distribution. The cases corresponding
and radial velocity in terms qfy, poUZ, andUy, respectively, to 1.5 < S, < 250 were considered.

the conservation relations for a spherically-symmetric shockless Chen et al.[(1997) dwelt on the accretion patterns with ex-

flow of perfect polytropic gas are panding shock waves. Those authors also performed calcula-
9 9 tions for S, < 1. Igumenshchev et al._(1993) presented their
U a S 1 1 S . . .
—t— 5=+ —— 35— 5 = o, (1) results on the quasispherical accretion of matter onto a rela-
2 v-1 R 2 (y-1My Ro tivistic object with anisotropic X-ray luminosity and obtained
R? the phenomenon of a hot gas outflow. Toropin etlal. (1999)
pU = R (2) have recently calculated a quasi-spherical Bondi-like accretion
onto a magnetic dipole. The study was performed using resistive
P _ L 50 ©) magnetohydrodynamic (MHD) simulations in the axisymmet-
pY AME ric case. The matter was assumed to have no angular momentum

and the main results implied no rotation of the star. The authors

\/M! andS — GM/UZR. (v is the polytropic index, specified supersonic Bondi solutionAt= R,. Note that this

M is the mass of the star, ar@ is the gravitation constant) solution refers to arather large accretion rat® at R, and can
' 9 .2 be expected only at the early stages of accretion on the magnetic

. . R&ld of the star. This seems to be the reason why they obtained
on the outer boundary, even if the inner boundary allows free . .
penetration only one type of the accretion pattern which possesses an out-

. . .ward moving shock wave. Note also that the initial stage of the
For example, if the inner boundary ensures the maximum

accretionrate/ = 47 R2pU) attainable for the shockless flow ';noﬁ;gezz?dscgﬁ (;Csrig;) TN];I](I)(\:A;] g)t;rreszgggqse;oms(;?:léfr&(?éar\]ttlve
which is at rest at infinity (the case of hydrostatic equilibrium g {larg '

. i Y . . or optically thin plasma.
I
then, according to Bondi (1952), it has the sonic poinRat The model of accretion implemented numerically by

Here we introduced the Mach numbiefy = Uy /ag, ap =

Rp with Toropin et al.[(1999) and in our paper corresponds to the sce-
2 _ o _ 15 nario of Arons & Lea|(1976). According to it, the plasma flow
2Rp is initially decelerated by the star magnetosphere, with cusps
The conservation relatiors (1)2(3) at this point give forming mth(_e polar regions (S(_ag.Upurpv 1992). Lateron, owing
to the Rayleigh-Taylor instabilities which act in the equatorial
53y S = huo. (5) region, clumps of plasma penetrate beneath the magnetopause
4(y—1) Rp and, threaded by the magnetic field, fall freely along the mag-
If we want to preset some supersonic flowiat < Ry, it netic field lines onto the pole_s under the action of gravity. In the
is necessary to assume that approach adopted by Toropin et al. ( 19_99) the matter penetrates
through the stellar magnetosphere owing to magnetic diffusion
0< hio < 53y (6) resulting from the finite conductivity of the plasma. This mech-

