Abstract

OWEN, MICHAEL PARKER. Hydrodynamics of Mass Transfer and Accretion in Close
Binary Systems With Compact Objects. (Under the direction of John M. Blondin)
Most stars are formed in binary or multiple systems. Many of these stars will undergo
some period of mass transfer at some point during their lifetimes. Hence it is useful to
understand the dynamics of mass transfer in binary star systems in order to better
understand the current population of stars in the Galaxy and their evolution. A natural
class of objects for study are the close binaries that contain compact objects such as
neutron stars and black holes. These systems are bright X-ray emitters, allowing us to
study the circumstellar gas within them. We use numerical hydrodynamic modeling to
study mass transfer processes in the high-mass X-ray binaries, including the evolutionary
sequence between wind fed and disk fed systems, elliptical orbit X-ray binaries, and the
global dynamics of LMC X-4 in 3D. We also investigate the properties of high resolution
3D accretion disks, including transport via global waves modes, the effects of tidal stream

impact, and the fluid response of tilted disks.
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Chapter 1

Introduction

Consider a roller coaster. All the way through your clanking, groaning ascent to the
top of the first peak, you, your fellow passengers, and the very car you're riding in are
being imbued with energy, gravitational potential energy. After cresting, you begin your
gut-wrenching descent. The gravitational potential energy stored within you is quickly
turned into kinetic energy as you roar around the coaster (not to mention some of the
chemical energy you stored up at breakfast being turned into acoustic energy as you
scream your head off). As you alternately climb and descend your allotted quantity
of energy is sloshed back and forth between kinetic and potential, all the while being
gradually eaten away, dissipated, by the friction of the wheels on the track heating both
up, the drag of the air you blast through robbing you to move the air, the roar of the car
being carried away on the wind. In the end, all of your last remaining supplies of your
original gravitational potential energy are abruptly ripped away in a squeal of brakes
as you stop. All of your original gravitational potential energy has been liberated and

dissipated. Your mass has been added to that of the Earth, and the energy that kept
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you separate from her is now gone. This, essentially, is accretion.

Accretion according to the dictionary is “Growth or increase in size by gradual ex-
ternal addition,” but we are more interested in the liberation of energy that occurs
during this process, in other words, we are interested in accretion as a power source.

) )
In astrophysics, many luminous sources are powered by accretion, including protostars
) ) b
cataclysmic variables, X-ray binaries, y-ray bursters, quasars, active galactic nuclei, etc.
For our purposes, we will be concentrating on the accretion of material onto a compact

star, such as a white dwarf, neutron star, or black hole.

1.1 Accretion as a Power Source

Consider a particle of mass m at a large distance r from a star of mass M and radius R.
The gravitational potential energy of the particle due to the star is —GMm/r, where
G is Newton’s universal gravitational constant. If the particle is allowed to fall freely
to the surface of the star, its gravitational potential energy will decrease to —GMm/R.
The difference is the amount of gravitational potential energy liberated during the fall,
which is converted into the kinetic energy of the falling particle. For r > R, the energy
liberated becomes:
GMm

AE =21
R

If we now “rain” material onto the star at a rate M = dM /dt the energy liberated per

unit time is:

dE GMM
Lacc = 5, - T 5 -

dt R
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This is the accretion luminosity. We see that the accretion luminosity depends on two
parameters, the compactness of the accretor M /R, and the mass accretion rate M, and
can be tremendously efficient at liberating energy. The maximum amount of energy that
can be liberated from an amount of mass is given by Einstein’s relation £ = mc?, if
the mass is entirely converted into energy via annihilation. The maximum luminosity

is then L., = mc?.

Any other process such as nuclear fission, fusion, or accretion
will have some efficiency n with which it can liberate energy, L = nrc?. The efficiency
of thermonuclear fusion of hydrogen is 0.007, whereas the efficiency of accreting onto
a stellar mass black hole or the surface of a neutron star is about 0.1; accretion onto
such a compact object is 15-20 times more efficient as a power source than is nuclear
fusion. Accretion onto super-massive (M 2 10°M,) black holes in AGN and quasars
(whose luminosities approach and exceed 10*7 erg sec™!) requires an accretion rate of
approximately 20M, yr~!, compared to the burn rate of 250M, yr~! required by nuclear
fusion. Considering that these sources vary on a timescale of weeks or days, they must

be contained in a volume smaller than our solar system. We see that accretion is the

only viable candidate to power these objects.

1.1.1 The Spectrum to Expect

It is important to know what we can observe about these sources, what to look for.
Typically, we expect the material being accreted is a gas; it will emit some characteristic
spectrum of radiation depending on the properties of the flow. If the emitted radiation

has time to come into equilibrium with the gas (i.e. if the gas is optically thick, trapping
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the photons for a long time), then the emitted spectrum would be that of a blackbody
of temperature
Top = (Lace/AmR20) Y.

Note the dependence on the mass accretion rate (implicit in the accretion luminosity
Lace); the more stuff accretes, the hotter it gets, which makes sense, since you are
liberating energy at a higher rate. If, on the other hand, the released energy is converted
entirely into thermal energy and the photons immediately escape (i.e. the gas is optically
thin), the thermal energy of each hydrogen atom in the gas, %kT for the protons plus

another %kT for the electrons, is equal to the gravitational potential energy released:

3 GMm
2 x =kTr, ~ P
><2]€ Th R

Hence the gas will be at the thermalized temperature T, = GMm,/3kR. Lastly, we
will define the radiation temperature as the temperature corresponding to the energy of
an average photon: hv = kT,qq, or Troq = hi/k.

The emitted spectrum will then have a radiation temperature that falls somewhere
between the two extremes, the optically thick blackbody case, and the optically thin
thermal emission case: Tgp < T}qq < T7y. Using numbers for an accreting neutron star,
we find the minimum (blackbody) temperature to be about 107 K, and the maximum
optically thin temperature to be about 6 x 10! K. Hence we expect emission primarily
in the X-ray to y-ray:

1 keV < hv <50 Mev.
X-rays and ~-rays cannot penetrate the Earth’s atmosphere, so ground-based de-

tection is not an option. Extra-solar X-ray sources were first discovered in the 1960s
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Figure 1.1: The sky in X-rays. From the ROSAT mission, NASA. Astronomy Picture of the Day.

with rocket-borne X-ray detectors. In 1962 American Science and Engineering (AS&E)
discovered the cosmic X-ray source Scorpius X-1, the very first extra-solar X-ray point
source to be discovered, using a rocket launched detector. Dedicated X-ray telescope
launches blossomed in the 1970s with satellite such as Ariel 5, HEAO-1, SAS-3, OSO-
8, Uhuru, and arguably the most important, Einstein, launched in 1978. Ever more
sensitive X-ray telescopes have continued to be developed and launched, culminating in
recent years with satellites such as ASCA, EXOSAT, Ginga, RXTE, and ROSAT. These
missions show our galaxy and its neighbors to be veritable hives of X-ray sources, as in

Figure 1.1.

1.1.2 The Effect of the Luminosity on the Flow

We have calculated that an intense flux of high energy photons will be produced by

accretion onto a compact star. This tremendous luminosity can have a feedback effect
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on the accretion flow via three mechanisms: 1) radiation pressure, 2) heating (or cooling),
3) photoionization. For now, let us assume that the in-falling gas is entirely hydrogen.
The intense X-ray flux will heat the gas via scattering. If the gas becomes hot enough,
the radiation will photoionize the gas, stripping the atoms of their electrons, creating
essentially a two-fluid plasma of ions and electrons. The radiation then exerts a force
on the free electrons via Thompson scattering; the electrons in turn drag the ions along
via Coulomb attraction. This radiation pressure acts to oppose the force of gravity such
that the net force felt by the ions (which contain most of the mass of the gas) is lowered

in proportion to the luminosity:

Lop\ 1
Fo = (GMmp - ﬂ) =

dme ) r?’
where m,, is the mass of the proton (i.e. an ionized hydrogen atom), ¢ is the speed of
light, and o7 is the cross section for Thompson scattering, assuming the gas is fully
ionized.
Because of this feedback, the radiation pressure due to the accretion luminosity acts
as a throttle to the mass accretion rate. The inward force felt by a parcel of gas vanishes
for a particular value of the luminosity:

4rGMm,c
Lpjg = ——"",
or

the Eddington limit.
This condition need not hold in physical systems where the accretion is not spherically
symmetric, for example if accretion were to occur primarily at the star’s equator while

radiation was emitted primarily at the poles, or if the accretion is non-steady. However,
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it does provide a rough estimate for the maximum luminosity of a star of a given mass.
For example, it can be shown that the maximum accretion luminosities of accreting
compact stars such as white dwarfs and neutron stars (both about the mass of the Sun)
are about 10%® erg s~!. For comparison, the luminosity of the Sun, due to thermonuclear

fusion rather than accretion, is 3.89 x 10%% erg sec™1.

1.2 Accretion in Binary Systems

So, do we observe compact X-ray sources that could be attributed to accretion onto
compact stars? Indeed we do; we find them in close binary star systems. They come
in several flavors, the so-called cataclysmic variables (CVs), which are believed to be
accreting white dwarfs and emit primarily in the extreme ultraviolet and soft X-ray, and
the X-ray binaries (XRBs), which are believed to be accreting neutron stars and black
holes, which emit primarily in the X-ray. All of these bright sources have companion
stars feeding them their requisite mass accretion rates M via various mechanisms of
mass transfer. To understand the mass transfer and types of accretion processes in
these systems, let us consider their geometry.

For simplicity, we shall restrict ourselves (for now) to the case of two stars in circular
orbit around each other with the mass donor rotating synchronously with the binary
orbit. Circularization of the orbit and synchronous rotation within a close binary system
are expected due to tidal forces between the two stars. Consider two stars of masses M;

and Ms in circular orbit with binary separation a. Kepler’s law yields an orbital period
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of:

P2 472a?
G(M; + M)

It is convenient to examine this system using a frame of reference that rotates with the

binary orbit. This frame rotates with an angular frequency given by:

a3

In this frame we may write an expression for the effective potential felt by a parcel of
gas. This includes the gravitational potential of the two stars, as well as the centrifugal

potential due to the rotating frame. The effective potential can then be written:

where 71, 79, and 7., are the distances to M;, M,, and the binary center of mass,
respectively. This is called the Roche potential. There exists along the line of centers
connecting M; and M, a point where the effective potential has zero slope, and hence
the net force vanishes. This is called the inner Lagrange point, or L1. It is a saddle
point in the Roche potential, being a maximum along the line of centers, but a minimum
transverse to it. This means that a particle displaced to the side of the L1 point will
experience a restoring force, but a particle displaced toward one of the two masses will
accelerate toward that mass. The value of the effective potential at L1 defines the critical
potential; an equipotential surface of this potential is composed of two lobes, known as
Roche lobes, connected at the L1 point like an hourglass or dumbbell. The L1 point
acts as a throat where material can more easily move from one lobe to the other.

