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CHAPTERR IV

BONDI-HOYLEE ACCRETION FLOW

IV.1)) A numerical study of cylindrically symmetric accretion flow

IV.2)) On the accretion of angular momentum from an inhomogeneous
medium m

IV.3)) On the accretion of angular momentum from an inhomogeneous
mediumm II : Isothermal flow

IV.4)) On the accretion of angular momentum from an inhomogeneous
mediumm III : General case and observational consequences

AA NUMERICAL STUDY OF CYLINDRICALLY SYMMETRIC ACCRETION FLOW

Abstract t
Wee present model calculations of cylindrically symmetric accretion flow
too a gravitational point source. The flow is calculated using a form of
thee particle-in-cell
statee

method. We consider

(y=1.0 and y=5/3),

and

two polytropic

one in which

equations of

the effects of

radiation

pressuree are taken into account. In the latter case radiation transport
iss included in the diffusion approximation. We confirm

the result of

previouss studies that the mass accretion rate is well approximated by
thee classical Hoyle-Lyttleton estimate. The kinetic energy dissipation
ratee is found to be several times larger than the classical estimate,
thee exact value depending on the equation of state and the Mach number
off the flow. It is stressed that although the mass accretion rate is
necessarilyy

limited

to

the

Eddington

rate,

the

kinetic

energy

dissipationn rate is not limited in this way as long as the surroundings
off the accreting object are optically thick.

I.. Introduction.
Thee gravitational capture of matter by a body moving relative to its
surroundingss is a proces which occurs in several astrophysical problems.
Thee first attempts at solving this problem (Hoyle and Lyttleton 1939,
Bondii and Hoyle 1944) were instigated by a study of accretion from an
intergalacticc medium by galaxies and the possibility of stars gaining a
non-negligiblee amount of mass from the interstellar medium during their
lifetimes.. A more recent application

is the capture of matter from a

stellarr wind by a compact star, which Is thought to occur in some X-ray
binaries.. Our own interest

in the problem derives from the study of

commonn envelope evolution of binaries, during which a compact or dwarf
starr is moving through the envelope of a giant companion.
Inn the general problem matter is flowing from infinity towards a
gravitationall point source. Far away from the object forces caused by
pressuree

gradients

and

viscosity

will be

small

and

the matter

will

followw a free Keplerian orbit. Behind the object there will be a line,
thee so-called
differentt

"accretion-line", where the orbits of matter coming from

sides

of

the

object

followss a free orbit leads
obviouslyy

intersect.

to an

Assuming

infinite' density

that
on

the

matter

this line, so

that approximation breaks down here. On the accretion line

pressuree and viscous forces will become important and, because of the
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cylindricall symmetry of the problem, will cause a complete cancellation
off momentum transverse to the accretion line. Assuming that the only
interactionn with other matter takes place when the accretion line is
crossed,, Hoyle and Lyttleton (1939) were able to give a first estimate
off the rate at which matter is accreted :

\L\L ' nRLp-V«

<!>

wheree p^, and v^ are the density and velocity of the gas at infinity and
R

HLL * s

tne

accreti

° n radius, defined by

2GM M
v v
00 0

withh G the gravitational constant and M the mass of the gravitational
pointt source. This result can be derived by assuming that all matter
whichh does not have sufficient kinetic energy left to escape from the
gravitationall field after the cancellation of transverse momentum at the
accretionn line is accreted. When using the simple picture of a very thin
accretionn line it should always be kept in mind that Cowie(1977) showed
thatt this assumption leads to an instability in the accretion flow that
precludess any time-independent solutions for the accretion rate.
Itt was shown by Bondi (1951) that
(i.e. ^ = 0

accretionn

) the accretion

in the case of stationary

rate can be estimated by an

expressionn similar to equation 1, with v^ replaced by c o , the sound
speedd at infinity.

Since

in the accretion line picture, where the

pressuree forces are neglected ( ^ « v ^ ) , the accretion rate is given by
eq.. 1, and in the stationary case (vOB«c00) by the same expression with
v^^ replaced by cffl it was proposed (Bondi and Hoyle 1944) that in the
intermediatee case the accretion radius would be given by
2GM M
R

AA

=

<3>

~2~1
vv +c
ooo

<n

Too get beyond the many simplifications used to derive the results above
andd to obtain more details of the actual flow pattern it seems necessary
too perform detailed numerical simulations of the problem. This was first
donee by Hunt (1971) who gave a full 2-dimensional treatment of the gas
floww

around

a gravitating

object

of very

small geometrical

radius

( R « R A ) .. These calculations were done using an adiabatic equation of
statee for an ideal gas. In the case that v„ < c /0,.u„„„*/,% 4„
*
.
°° N coo (subsonic) it was found
°°
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thatt

the

flow

closely

resembles

that

of

the

case v =0. When

v >c

ooo

(supersonic))

the

matter

colliding

on

the

accretion

00

line behind

CO

the

compactt object will shock, and this shock moves out to the sides to form
aa bow shock. For subsonic flow the accretion rate was approximately that
givenn

by

the

Bondi-rate

(eq.

3 ) , and

for

large

Mach

numbers

the

accretionn rate tends to the Hoyle-Lyttleton value (eq. 1 ) . In a later
paperr

(Hunt

polytropicc

1979) these calculations were
equation

of

state

repeated

y=4/3.

with

Other

for a gas with a
model

calculations

coveringg more or less the same topic are those by Livio,Shara and Shaviv
(1979)) and
calculationss

Shima

et

al

(1985). Also

of Da Costa and Fryxell

related

to

(1981) who

this work

are

considered

the

the flow

aroundd a star in a moving medium in the case that its geometrical radius
iss much larger than the gravitational accretion radius, in which case
gravityy

has

only

a

minor

influence

on

the flow. A

study

of

the 3-

dimensionall aspects of accretion flow was recently started by Livio et
al.. (1986), using a simplified version of the method used in this paper.
Thesee 3-dimensional aspects become important when the upstream boundary
conditionss are

not

constant

in space, which destroys the cylindrical

symmetry.. An example of this is the presence of a density gradient in
thee undisturbed gas.
II.. The numerical method.

Thee way in which we simulate the gas flow is based on the particle in
celll method (PIC) (see e.g. Potter 1973 , Hensler 1982a,b). The gas is
representedd by a large number of particles, which move according to an
equationn of motion in which the effects of gravity, pressure forces and
viscosityy are present. The pressure and viscous forces are calculated
fromm

the

particle

distribution

on a

2-dimensional

grid

of

cells

in

space,, and are then interpolated to the particle positions.
Too

describe

the

method

in

more

detail

we

shall

use

the

following

notationall convention : particle properties like mass, thermal energy,
velocity,, momentum, position are given the index n (m , e , v , p , x_)
too

indicate

the

particle

to which

they

refer. Grid

properties

like

density,density, thermal energy, pressure, velocity and temperature are given
thee

double

index

i,j

(p^ j>

^

<i

P

i i» ^i i»

T

i P

t0

denote

tne

gridcelll to which they refer (one for each dimension). We employ a 2dimensionall

grid

of

cylindrical

coordinates

(x,r) where

r

is

coordinatee perpendicular to vffl and x is parallel to it. The flow is
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Fig.. 1. A schematic illustration of the way the particle
propertiess
are
distributed
over
the grid
cells. For
explanationn see text.

assumedd

to

azicnuthall

be

rotationally

velocity

symmetric

(perpendicular

around

the

x-axis,

and

to both x and r) is assumed

the

to be

zero. .
Too calculate

the grid properties density, thermal energy density

andd momentum density from the particle properties we use a standard PIC
method,, slightly modified because of the non-cartesian coordinates. We
shalll

only

describe

the

calculation

of mass

density;

the

others are

calculatedd in the same way. The mass of a particle is distributed over
thee

four cells closest

to the particle

position. In standard

PIC the

weightss for this distribution are taken to be proportional to the area
off

overlap between a

particlee

position and

square

the size of a gridcell

the fixed gridcells

centered

on the

(see fig. 1 ) . We take the

weightss to be proportional to the volume of the tori around the x-axis
whosee cross-section with the x,r plane is given by the areas indicated
inn fig 1. If we define
xx -x.

6 + r +r .

rr -r.

hh - " V ^

° -1 )

2r
'
n n
wheree 6 is the grid cell size then the weights are given by
nn

6

*•
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"12-- (l"«n) h n
w 2 1 == g n (l~h n )
w

C5)

2 2 "" «n h n

Afterr the mass of the particles Is distributed over the cells using the
abovee weights, the density p., . is calculated by dividing the total mass
•*•»J J

inn a cell m, - by its volume V. ., which is again a torus around the xaxis.. In the same way we obtain the momentum p^

and thermal energy

e** .,• These grid properties are subsequently used to calculate the rate
off change of the particle velocity and thermal energy.
Thee

velocity

gravitationall

of a

particle

(or gas element)

can change

due to

forces, pressure forces and viscous forces. To simulate

thee viscous forces we first calculate the average velocity in each cell

Thee

next

is to give

step

the particles

a new velocity

which is

interpolatedd from the grid values using the same weight factors as were
usedd

for calculating

the averages.

For example,

the particle

illustratedd in fig 1 gets the velocity

VV

W

llVl,j

+ W

12Vl,j+l

+ W

2^I,j

+ w

( 7 )

22*i,j+1

Inn this way momentum is exactly conserved. Test calculations which were
to estimate

madee

the diffusion

of momentum

associated

with

this

between grid and particle velocities showed that it is
2 2
equivalentt to a viscous force with kinematic viscosity v - 0.16 6 /At ,

alternationn

withh 6 the size of a grid cell and At the timestep.
Thee

pressure

is calculated

on the grid

from the density and thermal

energyy density , using a choice of equations of state. In the case of an
isothermall gas the pressure is proportional to the density, and in an
ideall gas with y = 5/3 the pressure is two-thirds of the thermal energy
density.. For the more complicated case of a mixture of an ideal gas and
radiationn

in thermal

calculatee

the temperature

energyy

density.

accelerationn

Once

equilibrium

an iterative

and pressure

the pressure

from

procedure

in all' grid

that a gas element in the center

undergoo is calculated, according to
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is used to

the density and thermal
cells

is known the

of a grid cell would

:

Ï.JJ - - p t .