4y - 1Ry anism can result in the formation of an accretion picture which

One can hardly expect any shockless supersonic accretion faéiuite different from what we expect in reality.
tern originating from hydrostatic equilibrium at infinity if the  In our paper we choose another, although still simplified,
total enthalpy lies without the interval (6). approach which allows us to stay within a purely gas dynamic
If, for some reason, shockless accretion is not realized, thfpproximation of the problem. We assume that, on entering in-
according to the self-similar solution by Kazhdan & Murzside the magnetopause, the clumps of plasma are homogenized
ina (1994) a shock wave will originate at the inner boundaMithin a layer adjacent to the inner side of the initial magneto-
and propagate outward until it reaches the external boundd&ifgheric surface and soon after that we again can consider the gas
Note that calculations with a subsonic inflow&t= R, are flowinthe continuum approximation. Due to its complexity, for
numerically much more difficult. now this intermediate stage of the scenario is omitted and we in-
The situation becomes even more complicated if the innégstigate only the resulting flow. This flow occurs around some
boundary as a whole or some of its parts are not completely podified shape of the magnetosphere which is characterized by
meable. The problem in this case is at least two-dimensional 4A@ Presence of polar holes. The surface of the obtained magne-
simple mathematical manipulations are no longer possible. fepause is impermeable for the accreting flow, whereas near the
this reason we have to perform systematic numerical paranf@gagnetic poles the matter can fall towards the star. These parts
ric studies. Bisnovatyi-Kogan & Pogoreldv (1997) investigate®f the boundary are modeled by freely penetrable circular holes
the accretion of slowly rotating matter onto a gravitating centef specified radius. With this choice of the boundary we intend
emphasizing the possibility of steady-state accretion patterfgssimulate certain effects of the magnetic interaction. Outside
For all quantities fixed aR = R, the dependence on the dithe boundary we treat the flow as a purely gas dynamic process.
mensionless parametér. = GM/w2R? was studied. Here Despite obvious simplifications, this model seems to be a nat-
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ural initial step in the detailed study of the accretion proces§
Note in this connection that magnetohydrodynamic effects ar
mainly essential in description of the penetration process itself
The models governing this process are to be developed.

The paper is structured as follows. In Sect. 2 we state t
mathematical problem and describe the dimensionless pararme-
ters governing it. Sect. 3 describes some specific features of the
applied numerical method. In Sect. 4 we present various numer-
ical results, and Sect. 5 gives the discussion.

2. Statement of the problem

The considerations given in the previous section allow us t
perform the analysis on the basis of the numerical solution o

the Euler gas dynamic equations. Suppose the flow pattern to be R, (6)

axisymmetric with the gravitating object placed at the origin

the coordinate system and with the rotation axis aligned with th

z-axis (Fig[1). The matter is assumed to be ideal and thermall

perfect. By assuming the heat release/absorption processes to 0 ficeeaes ——=

be polytropic we can write the caloric equation of state in the ; =
form 6,0 6,5 1‘.0 T ‘1},‘5‘ T ‘Z
€= (v _p 1p’ Fig. 1. Numerical grid and the profile of accreting magnetosphere.

wheree is the internal energy per unit mass ands the poly-
tropic index. The system of governing equations in the Cartesian
coordinate system shown in Fig. 1 reads:

oU OE OG R. = R.+/e. We use this simplified formulain our calculations,

5% T, to, TH=0 () since it adequately describes the shape of the magnetopause in
a way sufficient for our qualitative studies. We have written
where . : . .
out the dimensionless system for the general case in which the
U = [p, pu, pv, pw, e]T, (8) accreting matter possess some angular momentum at infinity.
Modifications necessary in the case of the quasispherical ac-
E = [pu, pu® + p, puv, puw, (e + p)u] " 9) y quassp

cretion of matter without angular momentum will be given in

G = [pw, puw, pyw, pw® + p, (e + p)w]", (10) Sect. 4.
_ _ We assume the inflow & = R, to be supersonic. Thus, we
U ) must specify all quantities on the outer boundary. Taking into
(u? —v?) + erg account this fact and inspecting the structure of the system (7)—
5 R (@1), we arrive at the following set of dimensionless parameters
H=" u cos 0 (11) of the problemzy, My, S,., andS, whereS = (Ug./Uy)?. As
x uw + Spx—s- previously noted[J, is the radial inflow velocity aiR? = R
(e +p)u usin® + w cos andUg., = (GM/R,)'/? is the Keplerian velocity. By intro-
I + SMT ducing these dimensionless parameters and initially assuming

the flow to be spherically symmetric, we fix the values on the

The superscript T means transposing. In the above systgiiter boundary as

e =p/(y—1) + p(u® + v? + w?)/2 is the total energy per
unit volume. We normalized the quantities of density, velocity,

Sy S

1/2
and pressure by, w.R., pow? R, whereR, is the reference p, = 1; Uy = — () D Do = —em; Wo =0,
length defined by the formula approximating the solid portion S VS Mg

of the contracted magnetosphere of the star (Elsner & Lamb

1976) whereW, is thed-component of the velocity vector.
Neglecting for the moment the velocity components in the
cos 2¢ s 1 . - . .
R,, = R, exp : — —f0=¢+ =sin2¢. (12) angular directions, we can calculate the entropy function and
2 2 2 the total enthalpy as