The particular geometry of the Roche lobes, i.e. their relative sizes, is determined
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Figure 1.2: Stars M; and M5, rotate about their common center of mass ¢m. The critical
surface of the effective potential forms the figure-8 shaped Roche lobes, connected at
the inner Lagrange point, L1.

only by the mass ratio ¢ = My/M;, and the orbital angular frequency w. Depending on
the sizes of the two stars relative to their respective Roche lobes, we can classify three
distinct types of binary: contact, detached, and semi-detached. For our discussion, we
will always take the accreting star to be M; and the donor star to be M.

A contact binary occurs when both stars are large enough that they fill their Roche
lobes and their surfaces are essentially in contact; such systems are not expected to
survive very long in this state before evolving toward a common stellar envelope, and
becoming a single star.

Most binary systems are detached binaries. Neither star fills its Roche lobe. This
does not mean that mass cannot be transferred between the two; for example, if one
star possesses a stellar wind, this wind could be gravitationally focused and accreted by
its companion; this mechanism of mass transfer is called wind accretion.

In a semi-detached binary, one star fills its Roche lobe while the other does not.
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Cont act
,,’_—“\\
O $ox ) Det ached
\\\ /’ ~—

N
~

* , Sem -det ached

Figure 1.3: Contact binaries have surfaces that are in contact with each other, while
detached binaries surfaces are well within their Roche lobes. Semi-detached binaries
have only one lobe-filling star.

Material can escape from the envelope of the lobe-filling star (the donor) through the
L1 saddle point and fall toward the other star (the accretor). This is commonly referred

to as Roche lobe overflow (RLOF).

1.2.1 Wind Accretion in Detached Binaries

If a star of mass M is placed in a uniform wind of density p moving at speed u, gravi-
tational attraction will focus a column of wind onto the accreting star. The size of the
accretion cylinder is determined by the speed of the flow and the mass of the accretor;
in order for gas to accrete it must have kinetic energy less than the gravitational binding
energy at its (undeviated) point of closest approach:

1, GM
—u” = .
2 racc
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Figure 1.4: The stellar wind from the donor star (trailing in the rotating frame due to
conservation of angular momentum) in this detached binary is gravitationally captured
by a compact accretor, forming a bow shock.

2 .

The mass accretion rate is then punry,.:

4 p(GM)?

Myina = —— 5
This is called Bondi-Hoyle accretion [Bondi and Hoyle, 1944].

In the case of a wind fed accretor within a binary system, we expect deviations from
this ideal, as we expect there to be gradients in the density and velocity of the wind
[Taam and Fryxell, 1988]. Also, we generally expect the flow to be supersonic, implying
that a bow shock will develop ahead of the accreting star. The bow shock may effect
the accretion rate, as some of the kinetic energy will be dissipated crossing the shock,
meaning that a larger gas column may accrete, but back pressure behind the bow shock
may be strong enough to choke accretion. The precise result will of course depend on
the detailed dynamics of the interacting wind and shock, including radiative heating and

cooling [Taam et al., 1991]. In the ideal case, we expect no net accumulation of angular

momentum on the accretor, but again transverse gradients in density and velocity may
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change this. Still, Equation 1.1 provides a rough constraint on the wind for systems

whose luminosity is believed to be powered by wind accretion.

1.2.2 Roche Lobe Overflow

Lubow and Shu [1975] and Lubow and Shu [1976] form the foundation of our under-
standing of mass transfer in semi-detached binaries. In these systems, the surface of the
Roche-filling star is essentially unbound at the L1 point; the thermal gas pressure will
force material through the saddle point in the Roche potential at the sound speed (im-
plying that as the stream accelerates toward the accretor the flow is always supersonic).
We thus expect the formation of a stream of material from the surface of the donor star.
We call this the tidal stream. From the accreting star’s point of view, the L1 point lies
at a distance rp; that depends on the mass ratio of the system, and rotates about the
accretor with angular velocity w. The gas then contains an angular momentum per unit
mass given by wr?,. In other words, this stream of material cannot fall straight into the
accreting star; it is in orbit.

Without interference, a particle released from the L1 point will follow a ballistic path
around the accretor, passing closest to it at some periastron point. If the radius of
the accretor is smaller than the radius of this periastron, the stream gas will continue
to orbit, eventually intersecting other stream material. We may expect these colliding
gas flows to circularize at a radius given by a Keplerian orbit with specific angular
momentum wr?:

{ = TeircV¢p = (Gercirc)l/Q = wr%l'
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Figure 1.5: The photosphere of the donor star is unbound at the L1 point, and forms a
gas stream that pours into the compact star’s Roche lobe. This stream enters the Roche
lobe at the sound speed (since it is gas pressure that pushes it through the L1 point),
and accelerates toward the accretor. The supersonic flow follows a ballistic trajectory,
passing the compact star at a radius r,;, before colliding and circularizing at radius 7.

For example, in a system with ¢ = 1 (equal mass stars), where rp1/a = 1/2, reipe/a = 1/8.
If angular momentum were conserved this gas would form a torus at the circularization
radius. If angular momentum can diffuse outward while gas can drift inward, then a
disk is formed. This configuration is known as an accretion disk.

For the case of accretion onto a compact object, the point of closest approach of
the stream is less than the circularization radius of the incoming material; it stands to
reason that the stream will have to strike the disk in these systems. Since the gas stream
starts out its journey from the L1 point moving at the sound speed (remember, it leaks
through the L1 point due to thermal pressure from the donor’s photosphere) and is in
free fall toward the accretor, we expect the stream material to be supersonic when it
strikes the disk. We may expect strong shocks at this high velocity impact, heating the
gas via dissipation, creating a hot spot. However, this may not always be the case; if
the impact is sufficiently oblique, or the ratio of the density of the disk to the stream

is sufficiently large (which it may well be, since for a steady state disk we expect the
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disk to accrete matter slowly), or the gas stream is only just supersonic (as may be
the case in very low mass ratio systems, where the disk may extend nearly to the L1
point) then emission by a hot spot may be diminished. Splashing of stream material at
the disk edge, or expansion of the disk edge due to heating by the stream impact, may
contribute to phase-dependent modulation of flux from the accretor by increasing the

column density of material along our line of sight to the source at certain phases.

1.2.3 Binary Evolution

Binary stars over their lifetimes may experience different epochs during which mass
transfer occurs or does not. Also, the same binary star may experience multiple types of
mass transfer during its evolution. For example, a star may begin to drive a wind during
one evolutionary phase, leading to wind-fed accretion onto its companion. This same
star may evolve to a larger radius, filling its Roche lobe, leading to RLOF. The binary
separation of the system will decrease over time as orbital angular momentum is carried
away in a stellar wind, which may act to drive wind-fed systems toward RLOF. We may
then see wind accretion and RLOF as the two extremes in a continuum of mass transfer
states. We may ask ourselves, what is the transition like between these two extremes?
How sharp is this transition, and are we able to identify any likely candidates to be in
this regime? Later in this work, we define the Roche lobe overflow parameter A, which
is a measure of the “filling factor” of the donor star; i.e. how close it is to filling its
Roche lobe, and examine the role it plays in determining whether a given system will

Y

be a “wind accretor,” a “disk accretor,” or something in between (see Chapter 3).



Chapter 1. Introduction 15

Another factor affecting the mode of mass transfer is orbital eccentricity; although
circularization is usually a good assumption, exceptions are known. Within the X-ray
binaries, one of the two stars will be a collapsed object that will have lost a significant
fraction of its mass explosively. This process is expected to alter the eccentricity of
the binary orbit, and circularization of an elliptical orbit will take some amount of
time, during which we may observe an X-ray binary in non-circular orbit. The elliptical
orbit X-ray binary GX 301-2 provides an excellent laboratory for investigating many of
the typical assumptions about X-ray binaries, as well as unique phenomena, since the
accreting neutron star periodically plunges deep into the companion star’s stellar wind,
very close to the companion. This essentially forces the system to undergo Roche lobe

overflow once every binary orbit (see Chapter 3).

1.3 Accretion Disks

We may understand some important concepts about accretion disks merely from first
principles. We know that the gas flow will involve dissipative processes such as shocks
that will heat up the disk. Radiation will carry energy away from the disk in the form of
a disk luminosity; in other words, the disk will shine. The ultimate source of the disk’s
luminosity must be liberated gravitational potential energy, i.e. some portion of the gas
in the disk must move inward. But for this to occur, angular momentum must be lost
in order for a gas parcel to drop to a lower orbit. Typically, angular momentum transfer
involves internal torques within the disk and takes place much more slowly than energy

loss via radiation. Hence the gas parcels rapidly lose as much energy as they can for a
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given angular momentum, meaning that the gas orbits are likely near-circular (circular
orbits have the lowest energy in the absence of the perturbation of the companion’s
gravity), with gas slowly spiraling inward as potential energy is liberated and angular
momentum is transported outward. In order for angular momentum to be transported
outward some fraction of the disk gas must carry it out. This implies that the outer
disk spirals out while the inner disk spirals in.

Circular orbits imply that the gas flow is Keplerian: vy, = \/GT/T In the case of
an accretion disk, material that falls onto the surface of the accreting compact object
impacts with grazing incidence with specific energy —GM /R, + %vzep = —%GM /R,. For
a mass accretion rate M, the disk luminosity is then half the total accretion luminosity:

GMM L,
QR* - 9 acc

Laisi =

The other half of the accretion luminosity is either liberated at the accretor’s surface,
or may be lost in the case of a black hole accretor, which has no rigid surface for the
accretion flow to impact.

Since the operation of our accretion disk as a machine for energy extraction depends
on the transport of angular momentum, it behooves us to examine how such transport

may take place.

1.3.1 Viscous Transport

The astute reader will notice where the hand-waving has occurred: in the transport of
angular momentum. How exactly is angular momentum transferred through the disk?

