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Abstract. A new numerical algorithm for calculating isothertespectively. In this estimate the pressure is neglected which
mal wind accretion flows has been developed and is appliedans that the Mach number of the gas is infinitely large.
here to the analysis of the hydrodynamics of two-dimensional Bondi & Hoyle (1944) have worked on the model in more
plane symmetric accretion flows in wind-fed sources. Polar adetail and Bondi{1952) obtained a formula for the case of spher-
ordinates are used to ensure fine resolution near the objecicdl accretion. The latter case means that the Mach number at
is found that a thin accretion column is formed which showafinity is zero. He also proposed an interpolation formula for
wave-like oscillations. Small accretion disks are formed terflews with finite Mach number.
porarily around the object. Mass accretion rate and angular mo- The numerical computation of axisymmetric wind accretion
mentum accretion rate exhibit quasi-periodic oscillations. Theas first attempted by Hurit (1971, 1979) and general agreement
amplitudes of the oscillations depend on the size of the inrngstween the accretion rates from analytical estimates and his
boundary, the number of grid points and the method of calawimerical calculations was found. Shima etial. (1985) and Koide
lation. For a smaller size of the inner boundary, finer grids ard al. (1991) calculated the same problem using a finer mesh,
more accurate numerical schemes, the amplitudes of the osgimodern algorithm and a supercomputer, and found accretion
lation become larger. rates about a factor two larger than those obtained by Bondi.

If the flow at large distances is not uniform, angular momen-
Key words: accretion, accretion disks — hydrodynamics — inum can be transferred to the compact object causing spin up or
stabilities — shock waves — methods: laboratory — stars: pulsajisin down. Ho et al[{1989) considered this problem based on
general non-axisymmetric simulations. Two-dimensional (planar) nu-
merical computations of an inhomogeneous flow were carried
out and non-steady 'flip-flop’ motions were found by several
1. Introduction authors (Matsuda et al. 1987, Taam & Fryxell 1988, Fryxell &

] ) o o ] Taan 1988)

Wind-fed accretion by a compact gravitating object is an impor- Furthermore it was found that non-steady motion occurs

tant astrophysical phenomenon, which arises in many situatigi, in a homogeneous medium (Matsuda et al. 1991). Livio
mclud_mg massive X-ray binaries. i ) et al. (1991) suggested a possible cause of the instability. Bof-
Wind accretion has been studied extensively both analyg ¢ Anzer (1994) calculated two—dimensional wind accretion
callyand nu.mencally.' Hoyle & Lyttlgton (1939) were thef'rSt,t%sing a smoothed particle method (SPH) and confirmed the un-
study an axisymmetric wind accretion onto a gravitating objegfa 5 giness. Benensohn et Al (1997) calculated uniform wind

immersed in a uniform flow. Assuming that the fluid partiC|e§ccretion of an adiabatic gas with polytropic index % and
collide at the axis and lose their tangential momentum, thS}St ‘flip-flop’ nonsteady motions 3

obtained a mass accretion rate of, Three—dimensional simulations of wind accretion were per-
M = WpoovooRg (1) formed and compared with two-dimensional cases by Sawada

etal. [1989) and Matsuda et al. (1991, 1992). The three—dimen-
sional calculations performed by Ishii et al. (1993), Ruffert

where the accretion radiug,, is given by

R 2GM 5 (1994a/ 1994, 1995, 1996) and Ruffert & Arnétt (1994) have
oy ) sufficient spatial resolution to lead to non-steady oscillatory

andp.., Viu, G, M are the density, velocity of the gas at infinit flows. Generally these oscillations have lower amplitudes than

\ ) . .
upstream, the gravitational constant and the mass of the objttahc?, cprrespondmg tvyo dimensional ﬂOWS'. . .
Since the real size of any astrophysical object is usually

Send offprint requests tt). Anzer many orders of magnitude smaller than the accretion radius, it
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seems impossible to calculate the flow all the way to the surfaeéherep, u, v, p represent density, velocity in x-y direction and
Thus the inner boundary of the computations is much larger thamessurelr andds are the differential volume and surface ele-
the real object. This is an artifact of the simulations. ments and,,, y,,) is the outward normal of the surface element.