In the first quadrant one h@is< ¢ < /2. The angld is

counted off thez-axis. It is clear that af = 0, the polar dis-
tance of the magnetospherelty = R./\/e. At the equator,

s ~ Po.
0= 7>
Po

1 1 1 1
uo = 5 {S (w—nMg *2) ‘RO]
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Streamlines Velocity vectors

We now choose the dimensionleBs to be 100 and intro-
duce the following distribution of the angular velocity along th
outer boundary:

1 1 .
w=—=——3 if x> 20
x Rgsin® 0
w = 0.0025 if z <20

The first interval here corresponds to the constant angula
momentum and the second to the constant angular velocity dis
tribution, respectively. Thg-component (normal to the plane
of Fig[1) of the velocity vectop is thenv = wz.

To modify the quantities g, andp at R = Ry, we assume
U(Ry,0) = UpandW (R, #) = 0and calculate the new values
from the formulas

v po U3 v} Sr_h ) Po
Tt 0 T 5 — 5 = o 5 = 50
Y—1lpo 2 2 R Po

Because of the symmetry of the problem, it suffices to seek
solution only in the first quadrant. The conditions on the in-
ner boundary are the following: nonpenetration is adopted fi
0. < 6 < /2, and absorbing boundary conditions are used for
0 < 6 < 6,. The essence of these absorbing boundary con
tions is described in Pogorelov & Semenpy (1997). We use t
quantity extrapolation at the supersonic éxit > a and apply Fig. 2. Quasispherical accretion pattern f§r= 100, Mo = 2, v =
the relations in the rarefaction fan to accelerate the outflow viet, andd = 0.3 (|v|max = 145.3).
locity to the sonic value ifw| < a. These conditions give results
nearly identical to those obtained with the “vacuum” bounda

conditions by Hunt(1971) if the latter are used in the framework’. .
) tating matter. In the former case, tiieomponent of the velocity

of the Godunov-type schemes (Téro 1997). . ) . S
The initial conditions are believed to be not very importaﬁ’teCtorv and the corresponding equation for its determination

if we seek a steady-state solution. On the other hand, they \é?giSh in the system of (7]={111). If we normalize velocity and

2 P -
of crucial importance if we study transient phenomena. pressure F’WU andpolg, rc_—:-spectwely., the strugture of the sys
tem remains unchanged if we substit$teby .S in the source

term.

D

tl&\@ 05 o

1
IéDensity) Mach number

r )
Fﬁagnetosphere. The other one concerns accretion of slowly ro-

3. Numerical method

For the numerical solution of the systefn (7)2(11) we Usg1. Quasispherical accretion onto magnetosphere
the hydrodynamic simulation method developed by Ivanov &

Kryukov (1996). This method is based on the numerical scheffie™i9.2 we present the numerical results for the following pa-
which provides high (second or third) order resolution of funéameters:s' = 100, My = 2, v = 1.1, andd = 0.3 (the last
tions in the regions of their smoothness and preserves tHé@ameter specifies the radius of the polar hole). The value of
monotonicity at discontinuities. This scheme is amodification gt€ Polytropic index was chosen sufficiently small to account
the Godunov scheme and can be attributed either to the TVD (f@ the radiative cooling effects.

tal variation diminishing) or ENO (essentially nonoscillatory) ~Note that the size of the holes in the adopted model is fully
classes depending on the implementation of the code modufi&iermined by the thickness of the penetration layer, that is, on
To find the fluxes through the computational cell interface¥e details of the Rayleigh-Taylor (interchange) instability of the
either the exact or some of the approximate solutions to tREgnetopause. Thus, the radius of the holes is a parameter of the
Riemann problem of the disintegration of an arbitrary discoRroblem. The depth of penetration cannot be smaller than the
tinuity are used. In order to determine the values of the vecgize of the plasma blobs occurring inside the layer. According to
U on the right- and left-hand sides of a cell interface, we uggons & Lea (1976), the blob size is (0.1-022), or 0.15-0.3

a substantially two-dimensional reconstruction procedure. THeoUr dimensionless units. This gives us a rough estimate for

time integration is performed by the third-order Runge-Kutfi€ variation range of. The shape of the inner boundary in our
method. case corresponds to the definition of plasmasphere introduced

by Arons & Lea [(198D).