One way is via wviscous torques within the disk. Consider the Keplerian orbital velocity
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of the gas, which varies inversely with the square root of the radius. This means that
gas orbiting at smaller radii is moving faster, and gas orbiting at larger radii is moving
slower. Imagine that two successive annuli of the disk rotate as rigid hoops with the
appropriate Keplerian orbital velocity. Now imagine that each hoop exerts some drag on
the hoop next to it. You can see that the fast moving inner hoop will act to speed up the
slow moving outer hoop, and vice versa. In other words, the drag between concentric
annuli (viscosity) acts to transfer angular momentum from the inner annulus to the
outer one. The inner annulus, now moving at sub-Keplerian velocity for its radius, will
fall inward, accelerating until it reaches equilibrium. The outer annulus, now moving
at super-Keplerian velocity for its radius, will move outward. Hence viscosity within
the disk allows angular momentum to be transferred outward while mass moves inward,
liberating gravitational potential energy.

Consider now two neighboring annuli of width r sharing the surface of radius r,
assuming the disk to be in equilibrium. We can see from the Keplerian flow that the
inner annulus will be moving faster than the outer annulus, just as in our two-hoop
model. The chaotic motions of the fluid ensure that fluid elements are continually
exchanged across the surface at radius r with characteristic speed v. Elements moving
outward will carry an average angular momentum density of p(r — dr/2)*Q(r — or/2),
while fluid elements moving inward will carry an average angular momentum density of
p(r+0dr/2)?Q(r+0r/2), where Q(r+0r/2) is the average angular velocity of the Keplerian
flow within the two annuli. Because we have restricted the flow to be in equilibrium,

the net mass flux across the surface r will be zero. The net angular momentum flux is
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Figure 1.6: Two neighboring annuli in a Keplerian accretion disk exchange fluid elements
in equilibrium. The net mass flux is zero, but the fluid elements from the inner annulus
carry different angular momentum than do those from the outer annulus. Hence a net
angular momentum flux exists, exerting a torque that acts to slow the inner annulus
and speed up the outer one.

non-zero. Let the disk have a thickness H. The net angular momentum flux is then
2mrpvH [(r — 0r/2)?Q(r — 0r/2) — (r + 0r/2)*Q(r + 0r/2)] ,

or perhaps more clearly, since r > dr:

Q(r +dr/2) — Q(r — r/2)

—27r3 H podr
or

The fraction is just ' = d)/dr, while we may define pH = X, the surface density, or
the mass per unit surface area, of the disk. We will also define the standard coefficient
of kinematic viscosity v = vdr (also called the shear viscosity). Hence the net torque
(the rate of change of the angular momentum) of the inner annulus on the outer annulus
is
7(r) = 2nrveQ.
Meanwhile, the work on an annulus of the disk between r and r+dr by the net torque

due to its neighboring annuli (interior and exterior) is

Q&dr =

0
— (72 — 7 dr.
e B (7Q)dr — 7Q'dr

The %(TQ)CZT term is a convection term; it represents the convection of rotational kinetic
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energy through the disk via the torque; this energy can only have sources or sinks
according to the boundary conditions at the inner and outer edges of the disk. But the
second term, —rQdr, represents a local energy sink; the torques act to dissipate the gas’
mechanical energy, which must go into internal energy, heating the disk. This loss of
mechanical energy, which can only come from the gas’ rotational energy, is what drops
the gas to a lower orbit, liberating gravitational potential energy in order to speed the
gas back up to Keplerian velocity.

We see then that the efficiency of the disk in communicating angular momentum,
and hence its efficiency as a machine for extracting gravitational potential energy, is
dependent upon the viscosity v. What then can we say about the magnitude of v?
Unfortunately, we can say a lot.

Let us consider the Reynolds number of the flow, which is a measure of the relative
importance of the inertia of the fluid flow to the viscosity:

7’U¢
Re = —.
vor

If Re < 1, viscous forces dominate the flow (as in motor oil). If Re > 1, viscosity
is unimportant. Using typical values for the size and speed of flow expected within
accretion disks, and taking 0r and v to be the mean free path between collisions and
the sound speed of the gas, respectively, we find that the molecular Reynolds number
exceeds 10'*, making the normal kinematic viscosity completely negligible. Molecular
viscosity cannot extract the energy we require.

However, the large magnitude of Re,,, seems to imply that it is likely that accretion

disk flow is turbulent, since most laboratory fluids become turbulent by Re = 1000.
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Turbulent flow is characterized by large scale chaotic motions. v and ér now become the
turnover velocity and size of the largest turbulent eddies within the flow. Unfortunately
our ignorance of turbulent fluid flow is profound. We cannot state a prior: at what
point the hypothetical turbulence would saturate, since this would depend on unknown
physical mechanisms within the disk. We can provide an upper limit for both ér and
v at best. We know that the size of the largest turbulent eddies cannot exceed the
thickness of the disk, so dr < H, and we know that the turbulent velocities are likely
not supersonic, since if they were the turbulent motions would be dissipated away by
shocks, so v < ¢,, where ¢, is the sound speed.

Hence we parameterize all of our ignorance in the infamous a—prescription of Shakura
and Sunyaev [1973]

v =ac.H,

where we expect on the previously stated physical grounds that o < 1.

Unfortunately for us, recent work by Balbus and Hawley [1998] shows that the radial
gradients in the Keplerian flow act to stabilize it; indeed the disk is not hydrodynamically
turbulent. However, we note that molecular interactions or hydrodynamic turbulence
need not be the only physical mechanisms that can create viscosity within the disk.
Any mechanism that can couple the shearing flows within the disk, and hence transport
angular momentum, will act like a viscosity. One promising mechanism is the so-called
magneto-rotational instability, or MRI, of Balbus and Hawley [1998]. Consider two
magnetized fluid elements rotating in neighboring annuli. If the disk is in Keplerian

rotation (for example) the inner element will begin to pull away from the outer element.
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But the tension in the magnetic field between the two elements acts as a spring, coupling
the two elements, that is being stretched. The inner element will be slowed, and the
outer element will be accelerated, i.e. angular momentum is transferred from the inner
element to the outer element. The inner element falls in while the outer element moves
out, exactly as in our previous example. Thus the MRI provides a magnetohydrodynamic

viscosity to the disk.

1.3.2 Non-Viscous Transport by Global Waves Modes

All of the angular momentum transport mechanisms we have discussed so far have been
local effects; in other words effects that are dependent only on local quantities within
an infinitesimal portion of the disk and behave like a fluid viscosity. However, angular
momentum can be transported by completely non-viscous effects such as global wave
modes (Goldreich and Tremaine [1980]; Lynden-Bell and Kalnajs [1972]; Papaloizou
and Pringle [1977]), such as spiral shocks, which can act as an angular momentum sink
(Larson [1989]; Sawada et al. [1986b]; Shu [1976]; Spruit [1987]). Consider a shock within
the disk at some obliquity to the fluid flow. As the flow crosses the shock, some portion
of its mechanical energy is dissipated, heating up the disk. Hence a gas parcel crossing
this shock loses rotational kinetic energy, and will fall toward the accretor, liberating
gravitational potential energy. This argument depends, of course, on whether or not the
angular momentum carried by the fluid element can be carried away.

Up to this point we have assumed the flow of our accretion disk to be Keplerian.

Implicit in this assumption is the neglect of the presence of the binary companion that,
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from the disk’s point of view, orbits it. Just as the gravity of the moon orbiting the earth
distorts the fluid covering the earth (the oceans) causing high and low tides, the orbiting
presence of a massive companion causes tides within an accretion disk. Consider again
the disk in a frame rotating with the binary. The gravity of the companion, as well as the
centrifugal and Coriolis forces due to the rotating frame, will vary with azimuth around
the disk. This implies that the equilibrium orbits of the disk are no longer Keplerian.
Paczynski [1977] identifies a family of closed pseudo-elliptical orbits that are solutions
to the restricted three-body problem (in absence of pressure forces) in the region of the
accretor. Differential accelerations around the disk due to the tidal forces will cause some
regions of the flow to move faster than others; the flow will develop over-dense regions
where the flow is slower, as well as rarefied regions where the flow is faster. These
disturbances are sheared out by the Keplerian flow into spirals, and pressure gradients
in the flow will steepen them into shock waves as they propagate inward. These are the
famous two-armed trailing spiral shock waves of accretion disks in binary systems. Let
us examine them in detail.

The equilibrium position of the spiral shock is determined by a balance between the
ram pressure ahead of the shock and the gas pressure behind it. Since the ram pressure
ahead of the shock is proportional to the speed of the flow perpendicular to the shock
squared, and the speed of the flow increases with decreasing radius, we see that the
obliquity of the shocks must increase to keep the ram pressure of order the gas pressure.

Hence, the spirals become more tightly wound at smaller radii:

,01135 sin? @ o< ¢2p,
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Spi r al
Shocks

Tidal Strea

Figure 1.7: The accretion disk’s outer radius rp is greater than the circularization radius,
due to the outward flux of mass and angular momentum. The outer radius lies at the
tidal truncation radius, where the tides are so strong that the outer disk is torn apart.
The flow within the disk strikes the spiral shocks at an angle determined by a balance
of ram pressure ahead of the shock and the thermal pressure behind it; at smaller radii
the Keplerian velocity increases, requiring the spirals to wrap more tightly to maintain
this balance.
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or
sin 6 o i

where 6 is the shock angle (the angle between the pre-shock flow and the shock) and M
is the Mach number of the flow, v/c,. Since the shock can only dissipate kinetic energy
from the component of the velocity perpendicular to the shock, this implies that the
spiral shocks become less and less efficient at dissipating energy at small radii, since this
component becomes ever smaller. Eventually, the shock is wound so tightly that the
flow is all but parallel to the shock, and the shock essentially ceases to exist. In other
words, dissipation by the spiral shocks turns off at smaller radii. If the Mach number
of the disk is large enough everywhere, dissipation by spiral shocks will be negligible
throughout the disk.

The spiral shocks are two armed because the disturbance that creates them, the tidal
forces, is an m = 2 mode (to first order). Shu [1976] postulate that the impact of the
tidal stream could drive a one armed spiral into the disk, since there is only a single
propagating disturbance (the impact) to be sheared out by the flow; this m = 1 mode
should drive accretion in the same manner as the tidally driven m = 2 spiral modes.

Hence it is possibly that the actual disk structure may have both one and two armed

spiral modes propagating through it.

1.3.3 Tilted Disks, Precession, & Radiation Torque

There is considerable observational evidence that some systems contain tilted, precessing

accretion disks, so it would be wise to develop an understanding of the dynamics of a
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tilted disk, and how it might get that way.