(vp,

(8)

i,J

Thesee accelerations are then interpolated from the grid to the particle
positionss to yield

a

, the time rate of change of the velocity due to

pressuree forces.
Sincee we neglect the self-gravity of the gas ( the total mass of gas in
ourr grid is always less than 10~

times the mass of the moving object)

thee gravitational acceleration of a particle is simply
GM(xx -x

)

n

a

nn

=

co

<9>

" ,+ + ,3
xx -x
I nn col

wheree G is the gravitational constant, M the mass of the gravitational
sourcee and x C Q its position.
Thee velocity of a particle at time t+At can now be expressed as
v n (t+At)) - v n + ( P

+ P

) At

(10)

Thee thermal energy of a particle can change due to three causes : i) the
dissipationn of kinetic energy by the velocity averaging procedure, ii)
pressuree work, and

in the models

that

take radiation effects

into

accountt by iii) radiation diffusion. In contrast to the evolution of
velocity,, which is directly applied to the particle properties, it is
moree convenient in this case to calculate the time rate of change of the
thermall energy in a grid cell, and redistribute the new thermal energy
overr the particles. The time rate of change of the total thermal energy
e^^ • in a gridcell due to viscous interactions is calculated by taking
thee difference in kinetic energy of each particle before and after the
velocityy averaging procedure and distributing this over the gridcells
usingg the weights » 1 1 , w 1 2

etc

-

:

(AE.,, ) = \ m f jv I 2 - jv I 2 )
kinn n
2 n ^ I nl
I nl '
Ae,, . = E E w
i,jj
n

(AE, , )
kin n

(11)
K

J

(12)
^"'

wheree the sum goes over all particles contributing to cell (i,j).
Too find the change in thermal energy due to pressure work we first
calculatee the change in thermal energy per gram
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p

Ae tt , -

ii i

- 2 ^ Ap

(13)

Thee change in density is found by taking the difference between the old
andd the new density

Ap=p

- p

• The change in total thermal energy

inn a cell due to pressure work then follows by multiplying with the
totall mass in a cell

Ae

i , jj

=

"i.J

A£

(14)

i,j

Thee third way in which e, . can change is by radiation diffusion. This
cann be described by the equation

vv

- ^dtH -- V.( 3^V(aT4) )

(15)

inn which V* .= is again the volume

of cell

(i,j), c the velocity of

light,, K the opacity (electron scattering) and a the radiation constant.
Thiss equation can be solved directly on the grid. A complication is that
whenn radiation diffusion is important the time step required for stable
integrationn of eq. (15) is smaller than the timestep required in the
dynamicall

part

of

the

calculations. We

therefore

integrate

eq.

(15)

separatelyy within each dynamical timestep, keeping the density constant.
Equationss (12), (14) and (15) yield the non-advective part of the change
inn

thermal

energy

of

a

gridcell

in a

timestep.

The

new

energy

is

distributedd over the particles in the normal way.
Justt

as

the velocity

momentummomentum

averaging

(viscosity),

so

the

procedure

causes a diffusion of

alternation

between

grid

and

particle

thermall energy causes a diffusion of energy with a diffusion coefficient
2 2
0.166 6 /At , which in case of high densities or low temperatures can
becomee

larger

than

diffusionn coefficient

the

energy

c/pic

diffusion

by

radiation, which

has

a

(eq.15).

Givenn an initial distribution and a set of boundary conditions on
thee grid the method above can describe the time evolution of a system of
particles. .

III.. Boundary conditions.

AA complication of a (semi) Lagrangian method like PIC in the case of
accretionn flow calculations is that we can not consider a fixed amount
off mass. Matter is continuously entering the grid fixed to the compact

69 9

objectt from the upstream side and leaving it either on the downstream
sidee or by being captured. Hence in every timestep new particles must be
createdd

to represent

the matter entering, while particles which have

leftt the grid need no longer be considered. Since it is most convenient
too use a fixed number of particles this is handled as follows. After the
particlee

positions

are

particless are outside
assumedd

advanced

one

timestep

it

is

checked

which

the grid or have been accreted. (A particle is

to be accreted when it has entered one of the two gridcells

adjacentt

to the gravitational

source, which is considered

to be very

compact.)) These particles are subsequently injected at the upstream edge
off the grid, representing the matter which must have entered the grid in
thee last timestep. The position, velocity and mass of the particles is
chosenn in such a way that they represent matter which has come from a
homogeneouss density distribution far upstream (x=-«) and has moved from
theree in a free Keplerian orbit. Because of the gravitational focusing
particless enter the grid at bothh x = x m i n and r=r
gridd edge r=r

. Because of this the

is handled as an upstream boundary, and we have to take

caree that the bow shock of the compact object does not pass through it.
Thee boundary conditions on the axis (r=0) are imposed by the condition
off

cylindrical

derivativess

in

symmetry,
the

i.e.

r-direction

the

radial

are

zero.

velocity

is

Pressure

zero

and

gradients

the
(and

temperaturee gradients in the case that radiation diffusion is taken into
account)) on the sides of the grid are calculated by assuming an extra
gridcelll just outside the grid with a pressure (or temperature) equal to
thee adjacent

gridcell. The more exact method of extrapolation of the

outerr two gridcells can give rise to an instability when a shock crosses
thee boundary (Roache,1976).
Thee pressure in the cells next to the compact object is calculated by
takingg

the average of the two values one obtains by extrapolating the

pressuree
exactt

in the cells adjacent

choice

of

this

to it in the x- and r-direction. The

inner boundary

condition

hardly

influences

the

results,, as was verified with a test calculation in which the pressure
inn these cells was simply set to zero.
Wee use a grid of 64x64 cells, which extends upstream from the compact
objectt for one accretion radius (R H L ) and downstream for two accretion
radii.. All calculations were performed with 50,000 particles, giving an
averagee number of particles per cell of ~12. We start the calculations
withh the grid filled with particles with velocity v,,, and let the system
evolvee until a steady state is reached.

70 0

IV.. Results.
a)) Isothermal equation of state.
Wee calculated models using an Isothermal equation of state (P^pRT^) for
Machh numbers 1.5, 2.0,3.0 and 3.75 , where the Mach number is calculated
relativee to the isothermal sound speed c 0 = p^/p^* In fig 2a and b the
densityy and velocity distribution for the case M=1.5 is shown. Typical
forr an isothermal shock are the large density and velocity jumps across
it.. Since the information about the presence of an obstacle in the flow
cann never propagate upstream, the shock will always be attached to the
innerr boundary, however small this is taken. For every Mach number the
stagnationn point of the flow on the accretion axis behind the compact
objectt lies near Rj„.

b )) Adiabatic ideal gas.
Forr

this

case

models

of

Mach

number

1.5,

2.0,

3.0

and

3.75

were

constructed.. Density and velocity plots are shown in fig. 3 a and b for
thee case M=3. The general features of the flow pattern are similar to
thosee of Hunt(1971) and Shima et. al. (1985). There Is some difference
inn the location of the stagnation point in the flow on the accretion
axis,,

in

the sense

that

in our calculations

this point

is situated

furtherr away from the compact object. The deviation is largest for small
Machh numbers. A consequence is that the mass accretion rate we find is
alsoo larger (see V . ) . A possible cause for these differences might be
thee

rather

high

diffusivity

in our

method, which would

explain why

agreementt is better for the more supersonic cases.

c)) Mixture of gas and radiation
Inn this case the Mach number alone does not completely determine the
flow,, since the relative importance of radiation pressure increases with
—88
3
temperature.. We chose an upstream density p 0 of 10
g/cm
and a
temperaturee
B(
rr

T^

of

10

= PP
/(P
+P
,))
*•
gas
gas
rad '

K.

This

corresponds

to

a

value

for

in the undisturbed gas of 0.35. In the region

closee to the compact object the temperature will be higher and 8 will
decreasee even further, and the results should become comparable to those
off

other authors

for y=4/3. For a mixture of gas and

adiabaticc sound speed is given by
„„
--

f raT

+ p RT 1

p (4aT44p RT )
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radiation the

ii

2.0 0--

—ii

ii

1 —

:.

\;.\;.

-'

-in n

11

0.0 0

0.0 0

1.0 0

2.0 0

Fig.. 2a. The density distribution in the y=\.Q,
M=1.5 model. The mass
densityy is proportional to the density of points in the plot, the unit
off distance along the axis is R-,, . The maximum density is 42.9 p

Fig.. 2b. The velocity distribution in the central part of the grid,The e
maximumm velocity 3.0 v .
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T' '

11

11

2.0 0

.. ;.;:,., :;.:X\\;^',
1.0 0

0.0 0
11

11

..,_

_l

1.0 0

0.0 0

>>
20 0

Fig.. 3a. The density distribution in the y=5/3, M=3.0 model. The maximum
densityy is 25.8 p .

Fig.. 3b. The velocity distribution in the central part of the grid. The
maximumm velocity 2.3 v .
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0.00 -

Fig.. Aa. The density distribution in the model with a mixture of gas and
radiation,, M=3.0. The maximum density is 42.4 p m .

Fig.. 4b. The velocity distribution in the central part of the grid. The
maximumm velocity 3.0 v .
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andd

the Mach

number

is determined

relative

to this sound

speed. We

calculatedd models for Mach numbers 1.5 and 3.0, and for the latter case
densityy and velocity distribution plots are presented in figures 4 a and
b.. Generally the shock has a smaller opening angle than in case of an
ideall

gas

because

the

dissipated

kinetic

energy

can build

up

less

pressuree for an effective y less than 5/3.

V.. The accretion rate.

Inn fig. 5 the average mass accretion rate by the compact object is shown
ass a function of Mach number for the different equations of state, and
thee typical short-time variability of the accretion is indicated. The
valuess are reasonably consistent with the results of Shima et al, the
greatestt difference being the somewhat higher rates found for the y=5/3
case.. In the isothermal models the accretion rate remains more variable
inn time than in the y=5/3 models, which is probably a consequence of the
factt that the accretion line instability described by Cowie (1977) Is
lesss suppressed by pressure effects. Note that in our models in which
radiationn pressure dominates we do not find the substantial increase in
accretionn rate over the Hoyle-Lyttleton value that was reported by Hunt
the Y = 4 / 3

(1979)) for

case. This Is in agreement with the results of

Shimaa et al.
Ann interesting phenomenon is the rise of the accretion rate over
thee classical Hoyle-Lyttleton value for Mach numbers just larger than 1
inn the isothermal case (or near isothermal, y=l*l * n
ett

a l . ) . This

can

be

understood

by

a

slight

tne

work of Shima

modification

accretionn line model. In this model it is assumed

of

the

that all matter is

accretedd which does not have sufficient kinetic energy left to escape
fromm

the

gravitational

field

after

the

cancellation

of

transverse

momentumm on the accretion line. When gas pressure effects are taken into
accountt the cancellation of momentum and the associated kinetic energy
dissipationn
isothermall

take

place

the velocity

in

the

shock. When

jump across

the equation

of

state

is

the shock is very large, and the

kineticc energy associated with the velocity perpendicular to the shock
iss completely dissipated. Now for Mach numbers close to one, when the
openingg angle of the shock cone Is ~45°, matter coming from upstream in
ann almost free Keplerian orbit will pass the shock at a point which lies
deeperr

Inside

the

potential

well

than

the intersection

point

of

orbitt with the accretion line, and at which a larger component of the
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the

-||

r

Y=1 1

YY = 5/3

HH

1

radiative e

1.55

2.0

2.5
3.0
Machh nr.