But one finds that most of these calculations show nofhe pressure for an isothermal gas is defined by.
steady behaviour of various degrees. The flows for whidﬂ;\

. L . _ 2 (8)

close to unity tend to exhibit the largest fluctuations. pc,

In this present investigation we want to focus on the spe

cial case of isothermal flows. Wind accretion withclose to The two momentum equations can be also written in terms
unity has been studied by Matsuda efal (1991), Boffin & Anzer q .
fthe angular momentum and of the momentum in the local

(1994), and Ruffert (1996). As far as the instability of such rows

adial direction, leading to
with  close to unity is concerned the situation is at present falrly
unclear: Boffin & Anzer found in the D calculations that low o
values ofy lead to more violent flows when compared to flowg &(W“ — xpv)dr
with higher values ofy; whereas Ruffert obtained for his 3D
flows with low v systematically smaller amplitudes #f and + 7{ [y(mu + pxy) — z(mv + py,)] ds = 0, 9)
J. In the 2 D calculations of Matsuda et all showed smaller 0%
fluctuations and’ larger fluctuations as compared to the corre-
sponding quantities for larger valuessafPhysically they can 8

l?[ [p(uX, +vY,)] dr

Wherec is the constant sound speed.

be thought of as approximations to configuration of low optic
depth and efficient radiative losses resulting in a temperaturé

distribution which is almost uniform. f (mu + pz,) + Y (mo + py,)] ds
In principle it would be desirable to include an energy oQ
equation which describes all gain and loss mechanisms of the / { X, PGMIC _y, pGMy dr (10)
flow. But this approach would complicate our calculations enor- Q r3 ’
mously. Therefore we shall use the approximation of isothermal-
ity. X, =2y =2 (12)
The objective of this study is to calculate the wind accre- r r’
tion flows of an isothermal gas at various Mach numbgrs, These momentum equations are used in the angular momen-

and to study the unsteadiness of the accretion column andtifa@ conserving (AMC) scheme which will be described later.
appearance of accretion disks around compact objects using a
fine mesh and high resolution scheme. . .
Here we present the results for two dimensional wind a%lz' Initial and boundary conditions
cretion of an isothermal gas by a new high resolution numerigaltially the whole computational field is filled with a uniform

scheme with fine numerical meshes. gas. The outer boundary condition is given by the analytic solu-
tion of Bisnovatyi-Kogan et al[{I979). An absorbing boundary
2. Governing equations and numerical procedure condition, in which the density is very low and the flow velocity

] ) is zero, is used at the inner boundary.
2.1. Governing equations

The governing equations are the hydrodynamic equations08 computational mesh

an isothermal gas with gravity. The selfgravity of the gas is _ . o o .

neglected. These equations are written in integral form as, Atwo dimensional cylindrical gridis used for our computations.
The mesh is divided uniformly in angular zones and is divided

aﬂd + Fds = / Gdr, (3) nonuniformly in radius. The mesh size in the radial direction
) Ot 0 (AR) changes exponentially such @sR; = AR o'~ 1.
p The radius of the absorbing inner boundaRy,,) is 0.01
Q=|pul, 4) R, andthat of the outer boundark{,..) is 10R,. The standard
grid is made of 200 mesh points in the angular direction and

- 140 mesh points in the radial direction. For the fine grid, these
1 0 numbers are 400 and 250, respectively. The finest mesh size in
F=m®+pN,®=|u]| , N=|z, |, (5) theradial directionf R;) is 0.001R, in both the standard and
v Un the fine grid (see Tablé 1).
Under astrophysical conditions, the inner boundary is usu-
m=p®-N ©) ally located at the magnetopause of the compact accreting ob-
0 ject. Thisradius isin general much smaller than the inner bound-
G = *"Cfn# T =22+ 12, (7) ary of our computational domain. But even if the two values

_pGMy are comparable one has to realize that the numerical boundary
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Fig. 1. Density contour for the AMO4M@O5 case, attimes T=22.1, 22.3, 22.5, 22.7 and 22.9. The scale is logarithmic from 0 to 3, in steps 0f 0.3.