Observational estimates of the polar hot spot cannot be done
unambiguously since the observed beam is determined by the
Our numerical results are subdivided into two groups. One admbination of a hot spot size and an angular size of the emission
them deals with accretion of nonrotating gas onto the modsam. Assuming the relation between the size of the hot spot

4. Simulation results
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and Alfvénic radius (Baan & Trevés 1973), we obtain the lowet
boundary of the angular radius of the hot spot of the order of Q
radian for the magnetic field (dipole componesnt) x 10'° Gs
(Sheffer et.al. 1992; Baushev & Bisnovatyi-Kogan 1999; Scd
et al[2000). W 154
The size of the polar holes was initially chosen fairly large

since we would like to be sure that the matter can be accreted-a 104
the rate prescribed by the external boundary conditions. E‘.’\
we shall investigate the dependence of the accretion patt 054
on this size. We describe FIg. 2 in detail, since the subsequ

figures have the same structure. In the first quadrant, we ~’~a§§&@ }
arrows to show the velocity vectors. The size of each arrow|i CML'% 05 0
‘\

proportional to the magnitude of the velocity vector. In order to o5
avoid misinterpreting, we limited the size of the vectors shown.
The regions with small velocity manifest themselves as white
zones free of arrows. The second quadrant shows the streamlines
corresponding to the steady state obtained. The third quadrant
contains the contours of constant density logarithms. In thi -
plot we can distinguish the discontinuities which are likely tp ‘
occur in the progress of flow deceleration by the impermeable %
surface of the magnetosphere. In the fourth quadrant, we shbw 2, \
the contours of constant Mach numbers. Dotted lines represefibensity) Mach number

the levelM = 1. ) ] ] ]

In the adopted model, the flow is essentially the combin&9- 3- Quasispherical accretion pattern fér= 100, Mo = 8, v =
tion of a supersonic blunt body and a nozzle flow. It is therefo%el’ andd = 0.2 (Jv]max = 149.0).
likely that a bow shock will appear in front of the imperme-
able portion of the magnetosphere. This shock deceleratestif@vicinity of the polar holes. On this line the gas in the blunt
spherically-symmetric focusing stream of accreting matter fdy shock layer decelerates to subsonic velocities again. This
subsonic velocities. Such deceleration is caused by the nonigiplies the existence of a shock wave. The last sonic line is not
etration boundary conditions. Note that there exists a stagiary well seen among the Mach lines in Fif. 2. One can easily
tion point atR = R, = /2. In addition, the surface of distinguish it in Fig&B anf4, where we show the solution for
the magnetosphere has a shape such that the radially orieted 100, M/, = 8, v = 1.1, andd = 0.2 and0.1, respectively.
gravitation force always has a component directed along tiyisthese figures, the slip line between the two portions of the
surface towards the poles. The bow shock is finely resolvggw passing through the different parts of the bow shock is also
by the numerical scheme on the grid adapted to the magnejery well seen. It is apparent that this slip line originates at the
sphere surface. The streamline and especially the velocity vegtfle point.
pattern show the gas deflection at the magnetopause under thet js worth emphasizing, that for large values of the param-
action of gravity. We can also distinguish a low-velocity zongter 5, that is, for strong gravitation the influence of the Mach
adjacent to the stagnation point at the equator. The supersaiiignber)/, on the flow pattern becomes rather weak, since the
stream of matter can initially be freely accreted through the peratter is rapidly accelerating at large distances from the star
lar holes. In the course of time, however, as we approach #ed acquires hypersonic values ahead of the bow shock.
steady state, the freely falling column of matter surrounding the Note that the streamlines oriented along the polar axis can
polar axis meets the convergent flow formed in the shock layfg@{d their way to the star only through a very narrow hole near
around the impermeable part of the magnetosphere. Collisiis axis. The main portion of accreting matter is supplied by the
of these two streams decelerates the former one, thus resylipersonic stream formed in the narrow shock layer around the
ing in the origin of another shock. These two shocks formjgmpermeable part of the magnetosphere. This, in fact, means that
combined bow shock around the magnetosphere. The resultégretion of initially almost spherically symmetric flow occurs
shock cannot generically be smooth and the derivailyeof in a way consistent with that predicted by Arons & Lea (1976).
the shock surfac& = R, () is discontinuous. It is clear that|t js interesting that even a very narrow polar hole with=
there must appear a third shock at this point. That is why, this (Fig.[d) permits the accretion rate prescribed on the outer
point is called a triple point. We can see all these shocks in theundary. We can conclude that a steady-state accretion pattern
density and Mach number contour plots. Their presence is aigh be realized along with the highly unsteady results predicted
confirmed by the distribution of the linel = 1 (the sonic by Kazhdan & Murzina {‘1994) and obtained numerica”y by
lines). Note that the stream inside the shock layer, spreadibBen et al.[(1997) and Toropin et al. (1999). It is also worth
over the magnetosphere surface in the equatorial region, sa@shtioning that smaller sizes of the holes result in larger bow
becomes supersonic again. There exists another sonic linghdck stand-off distances. This is quite reasonable, since in the