3.5

4.0

F i g .. 5. The mass a c c r e t i o n r a t e as a function of Mach number
forr the d i f f e r e n t equations of s t a t e . The a c c r e t i o n r a t e i s
normalizedd to the Hoyle-Lyttleton r a t e (A„ T ). The t y p i c a l
s h o r t - t i m e s c a l ee v a r i a b i l i t y i s i n d i c a t d by trie b a r s .
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totall velocity is perpendicular to the shock. These two factors tend to
increasee

the mass accretion

rate. As

the Mach number

increases, the

openingg angle of the shock decreases, and the accretion rate approaches
thee Hoyle-Lyttleton value.

IV.. The kinetic energy dissipation rate

Interesteningg parameters of the accretion flow problem in the context of
commonn

envelope

evolution

of binaries

are

the

total

amount

and

the

distributionn of frictional energy liberated in the surrounding medium by
thee

passage

of

the

compact

object. A

first

estimate

of

the kinetic

energyy dissipation rate as derived from the Hoyle-Lyttletonn picture is

E Q - j u R ^ p v ff - 1.12 1 0 3 8 ( M / M Q ) 2 (Poo/10"8) (v^/lQ 7 ) - 1 erg/sec

(17)

Wee have made an estimate of the total amount of thermal energy wich is
depositedd

in

the

surrounding

determiningg

the

subtractingg

the thermal

accretedd

(see

total

table

medium

kinetic

(E )

energy

energy which

1 ) . We find

in

our

dissipation

calculations
rate

is carried by

(Edis),

by
and

the matter being

that the total amount of dissipated

kineticc energy is between 7 and 10 times the estimate in equation (17).
Inn the y = 5/3 case the larger part of this thermal energy disappears with
thee

accreted

matter,

and

approximately

surroundings.. In the radiative case both E..

model l

E

dis/E0 0

2E Q

is

and E

deposited

in

the

increase with Mach

VE0 0

M-l.5, ,
Y=5/3 3

7.61 1

2.07 7

M-2.0, ,
Y-5/3 3

7.30 0

2.18 8

M»3.0, Y-5/3
,
3

7.30 0

2.36 6

M=3.75 .Y-5/3
5
3

6.98 8

2.42 2

M=1.5, ,radiative e

7.54 4

1.36 6

M-2.0, ,radiative e

8.41 1

2.67 7

M-3.0, ,radiative e

9.07 7

4.12 2

M-3.75 ,radiative
5
e

9.17 7

4.90 0

Tablee 1. The total energy dissipation rate E d i and the rate E
att which thermal energy Is deposited in the surrounding medium,
ass a function of Mach number and equation of state. Both are
normalizedd to the first-order estimate in equation 17.
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number.. The large values of E

are

caused by the fact that the hot

regionss near the gravitating object lose energy to their surroundings by
radiation.. The reason that these numbers are generally larger than the
firstt order estimate above is probably that much more matter is shocked
thann is accreted, since the bow shock extends to distances further than
R

our

From

HL**

calculations

it

is

difficult

to

determine

the

final

distributionn of this energy, since we only consider the region within a
feww

RJJL

from

estimatee

the

from

distributionn

compact

the

with

object. We

width
a

of

width

can however make a

the

bow

shock,

~1

Rjrr

for

of

which

the

qualitative

would

higher

yield

Mach

a

numbers

increasingg to about 2 R„T for a Mach number of about 1.5.

VII..

Possible effects of an accretion luminosity

Ann assumption made in most models up to date is that all matter which
flowss

through

the

inner

boundary

near

the

accreting

object

simply

disappears,, together with the thermal and kinetic energy it carries. In
somee applications
Eddingtonn
regionn

close

stoppedd
pressuree
Thee

the accretion

accretion
to

rate can become much larger than the

rate at which the luminosity, originating

the

accreting

object

and accumulates, becomes
overcomes

effect

where

so great

the gravitational

the

inflowing

in the

matter

that the outward

is

radiation

attraction, and accretion stops.

this will have on the flow pattern depends on the optical

depthh of the surroundings. When these surroundings are optically thin
(R H J J P < D K:«1))

the

effects

luminosityy

can

be

of

radiation

described

as

an

pressure

from

effective

the

accretion

reduction

of

the

gravitationall force. A simple analytical estimate of the accretion rate
basedd on the Hoyle-Lyttleton expression then yields ( for ^ ^ « A j ^ )

HL L
wheree A F d j is the Eddington accretion rate, at which the radiation force
exactlyy

equals

gravitation.

In

this

way

the

accretion

rate

can

be

reducedd significantly. Because the effective gravity is reduced at all
distancess to the compact object the flow pattern will simply scale to
thee

new

effective

accretion

radius.

This

means

that

the

energy

dissipationn rate will also be reduced.
Thee

limit

opposite

to

the

optically
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thin

case

is

when

the

surroundingss are sufficiently optically thick, that the photon diffusion
timee becomes larger than the dynamical time

> ^k

fefe
cc

(19)

v

v
CO O

Inn this case the flow far upstream can not be affected by the accretion
luminosityy since the photons which diffuse out of the region close to
thee compact object are swept away with the matter flowing along it. In
thiss

case

the

accretion

rate

will

be

limited

to a

value

near

the

Eddingtonn limit, but the energy dissipation rate will remain of the same
orderr since the typical size of the bow shock, is not affected. We have
triedd to simulate this behaviour by letting the energy wich is carried
byy

the accreting

object,,

so

matter accumulate

that

it

could

only

in the cells next to the compact

be

removed

from

there by

radiation

diffusion.. We find that the accretion rate decreases as expected. The
widthh

of

the

bow

shock

however

remains

unaffected.

The

bow

shock

developess an extra bulge on the front edge, very similar to the flow
patternn found by Shima et al for a hard non-absorbing sphere.

VIII.. Conclusions
Thesee

model

calculations

of

accretion

flow,

and

others

from

the

literature,, have shown us that although the actual flow patterns can be
veryy

different

from

the

simple

accretion

line

picture,

the

mass

accretionn rate is very well approximated by the simple Hoyle-Lyttleton
estimate.. The total amount of kinetic energy dissipation seems to be
underestimatedd in the classical estimate.
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Summary.. The problem of a compact object accreting from an inhomogeneous
mediumm has been studied, using a three-dimensional numerical scheme. When
pressuree effects are neglected > it has been shown that the mass accretion rate is
givenn by the Bondi-Hoyle value. Not more than a few per cent of the angular
momentummomentum deposited into the accretion cylinder are accreted by the compact
object.. Some possible consequences for the case of neutron stars and white dwarfs
accretingg from a stellar wind are discussed.

11 Introduction
Thee problem of axisymmetric accretion from an infinite medium, by a gravitating point mass, has
manyy astrophysical applications. It is not surprising, therefore, that many workers have treated
variouss aspects of the problem both analytically (e.g. Hoyle & Lyttleton 1939; Bondi & Hoyle
1944;; Spiegel 1970; Ruderman & Spiegel 1971; Lyttleton 1972; Wolfson 1977a; Rephaeli &
Salpeterr 1980) and numerically (e.g. Hunt 1971; Wolfson 1977b; Livio, Shara & Shaviv 1979;
Okudaa 1983; de Kool & Savonije 1985, in preparation).
Inn the non-axisymmetriccase (e.g. a medium containing a density gradient), progress has been
impededd by the lack of a fundamental theory. Some aspects of the problem were pointed
outt in the early works of Gething (1951) and Dodd & McCrea (1952), which used the classical
Bondii & Hoyle (1944) approach.
Thee non-axisymmetric case has gained renewed interest in the context of compact objects
accretingg from a stellar wind, the question of spin-up and the possibility of forming a disc from
windd accretion. Most workers have used a direct application of the Bondi-Hoyle result, noting
thatt a density or velocity gradient in the flow results in a net deposition of angular momentum
intoo the accretion cylinder (e.g. Illarionov & Sunyaev 1975; Shapiro & Lightman 1976; Wang
1981)) and assuming all that angular momentum to be accreted. Davies & Pringle (1980) pointed
out,, using a simplified two-dimensional picture, that the conditions required for matter to be
accretedd at all (in the Hoyle-Lyttleton picture) conflict with the possibility of accretion of angular
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momentum.. They concluded that tofirstorder in R*JH (/?acc the accretion radius, H the density
gradientt scale) no angular momentum will be accreted in their case but admitted that the situation
cann be more complex in the realistic, three-dimensional case. Their approach has been criticized
byy Wang (1981), who claimed that their result was merely a direct consequence of the particular
simplificationn of using an 'accretion line* going into a point mass.
Inn a recent paper, Soker & Livio (1984) have attempted to examine the problem of accretion
fromm a medium containing a density gradient, in the three-dimensional case, when the
interactionss were assumed to take place only on the accretion axis. Using a perturbative,
analytical,, Hoyle-Lyttleton-type approach, they have first shown that even in the
three-dimensionall case, the matter becomes confined to a thin 'accretion layer', after
encounteringencountering the accretion axis. They have then attempted to calculate (under
above-mentionedd assumptions) the first-order corrections to the specific angular momentum,
duee to pressure in the 'accretion layer'.
Inn the present work, we present a three-dimensional numerical study of accretion from an
inhomogeneouss medium. Our basic assumptions and method of calculation are described in
Sectionn 2. The results are presented in Section 3 and discussed in Section 4.
22 Assumptions and method of calculation
Wee have used a pseudo-particle method to describe the hydrodynamics. The gas is treated
ass being divided into individual particles with given masses. Similar calculations have been
usedd by Lucy (1977,1980), Gingold & Monaghan (1977,1978), Lin & Pringle (1976) and Hensler
(1982a,, b). Our method can be described as follows:

2.11 EQUATION OF MOTION

Inn the present, still preliminary calculation, we have neglected pressure gradients (the flow can be
considered,, therefore, as hypersonic). Most of the existing calculations which include pressure
gradientss do not conserve angular momentum and thus are not suitable, at least a priori for our
presentt purpose, which is to study the accretion of angular momentum (e.g. Hensler 1982a). The
equationn of motion for the particles is thus in general (in dimensionless form)
dtdt22

2 r3

wheree we have used as our unit length
* B H = _ --

(2)

wheree M is the mass of the accreting object and V0 the flow velocity at infinity. Our unit time was
chosenn as RBH/VQ. The term as in equation (1) describes the effect of inter-particle interaction,
too be described later.

2.22 THE GRID

Wee have used a three-dimensional, rectangular block shaped grid, -1.5<x<3.9, -1.5<>'<1.5,
0<z<1.5.. The flow direction was taken as the Jt-axis. In the calculations with an
inhomogeneouss medium, the density gradient was taken in the y direction as (achieved by
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changingg the masses of the particles)

K)--

(3) )

00 = Pu\

Sincee the problem is symmetric about the xy plane, the calculation was performed for the z>0
halff space (for every particle crossing with V. to the z<0 half space, we inject one at - z > 0 with
-- Vz). The compact object was taken as a cube at the origin of size 0.30. Our standard grid has
beenn divided into equal cubic cells of size 0.15. The number of cells used was 36x20x 10 (which
meanss an effective number of 14400 because of the use of the symmetry plane). We have also
performedd calculations using other cell sizes (and compact object sizes). We have used an average
off six particles per cell (a total of 43200), which is more than the number required for standard
PICC techniques (e.g. Potter 1973). The number of cells and particles that have been used was in
factt determined by the limitations imposed by the maximally allowed memory requirements in
theIBM3081D. .