Table 1. Computational grids used in the simulations

Angular Mesh| Radial Mesh| Rumax/Ra | Rmin/Ra | AR1/Ra e}
Standard grid 200 140 10 0.01 0.001 1.04533
Fine grid 400 250 10 0.01 0.001 1.02200

conditions do not describe the physical situation at the maggration. This scheme is accurate to second order in both space
netopause which will be much more complex. The absorbiagd time.
boundary condition at the inner radius is more or less an ar-
tiicial cor)struct?on. _In order to study the influenqe Bfin, 2.5. Simplified flux splitting (SFS) for isothermal gas
computations with different values &f,,;, were carried out.
The finite volume method for solving the hydrodynamic equa-
- tions takes the approximation of the flux normal to the interface
2.4. Finite volume method which are denoted by EqsL{ 5))( 6) ard ( 8).
By applying the hydrodynamic equations in integral form to a The numer'|cal fluxinthe MUSCL schemg is computed from
rectangular volume constructed by mesh lines, a finite voluri{t® values defined on both sides of the cell interface by,
formulation is obtained. In order to obtain high spatial resoly-
tion, a MUSCL type approach and van Albada’s flux Iimitel# = F(@,Q-) (12)
are used. The numerical fluxes which are used by the MUSGlhere+ denote the values on the leff( and right(-) side, and
scheme are described in Sect. 2.5. mis the mass flux. This flux is computed by solving the Riemann
Hydrodynamic and gravitational terms are integrated simuihitial value problem using the left and right side physical values.
taneously. A two-step Runge-Kutta method is used for time iltis in principle possible to solve this problem exactly, but this
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Fig. 2. Density contour for the AM04MO5 case, at times T=22., 22.2, 22.4, 22.6 and 22.8. The scale is logarithmic from 0 to 3, in steps of 0.6,
and we have zoomed close to the star. The arrows visualize the velocity field

would require a very large amount of computer time. Therefotlee momentum transfer especially in accretion disks. Thus these
approximate but very fast algorithms have been developed. existing schemes are not good enough for the supersonic accre-
The way in which these are calculated is vital for thtion flow. Wada & Liou [(1994) discussed these problems in the
MUSCL type scheme, since it influences the computer timegntext of to aerospace applications. Note that we consider only
robustness and accuracy. Both the robustness for strong shdiskontinuities in one-dimension or those aligned to grid lines in
waves and the accuracy for slip surfaces are necessary for thigtidimensional flows. In general, discontinuities do not align
study, because of the high mach number near the object andtthgrid lines and all schemes including exact Riemann solver can
strong shearing in the accretion column and the disk. not capture them exactly. Nevertheless it has been recognized
Many algorithms for the numerical flux have been develhat those characteristics strongly affect the accuracy.
oped. Approximate Riemann values of the fluxes were obtained Recently Liou & Steffen[(1993) developed an Advection
by the Roe[(1981) and (Chakravarthy & Osher 1982). Althoudl#pstream Splitting Method (AUSM). Althogh the AUSM ex-
they are exact for shocks or rarefactions of moderate strendthpits small overshoots at shocks, it is as simple and robust
they give unphysical results for strong rarefactions or shocks flux vector splitting schemes and as accurate as the exact
respectively. Thus they are not robust enough for hypersosiver for contact discontinuities. Inspired by this work, a fam-
computations like this study where very strong shocks and rdy- of AUSM type schemes have been developed (Jounouchi
efactions are produced by the high speed flow acceleratedeyl.[1993, Wada & Liou 1994, Shima & Jounouchi 1997). It
gravity. Flux vector splitting schemes (Steger & Warniing 198bas been shown that these AUSM type schemes are sufficiently
van Leeri’1982, Enel & Schwan& 1989 ) are simple and morgimple robust and accurate.
robust, and it has been shown that they have enough accuracy fordJounouchi et al[ {1993, see also Shima & Jounouchil1997)
the shock tube problem or flows around airfoils. However theeveloped a new AUSM type numerical flux scheme named
are not accurate for contact discontinuities such as slip surfacgisplified Flux Splitting (SFS). They reduced the overshoot at
since they have excess numerical shear stress which influentbeshock wave. Originally the SFS was developed for adiabatic