Consider an accretion disk that orbits in a plane other than that of the binary orbit.
The orbits of this disk experience non-symmetric tidal forces around the disk; thus
each annulus of the disk will experience a tidal torque (this is true whether the disk
is tilted or not). Consider a top that is spinning about an axis off the vertical. The
gravitational force causes the top to experience a torque that is perpendicular to the
angular momentum vector; the magnitude of the angular momentum stays the same,
but the direction changes; .e. the axis of rotation of the top precesses. Similarly, tidal
torques will cause the direction of a tilted disk in a close binary to precess. Because
the accretion disk is a fluid, communication of the tidal torques makes the precession
rate relatively independent of radius (in other words the disk precesses more or less
coherently, as though it were a rigid body), while the net torque depends on the outer
radius of the disk, where the tidal forces (and hence the torques) are strongest. Larwood

shows that the ratio of the orbital period to the precession period is

Porb 3 q2 12 Rd 3/2 .
P = (1+q> — ) cosi. (1.2)
prec

where Ry is the radius of the accretion disk, and 7 is the inclination of the disk relative

to the binary orbital plane (i = 0 is in the binary orbital plane) [Larwood, 1998a].
Katz [1973] proposed periodic obscuration by a precessing tilted accretion disk to
explain recently-discovered super-orbital periodicities observed in the light curves of the
X-ray binary Her X-1. Roberts [1974] proposed a “slaved disk model” in which the donor
star rotates with an angular momentum vector misaligned with the binary orbital angular

momentum vector, hence material transferred through the L1 point would also have a
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misaligned angular momentum vector. However, the net angular momentum transferred
over an orbital period is still aligned with the binary orbital angular momentum, since
half the time the accretor is above the donor’s equator, and half below; the residence
time of the disk gas would have to be extremely brief. Also, the axial tilt of the donor
would decay due to tidal friction on a timescale shorter than the orbital circularization
timescale, and Her X-1 is believed to be circular or near-circular.

The likely candidate is thought to be radiation driven warping. Motivated by Petter-
son (Petterson [1977al; Petterson [1977c|; Petterson [1977b]) and Iping and Petterson
[1990], Pringle [1996] showed that a centrally illuminated disk is unstable to warping by
re-radiation back-pressure. To understand how radiation driven warping works, we need
to understand how the disk is illuminated by the central source.

Consider an accretion disk that is everywhere in local hydrostatic equilibrium. For
a given fluid element at some small distance z (the disk is thin) above the binary or-
bital plane, the cylindrical-radial component of the accretor’s gravity is balanced by the
centrifugal force (we shall neglect the companion for the moment):

GM r U(?,

R2R 71’
where R is the distance to the accretor and r is the cylindrical radius. Since the disk is
thin, we arrive at the familiar Keplerian velocity profile:

GM
’U(b(r) ~ T
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The disk is supported vertically against collapse due to the accretor’s gravity by hydro-

static equilibrium:

dp GM

? = _C2R3Z dz,
or

p(z) = poe =M%,

where H is the scale height of the disk, 7.e. its thickness, and is defined by

2c2
H2<R) = G—MR3

We see that the thickness of the disk increases with increasing radius as the 3/2 power,
thus the disk is concave.

Because of this concavity the disk surface will intercept some amount of flux from
the central source. In the case of an accreting neutron star or black hole in an X-ray
binary, that flux will be mainly hard X-rays. Since the X-rays are traveling radially,
direct radiation pressure can exert no torque on an orbiting fluid annulus that absorbs
them. However, they can and do heat up the disk surface, causing re-radiation of the
reprocessed X-ray flux. Since this re-radiation is preferentially normal to the disk surface,
it can exert a torque on the surface. Since the disk has two surfaces, one might expect
that the net torque would remain zero, but Pringle has shown that even an initially flat
disk is unstable to radiation torques if the central source is sufficiently luminous [Pringle,

1996].
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Figure 1.8: The concavity of the accretion disk’s surface implies that it will be strongly
illuminated by the central X-ray source. While the direct X-ray flux can exert no torque,
the force due to thermal re-radiation of absorbed X-rays is normal to the surface, and
can exert a net torque. The disk is unstable to warping via this mechanism if the central
luminosity is high; once the symmetry is broken and opposite surfaces become shadowed
on opposite limbs of any annuli, torques can easily warp the disk.

Such radiation torques can drive the disk out of the plane, tilting and twisting it,
creating a warped disk. Once out of the plane, radiation and tidal toques will induce
precession of the disk, yielding super-orbital periodicities via cyclic changes in the ori-
entation of the system over time. Even though the primary must orbit the tilted disk
once every binary orbit, the particular orientation of disk and companion as a func-
tion of phase now changes for us, the observers. At one point, the disk may be facing
us, providing an unobstructed view of the hard X-ray source (excepting eclipses by the
companion), in other words a “high” state, while at some time later, precession of the
disk may obscure the hard X-ray source completely behind the edge of the disk, leaving
only coronal emission or perhaps cold X-ray reflection from the companion, i.e. a “low”

state.
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1.4 Observing Accretion onto Compact Objects in Close Bina-
ries

We have built up a rather extensive catalog of physical possibilities for accreting systems
in binary stars. Let us now examine the observational evidence for them. Indeed we do
see a plethora of galactic and near-galactic point X-ray sources which can be attributed
to accretion onto a compact object in a binary star. Generally, these fall into three
classes: the high mass X-ray binaries (HMXBs), the low mass X-ray binaries (LMXBs),
and the so-called cataclysmic variables. The first two collectively make up the XRBs. In
this section we will examine both the observational classes, and the various observational

techniques used to investigate them.

1.4.1 Nomenclature

Let me first digress and discuss X-ray source naming conventions. Historically, point
X-ray sources are identified by the constellation they occupy and an X designation
signifying their brightness relative to other X-ray sources in that constellation; Her X-1
is the brightest X-ray source in the constellation Hercules. Near-galactic sources in the
Small and Large Magellanic Clouds receive SMC and LMC designations; hence LMC
X-4 is the fourth brightest X-ray source in the Large Magellanic Cloud. Fainter sources

from newer catalogs may have other designations, such as GX 301-2.
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Figure 1.9: At high inclination (a), the hard X-ray source is obscured by the disk and
only scattered or reflected X-rays, or X-rays emitted from a hot diffuse corona above
and below the disk, can be seen. At slightly lower elevations (b) the hard X-ray source
can be seen, with the flux modulated by the outer edge of the disk. Eclipsing will be
observed up to point (c), the position of which depends on the mass ratio of the system
(and hence the relative sizes of the disk and donor). Specific features of the system
structure such as attenuation of X-ray flux by a splashing impacting tidal stream may
be observed up to moderate inclinations (d) beyond which only the hard X-ray source
can be seen.

1.4.2 Geometric Considerations

We may predict some observational properties of accreting binary systems simply due
to the geometry of our problem, as in Figure 1.9. The binary will orbit is a plane that
makes some angle, called the inclination, with our line of sight. If we are observing
in the plane of the orbit, we should observe the disk and its donor periodically eclipse
each other as they rotate. If we are looking straight down toward the orbital plane, we
should observe no eclipsing. Since both the donor and the disk have physical extent, we
expect that the shape of observed light curves will vary according to the inclination of
the system; for example, for certain inclinations the disk or donor may partially, rather

than fully, eclipse its companion.
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1.4.3 Observational Techniques

We do not have the luxury of studying accreting binaries from close up; rather we must
rely solely on the photons that wend their way to our various instruments. Furthermore,
these systems are much too far away to be directly imaged. Therefore astronomers have
developed clever ways to massage the photons into divulging information about these
systems. Our entire understanding of accreting binaries comes from the interpretation

of time dependent continuum and line emission via various observational techniques.

Light Curves and Total Flux

We are interested in the time-dependent flux from the system, or the light curve.
Typically, observations of binary stars are made as a function of orbital phase, which is
essentially time, normalized to the binary period. Hence phases 0 and 1 correspond to
mid-eclipse (although some authors use the opposite convention) of the accretor (this
definition is clearly problematic if no eclipse exists). The timescale of the variability
tells us the physical scale of the source of the variability. Very rapid fluctuations in hard
X-ray luminosity likely arise near the accretor. Longer term, but still short, fluctuations
in soft X-ray or UV may correspond to the dynamics of the disk. Changes on the
orbital timescale such as eclipses give us information about the global structure of the
binary. Very long timescale variations (longer than the orbital period) may tell us about
the global evolution of the system, as we shall see later. If a distance to the object
can be determined, total flux measurements allow us to ascertain the system’s absolute

luminosity.
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Spectra

The detailed spectra of a system can provide a wealth of information; we may expect
to identify red-shifted and blue-shifted emission due to both the binary rotation and
the rotation of the accretion disk, should one exist. We expect that different regions of
the system will have different temperatures, optical depths, ionization states, etc. and
will be emitting different spectra. Soft X-rays can provide column densities within a
system, while UV line profiles can provide stellar wind parameters. We expect different
systems (for example accreting neutron stars vs. black holes) to be emitting primarily

in different bands from UV to soft X-ray, hard X-ray, and v-ray.

Line Profiles

Cataclysmic variable (see below) accretion disks have strong emission lines of hy-
drogen and helium. An individual line will be convolved into a complex curve by the
dynamics of the system. Consider a single line that is emitted uniformly by a disk with
some inclination to our line of sight. The rotation of the gas of this disk will cause some
of the emission to be red-shifted (when gas is moving away from us) and some to be
blue-shifted (when gas is moving toward us). Furthermore, because of the differential
rotation of the gas, the fast moving gas near the center of the disk will be shifted more
than will the slower moving gas in the outer disk. Now add in the fact that the entire
disk is in orbit around another star, adding a background shift that moves from blue
to red over the course of an orbital period. Finally, consider that it is unlikely that the
disk actually is emitting uniformly; there is no reason a priori to assume that the disk

is all the same temperature, for example. We may expect emission preferentially from
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regions where dissipation occurs, such as shocks, for example from a tidal stream impact
or spiral shocks. But we can say that generally a line from an accretion disk is expected
to be “two horned” with a red-shifted and a blue-shifted peak. Over the course of a
binary orbit, the background frequency shift due to the orbital motion will alternately

make one peak stronger than the other.

Eclipse Mapping

If we are lucky enough to observe the system at a high enough inclination, we may
observe eclipses of the disk emission by the primary. In this case, as the system enters
eclipse, the blue-shifted peak is lost, as the disk gas moving toward us is obscured. As
the system nears the end of eclipse, the red-shifted peak is temporarily lost, as the gas
moving away from us is occulted. This leads directly to a technique known as eclipse
mapping. This method is used to attempt to map out the continuum emission of the disk
surface. The continuum emission of the disk will be a complex function of the detailed
local physics of the disk, including dissipation, dynamics, radiative transfer within the
disk, etc. For example, at high energies (shorter wavelength) the emission is expected
to be sharply peaked near the accretor, while at lower energies (longer wavelengths)
the emission is more uniform. There may be localized emission at some wavelengths
due to a “hot spot” (stream impact). As the companion orbits it will eclipse different
regions of the disk surface at different orbital phases. This allows us to infer the net
emission from the region in shadow by what has been subtracted from the signal. These
time dependent spectra may then be deconvolved to provide emission maps of the disk

surface.
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Figure 1.10: If the inclination is high enough for the donor to occult the disk, then we
may use time dependent light curves and spectra to deconvolve the emission structure

of the disk.