2 . 33 INTERACTIONS AMONG PARTICLES IN THE SAME CELL

Wee have taken the particles in each cell;', to interact in the following way:
First,, the centre of mass and velocity of each cell are calculated
V e . / --

Ztfïj j
Smji-j j

(4) )

——

2/Mi i

thee summations being on the particles in the/th cell. Then, an angular velocity can be defined by

Lf^-ifQiLf^-ifQi

(5)

wheree R, is the particle's coordinate in the centre of mass (of the cell) frame, Lf is the angular
momentumm component and /*' is the moment of inertia component. We then find the new
velocityy of the particle by (see also Hensler 1982a; Lin & Pringle 1976).
(6)

V„ e w .i=V i (l-flf)+flfU ii

where e
Ui=VUi=Vee.j+RiXSlj.j+RiXSlj
andd or is a parameter determining the strength of the interaction in the cell (a = 0 means no
interaction,, a=\ full interaction).

2 . 44 INTER-CELL INTERACTION

Inn order to prevent jumps in the fluid velocity in neighbouring cells and the development of
instabilities,, we have introduced a smearing of velocities over adjacent grid cells by the following
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procedure.. At even time-steps the vertices of the cells were taken at the coordinates
\N\Nxx=—N=—NXTmnXTmn,,

(x,y,(x,y,

z) = AR(Nx, Ny, Nz)

for
" > = " " ' * y m a x >>
L/V,,

. .
'

, jVrmax

"yrrai

= 0, . . . , N:max

wheree AR is the cell size. At odd time-steps the vertices were taken at
(x,y,z)(x,y,z)

= AR[Nx + V2,Ny + V2,N: + l/2].

(9)

Thee scheme is shown symbolically in Fig. 1 for a two-dimensional grid. The scheme has the
followingg advantages: (i) It conserves angular momentum explicitly. This is to be compared to
somee of the methods for inter-cell interaction which use a cell around each particle, overlapping
withh neighbouring cells and do not conserve angular momentum (e.g. Hensler 1982a). (ii) The
schemee allows, in principle at least, the freedom of choosing different interaction strengths aA,aB
forr the two grids A and B (Fig. 1) and checking the effects of different choices. Obviously a
numericall viscosity v which is proportional to AR2/Ar is introduced.

2 . 55 CRITERIA USED IN NUMERICAL CALCULATIONS

Alll models were started with the particles randomly distributed and with a velocity V = (1, 0, 0).
Thee time-step was always chosen to obey the Courant-Friedrich-Levy condition. New particles
weree injected into the grid for particles escaping from the grid or accreted.
Thee procedure of injection has been the following: An impact parameter b and an angle with
thee v-axis <p, were chosen randomly the particle was assumed to travel on an unperturbed
hyperbolicc orbit corresponding to b and cp outside the grid and was injected into the grid along
thatt orbit (its mass has been determined according to the y coordinate corresponding to b and cp).
Usee was made of the z = 0 symmetry plane. In order to determine whether the system could be
consideredd in a steady state (which actually served as an initial state for the real calculation), we
havee used several criteria:
(i)) The number of particles injected (or escaping). The calculation has been carried out until the
numberr of particles we had to inject converged to a limiting value (apart from obvious
fluctuations,, see Fig. 2).
GRIDD B

Figuree 1. A schematic representation in two dimensions of the two grids on which the calculation has been performed
att alternative time-steps, producing inter-cell interaction (see text).
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3000 0

20000

2400

Figuree 2. The number of particles injected every 10 time-steps as a function of the number of time-steps. The arrows
att the top indicate crossing times of the grid.

(ii)) Velocity criteria on the accretion axis. We have checked for the sums of the Vx component of
thee velocity in three regions of 16 cells each, located as shown in Fig. 3 (dashed areas) one cell
abovee the z = 0 plane. Again the calculation has been carried out until a limiting value has been
approached. .
(iii)) The number of particles at the accretion axis' 'tail'. The total number of particles in 40 cells
inn the z = 0 plane, at the edge of the grid around the accretion axis (see Fig. 3 marked by heavy
line)) was counted and followed till a limiting value was approximately reached.
Followingg the establishment of a steady state according to the above criteria, each run was
1.5 5
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*
Figuree 3. Regions used for velocity criteria (dashed areas) and number of particles criterion (marked by heavy line),
forr the establishment of a steady state (see text).
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Figuree 4. The velocity component Vx on the accretion axis as a function of ,t, in the symmetricc case. The standard case
(sixx particles per cell and AR = 0.15) is represented by the long dashes. The full line represents four particles per cell
andd the short dashes four particles per cell and AR = 0A.

performedd for at least 15 crossing times of the grid and average values were calculated for the
relevantt quantities. As we have already mentioned, our standard calculations were performed
withh an average of six particles per cell and a cell size of AR = 0.15. In Fig. 4 we present the results
forr VK on the accretion axis, from calculations performed with an average of four particles per cell
andd a cell size of A/? = 0.1. As can be seen, no significant changes are introduced.
33 Results
3 . 11 SYMMETRIC CASE

Inn order to test the numerical code and investigate the effect of various factors, we have first run
ann axisymmetric case in which no density gradient existed. The standard run assumed aA=aB= 1.
Thee results for the velocity profile in the z = 0 plane are shown in Fig. 5 and the density profile in
Fig.. 6. The stagnation point is clearly seen. Matter is seen to accumulate along the accretion axis
inn an 'accretion cone' the width of which is largely determined by the viscosity. The accretion
radiuss obtained was /? acc =1.0(2CM/V,i), in very close agreement to the Bondi & Hoyle (1944)
andd Hunt (1971) results. In Fig. 7 we present Vx on the axis,, as a function of X. Any solution along
thee largely dashed line that passes through the shaded region is a Bondi-Hoyle solution with the
samee stagnation point as ours (e.g. Lyttleton 1972). Our numerical solution clearly satisfies these
conditionss (the small deviation very close to the accreting body results from numerical viscosity).
Ann extensive study of axisymmetric accretion in two dimensions, using the PIC method is
presentlyy carried out by de Kool & Savonije (1985, in preparation). The results of the present
work,, which necessarily uses a more coarse grid, are consistent with theirs.
3 . 22 ACCRETION FROM A MEDIUM WITH A DENSITY GRADIENT

Wee have assumed the existence of a density gradient as described by equation (3) with H = 4. The
mainn results are the following.
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Figuree 5. The velocity profile in the z = 0 plane for the symmetric case.

Ass predicted by Soker & Livio (1984), the gas is strongly concentrated towards the 2 = 0 plane.
Thiss can be clearly seen in Fig. 8, where the mass in the downstream side of successive planes is
plottedd as a function of z.
Inn the 2 = 0 plane, the matter forms a displaced 'accretion cone', very similar to the one described
byy Davies & Pringle (1980) in their two-dimensional example. The 'accretion cone' is shown in
Fig.. 9 which represents an instantaneous picture of the location of all particles. The velocity and
densityy profiles in the z = 0 plane are presented in Figs 10 and 11 respectively and again exhibit the
clearr formation of the displaced 'accretion cone'. The accretion rate obtained (for a A = a B = l ) is
off the order M a c c =1.0M B H , where MBH is the Bondi-Hoyle accretion rate in the symmetrical
1.5 5

• • • • • • • • • • a a

!!
!!
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-1.5 5

3.9 9
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5 00 t

Figuree 6. The density profile (represented by the areas of the squares) in the z = 0 plane for the symmetric case.
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Figuree 7. The velocity component Vx on the accretion axis, as a function of x, for the symmetric case. Our numerical
resultss are represented by the full line, the dashed line and the shaded region represent a Bondi-Hoyle solution.

casee (for Racc=2GM/VQ).
AS an additional check we tried decreasing aB which resulted in lower
accretionn rates as expected (the dependence being almost linear). It should be remembered that
thee results of Bondi & Hoyle (1944) for the symmetrical case actually only state that the accretion
radiuss is between GM/Vl and 2GM/V20.
Ourr most important new result concerns the accretion of angular momentum. Our results
indicatee that the rate of accretion of angular momentum is very low and certainly nol more than a
fewfew per cent of
11
(2GM)2
i B H = -- MBH——(10)
AHAH
V&
whichh was the rate assumed by Illarionov & Sunyaev (1975) and Shapiro & Lightman (1976),
basedd on the accretion of all the angular momentum entering the accretion cylinder. The results
aree in fact consistent with almost no accretion of angular momentum (other than that of matter
hittingg the accreting object directly from the upstream side and within the accuracy of the
calculation).. Most of the angular momentum accretion rate obtained, L a c c =0.08L B H. results
fromm the fact that our accreting body is relatively large, so that matter coming from the upstream
sidee can be accreted, with its angular momentum, prior to reaching the accretion cone. This fact
cann be realized by noting that even just the freee orbits of particles hitting the accreting object from
thee upstream side would lead to an accretion rate of L a c c ~0.06 LBH and the interaction effectively
increasess the size of the body. Calculations performed with different sizes of the accreting body
havee indeed shown that a significant fraction of the obtained angular momentum accretion comes
fromm upstream.
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Figuree 8. The mass in successive planes in the downstream side as a function of z (for two grid cell sizes).

Figuree 9. An instantaneous picture of the location of all particles in the grid, in the inhomogeneous case. The
accretingg object is marked by a cross.
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Figuree 10. The velocity profile in the z = 0 plane for the inhomogerteous case.

Thee fact that very little angular momentum is accreted can be traced to two causes:
(i)) A displacement of the accretion cylinder (or its cross-section facing the flow) towards lower
densitiess (which is related to the displacement of the accretion cone).
(ii)) Cancellation of transverse momentum at the displaced accretion cone as in the
Bondi-Hoylee (1944) picture. With respect to point (i), it can be shown that if the displacement is
smalll and the cross-section of the accretion cylinder is still roughly circular (which is actually
usuallyy not the case), then the decrease in the rate of angular momentum accretion resulting from
thee displacement alone can be roughly estimated as
^ -- = 1 — ^ MMaccacc/M/MBH BH
Uy Uy

(11)

++

-1.5 5
3.9 9

55
50; ;

Figuree 11. The density profile (represented by the areas of the squares) in the z = 20 plane, for the inhomogeneous
case. .
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wheree d is the displacement of the cross-section (in dimensionless units), Ldis is the rate of angular
momentumm deposition into the displaced cross-section and £,>.„, is the rate of deposition if the
samee mass had gone into the symmetric cross-section. Typically in the numerical calculation a
reductionn by a factor of - 4 in the rate of angular momentum deposition resulted from this
displacement. .
Pointt (ii) above is in certain respects a manifestation of the point raised by Davies & Pringle
(1980)) in the two-dimensional case, that a cancellation of transverse momentum is required for
accretionn to take place. It should be noted that in our case RacJH= V* and the result is no longer a
first-orderr approximation in the Racc/H<\ case.
Keepingg aA=aB=l and changing other numerical parameters such as the grid size and the
time-stepp gave always results of the order A/acc=A/BH, Aacc=0.07-0.1 LBH. Similar results were
obtainedd when a different density gradient was used (Z/=16, equation 3).