E. Shima et al.: 2D wind accretion 315

gas, but it has been modified for an isothermal gas in this study. R=0.005 Rmin=0.005
The SFS scheme for anisothermal gas can be written as followss {s %
& g
m+ |m m—|m N Z |
Fops=""Mg M=y 5N, 13) 2% 2
2 W 1=
. , .15 | &
wherej is an average value of the pressure defined by tke ;j) .
following relations: ﬁ 12
=5 1< .
P = Pyp+ + B-p—, (14) 07 2 24 26 28 20 22 24 2% 8
TIME TIME
1 - .
Bt = 1(2 F My)(My +1)?, (15) Fig. 3. Time history of the mass accretion rate (left) and angular mo-

mentum accretion rate (right) for the AMO4ID5 case at times corre-
sponding to Figil2, AMC scheme

My = min(1l, max(0, M1)), (16)

and 2.7. Accurate local time stepping

My = Vo . (17) The solutions of wind accretion are nonsteady in most cases.
C

Therefore, the numerical scheme has to be accurate in time to
The mass fluxn is given by the flux vector splitting methodcapture the motion correctly. Two-step Runge-Kutta time step-

as follows: ping with a small Courant number (less than 0.2) was used for
this purpose. Near the object, the flow has very high velocity
m=my+m_, (18) and afine mesh is required there for spatial resolution, thus, the
size of the time step is very restricted by the Courant condition
{ me = £0.25 pre(My +£1)* for|Mx| <1 (19) and verylong computing times are required to reach physically
my = 0.5 pr(Vor £(Vor|) for|My|> 1. meaningful solutions, when the usual uniform step is taken.

In order to avoid this problem, time accurate local time step-
Note that the usage of the flux vector splitting does not degra&ﬁg was used in this investigation. First a global time step is
the accuracy of a contact discontinuity for isothermal gas, Bgsfined, then the time step at each cell is divided into two if
cause at the slip surface the SFS scheme gives zero flux norfRglcourant number is larger than our limit. This procedure is

to the surface. repeated until Courant condition is satisfied in all cells. The in-
ner iteration is carried out in one global iteration when the local
2.6. Angular momentum conserving scheme time step is smaller than the global time step The conservation

o laws are fulfilled by summing up the fractional fluxes correctly.
Finite volume methods are usually based on the conservatjQBpeed up by about a factor 20 was obtained by this procedure.
laws of mass, linear momentum and total energy. Conservatighwever, over 100 hours of computer tinrem2 GFLOPS class

of energy is not used in the present computations because theggercomputer (Fujitsu VPP-300) were still needed for the fine
isisothermal. These conservation laws, of course, also imply th@sh case.

conservation of angular momentum for the exact solutions. The
conservation of linear momentum, however, is just an approxi- )
mation for the angular momentum in a discretized descriptio@‘r.‘g- Units

As the accuracy is at most second order in mesh size with 8f¥e opvious reference length is the accretion raditys The

finite volume method, it depends on the numerical mesh.  f,q velocity far upstreaml., is used as a reference velocity,
If the accreting matter in the accretion column does N} s the time unit is

collide with itself and if it keeps some angular momentum ,
it will follow a Keplerian orbit and cannot accrete. Thus th _ Ra (20)

formation of an accretion disk near the object directly reflects” Vo
the angular momentum of the accreting matter, and it theref
depends crucially on the accuracy of the conservation of ang
momentum.

The angular momentum conserving (AMC) scheme ba_sgylHL = 2 Voo Ra. 1)
on Egs.[[(P) and{10) shows less mesh dependency than the linear
momentum conserving (LMC) scheme as will be shown latethe angular momentum accretion rate is normalized by
The AMC scheme can easily be obtained from the LMC scheme.
In fact, the difference between the AMC and LMC computef,e; = poo Vo 2 R2. (22)
codes is only a few lines.