—1.07
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Streamlines Velocity vectors Streamlines Velocity vectors

<5

\

lg(Density) Mach number lg(Density) Mach number

Fig. 4. Quasispherical accretion pattern fér= 100, My, = 8, v =
1.1, andd = 0.1 (|v|max = 149.0).

Fig. 5. Quasispherical accretion pattern fér= 100, My = 8, v =
1.05, andd = 0.3 (|v|max = 181.2).

- . Streamlines Velocity vectors
absence of any holes an atmosphere will inevitably form around: i IR
the star and the thickness of the shock layer will infinitely grow ///j////////// e
. . V'

with time. //////////// . s

On the other hand, larger cooling (smaHlgrdecreases the AP
T
<A

-

bow shock stand-off distance. This is shown in Fig.5 whick

presents the accretion pattern & 100, My = 8, v = 1.05,

andd = 0.3. For smaller gravitation, the bow shock stand-off

distance increases, as seen from[Hig. 6. \r

For narrow holes and larger polytropic indices no steac

accretion pattern can be obtained.

4.2. Accretion of rotating matter

Firstly, we show in Fid.J7 the results of the numerical modelin
of accretion onto a black hole. In this case, the whole sphe
R = R, is fully permeable. We do this in order to compare
the results obtained by our numerical technique with those p
viously presented by Bisnovatyi-Kogan & Pogorelov (1997).
We use the following set of parameters:= 100, M, = 2,
v = 14, and S, = 1.5. The last parameter implies that the
rotation chosen in this case remains slightly sub-Keplerian. T
results clearly show that the centrifugal force strongly deflectgDensity)
mam:fr from the axis of rotation. A.s aresult, a hlgh-den5|ty rEf .6.Quasispherical accretion pattern fo.= 10, My = 4,y = 1.1,

gion is formed near the accretor in the equatorial region. Taﬁdd = 0.1 (|0]max = 13.75)

density near the equator is 10* times larger than that near ' e o

the poles and almost all the matter accretes in a narrow layer.

This layer is a predecessor of an accretion disk which is eary inconsistent with the accretion ability of the inner spherical
pected to appear fa¥,. < 1. The accretion is everywhere susurface. Note that presetting an arbitrary distribution of quan-
personic. It also remains steady, in contrast to the resultstities on the outer boundary is sometimes not very physical, in
Chen et al. (1997) obtained for conditions on the outer bountbntrast with the case of accretion from a uniform supersonic

Mach number
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Streamlines Streamlines

Velocity vectors
v

Velocity vectors

RS

:\... 3
SR
\ A\ N

lg(Density) Mach number lg(Density) Mach number

Fig. 7. Accretion onto a black hole fof = 100, S, = 1.5, My = 2, Fig. 9. Accretion pattern folS = 100, S, = 150, My = 2, v = 1.1,
andy = 1.4. (|v|max = 2.92) andd = 0.3 (Jv|max = 321.6).