Trailed Spectrograms € Doppler Tomograms

Returning to line emission, we may make use of the fact that the line profiles change
as a function of binary phase (and are typically different for different lines, since as we
have discussed, emission is not expected to be uniform over the surface of the disk).
Essentially, every parcel of gas in the disk will have some component of velocity along
our line of sight, producing a frequency shift. The integral over the disk surface produces
the double-peaked line profile we have already discussed. As the binary orbits, we are
essentially viewing the disk from all azimuthal angles. Stacking of line profiles over
time allows us to create a trailed spectrogram that shows the changes in the frequency
shifted line as the binary orbits. Using the same idea of deconvolving our data given
certain assumptions about the disk (namely inclination and the assumption that the
disk is Keplerian or nearly so) we may produce velocity-space maps of the disk, known

as Doppler tomograms.
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Figure 1.11: A single emission line within the disk will be smeared out into a line profile
by a combination of factors including Doppler shifting due to the Keplerian rotation
of the disk, Doppler shift due to orbital motion, and (perhaps) differential occultation
of the disk. The signature of Keplerian flow is the “two horned” line profile. Orbital
motion can shift the horns to either side, while occultation of one limb of the disk can
cause the horns to alternately vanish.
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1.4.4 Kinds of Accreting Close Binaries with Compact Objects

We now turn our attention to the three kinds of accreting close binaries that contain
compact accretors: the X-ray binaries, including the high-mass and low-mass XRBs

(HMXBs and LMXBs, respectively), and the so-called cataclysmic variables.

High Mass X-Ray Binaries

The HMXBs are composed of giant or super-giant stars accreting onto either neutron
stars (LMC X-4) or black holes (Cyg X-1), either via wind accretion (Vela X-1), or
disk accretion (Her X-1). Typically these systems have mass ratios ¢ > 1, usually
significantly greater than 1; for example the HMXB LMC X-4 has a donor to accretor
mass ratio of 10.6. Generally these systems have extremely high hard X-ray luminosities
(10%° — 10%® erg s7!) that are expected to be generated very close to the accretor’s
surface. Typically, ultraviolet flux from the disk is totally swamped by the luminosity
of the companion giant, which is also of order 10%® erg s™! and is peaked in the UV.
However we know that the only process capable of generating such X-ray luminosities
is accretion onto a compact object, and it is reassuring that we can often identify an
optical counterpart, the donor star (for example, the donor star to Her X-1 is HZ Her).
Since the size of the donor star is large compared to the binary separation in these
systems, they typically exhibit eclipses of the X-ray source. Because the companion star
is generally luminous enough to be detected, we can often observe details of its stellar
envelope, such as the presence of a stellar wind by shifted absorption and emission lines

in the UV, for example P Cygni lines.
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We may differentiate the wind accretors from the disk accretors in two ways. One,
the disk fed HMXBs are typically more luminous than the wind fed HMXBs, and two,
the rate of change of spin of the neutron star is typically higher in disk fed systems. If
the emission from the surface of the neutron star is not axisymmetric about the axis
of rotation, for example if matter is channeled along magnetic field lines to an off-axis
“cap” where the X-rays are then preferentially emitted, then we will observe pulses in
the neutron star’s emission as it rotates, i.e. an X-ray pulsar. Since material accreting
from a disk is expected to carry some net angular momentum, we expect the neutron
star to “spin up” over time. In a wind fed system gas from the companion’s stellar
wind is focused head on and is expected to carry little net angular momentum; hence
we expect little coherent long term change in the spin of a wind fed pulsar (although it
may be possible to form transient accretion disks behind the bow shock of a wind fed

accretor).

Low Mass X-Ray Binaries

The LMXBs are composed of an accreting neutron star in close binary orbit with a
low mass main sequence companion, typically less than 1 M. Typically the donor star
is at most about the same size as the accretion disk, and may be significantly smaller;
eclipses of the hard X-ray source are rare in these systems, since they have to be viewed
almost edge-on to produce them. Typically emission from the accretor, the disk, and
the companion all lie in different bands: X-ray, UV, and optical, respectively. However,
the companion stars are typically so faint that they are rarely detected, and the disk

emission is dominated by X-ray emission reprocessed by the disk, rather than intrinsic
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emission from the disk itself.

In both classes of XRB our observational options are limited. With the exception
of the spectrum of the companion stars in the HMXBs, we are typically restricted to
measurement of the hard X-ray flux from the accretor, the reprocessed X-ray flux from
the illuminated surface of the disk or companion, or X-rays emitted from a hot corona
above the surface of the disk (an extended, rather than point X-ray source). These are
still very useful tools, however; it is as if we are able to take an X-ray of the circumstellar
gas of our binary star. Unfortunately, we are restricted to a single inclination angle for
any one system. This gives rise to a number of distinct observational clades that depend

upon inclination, as mentioned above (see Figure 1.9).

Cataclysmic Variables

This is actually a catch-all class that includes novae, dwarf novae, nova-like variable
stars, intermediate polars, etc. We will not be discussing the manifold differences of
these systems, but let us examine what they have in common. All of these system have
a normal “quiescent” luminosity that is believed to be driven by accretion from a low
mass main sequence binary companion onto a white dwarf, punctuated by periods of
higher luminosity (outbursts) that are generally attributed to sudden changes in mass
accretion rate.

Our observational options are much greater with the CVs than with the XRBs. Be-
cause of the lower compactness M /R of the accreting star, these systems are much less
luminous than the XRBs, and their emission is not dominated by the central accretor;

the emitted spectrum of the disk can also be measured. This makes the full breadth of
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observational techniques available to us, including eclipse mapping, trailed spectrograms,
and Doppler tomograms. Hence CVs are a valuable resource in investigating accretion
disks in close binaries; cataclysmic variables have similar mass ratios to the LMXBs,
and many observational qualities of CVs may be applicable to the XRBs. However, we
cannot ignore the fact that CV sources are much less luminous, and there is no reason a

priori to expect CV and XRB disks to have similar temperatures, ionization states, etc.

1.4.5 Observations

Let us turn now to actual observations that confirm the presence of some of the most
important features that we expect to be present if our picture of accretion onto compact

object in close binaries is accurate.

Wind Accretion and Roche Lobe Ouerflow

For a compact object to be accreting a companion’s wind, we expect that companion
to be of a proper spectral type to drive a strong wind, for example an OB giant or
super-giant. Such stars are rare and hence generally very distant. Therefore we expect
that if an accreting companion is to be detected, it must be bright; a neutron star or
black hole, rather than a white dwarf. If the object is a spinning, magnetized neutron
star, we may expect it to be an X-ray pulsar. From these objects we expect moderate
X-ray luminosities, moderate pulsar pulse periods, and a lack of steady spin-up of the
pulsar. A handful of objects fit this description, generally they are the high mass X-ray
binaries, of which only a few are known, such as Vela X-1 and 4U 1700-37. Generally

in these systems, the companion star is very luminous, and an optical counterpart can
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be identified for the X-ray source. UV and optical spectroscopy allows us to confirm the
presence of the donor’s stellar wind and characteristics about it. Dupree et al. [1980]
confirm the optical counterpart to Vela X-1 to be an early B-type super-giant driving a
strong wind, and that the wind shows strong variability over the binary orbital period,
due to the changing photoionization state of the circumstellar gas. Sako et al. [1999]
and Schulz et al. [2002] show that the X-ray spectrum of Vela X-1 is consistent with the
X-ray source being embedded in a hot, diffuse photoionized wind laced by cool, dense,
optically thick clumps. Kaper et al. [1994] suggest the presence of a photoionization
wake trailing in the donor wind to explain absorption at late phase and low velocity in
Vela X-1. Vela X-1 is an X-ray pulsar with a relatively long pulse period of nearly five

minutes, and a lack of consistent pulse period decrease.

Non-Clircular Orbits

A class of hard X-ray transients exists where the X-ray source is observed to have
an optical counterpart of a spectral type that drives a strong wind. These transients
exhibit periodic X-ray flares. Some of these systems are believed to be accreting eccentric
orbit X-ray binaries (some may be due to periodic changes in the donor star, though).
Since the density of a diverging stellar wind drops as 72, it is reasonable to infer that
a neutron star in eccentric orbit embedded in the donor’s wind will experience periodic
changes in mass accretion rate and X-ray luminosity. Parmar et al. [1989] list six Be
X-ray binaries for which the X-ray flaring interval is consistent with the orbital period
of the system. At least three systems exhibit X-ray flares occurring close to periastron

passage: V 0332453 [Stella et al., 1985], A 0538-66 [Mavromatakis and Haberl, 1993],
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and GX 301-2 (Watson et al. [1982]; White and Swank [1984]; Sato et al. [1986]).

Accretion Disks

Accretion disks in close binaries can generally be found in the highest X-ray luminosity
XRBs, where if they are accreting pulsars, they will generally tend to have short pulse
periods and consistent pulsar spin-up rates (although if the neutron star is in spin
equilibrium with the inner edge of the accretion disk, the latter condition may not
hold). These systems will also generally have short binary orbital periods, since the
accreting neutron star must orbit the donor quite closely for RLOF to take place. Such
systems can be found among the the well studied HMXBs including LMC-X4 (Kelley
et al. [1983]; Woo et al. [1996]), Cen X-3 [Tsunemi et al., 1996] and SMC X-1 [Kahabka
and Li, 1999], and among the LMXBs, which are far more numerous; Liu et al. [2001]
catalogs nearly 370 low mass XRBs.

Accretion disks are also likely the culprits in systems that show infrequent outburst
activity, such as novae. These are of course the cataclysmic variables. Optical and
UV spectra can be used to identify the presence of an accretion disk. Observations
of accretion disks in CV systems are almost a dime a dozen (Ritter and Kolb [2003]
lists 472 CVs). For example, Hoard et al. [2002] observe nova-like CVs with the Far
Ultraviolet Spectroscopic Explorer, and demonstrate prominent disk signatures in the

spectra of three (DW UMa, LS Peg, MV Lyr).