O[rﬁre mass accretion rate is normalized by the two-dimensional
L1—ﬁnyle & Lyttleton rate given by
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Table 2. Parameters and nondimensional values of each dddds the root mean square of fluctuations from the averaged \(aIU\é.of
AV E(M) andAV E(J) are the average of mass and momentum accretion rate respectivelJ\dSd./) is the root mean square gt

Case Scheme| Grid M | Rmin | Rmax | AVE(M) | M’ AVE(J) | RMS(J)
AF040.01 AMC | Fine 4.0] 0.01 10.0 0.967 1.331 | 0.008 0.219
AMO010.01 | AMC | Standard| 1.0 0.01 10.0 1.239 | 0.092 | 0.000 0.000
AMO014.01 | AMC | Standard| 1.4 | 0.01 10.0 0.971 1.623 | 0.005 0.272
AM020.01 | AMC | Standard| 2.0 0.01 10.0 0.944 | 1.961 | 0.000 0.308
AMO040.005 | AMC | Standard| 4.0 | 0.005 5.0 0.855 | 2.031 | 0.009 0.240
AMO040.01 | AMC | Standard| 4.0 0.01 10.0 0.838 1.176 | 0.017 0.206
AMO040.02 | AMC | Standard| 4.0 0.02 20.0 0.951 | 0.786 | -0.008 0.201
AM080.01 | AMC | Standard| 8.0 | 0.01 10.0 1.020 1.090 | 0.007 0.160
AM160.01 | AMC | Standard| 16.0 | 0.01 10.0 0.982 | 0.938 | 0.010 0.125
TF04001 LMC | Fine 4.0] 0.01 10.0 1.033 | 3.040 | 0.000 0.362
LM040.005 | LMC | Standard| 4.0 | 0.005 5.0 0.420 | 0.395 | 0.0377 0.058
LM040.01 LMC | Standard] 4.0 | 0.01 10.0 0.695 | 0.643 | 0.016 0.128
LM040.02 LMC | Standard| 4.0 | 0.02 20.0 0.817 | 0.683 | 0.011 0.183
LM040_05 LMC | Standard] 4.0 | 0.05 50.0 0.979 | 0.3355| 0.0177 0.197

3. Numerical results 40 Rmin=0.02 Rmin=0.01; Fine mesh

B
o

3.1. Calculated cases

w
L=

300
The cases which we have calculated are summarized in[abl 220:
Our main interest is in the thin accretion column of supersorjc

flows, thus Mach numbe¥1=4 was chosen as the standard cas§.1
The results obtained with the LMC scheme exhibited more megh |
dependency than those of the AMC scheme, therefore we shbwg,
mainly the AMC results

w
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o

3.2. Mesh dependency of the LMC and AMC schemes RMin=0,005 Rmin=0.01: Fine mesh

S

40

Table[2 summarizes how for both the LMC and AMC scheme
the mass accretion rat¢/, and the RMS value of the angularg 30:
momentum accretion rat&,) S(./) depend on the details of the 3
models. The mass accretion rate changes from 0.420 to 0.§1%|
when the size of the central hole increases from 0.8950
0.02R, inthe LMC calculations (case LM04005, LM04Q01, £
LM040.02). On the other hand, the mass accretion rates for t eo'
AMC cases are in the range 0.838 to 0.951.

For the LMC scheme, as the central hole becomes smaller, © 0w w0 0 e 150
mass and angular momentum accretion also become smaller
with the standard grid. When the central hole is large, a tempo-
rary accretion disk is formed and the averaged mass accreffidfh 4- Time history of the mass accretion rafe(=4.0; R.uin=0.02,
rate is close to the Hoyle & Lyttleton value. But for a small cen9%: -005 and .01 fine grid, AMC scheme
tral hole an almost permanent accretion disk is formed near the
hole which blocks further accretion. However in the fine grid
case this decrease of the mass accretion is not found and4he occyrrence of oscillations and formation of accretion
existence of the accretion disk is temporary. On the other hand disks
for the AMC scheme, accretion disks are always transient and
accretion rates are similar. The accretion column of the supersonic accretion flow is narrow