44 Discussion
Thee indications of the preliminary results of the present study (which neglects pressure) can be
summarizedd as follows:
(i)) The mass accretion rate, on to a compact object moving through a medium containing a
densityy gradient, is not very different from the Bondi-Hoyle value, obtained in the axisymmetric
case..
(ii)) The rate of accretion of angular momentum is not more than a few per cent of the rate at
whichh angular momentum enters the Bondi-Hoyle (symmetric) accretion cylinder.
Thee present calculation does not include pressure effects, a calculation with pressure gradients
iss now in progress. Because of the preliminary nature of the results we do not want at this stage to
speculatee on all their possible consequences. We would like, however, to point out certain topics
whichh may be significantly influenced.
Accretionn of angular momentum from a stellar wind has been invoked to explain spin-up (and
spin-downn under certain circumstances) of some neutron stars (e.g. Vela X-l, 4U1538-52; Wang
1981).. The time-scale for the spin-up was taken as

PP

'

t] \ M a c J \ / W V^ns/

wheree Atfns, RM and ^ns are the neutron star's mass, radius and spin period respectively, Porb is the
binaryy orbital period and n is a parameter depending on the velocity and density gradients in the
wind. .
Iff the results obtained in the present work are confirmed by our more realistic calculations
(includingg e.g. pressure), then the time-scale for spin-up should be about 10-100 time longer than
thee one expressed by equation (12). Furthermore, the formation of an accretion disc around
neutronn stars accreting from the companion's wind is Marginal even in the existing 'theory', since
itt requires very low wind velocities (e.g. Wang 1981). Such a disc formation becomes virtually
impossibleimpossible when our present results are considered since a relative velocity of less than
—1000 km s - 1 is required between the neutron star and the wind.
Thee possibility of forming a disc from wind accretion would have been more favourable (if
equationn 10 is used) in the case of a white dwarf accreting from the wind of a cool giant, as pointed
outt by Livio & Warner (1984) for Mira, SY For and 56 Peg. However, again if our present results
aree confirmed, a disc cannot form in this case either.
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[tt should be pointed out, however, that if an accretion disc starts to form, even temporarily, it
willl probably grow due to the viscous interaction. This addss further weight to the point made by
Livioo & Warner (1984), that the observational establishment of the existence or non-existence of
discss in these systems and in similar ones such as HR3080, vHer, HR8157, can contribute
significantlyy to the understanding of the accretion process.
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Summary.. We have studied the problem of accretion (by a compact object) from
ann inhomogeneous medium, for the case of an isothermal flow.
Usingg a three-dimensional numerical scheme, we found the mass and
angular-momentumm accretion rates. The mass accretion rate agrees well with the
Bondi-Hoylee theory. The rate of accretion of angular momentum is only a small
fractionn of the rate at which angular momentum is deposited into the accretion
cylinder.. This confirms our previous results which were obtained without the
inclusionn of pressure effects.

11 introduction
Accretionn from an inhomogeneous medium, by a compact object, is an important process for two
classess of objects:
(i)) Neutron stars accreting from the wind of early-type companions and
(ii)) white dwarfs accretion from the winds of cool giants.
Becausee of the lack of a basic theory in the non-axisymmetric case, progress has been rather
limited.. Most workers have simply tried to make use of the Bondi & Hoyle (1944) results which
weree obtained for the axisymmetric case (e.g. Dodd & McCrea 1952; Illarionov & Sunyaev 1975;
Shapiroo & Lightman 1976).
AA fundamental question in the case of accretion from an inhomogeneous medium is whether
thee accreting object can accrete angular momentum. A simple inspection of the Bondi-Hoyle
picture,, reveals, that if the accretion cylinder (of radius rtacc) remains unchanged, then the
existencee of a density (or velocity) gradient in the medium results in a net deposition of angular
momentumm into the cylinder. Several authors have assumed that all the angular momentum
enteringg the accretion cylinder is actually accreted (Illarionov & Sunyaev 1975; Shapiro &
^Presentt address: Department of Astronomy, University of Illinois, Urbana, IL61801, USA.
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Lightmann 1976; Wang 1981). An objection to this assumption has been raised by Davies &
Pringlee (1980), who pointed out that the condition imposed on the matter to be accreted (a
cancellationn of the momentum transverse to the accretion line), conflicts with the idea that this
matterr can still possess angular momentum. Davies & Pringle (1980) have indeed shown, in a
highlyy simplified two-dimensional case, that no angular momentum is accreted.
Twoo important questions that thus emerged were:
(i)) Is angular momentum accreted in the three-dimensional case? Wang (1981) argued that the
resultt obtained by Davies & Pringle (1980) was a consequence of the use of a restricted
two-dimensionall model and the concept of an 'accretion line' [still in the Hoyle-Lyttleton (1939)
approachh neglecting pressure].
(ii)) What are the effects of pressure on the rate of accretion of angular momentum?
Inn an attempt to answer the first question Livio et al. (1986, hereafter Paper I) have performed a
three-dimensionall numerical calculation of accretion onto a compact object, from a medium
containingg a density gradient. The calculation was performed neglecting pressure gradients (in
thee Hoyle-Lyttleton approach) and using the PIC method. The results of Paper I have shown that
thee accretion rate (of mass) in the non-axisymmetric case, was very similar to the one obtained in
thee case of accretion from an homogeneous medium (e.g. Bondi & Hoyle 1944; Hunt 1971). The
ratee of accretion of angular momentum obtained, was very low and amounted to not more than a
feww per cent of the angular momentum flowing into the symmetrical accretion cylinder.
Inn the present work we make a first step towards answering the second question above, by
includingg pressure effects in the calculation of an isothermal flow.
Thee assumptions made, the numerical scheme and the results are given in Section 2 and the
resultss are summarized and discussed in Section 3.
22 The isothermal case, numerical scheme and results
Thee pseudo-particle scheme that was used to treat the three-dimensional hydrodynamics has
beenn fully described in Paper I, thus we shall not repeat this description here. The new element
thatt was introduced was the inclusion of pressure effects: (i) a calculation of the pressure in each
cell,, which in our velocity units (VaB=VQ=l) reads
P=P= —n

0)

wheree ^/6 is the Mach number for the flow, (ii) Pressure gradients in the equation of motion
thatt were calculated in the following way (see Hensler 1982): If we look at three adjacent
gridd cells j - \ , j , ; + l [say in the x (flow) direction] and a particle, *', that is located in the y'th
celll then the x component of the pressure gradient is

ii dp ïn^^-PjHxi-xj+jPj-Pj-Mxj+i-x.)
gg dX^

Q\

AR2

wheree A/? is the cell size and *,, xi+i are the boundaries of the respective cells.
Thee following requirements were fulfilled by all runs: (i) in all the calculations we required that
thee shock will be 'contained' in the grid, namely, thatt the shock will not cross the grid edges that
aree parallel to the flow, (ii) The average number of particles per cell was larger than 4.5 (e.g.
Potterr 1973).
Wee have used the same criteria as described in Paper I, to test the stability of the flow.
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Thee flow direction was taken as the x axis and again, a density gradient was assumed, of the
form m
(3) )

Q=Qo\Q=Qo\ 1 +

Thee number of cells used was 2 4 x 2 8 x 14.
Wee have performed calculations with a Mach number of 4 and H = 5 (equation 3) and with a
Machh number of 2 and H= 16. The density gradients corresponding to each Mach number were
chosenn in such a way that requirements (i) and (ii) above were fulfilled.
Thee accretion rates obtained were M acc =0.98 MHL for t h e M a c n 4 c a s e a n d M acc =0.89 M H L f o r
thee Mach 2 case, where the Hoyle-Lyttleton accretion rate MHL is (see also Bondi & Hoyle 1944)
4.T(GM) 2 po o
MmMm =

(4) )

Thee density profile in the z = 0 plane for the Mach 4 case is shown in Fig. 1, and for the Mach 2
casee in Fig. 2. We also give the density contours for the symmetrical case in Fig. 3. The shock is
veryy clear and it exhibits the typical broadening as one goes to lower Mach numbers. Another
featuree that is demonstrated in the figures is the displacement of the accretion cone towards the
lowerr density. The displaced accretion cone is more clearly visible in Fig. 4 which represents the
instantaneouss location of all particles for the Mach 4 case. The velocity profiles in the z = 0 plane
aree shown in Figs 5 and 6 for the Mach 4 and Mach 2 cases respectively.
Ourr main interest has been in the accretion of angular momentum. We found an accretion rate
off Z. acc =0.1 L B H in the Mach 4 case and L a c c =0.14L B H in the Mach 2 case where
11
L B H ==

(2GM)2

(5) )

^MHh~^~
HH = 5

MACH = 4

SZ SZ

Figuree 1. The density profile (represented by the areas of the squares) in the z = 0 plane for the Mach 4 isothermal
casee (H~5, equation 3).
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Figuree 2. Same as Fig. 1 for Mach 2 (f/=16) case.
iss the rate at which angular momentum is deposited into the (symmetric) Bondi-Hoyle accretion
cylinderr (see Dodd & McCrea 1952). We therefore find, as in Paper I, where pressure effects
weree not included, that only a small fraction of the angular momentum assumed to be accreted in
previousprevious works (e.g. Shapiro & Lightman 1976; Wang 1981) is actually accreted.
Inn an attempt to follow the process of depletion of angular momentum for accreted matter (by
interactionss and angular-momentum transfer), we have followed the mass and angular
momentumm of a ring about the accretion axis (for simplicity, in a calculation neglecting pressure).
Thee entire ring was contained also in the actual displaced, accretion cylinder cross-section. The
resultss are presented in Fig. 7. The small increase of the angular momentum between points t'
andd t" (marked only for discussion purposes), is a result of the fact, that due to the displacement of
thee accretion cone towards lower densities, all parts of the ring do not enter the interaction region
simultaneously.. We then observe the steep decrease in the angular momentum (as the matter of

-0755

o

,

2.85

Figuree 3. Density contours the z = 0 plane, for the homogeneous, isothermal case, Mach=2.
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Figuree 4. The instantaneous location of all particles in the inhomogeneous, isothermal, Mach-4 (tf-5) case.

thee ring collides with other matter) which precedes the decrease in the mass of the ring, as matter
startss to be accreted. It is thus demonstrated that the various parts of the mass that is accreted, are
depletedd of their angular momentum in the accretion cone region, as required in the
Bondi-Hoylee (1944) picture and consistently with the point raised by Davies & Pnngle (1980).
AA different exploratory calculation is described in Fig. 8. In this calculation we do not look for
thee steady state, but rather observe dynamical effects as accretion is initiated. We start with a
cloudd of matter (with a density gradient) at some distance from the accreting body and follow it as
itt hits the compact object. From the figure we see that the accretion rate increases first at t0, as
matterr encounters the accreting body. It then stays at a constant value, as accretion takes place
onlyy from the upstream side (for f 0 « « i ) and then it increases abruptly (at f,) to roughly its final
value,, as matter starts to accrete from the accretion cone downsteam. This demonstrates clearly
# = SS