The Tidal Stream € Hot Spot

A feature that is of particular interest is the tidal stream. Richards et al. [1995] showed
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the presence of a tidal stream using hydrogen a (Ha) line profiles from four Algol-type
binaries (Algol binaries are mass transferring binaries in which the mass gaining star is
not a compact object, but rather a normal main sequence star; hence some Algols will
exhibit accretion disks if the accretor is small enough, but experience direct impact of the
stream otherwise). Difference profiles were constructed by subtracting out the emission
due to the stellar photospheres, leaving only the contribution due to circumstellar gas.
Doppler tomograms were then constructed from the phase-dependent difference profiles
clearly showing the presence of emitting material at velocity coordinates corresponding
to those of a tidal stream in ballistic free fall.

Shahbaz et al. [2003] identify a late phase (~ 0.8) optical photometric dip with a
disk bulge due to tidal stream impact in the high inclination soft X-ray transient XTE
J2123-058. Baptista et al. [1998] use eclipse mapping techniques to produce spatially
resolved spectra of the accretion disk and gas stream of UX UMa, and find that the gas

stream overflows the surface of the disk rim down to a radius of 0.1 Ry;.

Spiral Shocks

Observational evidence of spiral structure in close binary disks was woefully lacking
for many years (almost to the point of embarrassment). However, beginning with IP Peg,
an eclipsing dwarf nova CV, Doppler tomographic maps of hydrogen Balmer and helium
emission lines during outburst have demonstrated the existence of two-armed spirals
within the disk [Steeghs et al., 1997]. Recently eclipse mapping has also been used to
image I[P Peg’s spiral shocks, showing that the gas flow in the shocks is sub-Keplerian,

and that the two spiral arms account for a significant fraction of the emitted line flux, as
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much as 30% [Baptista et al., 2000]. Finally, recent Doppler tomograms of the quiescent
state of IP Peg also clearly indicated the presence of spiral shocks, along with more
complicated structure. The emission lines demonstrate quasi-periodic oscillations of a
period much shorter than the orbital period, but modulated by the orbital period. This
likely arises from hot spot emission that varies with the time-dependent dynamics of the
disk (hence the quasi-periodic oscillations) and periodic obscuration by the disk edge at
particular orbital phase [Neustroev et al., 2002].

The flood gates have begun to open on detection of spiral structure in close binary
accretion disks; Morales-Rueda and Marsh use spectra of 48 CV systems during outburst
to identify 12 candidates (other than IP Peg) for the detection of spiral structure, of
which SS Cyg, EX Dra, and U Gem have been shown to exhibit spiral shock signatures
[Morales-Rueda and Marsh, 2002].

Although accretion disks in close binaries are too distant to be imaged directly, the
physics involved scales directly to much larger systems. Clampin et al. [2003] used
the Hubble Space Telescope Advanced Camera for Surveys to study the circumstellar
disk around HD 141569A, and have directly imaged spiral structure due to a binary

companion.

Tilted, Precessing Disks

By the early 1970s, Her X-1 was known to exhibit very long timescale periodic mod-
ulations of X-ray intensity (see for example Ulmer et al. [1972]), much longer than the
orbital period (the period of the super-orbital modulations is 35 days compared to a 1.7

day orbital period). Her X-1 exhibits a main high flux state followed by a low state, a
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shorter high state, and a final low state. Cleary these long term modulations represent
some repeating dynamic process within the system, conjectured to be a tilted, precess-
ing accretion disk [Katz, 1973]. Larwood [1998b] shows that tidal precession of a thin,
tilted accretion disk adequately explains the super-orbital periodicities of not only Her
X-1 but also SS 433 (164 days; Margon et al. [1979]), LMC X-4 (30.5 days; Lang et al.
[1981]), and SMC X-1 (55 days; Gruber and Rothschild [1984]).

Quasi-periodic oscillations have also been identified in the time dependent X-ray flux
of Her X-1 [O’Brien et al., 2001]. The frequency range of these QPOs corresponds
to orbital frequencies in the disk interior, and may represent the stream striking the
surface of the disk near its center rather than at the edge. This is easily understood in

the context of the stream striking a disk tilted out of the binary orbital plane.

1.5 This Work

Our goal in this work is to use numerical hydrodynamics, also known as computational
fluid dynamics (CFD), to better understand mass transfer and accretion in close binary
stars with compact accretors such as neutron stars and black holes (although the results
within Chapter 3 may be applicable to CV white dwarf accretors as well). We employ
a numerical hydrodynamics code to simulate the gas flow within these types of systems
under various physical approximations. In general, these simulations resolve the spatial
domain of interest into some millions of zones, each carrying a local zone-average value
of the bulk fluid quantities, density, pressure, and velocity, from which other quantities

(temperature, angular momentum, etc.) may be derived. We evolve these quantities
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under the equations of fluid dynamics, given source terms such as gravity and X-ray
heating according to the physics of the model in question, using high performance com-
puting resources such as the Cray Y-MP, T916, T3d & T3e, and the IBM SP2 & SP3, at
facilities such as the North Carolina Super Computing Center (NCSC) and the NASA
Goddard Space Flight Center (GSFC).

We describe our numerical methods in Chapter 2, including the hydrodynamics code,
and areas of specific interest to our topic, including application to spherical coordinates
and rotating frames of reference. We present two projects in chapters 3 & 4 that inves-
tigate two main areas within our subject of interest. Detailed numerical considerations
pertaining to the physics of each individual project may be found with that project.

In chapter 3 we present studies of mass transfer in the HMXBs. Phenomenological
models describing individual systems are often fits to observational data, without regard
to any detailed calculation of the physics involved, such as the hydrodynamic response
of a disk. One of the aims of this work is to validate phenomenological descriptions,
created specifically to match observations, with the hydrodynamics of close binary stars.
In Chapter 3 we undertake an analysis of mass transfer as a function of wind accretion
versus Roche lobe overflow, simulations of tidal mass transfer in elliptical orbit X-ray
binaries such as GX 301-2, and a detailed global simulation of the HMXB LMC X-4.
These simulations all include detailed physical approximations such as the UV line-
driven donor wind, X-ray heating, photoionization, and radiation pressure, as well as
radiative cooling of the gas.

In chapter 4 we present high resolution 3D simulations of accretion disks in a tidal



Chapter 1. Introduction 46

potential. Much analytic and computational work has gone into the study of spiral
shocks in accretion disks. Typically, however, the simplifying assumption is made that
the accretion disk is not only thin, but so thin as to be effectively two dimensional; i.e.
the vertical structure of accretion disks is ignored. 2D simulations of accretion disks in
close binary stars show crisp, steady spiral shocks, capable of large accretion rates in the
outer portion of the disk, that drop rapidly at small radii [Blondin, 2000]. What effect
does the relaxation of the restriction to 2D have on the structure and dynamics of spiral
shocks and transport within the disk? What, if any, are the observable effects of fully
3D disks? Previous 3D simulations of accretion disks in close binaries have suffered from
poor resolution or highly dissipative techniques, such as smooth particle hydrodynamics
(SPH), that cannot adequately resolve spiral shocks (Makita et al. [2001]; Belvedere and
Lanzafame [2002]).

Our understanding of super-orbital periodicities in terms of tilted, precessing disks
relies on models that attempt to fit the light curves of particular systems, and is often
more phenomenological than physical. For example, Leahy tests models including reflec-
tion of soft X-rays from the companion, shadowing of the companion by the disk, and
extended emission from the disk surface to model the extreme ultraviolet emission from
Her X-1 during its low state [Leahy, 2003]. He tests four distinct system geometries of
varying disk tilt, warp, and thickness, and finds the one that best fits the observational
data. However, these geometric models are not based on the hydrodynamic response of
the disk. Can we reproduce such phenomenological constructs using the hydrodynamics

of a tilted, fluid disk in a tidal potential? We examine tilted fluid disks at the end of



Chapter 1. Introduction

Chapter 4.

47



Chapter 2

Computational Fluid Dynamics

2.1 The Equations of Fluid Dynamics

Many, if not most, of the observed properties of mass transfer and accretion are deter-
mined by the dynamics of the circumstellar and accreting gas within the system. The
detailed shape and velocity of the tidal stream, the diameter and thickness of a disk, the
existence of a tidal stream impact “hot spot”, the radial temperature and density profile
of the disk, the structure of the spiral waves, all produce the particular light curves,
eclipse maps, trailed spectrograms, and Doppler tomograms that we use to try to build
a picture of these systems. Understanding the fluid dynamics within these systems is
of paramount importance to the interpretation of observations. Perturbation theory
and phenomenological models necessarily provide an incomplete understanding of the
non-linear, time-dependent, multi-dimensional gas flow within these systems.
Therefore, we wish to solve the equations of fluid dynamics, i.e. relations for the
conservation of mass, momentum, and energy, under various approximations relevant to

our problem (for example, in a rotating binary potential). The conservation of mass is

48
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guaranteed by the continuity equation:

9p
E%—V-(pu)—o,

where u is the vector fluid velocity and p the gas density. The conservation of momentum

may be written as the Navier-Stokes relation:

0
1% |:§ + (u : v):| u=f= fexternal + finternal»

where fo ierma represents the sum of the external force source terms such as gravity,
radiation pressure, etc., and fiemar represents the sum of internal forces due to fluid

stresses. The internal forces can be written as the divergence of the stress tensor, 7;;:
finternal =V Tij-

The detailed form of 7;; depends on the nature of the fluid; for a Newtonian fluid (i.e.
a continuous, isotropic fluid, whose internal stresses are at most a linear function of the

fluid shear), the stress tensor may be written:

(‘9ui i 6uj
8xj 8x,

Tz’j = —p5ij +v ( ) + 51])\V - u,

where p is the thermodynamic gas pressure, v is the shear viscosity, and A is the coef-
ficient of bulk viscosity. Hence we see that the internal forces will depend on the gas
pressure, the shear and bulk viscosities, and the fluid divergence and shear. The de-
tailed physics of the fluid would determine the nature and magnitude of the viscosity
coefficients. For our purposes we will always take the fluid to be nviscid; v = XA = 0,

hence the Navier-Stokes equation reduces to Euler’s equation:

0
P |:E + (u ’ V):| u+ Vp — lexternals
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or, in conservative form:

0
% +V- (puu) + Vp — lexternal-

Conservation of energy can be expressed in conservative fashion:

OpE
gt +V- [p(E +p)U] =G+ pu - fexternal,

where E = e + u?/2 is the total specific energy (where e is the gas internal energy),
and G is an energy source or sink term, such as X-ray heating or radiative cooling. In

general, foemar and G will depend on the detailed physics of the problem.