This fact indicates that the conservation of angular momeand large oscillations are found. In Hg. 1, the typical sequence
tum is very important for the accretion problem. Since the ref the swinging of the accretion column of case AM040005 is
sults based on the AMC scheme have less mesh dependesiogyn. The oscillating accretion column swings over 180 de-
they seem to be more reliable. Thus only the results from theees. This oscillation is similar to that shown in the computation
AMC scheme will be shown in the rest of this section. of Boffin and Anzer|(1994), but there is also an accretion disk
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Fig. 5. Time history of the angular momentum accretion réi¢=4.0;
Rmin=0.02, .01, .005 and .01 fine grid, AMC scheme

Fig. 6. Time history of the mass accretion rate (upper frames) and
angular momentum accretion rate (lower frame®)=4.0 Ruin =
0.01. The results from the standard grid (left) and from the fine grid
(right) are shown, LMC scheme

in our computation. The radius of the accretion disk is about 0.1

Ra. 3.4. History of mass accretion rate and angular momentum
Enlarged views are shown in Fid. 2. The formation and de- accretion

struction of the accretion disk is clearly seen in these figures. = | )
An anti-clockwise rotating accretion disk is formed at T:22T=he histories of mass accretion and angular momentum accre-

The accreting matter falls from the upper-left direction throu%ﬂm ofrepresentative cases from the AMC scheme are shown in
the accretion column, thus this matter has anti-clockwise dri9-4 and®. Those from the LMC scheme are shown in[Fig. 6.

gular momentum and it accelerates the disk. Then the column

is pushed backward by accreting matter from upstream. Wh@a.1. Effects ofR,,;, and mesh size

the column moves behind the object, the accreting matter has = ]

clockwise angular momentum (T=22.2). This matter collided'® histories of accretion rates fov(=4.0 from the AMC
with the disk and destroys the disk (T=22.4). Then a clockwiS§heme with different,,;i, and mesh size are shown in Figs. 4
rotating disk is formed (T=22.6 and following). As shown mamd[B. As seen in those figures, the fluctuations of the accretion

Fig.[3, mass and angular momentum is accreted when the didi¢ Pecome bigger with smallét;y. .
collapses. We can see from Table 2 and Fig. 4 that the mean values
The averaged mass accretion rate of this case is 0.855,?)f € mass accretion rate are qqite sim_ila}r for differgnt values
the instantaneous rate is over 10 times larger than the Hoylé’ Rmﬁ"' whereas.the pegk amphtudest Increase with de-
Lyttleton estimate. The averaged momentum accretion is aimgi2SiNgfmin- This then implies that the accretion bursts are
zero. However, a fair amount of instantaneous angular mom&Rrrespondingly shorter for smaller valuesif,,.. Although
tum accretion with altering direction is also found. This can i%; results for the fine grid (Figl & B) havefluctuations of
understood as follows: the symmetric accretion column can) her frequency and are more_chaouc,.thfay are generally sim-
have angular momentum, but the portions of an asymmetric 4g! t© those for the standard grld..'ll'he similarity is also clearly
cretion column can have angular momentum. When the positﬁ/%en in Tablel2. All values exceM are similar for dl_ffe_rent
angular momentum portion falls downward, a positive accretiohmi- The _seqL/Jences of the QSC'”atlonS are also §|m|lar. The
disk is formed. This accretion disk loses its angular momentffiierence in’ can be explained by the mechanism of the

and accretes onto the object, when it collides with the followi cretion d|s_k d%‘f't??t'?ﬂ' T; € orb||ts of thg anltl—clgck\g/se ro-
portion which has negative angular momentum. tating accretion disk in Figl2 are almost circular, but become

elliptical when the accreting matter which has clockwise angular
momentum interacts with matter of the anti-clockwise rotating
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Effect of Mach Number,Ri=0.01 Standard Mesh,AMC Scheme 3.4.2. Effects of the Mach number