Streamlines Velocity vectors

or later, it will reach the sonic point in the Bondi solution, thus
making this solution unsuitable for construction of boundary

~

Py

lg(Density)

Mach number

Fig. 8. Accretion pattern folS = 100, S, = 250, My = 2,v = 1.1,

andd = 0.3 (|v|max = 361.3).

/////// conditions atR = Ry. This, in other words, means that in order
7. . | toobtaintransient unsteady solutions, one must prescribe at the
Py .
/// ~ | outer boundary such mass inflow that cannot be accreted by the
r’'e
- star.

Note that the poloidal component of the velocity vector must
vanish at the equator. This means that a transverse shock must
appear in the flow field. This shock is clearly seen in the density
isolines.

The investigation of accretion of slowly rotating matter onto
the stellar magnetosphere is performed by fixidg = 2 and
S = 100 and varying the parametets., v, andd. LargerS,.
implies smaller rotation in comparison with the Keplerian ro-
tation. LetS, = 250, v = 1.1, andd = 0.3 (Fig.[8). Though
rotation is rather slow in this case, we can see a noticeable dif-
ference with the similar results for the quasispherical accretion
shown in FigLP. It is apparent that the centrifugal force acts to
decelerate the stream formed in the shock layer and there ap-
pears a possibility of accretion straight along the rotation axis
(see the velocity vector distribution). Note that the shape of the
bow shock becomes more complicated. We can see an additional
line M = 1 near the axis of rotation in this case. Larger rotation
increases the described effect, see[High9€ 150, v = 1.1,
andd = 0.3). The case of a smaller hole is shown in Eig. 10
(S, = 250, v = 1.1, andd = 0.2). One can notice that the

wind, where matter can pass by the accretor and accumulatioain stream of accreting matter becomes very narrow under the
of matter near it is less probable. This also concerns the choéetion of the centrifugal force which pushes the the stream to
of the Bondi parameters, since a nonstationary shock wave wlile impermeable portion of the magnetosphere. For this reason,
spread to infinity in such an inconsistent case. As aresult, sooragid rotation can make accretion rather inefficient, thus leading
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Streamlines Velocity vectors

Streamlines Velocity vectors

lg(Density) Mach number

Fig. 10.Accretion pattern folS = 100, S, = 250, My = 2,~v = 1.1,
andd = 0.2 (|v|max = 358.3).

Streamlines Velocity vectors

lg(Density) Mach number

Fig. 11. Accretion pattern folS = 100, S, = 60, My = 2,y = 1.05,
andd = 0.3 (|v|max = 106.5).

lg(Density) Mach number

Fig. 12. Accretion pattern folS = 100, S, = 40, My = 2,~v = 1.01,
andd = 0.3 (Jv|max = 80.11).

lutions. The flow presented correspondssto= 60, v = 1.05,

andd = 0.3. The pattern is substantially different in this case.
The triple point moves farther from the rotation axis and a low-
velocity circulation zone originates behind the portion of the
bow shock closer to the rotation axis (see the streamline and ve-
locity vector distributions). The bow shock stand-off distance
starts increasing right above the triple point, attains a maximum,
and decreasesto arather small value atthe rotation axis. The flow
restructuring allows a large portion of the radially falling gas
to be accreted avoiding preliminary compression in the shock
layer near the impermeable surface of the magnetosphere. This
permits us to obtain a steady-state solution. Smaller valugs of
increase the compressibility of the falling matter which is highly
compressed in the shock layer, as seen from the streamline dis-
tribution in Fig[I2 which corresponds 1§. = 40, v = 1.01,

andd = 0.3. For larger cooling effects, there appears a por-
tion of matter around the symmetry axis which is accreted at
a supersonic speed without any shock. Thus, the accretion pat-
tern becomes qualitatively different in this case. It also turns out
that a certain portion of the bow shock is intersected at rather
acute angles. Decreasing the holes will lead to a solution with
a divergent bow shock. We can see the dynamics of the accret-
ing pattern in Fig$.13 arid 114 which correspondto= 100,

~v = 1.01,andd = 0.2 and0.1, respectively. The solution shown

in Fig.[I3 represents a steady accretion with a very thin shock
layer, owing to high compressibility of the materat= 1.01.