2.1.1 The Equation of State

Taken together these equations:

O+ V- (pu) =0, (2.1)
O(pu) + V- (puu) + Vp = fo, (2.2)
O(pE) +V - [p(E +p)u] = G + pu - fox, (2.3)

comprise five equations for siz unknowns: p, u,, u,, u,, p, and e. We need a final
equation describing the relationship between these six quantities. This is called the
equation of state, and will depend on the detailed physics of the fluid. Typically, we

take the equation of state to be that of an adiabatic gas:

e=——=, (2.4)

where v is the ratio of specific heats, and determines how the gas pressure and internal

energy change with temperature. Typically, 1 < < 1.7. For example, for a monatomic
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adiabatic gas 7 = 5/3, while for an isothermal gas v = 1 (although strictly speaking an
isothermal gas is not simply an adiabatic gas with v = 1, as inspection of Equation 2.4
makes clear).

Speaking of temperature, we further assume the gas to be ideal so that we may define

the gas temperature 7"
m
7="0
kp
where m is the mass of a gas particle, and k is Boltzmann’s constant. Finally, it is

convenient to define c,, the sound speed within the gas:

2.1.2 Eulerian vs. Lagrangian Coordinates

Equations 2.1-2.3 are constructed in Fulerian coordinates, i.e. they describe the change
in density, momentum, and energy for a fixed point in space. We may re-write them in
Lagrangian, or mass, coordinates for reasons that we shall see shortly. Such equations
would describe the evolution of the volume, velocity, pressure, and total energy of a fixed

fluid element. For example, in one dimension without source terms, we would write:

@V — (9mu = 0,
Oy + Opp = 0,
8tE + (9mp = O,

1
=1/V, e:Ezﬁug, p=(y—1)pe.
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We see now why we chose to express our problem in Lagrangian coordinates, rather than
leaving it in the Eulerian coordinates; this is clearly a much simpler set of equations to
solve! Of course, we have the added complexity that the coordinates move with the fluid

flow, which we will have to contend with.

2.2 Numerical Methods

The codes used to conduct the research within this thesis vary by the particular project,
but all are based on Virginia Hydrodynamics 1 (VH-1), developed by the numerical
astrophysics group at the University of Virgina between 1990 and 1991, based upon
the PPMLR algorithm (Woodward and Colella [1984]; Colella and Woodward [1984]).
The original code was developed by John Hawley, John Blondin, Greg Lindahl, Eric
Lufkin, and Kazik Borkowski. The particular codes used within these studies have been
modified by the author and Dr. John Blondin, and in the case of the GX 301-2 project,

Jeff Layton.

2.2.1 Finite Differences

The equations of fluid dynamics, no matter how they are expressed, are a set of coupled,
non-linear, time-dependent partial differential equations which do not, except in special
cases, lend themselves to analytic solutions. Hence we must solve them numerically. Var-
ious methods exist for tackling these equations. We choose finite differencing, wherein

the derivatives are re-written as small, but finite, differences over a grid of zones:

nt+tl _ _n —
T = Tivaye T Al
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2+ 2L G — Bi)
U = Uy ~_ WPi-1/2 — Di )
i i T Am Pi-1/2 — Pi+1/2

i

EM = E'+ AAmi (Wi—1/2Di—1/2 — Uit1/2Di+1/2),
where the subscript ¢ indicates zone-averaged quantities of the hydrodynamic variables,
and the barred variables with ¢ 4+ 1/2 subscripts indicate the values at the zone inter-
faces, averaged over the time step At, with the superscript denoting the current (n) or
next (n + 1) time step. Note that the coordinates x; of the fluid elements change with
time. Our task, then, becomes two-fold: find accurate, stable expressions for the hydro-
dynamic quantities at the zone interfaces, averaged over the time step At, and correct
for the changing spatial coordinates of the Lagrangian frame. We use the Piecewise
Parabolic Method/Lagrangian Remap (PPMLR) formulation of Colella & Woodward to

accomplish this.

2.2.2 The Riemann Problem

The Godunov approach to determining the time-averaged zone interface quantities is to
treat each zone interface as a one dimensional shock between the fluid on the left of the
interface and the fluid on the right. Finding the appropriate relations between these
fluid quantities is known as the Riemann problem. The Riemann problem may then be
solved iteratively, or in some instances, such as the case of isothermal flow, exactly. The
original Godunov method used the zone-averaged quantities of neighboring zones as the

left and right input states to the Riemann problem.
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Figure 2.1: Quadratic interpolation based on a five zone stencil centered on the current
zone is used to reconstruct the fluid variables as parabolae within each zone.

2.2.3 The Piecewise-Parabolic Method

The PPM algorithm replaces the zone averaged states with a parabolic function within
each zone (so that the fluid variables are piecewise-parabolic, hence the name), describ-
ing the fluid variables using quadratic interpolations from the neighboring zones. The
parabolae on either side of a zone interface are then integrated under to determine the
left and right input states to the Riemann problem. The integration is taken to a dis-
tance such that an acoustic wave from that distance could just reach the interface in
time At. This is called the characteristic domain of dependence. This method provides
more accurate estimates for the input states; this in turn allows the fluid variables to be

more accurately described with fewer zones and less numerical dissipation (error).

2.2.4 Lagrangian Remap

The movement of the coordinates (i.e. the zone interfaces) is compensated for using an

instantaneous remap from the Lagrangian frame back to the Eulerian frame. In other
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Figure 2.2: The reconstructed parabolae are integrated under on either side of a zone
interface (a) to determine the left and right input states to the Riemann problem (b).
The Riemann solver returns wuyq, the velocity with which the zone interface moves over
the time step At (c). The conserved quantities (mass, momentum, energy) are then
moved via zero-sum fluxes back to the original Eulerian grid (d).

words, the zone averaged values of the fluid quantities are known for a given Eulerian
grid, the grid interfaces are allowed to move over a single Lagrangian time step, and
then the resulting fluid variables are shuffled via zero-sum conservative fluxes back onto

the original Fulerian grid.

2.2.5 Initial & Boundary Conditions

For the solution of partial differential equations we need more information than the
equations governing the physics. We need to know the original configuration of the

fluid before we evolve it. We cannot simulate all of space, so we must also know what
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happens to the fluid at the boundaries of our simulation. These conditions are known
as initial conditions and boundary conditions, respectively. In general, these conditions
will depend on the particular problem to be solved. The boundary conditions may be
different on different faces of the simulation domain. They may be fixed inflow, as in
the case of a stellar wind, or fixed outflow, in a case where we do not wish material
to propagate back onto the grid. They may be reflective, as though the gas flow were
constrained by a brick wall. They may be periodic, as in polar coordinates, where gas
leaves one edge of the grid and re-enters the opposite side.

Within VH-1, the initial condition is provided by simply initializing the hydro grid
with the fluid variables, p, p, u according to the current problem. The boundary condi-
tions are set within “ghost zones” at the grid boundary that allow the fluid to evolve
onto or off of the grid proper. These ghost zones are set either once or twice during
each hydro evolutionary step, depending on the version of VH-1. The versions that
set the boundaries twice do so once for the Lagrangian hydro and once for the remap.
The versions that set the boundaries only once use more ghost zones in order to avoid

resetting the boundaries for the remap.

2.3 Grid Forces and Fictitious Forces

For this study it will be convenient to examine two special cases: curvilinear coordinates,

and accelerated frames.
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2.3.1 Curvilinear Coordinates

Equations 2.1-2.3 hold for any coordinate system. Our problems uniformly lend them-
selves to spherical coordinates, which are a set of curvilinear orthogonal coordinates.
In general, the unit vectors ¢i, ¢o, ¢3 of a curvilinear coordinate system are dependent

upon the position (q1, ¢e,q3). For example, in spherical polar coordinates r, 0, ¢:
7 =sinfcos¢ & +sinfsing y + cosb 2,

0 = cosfcosg T+ cosbfsing y —sind 2,
¢ =—sing &+ coso Q.
Let us examine Equation 2.2. The first term is J;(pu). Expanding in terms of

spherical polar coordinates we find:

0 0 ) A 5
57 (P = 5elp(us + ugh + ug9)),

where the unit vectors 7, é, QAS are subject to the derivative. With much toil, we arrive at:

p

9 (pu) = [0,(pur) = ;(uz +ug)JF (2.5)

+ [0(pug) + g(urw — uZ cot 0)]0
+ [O(pug) + g(ur% + gty cot 0)]¢.
The significance of this expression is not obvious. What it states is that we may
advect the instantaneous linear momenta pu,, pug, pu, along our curvilinear coordinate
system, as long as we include the corrective terms arising due to the changing unit

vectors. Consider a fluid parcel at a distance R from the coordinate origin and moving

tangent to it at a speed u. The instantaneous velocity in spherical polar coordinates is
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(ur = 0,ug = 0,uy = u). If we allow our particle to only advect in the ¢ direction, it will
move in a circle at speed u, i.e. it would experience a centrifugal acceleration —u?/R7.
Adding in the corrective terms insures that inertial flow stays inertial.

This is exactly the way that VH-1 is built to handle orthogonal, curvilinear coor-
dinates. The instantaneous linear momenta along the curvilinear coordinates are the
advected conserved quantities, rather than Cartesian linear momenta. Corrective forces,
called grid forces, ensure that inertial flow remains unaccelerated, regardless of the co-
ordinate system. A consequence of this is that in curvilinear coordinates, momentum
may not be conserved exactly. In the absence of forces, the conserved quantities such
as mass, momentum, and energy are moved from zone to zone via zero-sum fluxes, and
are thus conserved to machine round off error. Forces, however, are calculated using
zone-averaged quantities, and are hence in-exact, and the fluid will not behave exactly
conservatively. This is crucial in the simulation of accretion disks, where we are ex-
tremely interested in the transport of angular momentum.

The core of VH-1 is actually a one dimensional hydro solver! It accomplishes the
solution of multi-dimensional hydrodynamics problems via a method called operator
splitting [Strang, 1968]. Essentially, the problem is solved one coordinate dimension at a
time. In Cartesian coordinates, a “sweep” is made first in the x, then the y, then the z
direction. To avoid a coordinate bias, the sweep is then repeated in the reverse order z,
y, . In the solution of the 1D hydro problem, the transverse momenta do not affect the
hydrodynamic solution, they are simply conserved quantities that are advected with the

mass. This allows for a clever solution to our problem with the conservation of angular
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momentum.