35 | | | | | ‘ ‘
__. MassAccretion Rate If the Mach number of the uniform flow is 1, the flow is perfectly
3l , | steady, but for larger Mach number itis always non-steady. Note
@ A Fluctuation of Mass Accretion Rate that the case ofM=1.4 is also non-steady and shows small
= Y fluctuations from the beginning. However, non-steadiness with
> 250 _ : 1 large amplitudes occurs only after 40 time units. The Mach
g : e }AOX (Fluctuation of ) number dependence of the averaged mass accretion rate, the
B : nguler Momentum Accretion Rate) . . .
g ol . . : | fluctuation of the mass accretion rate and the fluctuation of the
£ VAN o angular momentum accretion rate are summarized in[Fig. 7.
g TR T These are the results from the AMC scheme with the standard
Z 150 0 B R 1 grid.
B ! . B As shown in FigL¥ the amplitude of the oscillations is largest
{’3 1L whenthe Mach numberis 2, and the fluctuations become smaller
Je as the Mach number becomes greater than 4. This is also shown
© in the history of the mass and angular momentum accretion of
05r 1 the Mach 8 case (case AMO&) in Fig.[8.
As the Mach number increases, the amplitudes of the accre-
0 i ‘ ‘ ‘ ‘ ‘ ‘ tion column oscillation become smaller. This behavior is clearly
0 2 4 6 8 10 12 14 16 shown in the time averaged density contours of Fig. 9. In the
Mach Number time averaged solution, the wiggles of the accretion column are

smeared out and the high density regions around the accreting
Fig. 7.Mach number dependency of characteristic values for the AMgbject are seen. The high density regions are concentrated in a
case with standard grid narrow cone in the high Mach number cases (see\t¥3 case
in Fig.[9). It is interesting that the transient accretion disks are

Rmin=0.01 Rmin=0.01 . . . . .
also seen as high density regions in the averaged solutions and

Y
o

E 30’ z | that averaged accretion columns look like bow shocks.
2% E
r ]
S s
| Sy 4. Summary and discussion
Q x | 1
S 10 ; 2l | Two dimensional planar wind accretion flows of a supersonic
5@ f 9 | | isothermal gas were analyzed numerically. The computational
= 0 < -4 1 efficiency was improved as compared to earlier calculations by
0 50 100 150 0 50 100 150 Using an accurate local time stepping and a new type of upwind
TIME TIME scheme.
Fig. 8. Time history of the mass accretion rate (left) and of the angular Comparing our new results with earlier calculations one re-
momentum accretion rate (right}4=8.0 Rmin—0.01 alises that 2D flows with close to unity have so far not been

studied very systematically. Matsuda et al. (1992) presented one

disk (T=22 2 in Fi Th is tak ; h case withy = 1.05 and one withy = 1.005. Their resolution
isk (T=22.2 in FigLP). The matter is taken away from t € COMYar the central object was much coarser than our resolution.

putational space when its elliptic orbit touches the central ho ey had also obtained flip-flop configurations, but the instabil-
Thu_s, the bigger central hole absorbs the matter over a Ionﬂﬁl’took much longer to develop. Their amplitudes were smaller
perlod_than the smaller hole. Therefore the fluctuation of MaAd the widths of the accretion columns considerably larger.
accreﬂohn becr:]omﬁs Igrgher for a smr?ller h%le. giff Boffin and Anzer (1994) also calculated one model wita 1.1

On the other hand, the LMC scheme showsadi e&'ml which has a narrow oscillating accretion column, but again a low
dependence. For the standard grid, the mass accretion rateali’r‘?ﬁlitude 3D flows withy — 1.01 have been systematically
comes smaller aB.,;, decreases, as can be seen from the avef, jied py Ruffert ( 1996). In these flows the accretion regions

age values o/ which are given in Table 2. Because an almoglg 5yays much wider and do not show the systematic oscil-
permanent accretion disk is formed it blocks further accretiofying of entire accretion region, although the accretion itself
But this permanent accretion disk is not found for the fine gri non-steady. These differences between 3D and 2D flows are
In this case the accretion rates show large fluctuations. The cq[}sa general and independent of the value of

servation of angular momentum is only achieved to second orderWe also have developed a numerical scheme which exactly
accuraey in the LMC scheme. Thus, we believe that the st%ra-

dard arid i e h for the LMC sch ¢ ture t nserves angular momentum (AMC scheme) and compared its
ard gnd s not ine enough for the scheme fo capture B%rformance to the earlier linear momentum conserving (LMC)
accretion disk formation.