to development of a growing magnetosphere accompanied byarow polar holes cannot ensure sufficiently high accretion
bow shock propagation outward. A steady-state solution cannates and the matter starts accumulating around the magneto-
be obtained in this case. In Fig.]11 we show one of the solutiogighere. This finally results in an unsteady solution with the bow
on the boundary between the steady-state and nonstationarnsbeck moving towards the outer boundary (Eid. 14).
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Streamlines Velocity vectors lg(Pressure) Velocity vectors

lg(Density) Mach number lg(Density) Mach number

Fig. 13.Accretion patternfo = 100, S, = 100, My = 2,v = 1.01, Fig. 14.Accretion pattern fo6 = 100, S, = 100, M, = 2,y = 1.01,
andd = 0.2 (|v|max = 213.1). andd = 0.1 (|v|max = 235.0).

. _ ) ) The model of a stationary magnetosphere used in our calcu-

It is important to note that the velocity of its propagatiofjons js overidealized in some aspects. The main simplification
can s_ometlmes be_ so large that the radial cp_mpone_nt of fhe, ignoring the details of the magnetic interaction of the star
velocity vector behind the shock becomes positive. This can g the accretion flow. Our simplification, however, in contrast

interpreted as an explosion-like formation of a gas cloud arouffly, that adopted by Toropin et al_{1899), represents another

the star. limit of the realistic phenomenon. The latter model implies that
accretion can occur only due to the plasma diffusion through
the magnetic field lines of the magnetosphere. To account for
larger accretion rates, one must adopt in this case higher electric
We have obtained steady-state numerical solutions for the quesistivity of accreting matter. In our approach, we choose an-
sispherical accretion of matter onto the model magnetospheretfer limit of a highly unsteady accretion process launched by
a star. In our models we use a specially designed inner boundiugy instability of the stellar magnetosphere. In doing so, we as-
for the flow region which is intended to simulate the effects gume that some averaged stream of plasma originates beneath
the stellar magnetosphere. The shape of the magnetosphetbeénzero-order impermeable magnetopause, thus reducing the
the accepted model is characterized by the presence of anmoblem to a purely hydrodynamic accretion through the holes
permeable surface represented by a contracted dipole magnmtiening in the vicinity of the polar cusps. One can argue which
field line and of holes in the polar regions. These holes can tm@del is closer to reality. To improve both models, we must take
interpreted as a result of the cusp disintegration caused by itht® account physical details of the plasma penetration beneath
Rayleigh-Taylor instability of the zero-approximation (totallthe magnetopause. More detailed consideration of the radiative
impermeable) magnetospheric surface occurring in its equatoeling effects will also be highly favorable, since it would affect
rial regions. We also assumed that the magnetic axis and the actual mass accretion rate due to the obvious dependence of
rotation axis are aligned. This then allows us to use a simple ga®ling on the matter density. For this reason, we consider our
dynamic approach in a two-dimensional geometry. We showpiesent calculations as a starting point of more complex MHD
that steady solutions can exist for boundary conditions conségmulations.

tent with the accretion ability of the polar holes. This occurs The assumption that the rotation axis of the star and/or of
for low values of the polytropic index, small rotation rates ahe accreting gas are aligned with the magnetic axis is not very
the gas, and sufficiently large polar holes. These flows shogalistic. All stellar X-ray sources which are observed as pul-
a stationary shock front around the magnetosphere. Our resséiss require a finite inclination angle between these axes. The
supplement unsteady solutions with expanding shock waves pleblem in this case becomes fully three-dimensional. In our
tained by various authors. calculations we neglected the development of the penetration