MACH=4
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Figuree 6. The velocity profile in the z = 0 plane for the Mach 2 (f/=16) case.

thatt most of the accretion takes place via the accretion cone. The angular momentum accreted
fromm upstream (denoted by triangles), stays more or less constant (apart from fluctuations) from
/nn onwards. The total rate of accretion of angular momentum (empty circles) increases
temporarilyy as matter starts to accrete from downstream, but then settles to a value only slightly

244

32

40

48

TIMEE STEP
Figuree 7. The mass and angular momentum (relative units) of a ring about the accretion axis. (' and I" are chosen
arbitrarilyy around the increase of angular momentum (see text). The centre of mass of the ring A"cm (in units of
IGM/Vl)IGM/Vl) is shown on the right.
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Figuree 8. The accretion rate, from an impinging cloud, the rate of accretion of angular momentum and the rate
off accretion of angular momentum from the upstream side [L(Vx>0)], in relative units, as a function of time
(seee text).

abovee the rate of accretion from upstream. This demonstrates the point noted in Paper I, that
muchh of the accreted angular momentum comes from upstream, from matter hitting the accreting
objectt directly, without passing through the accretion cone.
Wee should mention that due to the presence of the pressure gradient imposed on our grid
(causedd by the assumed density gradient), the total angular momentum is not exactly conserved
(e.g.. it increases by 8.6 per cent in the Mach 4, H=5 case). This, however, does not affect our
conclusionn that only a small fraction of the angular momentum deposited into the accretion
cylinderr is accreted. This was confirmed by a number of different runs with different conditions
(e.g.. different sizes of accreting bodies). We also performed one run of Mach 2 (H=16) in which
wee have intentionallyy taken a narrower grid (which caused the shock to 'escape' through the sides
off the grid, a situation not allowed normally, as explained at the beginning of this section), this
resultedd in a decrease of total angular momentum by ~20 per cent, but nevertheless ~13.1 per
centt of the angular momentum entering the (symmetric) accretion cylinder was accreted, in very
goodd agreement with the standard case.

33 Discussion
Thee mass and angular-momentum accretion rates have been obtained, for accretion from an
inhomogeneouss medium, in the isothermal case. Bondi (1952) suggested an interpolation
formulaa for the accretion rate between the velocity-dominated and pressure-dominated regimes.
Thiss formula can be expressed as
/6' /6'
MMmm~M~MHL HL 2\3/2 222
(1+./Ó(1+./Ó ) )

(6) )

wheree A/ HL is given by equation (4) and . /i is the Mach number. For the cases calculated in the
presentt work (in all of which y=l) this would give Af acc =0.91 M H L for the Mach 4 case and
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A/acc=0.722 M H L f° r t n e Mach 2 case. While the numerical values do not agree exactly with the
numberss obtained (0.98 and 0.89, respectively), the qualitative trend does agree (the same trend
iss obeyed by the calculation without pressure, corresponding to hypersonic flow). Two things
shouldd be remembered here; (i) equation 6 does not represent an exact solution and (ii) numbers
differingg by a few per cent only, in the present calculation (having a relatively coarse grid), should
bee treated with caution.
Itt has been confirmed (at least in the isothermal case) that the rate of accretion of angular
momentumm represents only a small fraction of the net angular momentum deposited into the
Bondi-Hoytee (symmetrical) accretion cylinder. It should be noted, however, that the rate of
accretionn of angular momentum when pressure effects are included is somewhat larger than in the
Hoyle-Lyttletonn picture (neglecting pressure). It can be therefore expected that a somewhat
largerr fraction of angular momentum will be accreted for y>\. A calculation with y=4/3 is
presentlyy being carried out. Also, for any given value of y, the rate of accretion of angular
momentumm can be expected to be somewhat larger for lower Mach numbers.
Ass already mentioned in paper I, the fact that the rate of accretion of angular momentum is
lowerr than it has been previously assumed, (at least when pressure is neglected and in the
isothermall case), can have important consequences for two physical processes: (i) Spin-up (and
spin-down)) of neutron stars accreting from the winds of early-type companions, and (ii) the
possiblee formation of accretion discs around white dwarfs accreting from the winds of cool giants.
Wee shall postpone a detailed discussion of these issues, as well as a discussion of individual
systemss to future work, when we shall have a complete picture of the accretion process for
differentt values of y.
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Summary.. We study the problem of accretion by a compact object from an
inhomogeneouss medium, in the general y^l case. The mass accretion rate is
foundd to decrease with increasing y. The rate of accretion of angular momentum is
foundd to be significantly lower than the rate at which angular momentum is
depositedd into the Bondi-Hoyle, symmetrical, accretion cylinder. We discuss the
consequencess of our results for the cases of neutron stars accreting from the winds
off early-type companions and white dwarfs and main-sequence stars accreting
fromm winds of cool giants.

11 Introduction
Thee classical problem of accretion by a gravitating object, moving through an infinite medium
(Hoylee & Lyttleton 1939; Bondi & Hoyle 1944; Bondi 1952) has regained new interest through
thee use of multi-dimensional hydrodynamic calculations (e.g. Hunt 1975, 1979; Livio, Shara &
Shavivv 1979; Okuda 1983; Shima etal. 1985; Takeda etal. 1985). The problem of accretion from
ann inhomogeneous medium, however, suffered from both the lack of a basic theory (although see
thee works of Gething 1951 and Dodd & McCrea 1952) and the need to perform three-dimensional
calculations.. At the same time, it has been realized that accretion from an inhomogeneous
mediumm has important consequences for such processes as spin-up and disc formation, in the case
off compact objects accreting from stellar winds. In an attempt to produce results that can be
relatedd to observations, several authors have therefore used the Bondi-Hoyle (1944) picture to
arguee that all the angular momentum deposited into the symmetrical Bondi-Hoyle accretion
cylinderr is actually accreted (Illarionov & Sunyaev 1975; Shapiro & Lightman 1976; Wang 1981).
Daviess & Pringle (1980) were the first to point out that in the Bondi-Hoyle picture, for matter to
bee accreted at all, a cancellation of the momentum transverse to the accretion line is required and
thuss no angular momentum can be accreted. It was not clear, however, whether this conclusion
*Onn leave from: Department of Physics, Technion, Haifa, Israel.
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remainss valid in a realistic three-dimensional case, in which the 'accretion line' broadens into a
columnn or a cone (as argued by Wang 1981).
Inn an attempt to resolve the question of accretion from an inhomogeneous medium, we have
performedd a three-dimensional calculation, first neglecting pressure (Livio et al. 1986, hereafter
LSKS)) and then for an isothermal flow (Soker et al. 1986, hereafter SLKS). We found that for
thosee cases, while the mass accretion rate was very close to the one predicted by the Bondi-Hoyle
theoryy (for the homogeneous case), the rate of accretion of angular momentum was very much
lowerr than the rate assumed by previous authors (Ularionov & Sunyaev 1975; Shapiro &
Lightmann 1976; Wang 1981). In that present work we expand upon our previous work and
calculatee the general case of y # l {y - the specific heats ratio). The equations and method of
calculationn are described in Section 2, our results are presented in Section 3 and discussed in
Sectionn 4.
22 Equations and method of calculation
Thee method of calculation used is the same as that described by LSKS and SLKS (apart from the
treatmentt of the energy equation); we shall thus describe it only briefly for completeness.
2 . 11 EQUATION OF MOTION (FOR PARTICLES)

dd22rr
==

1 r 1
7 — VP+a,

(1)

wheree the unit length was chosen as RHL=2GM/Vl and the unit time as RHJV0 (VO=1). The
inter-particlee interaction is represented by a,-. The pressure gradient term was calculated as in
SLKS. .
2 . 22 INTER-PARTICLE INTERACTION

Thee velocity of each particle following the interaction is given by (see also Lin & Pringle 1976;
Henslerr 1982)
V„ew.,, = V,(l-ör)+flrU;

(2)

wheree a is a parameter defining the strength of the interaction (typically taken as 1) and

u.-v^+^xn,--

(3)

wheree VI>y is the centre of mass velocity of the ;'th cell and /?, is the particle's coordinate in the
centree of mass (of the cell) frame. The angular velocity fi is defined by

Lj=-/fa**

(4)

wheree Lj is the angular momentum of the cell and ƒ*' is the moment of inertia tensor components.
Thee inter-cell interaction is treated by the two-grid method described by LSKS.
2 . 33 THE ENERGY EQUATION

Thee energy equation was written in general as
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wheree £ is the internal energy, Ft represents the energy dissipation rate in the /th cell due to
inter-particlee interaction, 7} represents the effective rate of heat transport (by inter-particle
interactions)) and g is the gravitational acceleration. We have calculated the change in energy in
twoo steps; in the first step we calculated the change due to interactions alone (no acceleration
duee to gravity). We have assumed that the dissipation in kinetic energy is transformed into
internall energy and thus the enthalpy E} of each cell is given by
£ „ e w = £ oid ++

i ^

d 2
mi[{Vf ) -

(Vfcw)2],

(6)

wheree Vfd, K"ew represent the particle's velocities before and after the interaction respectively.
Thee specific energy per particle e, is related to £y through

Inn the second, acceleration step, we have
, n e w = e o . dd + I ^ ( V , o U ) 2 _ i ( K n e w ) 2 + i ^ _ ^ j
<»» ^ * ' '

< ^

x

'

'

->\ _new

„old ƒ I

(8) )

y\ y\
wheree old and new in this case refer to the stages before and after the acceleration has taken
place.. The pressure in the /th cell is calculated by (cell size normalized)

(9)

Pt-ir-D^Wi-Pt-ir-D^WiForr the particles that are injected into the grid (see LSKS) we have
e a - l M ^ - l ) ] - 11

(10>

wheree M is the Mach number.
Wee have used the same criteria as described by LSDS for the establishment of a (quasi) steady
state.. Following that, we have carried out the different runs for 35 crossing times of the grid and
thenn average values of the physical quantities were calculated. The grid in all runs (apart from a
feww test runs to be described shortly) contained 24x28x14 cells (use was made of the z=0
symmetryy plane). The accreting body was represented by a cube of size 0.15 (in our unit of
length).. The average number of particles per cell was four. These numbers were chosen based on
triall runs and the constraints imposed by the maximum allowable memory on the IBM 3081D. A
numberr of tests with different grid sizes (e.g. 32x24x12, 32x20x10) and different average
numberss of particles per cell (e.g. 6.37, 3.2) were performed and we shall discuss the effects of
suchh changes in the next section, when we present the results.
33 Results
Inn all calculations we have used a density profile at infinity of the form

'=4+3' '