scheme. We found that the results obtained with our LMC
scheme depend very strongly on the resolution of the grid used,
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Fig. 9. Time averaged density contour. Rmin=0.0#=2,4 and 8. The contours are logarithmically spaced between 0 and 3, in steps of 0.3

whereas the AMC scheme gives almost no difference for t{E994a) for 3d models were by a factsr10 too low in order

two types of resolution considered here. Therefore we feel thiatexplain the pulse period variations observed in the source
the AMC calculations are much more reliable and all the resulsla X-1. However our new calculations give variations.of
presented in the previous section are based on this scheme.Whieh are substantially larger than those found by Ruffert. We
factthat our AMC and LMC results differ by large amounts sudrave obtained typical values of RI\/(S) of the order of 0.2 in
gests to us that many of the earlier calculations which basicatiyr dimensionless units (see Table 2). This result can also be
conserve linear momentum should be taken with caution. THismulated as:

will be particularly important for the temporal behavior of the

accretion of angular momentush(t). RMS(J) = 0.2 poo v3, RS

Our calculations of supersonic flows show that in all cases = 0.1 My veo Ra
the accretion of both mass and angular momentum is very er- ~ 0.1vs Ry
ratic. These large fluctuations can be seen in the hight values of . . )
the RMS variations of7 and.f. But their presence is even moresince M is typically of the order unity. On the other hand
obvious when one considers the time history curvesie) Ruffert (1996) gives RMS(j)=0.04c R, for 7 = 1.01 and
and.j(t). From these curves one finds that the amplitudeiof RMS() = 0.03 R, for 7 = 5/3. Taking into account that
can reach up to 40 and have sharp peaks typically betweenRIS(/)=RMS (Mj) and M ~ 1 we have RMS () = (0.01-
and 20. The maximum peaks [of| are around 4 and the typical0.03) .. Therefore our values for the fluctuations are a factor
values lie between 1 and 2. Such a spiky behaviour had also b@¢n 10 larger than those of Ruffert’s 3D calculations. Therefore
obtained in earlier 2D computations, but their amplitudes wed@ the basis of our calculations one might conclude that the ob-
much smaller. This behavior can be explained by the formatiegrved period fluctuations could in principle, be caused by ran-
of Keplerian disks near the inner boundary. If the specific angdem fluctuations of/. But the amplitudes are only marginally
lar momentum of the infalling material is larger than that of thierge enough and any slight reduction of the efficency would
Kepler orbit at the innermost radius then this material cannatle out this interpretation. There is in particular the aspect that
accrete. our calculations are two—dimensional whereas the real flows are
If such high angular momentum material is flowing in |onéhree—dimensional and the difference in amplitudes between 2D

enough, a disk will form which blocks further accretion ver§md 3D floyvs qoulq be sufficiently large to.make the descri.bed
efficiently. Material with very low angular momentum or witHnterpretation invalid. To really answer this question requires

opposite rotation falling in during a subsequent phase intera_p:{g 3D computations, taking angular momentum conservation
with the disk and can destroy it. This will lead to a burst df'to account.

the accreted mass and angular momentum. After such a bur§<
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For the modeling of X-ray binaries fed by wind accretion the
fluctuations of/ are of major importance. They can be broug
into relation with the observed spin-up and spin-down of the
X-ray pulsars; see Anzer &@ner (1995). In their investigation Anzer, U., Brner, G., 1995, A&A, 299, 62
they showed that the random fluctuations calculated by Ruff@gnensohn, J.S., Lamb, D.Q., Taam, R.E., 1997, ApJ, 478, 123
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