5. Discussion
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process beneath the magnetosphere occurring in its equat@isdovatyi-Kogan G.S., Kazhdan Ya.M., Klypin A.A., Lutskii A.E.,
region according to Arons & Le&a (1976). In this case the flow Shakura N.I., 1979, SvA, 23, 201
pattern would be much more complicated, consisting of sevePéimer G., Hayakawa S., Nagase F., Anzer U., 1987, A&A, 182, 63
subsonic and supersonic regions with the formation of shodkandi H., 1952, MNRAS, 112, 195
around the magnetosphere as well as near the stellar surfg@ssen P, Pettibone D., 1976, ApJ, 208, 500
This is the subject of a future investigation. Nevertheless, ev(é‘ﬁel\r;”fl(l.?,A?azrgng,gAbramowwz M.A., lgumenshchev 1.V., 1997,
ourtwo—di_mensional symme_tric calcul_ations can describe SOM& er R.F. ’Lamtla FK., 1976, ApJ, 215, 897
ofthe basic features of the wind accretion onto mag_nt_ahzed StSht . A., Ibdiez J.M., 1998a, ApJ, 494, 297
On the other hand, one has to be aware that realistic treatmegfs 3 A Ibsiez J.M., 1998b, MNRAS, 298, 835
will require the study of the fully three-dimensional configurasont J.A., Ibdiez J.M., Papadopoulos P., 1999, MNRAS, 305, 920
tions. Hunt R., 1971, MNRAS, 154, 141

Another important physical feature of the accretiogumenshchev .V, lllarionov A.F., Kompaneets D.A., 1993, MNRAS,
phenomenon is connected with the radiative energy losses 260, 727
increasing as we approach the inner boundary. They leadligiionov A.F., Sunyaev R.A., 1975, A&A, 39, 185
merging of the accreting matter with the matter of the st4hii T., Matsuda T., Shima E., Livio M., Anzer U.,dner G., 1993,
and to formation of standing shocks close to the stellar or ApJ, 404, 706 ) ) _
magnetospheric surfaces. The steady-state position of thlgg ov LE., Kryukov ILA., 1996, Matematicheskoe Modelirovanie

shocks will be determined by the radiative energy losses behwgzhhgzriza'cilmgﬂi'&g]’1%9'10'“;3,’\1?21[: ';%5 S;nl]
the shock. T o ’ et

Lipunov V.M., 1992, Astrophysics of Neutron Stars, Springer, Berlin
Nagase F., 1989, PASJ, 41, 1

Acknowledgementd.A.K and N.V.P. are grateful to Max-Plank- Pogorelov N.V., Semenov A.Yu., 1997, A&A, 321, 330

Institut fur Astrophysik in Garching bei kinchen for hospitality. Per- pogorelov N.V., Ohsugi Y., Matsuda T., 2000, MNRAS, 313, 198
forming this work, G.S.B.-K., A.LK., and N.V.P. were partially supRyffert M., 1994, ApJ, 427, 342

ported by the Russian Foundation of Basic Research under Gragftert M., Arnett, D., 1994, ApJ., 427, 351

No. 98-01-00352. Sawada K., Matsuda T., Hachisu I., 1986, MNRAS, 219, 75

Scott D.M., Leahy D.A., Wilson R.B., 2000, astro-ph/0002327
Shakura N.I., 1972, Astron. Zh., 49, 921

References

Shakura N.I., Sunyaev R.A, 1973, A&A, 24, 337
Anzer U., Bbrner G., 1995, A&A, 299, 62 Shapiro S.L., Lightman A., 1976, ApJ, 204, 555
Arons J., Lea S.M., 1976, ApJ, 207, 914 Sheffer E., Kopaeva I.F., Averintsev M.B., et al., 1992, SVA, 36, 41
Arons J., Lea S.M., 1980, ApJ, 235, 1016 ShimaE., Matsuda T., Anzer U.@Bner G., Boffin H.M.J., 1998, A&A,
Baan W., Treves A., 1973, A&A, 22, 421 337,311
Baushev A.V., Bisnovatyi-Kogan G.S., 1999, Astron. Rep., 43, 241 Toro E.F., 1997, Riemann Solvers and Numerical Methods for Fluid
Bisnovatyi-Kogan G.S., 1991, A&A, 245, 528 Dynamics — A Practical Introduction, Springer, Berlin

Bisnovatyi-Kogan G.S., Pogorelov N.V., 1997, Astron. AstrophyJoropin Yu.M., Toropina O.D., Savelyev V.V,, et al., 1999, ApJ, 517,
Trans., 12, 263 906



	Introduction
	Statement of the problem
	Numerical method
	Simulation results
	Quasispherical accretion onto magnetosphere
	Accretion of rotating matter

	Discussion