(ID D

wheree the flow direction was taken as the x axis. In the present work we have used H=\6 (other
valuess of H have been used in LSKS and SLKS). We have performed calculations with y= lib at
Machh numbers M=3, 16, ^=4/3, 3/2, and 5/3 at Mach number 16. The velocity and density
profiless that were obtained in the z = 0 plane are presented in Figs 1-4. As can be seen in the
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(b) )
Figuree 1. (a) The velocity profile in the z - 0 plane for y=7/6, Mach = 3, H = 16. (b) The density profile (represented
byy the areas of the squares) in the 2 = 0 plane for y = l/6, Mach = 3, //=16.
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Figuree 2. (a) The velocity profile in the z = 0 plane f o r y = 7 / 6 , Mach = 16, ƒƒ= 16. (b) The density profile (represented
byy the areas of the squares) in the z = 0 plane for f = 7 / 6 , Mach-=16, H=16.
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Figuree 3. (a) The same as Fig. 2(a) for y=4/3. (b) The same as Fig. 2(b) for y=4/3.
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Figuree 4. (a) The same as Fig. 2(a) for y = 5/3. (b) The same as Fig. 2(b) for y=5/3.
107 7

M.M. Livio et al.
figures,, the shock slightly 'escapes' from the grid in the y= 5/3 case (also for y- 3/2) so we should
thereforee treat the numerical values obtained in these runs with caution. The results can be
summarizedd as follows:
(i)) For a given value of y, the shock angle is larger for a smaller Mach number [e.g. Figs 1(a),
2(a)) and figs 1-2 of SLKS]. This is of course a known result from flows past non-gravitating
bodies,, where the cone angle is arcsin(l/jW). However, it should be remembered that the
shockk in the case of a gravitating body is not produced by the fact that the flow directly impinges
onn the body, but rather by the dense region generated through the gravitational influence.
(ii)) For a given (large)>lach number the shock angle is larger for a larger value of y (Figs 1-4).
Thee same result was found by Shima et al. (1985) in their two-dimensional hydrodynamic study.
Thiss can be expected from the fact that, as ^is reduced (towards the isothermal, y=\ case), less
pressuree support is available for the shock. In a realistic flow, the situation with y~\ would
correspondd to a cooling time for the gas that is short compared to the flow time-scale, while
y = 5 / 33 would correspond to a radiationless case.
Thee increase of the shock angle with y was obtained also in the self-similar solutions of
Bisnovatyi-Kogann et al. (1979) and Wolfson (1977), corresponding essentially to an infinite
accretionn radius.
Wee find (as did Shima et al. 1985) that in the y = 5 / 3 case, an 'accretion cone' rather than an
'accretionn column' is formed, namely, the density in this case is highest behind the shock and not
alongg an accretion line. Our resolution is not good enough (because of the memory constraints
imposedd on a three-dimensional calculation) to be able to detect the formation of a bow shock
ratherr than a shock attached to the accreting body.
AA very crude estimate of the shock angle (at distances larger than the accretion radius) can be
obtainedd by noting that the post-shock flow is more or less parallel to the accretion axis [e.g. Figs
1(a),, 2(a) and 3(a); figs 4 and 5 in Hunt 1971, figs 2 and 3 in Shima et al. 1985). We then obtain
fromm the shock conditions (see Fig. 5 for the definition of the angles)
t a n a 22 = t a n a i

(r-i)M2+22

.
(y+l)M(y+l)M2 2

(i*-)

Fromm equation (12) it can be seen that for a given (large) M, a2 increases for increasing y and
forr a given y, a2 is a decreasing function of M, as was found in the calculation.
(iii)) The cross-section of the accretion cylinder is displaced towards the lower density and so is
thee accretion column or cone behind the accreting body. This effect is not so pronounced in the
presentt calculation because of the relatively large value of H, but is very pronounced in the larger
densityy gradient calculations of LSKS and SLKS.
(iv)) For a given (large) Mach number, the accretion rate decreases with increasing y (see Table
1).. The same result was found by Shima etal. (1985, their fig. 9). It is interesting to note that the

Figuree 5. A schematic representation of the prc-shock and post-shock velocities (at distances larger than the
accretionn radius, see text).
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Tablee 1. Results of numerical calculations for mass and angular momentum accretion rates.
Numberss appearing in parentheses should be viewed with caution (see text). The rate of
accretionn of angular momentum from upstream is denoted by L+.

YY

Mach-2 2

Mach-4 4

0.89 9

"/"HL L
£/£

BH H

C/L C/L

7/6 6

4/3 3

3/22

5/3

0.98 8

0.88 8

0.72 2

(0.58))

(0.48)

0.14 4

0.10 0

0.17 7

0.23 3

(0.18))

(0.14)

0.34 4

0.23 3

0.37 7

0.43 3

(0.49))

(0.50)

(maximal)) accretion rate obtained in the case of spherically symmetrical accretion from a
stationaryy cloud (Bondi 1952) behaves similarly. This of course reflects the effect of the pressure
thatt builds up, in the dense region, on the accretion rate. With respect to the dependence on the
Machh number, the isothermal calculation of SLKS has shown the dependence of the accretion
ratee on the Mach number to agree qualitatively with the Bondi (1952) interpolation formula (with
ann additional factor of 2, see also Shima etal. 1985; Livio 1986). We can, therefore, write the
accretionn rate as (Mco - the mass of the compact object)
MM

MM33
a{Y)a{Y)

^^

<ïï]Éy*

M3

4x(GMco)2Po
"-=«(>-) J^^JÏ
Vl

.

<13>

withh a{y) an almost linearly decreasing function of y, the values of which are approximately given
byy M/MHL in Table 1 (at least for y=£4/3), MHL being the Hoyle-Lyttleton value. In the results of
Bondii (1952) also a close to linear relation appears.
(v)) The rate of accretion of angular momentum (see Table 1) is in all cases significantly less than
thethe rate at which angular momentum is deposited into the symmetrical Bondi-Hoyle accretion
cylindercylinder (which has been assumed to be the rate of accretion of angular momentum by Illarionov
&& Sunyaev 1975; Shapiro & Lightman 1976; Wang 1981). The rate of accretion of angular
momentumm is smaller (L/L BH s0.1) in the isothermal and hypersonic cases than in y¥=l cases
(whenn L/LBH^s0.2), here
..

1 {GMcof

LLBBH=MHL-H=MHL-

titi

~T~-

(14)

V0

Furthermore,, of the accreted angular momentum a significant part comes from upstream
(denotedd by L+/L in Table 1), from matter that hits the (relatively large) accreting body directly
withoutt passing through the interaction region downstream.
Thee fact that the rate of accretion of angular momentum is much lower than that expected
naively,, by calculating the rate at which angular momentum enters the symmetrical Bondi-Hoyle
cylinder,, is in fact consistent with the Bondi-Hoyle picture, in which the matter that is actually
accretedd cannot have high specific angular momentum. This has been confirmed by following the
masss and angular momentum of an accreted ring of mass (see SLKS). Our calculation thus
supportss the suspicion, first raised by Davies & Pringle (1980), that relatively very little angular
momentumm can be accreted from an inhomogeneous medium.
Testt runs performed with other grid sizes and average numbers of particles per cell have
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shownn that: (a) The results do not change when an average number of 6.37 particles per
celll is used (instead of 4); however, the calculation tends to become unstable when the
averagee number is smaller than 3.2. (b) When different grid sizes were used (e.g. 3 2 x 2 4 x 1 2 )
differencess of at most 8 per cent in the accretion rate (but smaller in the angular momentum
accretionn rate) were found. These could usually be attributed to either a reduction in the average
numberr of particles per cell in the downstream side, or the shock slightly 'escaping' through the
sidess of the grid. Nevertheless, possible errors in the quoted values of up to a few per cent have
probablyy to be realistically assumed, due to the relatively coarse grid.
Inn Section 4 we shall discuss some of the possible implications that our results may have for
compactt objects accreting from a stellar wind.
44 Discussion
Accretionn by a compact object, from an inhomogeneous medium, occurs in the case of a neutron
starr accreting from the stellar wind of an early-type companion and in the case of a white dwarf (or
aa main-sequence star) accreting from the wind of a cool giant. We shall discuss each of these
classess separately in the context of the results of the present work (see also the discussions by
Whitee 1985; Henrichs 1983; Livio & Warner 1984; Livio 1986).
Inn Table 2 we present the parameters for some of the better studied X-ray binaries (taken from
Wangg 1981; White 1985; Eisner et al. 1985, and references therein). We would like to discuss the
implicationss of our results for three properties of these binaries: (i) the X-ray luminosity, (ii) the
spin-upp (or spin-down) rate, and (iii) the possibility of forming an accretion disc.
(i)) The luminosity. The accretion rate can be expressed as
64frG64frG22MM22xxp p
M a c c ==
—
,

O5)

wheree we have neglected the speed of sound compared to the relative velocity (between the
neutronn star and the wind) and 0=Macc/A/HL represents the deviation from the Hoyle-Lyttleton
(1939)) value (as found in Table 1). We shall now assume a spherically symmetrical wind from the
giant,, with V w ^ Vre, (actually a questionable assumption, as will be discussed later). We adopt an
averagee value of <5 = 0.8 (see Table 1 and Shima el al. 1985) and for the neutron star we take
M x = ll A/©, /? x =10 6 cm. Equation (15) can then be expressed as

VO.8//

//

\MJ

\10 6 cm /

V lO^Moyr-1/

L. y v y ^ - ^ , . ,

VlCFergs- 1 //

(16)

\3O/? 0 /

wheree L x is the X-ray luminosity, A/w is the rate of mass loss from the giant and a is the separation.
Thee resulting relative velocities are listed in Table 2 under the column labelled Vrct (luminosity).
Wee shall discuss the values that have been obtained after studying the implications of the spin-up
andd the possible existence of a disc (A/Whas been taken from White 1985, and references therein).
(ii)) Spin-up (or spin-down) rates. We shall ignore for the moment the question of whether
spin-upp (which occurs most of the time) or spin-down is actually observed, and treat average
valuess of P/P% (Ps, the spin period) observed over relatively long time-scales (short time-scale
variationss will be mentioned later). The observed P/P^ can be directly related to an implied rate
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off accretion of angular momentum by

== 6.28 xlO32

—-

(—

- d y n e cm,

(17)

wheree /, is the moment of inertia of the neutron star (e.g. Lamb, Pethick & Pines 1973). The
predictedd rate of accretion of angular momentum based on the present study is
V 0.2 AlO 3 7 ergs" 1 / VAf©/\l day/

^^

xx ( —-£— j ( „ rC' J dyne cm,
(18)
\10 6 cm/\10 8 cms~7 7
wheree £—///BH is t n e r a t i ° of the accreted specific angular momentum (according to our
calculations,, Table 1) to the specific angular momentum of matter that is deposited into the
Bondi-Hoyle,, symmetrical, accretion cylinder. Equating the rates in equations (17) and (18),
givess us for the relative velocity the values listed in Table 2 under VTel (spin-up). We have adopted
M*=MM*=M00,, Kx=106cm, £=0.2, and /x=1045gcm2.
(iii)) The possibility of forming a disc from wind accretion. An important question in the case
off a compact object accreting from a stellar wind is whether an accretion disc can be formed. The
radiuss at which a disc can start forming can be obtained by equating the specific angular
momentumm of the accreted matter to that in a Keplerian disc l=(G M x r D ) 1/2 . In the case in which
thee compact object is a magnetized neutron star, it is necessary, for a disc to form, that the
resultantt r D will be larger than the magnetospheric radius RM. This imposes the following
conditionn on the relative velocity (Shapiro & Lightman 1976; Wang 1981)
1/28 8

^.oxio'f-q""^^—H-r-))
\0.2J\0.2J

JJ

L-

1/28 8

)

VlO^eres" 1 / /
erg!" "

\MS/

Vlday/

cms" 11

\ 10» cm/
(19)

where//300 is the neutron star's magnetic moment (in units of 1030erg g _1 ). The upper limits on the
relativee velocity for disc formation are listed in Table 2 under Vre] (disc). In the case of CygX-1,
thee upper limit is derived by requiring the disc radius to be larger than the innermost stable orbit
aroundd the (possible) black hole (we have adopted Mx=10AfQ).
Lett us now discuss the implications of the relative velocities obtained in Table 2. The most
strikingg general property, that is revealed by examining Table 2, is the fact that almost all
thethe required relative velocities are much smaller than those that could be expected for radiatively
drivendriven winds, typically of order Vw~1000-2000kms_I. In fact, column density estimates,
obtainedd from the attenuation of the X-ray spectrum by photoelectric absorption, also seem
too indicate low velocities (e.g. WTiite 1985). Even from this result alone, we can therefore
immediatelyy conclude that the simple picture of a smooth, spherically symmetrical, radiatively
drivenn wind, is in general not applicable. The two major factors that can both change the
wind-floww picture and produce significantly smaller wind velocities (Roche lobe overflow will be
discussedd separately) are: (i) ionization by the X-ray source, which can decrease the radiatively
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driven,, UV line accelerations (e.g. Hatchett & McCray 1977; MacGregor & Vitello 1982; Dupree
elel al. 1980) and (ii) a wind now concentrated towards the compact object (and in fact resembling
Rochee lobe overflow), caused by the primary being close to filling its lobe (Friend & Castor 1982).
Wee shall now look at some of the individual systems and examine what can be learned about
eachh of them. For Cen X-3, the relative velocity required to explain the luminosity and for disc
formationn is in fact lower than the orbital velocity (see also Conti 1978; Petterson 1978). The
velocityy derived from P is only slightly larger than the orbital velocity. Taking into account
thee facts that the spin-up appears quite smooth (Rappaport & Joss 1983) and that there is
additionall evidence suggesting the presence of a disc (lack of flaring due possibly to
smoothingg of fluctuations, evidence for scattering from a possible disc in the spectrum), we
havee to conclude that Roche lobe overflow must occur in this system, at least occasionally. The
situationn is almost identical in the case of SMCX-1; we conclude therefore that Roche lobe
overfloww occurs in that system too. An additional system, on which there is less information
available,, but for which the smooth spin-up rate (and the short spin-up time-scale, Eisner etal.
1985)) would require unreasonably low relative velocities is GX1 + 4; we therefore predict that
Rochee lobe overflow occurs in that system. The situation is somewhat less clear regarding
1538-52,, where the velocity required to explain the luminosity (and for the possibility of forming
aa disc) appears to be smaller than the orbital velocity but there are no good spin-up data to
supportt this conclusion. More observations related to spin-up or to the possible existence of a disc
aree required to establish whether Roche lobe overflow is expected in this case too.
Itt should be pointed out that if an accretion disc is formed, even temporarily, it can then spread
byy viscous angular momentum transport (see Livio 1986, for a discussion).
Thee velocities required to explain the luminosity and average spin-up (and spin-down) rates of
VelaX-11 are consistent with a stellar wind. However, the wind velocity should be significantly
reducedreduced with respect to the unperturbed, radiatively driven wind. In addition, a considerable
amountt of inhomogeneities in the wind, on several scales, is required to explain P/P as high as
1.8xl0" 10 s~ ll (Boynton et al. 1984). Under such circumstances, the spin-up and spin-down
behaviourr is consistent with a random noise process (Boynton et al. 1984). Less information is
availablee on 1700-33, but accretion from a stellar wind appears consistent with the observations
existingg so far on this object. In the case of Cyg X-l, it appears possible in fact for an accretion disc
too form from wind accretion.
Thee situation is quite complicated concerning GX301-2. The wind there is clearly variable due
too the fact that the orbit is elliptical e~0.47. The velocities (Table 2) that are necessary in order to
explainn the luminosity and the spin-up are extremely low. The absence of a smooth spin-up
behaviour,, together with the extremely low velocity required to form a disc, argue against the
existencee of a disc in this system. This is consistent with the fact that WRA 977 is not close to
fillingfilling its Roche lobe and with the absence of any lag between the 41.5 day period outbursts and
thee times of periastron passage (White & Swank 1984).
Thee second class of objects for which accretion from an inhomogeneous medium is applicable
involvess white dwarfs (or main-sequence stars) accreting from the winds of cool giants. This
classs includes such objects as (Livio & Warner 1984; Livio 1986): MiraAB, SYFor, £Cap,
CCCyg,Cyg, 56Peg, £ Aur, 32Cyg, 31 Cyg, 22 Vul, and possible vHer, HR3080, and HR8157.
Thee condition on the relative (and wind) velocity in this case can be written as

(X^Y(X^Y44~~

VteVte

\vJ\vJ

-16 Y'*( M*°Y'(

"L3XI0U8/

\0.6MJ
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w
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x (j-)\10 , 5 cm//
\10 3 3 ergs-V
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wheree we have used the average mass of single white dwarfs (Koester et al. 1979) due to the large
separationn (and the appropriate white dwarf radius). For an accretion disc to form, the radius of
thee disc must be larger than the radius of the white dwarf (for non-magnetic white dwarfs); this
impliess the condition
V rcl s3.7xl0 6 ((
\ 0 . 2 //

cms" 1 .
\0.6MQI

VlOyr/

(21)

8

V 9.5xl0 cm/

Recentt 1UE observations of MiraB have claimed the existence of an accretion disc around
thee white dwarf (Reimers & Cassatella 1985; Cassatella et al. 1985, and see also the description
off the optical spectrum of Yamashita & Maehara 1977). In trying to establish the possibility
off forming a disc from wind accretion in this system, we face the unpleasant situation of no
knownn orbital period. Fernie & Brooker (1961) found the possible solutions of 59, 169 and
2611 yr of which the last one was considered the most plausible. Hopmann (1964) found
1399 and 842 yr. Baize (1980) found 400yr (quoted as private communication from P. Couteau by
Reimerss & Cassatella 1985). Walker (1985) found all existing orbits to be bad. Since the period is
likelyy to be larger than 100 yr (van Biesbroeck 1959) and the average value of all the estimated
periodss above 100yr is 362yr, we shall adopt 400yr as the period; it should be remembered,
however,, that this should not be regarded as an accurate determination. Using M w =10 _7 Moyr _1
(Reimerss & Cassatella 1985), a = 9.8 x 1014 cm (Jenkins 1952) and t a c c = 1033 erg s"1 (a lower limit
off 3.3X10 32 ergs -1 is indicated, Reimers & Cassatella 1985) we find
VTel(VjVTeiy/4~
1
5
_1
l.Slxltfcms* .. Now V w =5.6xl0 cms (Wannier et al. 1980) giving V rel =1.7xl0 6 cms _1
whichh is in reasonable agreement with the assumed orbit (giving Vrel—1.1 x 106cm s _1 ). Now the
conditionn for disc formation (equation 20) reads V re i£l.5xl0 6 cms~ 1 which indicates,
consideringg the uncertainties, that disc formation is indeed possible in this system. The initial disc
radiuss that is obtained if we take Vrei=l.l xl0 6 cm s - 1 is /?d=1010cm and thus much smaller than
thee one obtained by Reimers & Cassatella who used £=1. However, once a disc forms, it spreads
duee to viscous transport of angular momentum and thus the observational determination of
/? d =10 n cmm by Reimers & Cassatella may be correct.
AA different system which quite clearly contains an accretion disc around the mass-gainer star is
RZOphh (Olson & Hickey 1983; Baldwin 1978). While an inclination of i"= 76° which would have
enabledd the K5 mass-losing star to fill its Roche lobe has been suggested by Smak (1981), it has
beenn argued by Olson & Hickey (1983) that 80°£/s88°.
Iff we adopt the parameters of Olson & Hickey (1983) for the mass-gainer F star, M=3M®,
RR = 3.8RQ, we find that for a disc to form (P=262 day) we must have V rel s6.8xl0 6 cms" 1 . This
wouldd require a wind velocity V^.sS.SxlO^cms"1. We cannot entirely exclude, therefore, the
possibilityy that an accretion disc does form from wind accretion. However, the large dimensions
off the disc would suggest to us that Roche lobe overflow (or at least a wind concentrated towards
thee accreting star, Friend & Castor 1982) does occur in this system.
AA different group of objects for which the presence of a disc generated by wind accretion has
beenn suggested (at least for £ Aur and ö Sge) are the £Aur binaries (Che, Hempe & Reimers
1983;; Che-Bohnenstengel & Reimers 1985). Using the same parameters as Che-Bohnenstengel
&& Reimers (1985), but introducing f =0.2 (equation 20) in the rate of accretion of angular
momentum,, as indicated by our results, makes disc formation from a wind impossible in the case of
tAurtAur and only marginally possible for <SSge. Indeed the extremely high temperatures
(&70000K)) quoted for the disc in £ Aur cannot occur in a steady disc model around a star with a
radiuss of i? = 3.6xlO n cm (which would rather give temperatures of order ~400K). More
observationss of these systems and a possible re-interpretation of the observations (very probably
inn terms of a shocked region) are thus strongly recommended.
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AA re-examination of the systems 56 Peg and £ Cap (discussed by Livio & Warner 1984) reveals
thatt the formation of an accretion disc from wind accretion becomes only marginally possible in
thee case of 56 Peg ( K D ~ 8 x 10 8 cm) while it becomes impossible for the assumed parameters of
£Cap.. This may explain the appearance of only very narrow (FWHM
114km s _ l ) UV
emissionn lines in 56 Peg (Schindler el al. 1982). More observations of these systems are
encouraged. .
Too conclude, we have established the dependence of the accretion rate on the specific heat
ratio.. The rate of accretion of angular momentum from an inhomogeneous medium is
significantlyy lower than has been previously assumed. The results on the rate of accretion of
angularr momentum of the present study can be used to place severe constraints on models for
systemss involving a compact object accreting from the stellar wind of its companion. More
observationss of such systems, in particular in the case of white dwarfs and main-sequence stars
accretingg from the winds of cool giants, are extremely important for a better understanding of the
accretionn process.
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