The radial momentum pu,., passing through the coordinate origin, carries no angular
momentum. Generally in our simulations of accretion disks, up/u, < 1, and the disk
will be confined to a region near § = 7/2 (where cotf ~ 0). The dynamics of the
disk are dominated by the ¢ angular momentum, while the grid forces depending on uy
and cot f remain small. Hence we are really only worried about the conservation of ¢
angular momentum when it is advected in the radial direction. Since this is a transverse
momentum in this direction, it does not affect the hydrodynamic solution. So we choose
to advect the quantity pu,r rather than puy (the factor of sin f remains constant along
any particular radial, and hence divides out). This conserves the ¢ angular momentum
exactly (or at least to within machine round-off error), and alleviates the need for one

of the grid force terms in Equation 2.5.

2.3.2 Rotating Frames

In all of our problems it will be convenient to work within a rotating frame of reference,
one that rotates with the binary orbit. This creates similar problems to those presented
by curvilinear coordinates. Consider a fluid stationary in an inertial frame. In the
rotating frame, this fluid must advect coherently in rigid-body motion. In the binary
frame rotating with angular velocity w about the system center of mass, the acceleration

of a particle within that frame is given by:

a=—2wXUuU—wXwX Ty,
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where r. is the position of the particle from the center of mass. The first term is the
Coriolis force, while the second is the centrifugal force. The centrifugal force can be
written as the gradient of a scalar potential %(w X Tem)? as in Chapter 1, and included
in the total effective potential of the system.

Within VH-1, we account for both the curvilinear coordinates and the rotating frame
by the inclusion of the grid forces and the so-called fictitious forces as source terms on

the right hand side of Equations 2.2 and 2.3, within foiermar-

2.4 Parallel Decomposition Using MPI

For Chapter 4, our simulations were undertaken on the IBM SP3 at the North Car-
olina Supercomputing Center. This is a parallel supercomputer, meaning that many
computational processors were employed simultaneously, with the work divided across
them. This was done using a version of VH-1 utilizing MPI, or Message Passing Inter-
face, developed by Dr. John Blondin. These simulations take place on a grid of 127
azimuthal x 127 polar x 256 radial zones. The computational domain was decomposed
into 127 radial-polar planes, one for each azimuthal coordinate, and allocated to 127
different processors on the SP3. Each simulation step then involved a 5 step process: 1)
a 2D r — # radial-polar hydro evolution step, 2) global transposition of the simulation
data from r — 6 planes to  — ¢ planes to allow 3) a 1D ¢ — ¢ double azimuthal hydro
evolution step, 4) global transposition back to the original » — 6 decomposition for 5)
a 2D 6 — r polar-radial hydro evolution step. This allows operator splitting without

coordinate bias, and alleviates the inter-processor boundary condition communication
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that would be required with a block domain decomposition; all interprocessor commu-
nications are restricted to the data transpositions (for which extremely fast low-level
subroutines exist), and a few global all-to-all reductions to find and distribute the global
minimum time step (VH-1 calculates the time step adequate for a particular zone on the
fly according to quantities such as fluid velocity, sound speed, and zone size; since the

entire simulation must use the same time step, the global minimum time step is used).



Chapter 3

Mass Transfer in High Mass X-ray Binaries

High mass X-ray binaries consist of a binary system with a giant or super-giant primary
star in close orbit with a collapsed companion, either a black hole or a neutron star.
The intense X-ray luminosity of these systems is powered by mass accretion onto the
collapsed companion, which in turn is fueled by mass transfer from the primary star.
Two possible explanations for the mass transfer are (1) Roche lobe overflow, and (2)
gravitational capture of a stellar wind. Most X-ray binaries are found to be in circular
orbits due to loss of binary orbital angular momentum in a stellar wind, tidal forces,
etc. Yet binary X-ray transients are known where the periodic increase in X-ray activity

corresponds with the period of the eccentric binary orbit.

3.0.1 Wind Accretion and Roche Lobe Overflow (RLOF)

This work was presented at the International Astronomical Union conference 163, on
Accretion Phenomena and Associated Outflows [Blondin and Owen, 1997].

Perhaps the best discriminant between wind accretion and RLOF is the evolution of

62
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the spin period in X-ray pulsars. Although there is still much to be learned about the
accretion of angular momentum in X-ray binaries, the observation of continued spin up
in some HMXBs such as SMC X-1 and Cen X-3 is strong evidence for disk accretion and
hence RLOF, while the observation of a random walk in spin period in HMXBs such as
Vela X-1 argues against the presence of an accretion disk, and hence for wind accretion.
This classification is supported by the fact that systems with an observed continuous
spin up also exhibit short pulse periods (if they have been spinning up continuously
they must now be spinning fast), short orbital periods (the orbit must be close in order
for the primary to contact the Roche lobe), and high X-ray luminosity. For example,
Centaurus X-3 has a short orbital period (2.1 days), a rapid pulse period (4.8 sec), a
high X-ray luminosity (8 x 10%" erg sec™!), and a high, consistent pulsar spin-up rate
(7 = 65.7 x 10713 Hz sec™!), while Vela X-1 has a long orbital period (9 days), a long
pulse period (nearly five minutes), a lower luminosity (6 x 10%¢ erg sec™!), and a low,
inconsistent spin-up rate (1.2 £ 1 x 107! Hz sec™'). See Table 3.2 for a representative
sampling of galactic and near-galactic HMXBs.

Rather than being considered two separate classes, wind accretion and RLOF should
be thought of as two extremes of a continuum of possibilities. Wind-accretion systems
may have some tidal focusing of the wind even though the primary star does not fill its
Roche lobe, and RLOF systems may still posses a strong stellar wind that may affect
the accretion dynamics. Furthermore, the continuum can be thought of as a possible
evolutionary sequence. In order for a wind-fed system to be detected, the compact

companion must be in a relatively close orbit. If this is the case, further evolution of
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Disk Fed | Wind Fed
Poy short long
Pouise short long
Ppulse steady random
L, high low

Table 3.1: Distinguishing characteristics of wind fed and disk fed HMXBs. In general, HMXBs fall into
two distinct categories: (A) the higher luminosity, shorter orbital period, faster pulsed disk accretors
that show continuous steady spin up, and (B) the lower luminosity, longer orbital period, slower pulsed

wind accretors, which show a random walk in pulse period derivative.

the system will likely bring the primary star into contact with its Roche lobe, driving
the system into RLOF. Ultimately this evolution in mass transfer is expected to lead to
a common envelope system [Taam and Sandquist, 2000].

One goal of the work described in this chapter is to investigate the properties of mass
transfer in HMXBs as a function of the size of the primary star. Our approach is to use a
series of two dimensional hydrodynamic simulations varying the size of the primary with
respect to its Roche lobe. The 2D model computes the gas flow within the orbital plane,
and includes the full potential of the rotating binary system and the radiation force of
the primary star modeled in the Sobolev approximation. The influence of the X-rays in
the model includes X-ray heating, photoionization (disrupting the Sobolev force), and

radiation pressure.
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Object Porb, (days)  Pouse (sec) (10713 Hz sec™!) L, (ergsec™) Type
LMC X-4 1.4 13.5 — 4 % 10% Disk
Cen X-3 2.1 4.8 65.7 8 x 1037 Disk
SMC X-1 3.9 0.7 233 3% 10% Disk
OAO 1657-415 10.4 37.7 55.8 3 x 1036 Wind
Vela X-1 9.0 283 1.2 6 x 1036 Wind

65

Table 3.2: A representative sample of observed high mass X-ray binaries and their classification as disk

or wind fed. Note that the accreting pulsar in LMC X-4 is believed to be in spin equilibrium with the

inner edge of its accretion disk, and hence exhibits no continuous net spin up.

3.0.2 Elliptical Orbit XRBs

This work was performed in conjunction with Jeffrey T. Layton, John M. Blondin, and

Ian R. Stevens, and published under the title “Tidal mass transfer in elliptical-orbit

binary stars,” Layton et al. [1997].

X-ray pulsar binary systems provide a valuable setting for the study of mass transfer

in binary stars. The observed X-ray luminosity provides a measure of the mass accretion

rate onto the compact object while the changes in pulse period reflect the accretion

of angular momentum. Furthermore, the attenuation of the X-rays as inferred from

the X-ray spectrum provides a measure of the distribution of circumbinary gas. Such

systems are even more valuable when they possess non-circular orbits, for then we have

the opportunity to study the mass transfer process under a well-defined experiment: a

gradual change in the binary separation.
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A number of X-ray binary systems, most of them Be X-ray binaries, are character-
ized by rather large orbital eccentricities. Many of these systems are X-ray transients,
exhibiting distinct episodes of increased X-ray flux. These hard X-ray transients appear
to exhibit at least two different types of temporal behavior. In one group are systems
like X0115 + 63 [Mendelson and Mazeh, 1991] which sometimes show an optical bright-
ening preceding a relatively long X-ray outburst with approximately linear decline. This
association with optical transients suggests that the X-ray outburst is associated with
some type of event occurring on the primary (Be) star. In another case, X-ray flares
are separated by a relatively constant time interval consistent with the inferred orbital
period of the binary system, suggesting instead that the X-ray flares are related to the
orbital dynamics of the neutron star. In at least one system, A 1907+09 [Marshall and
Ricketts, 1980], an orbital modulation can be seen on top of the long linear rise and
fall of an extended outburst lasting several orbital periods. Parmar et al. [1989] list
six Be X-ray binaries for which the X-ray flaring interval is at least consistent with the
orbital period of the system. At least three systems exhibit X-ray flares occurring close
to periastron passage: V 0332453 [Stella et al., 1985], A 0538-66 [Mavromatakis and
Haberl, 1993], and GX 301-2 (Watson et al. [1982]; White and Swank [1984]; Sato et al.
[1986]).

Perhaps the best studied elliptical-orbit X-ray pulsar is GX 301-2. The orbit of this
system has a period of 41.5 days and an eccentricity of e = 0.47 [Sato et al., 1986].
The X-ray flux exhibits periodic flares associated with periastron passage, although the

flares occur about 1.4 days before periastron (Watson et al. [1982]; Sato et al. [1986]).
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1

At a distance of 1.8 kpc, the peak X-ray luminosity is ~ 103" erg sec™!, compared to a

quiescent flux roughly 10 times smaller. There is another periodic flare near apastron
seen in BATSE data folded at the orbital period (Pravdo et al. [1995]; Koh et al. [1997]).
The peak flux of the apastron flare is of order 4 times smaller than that of the periastron
flare. One also sees two flares per orbit in A 1907409 (Marshall and Ricketts [1980];
Makishima et al. [1984]).

The X-ray pulse period of GX 301-2 also shows some unusual behavior, with an
extended epoch of essentially no net change in period from 1975 to 1985 followed by an
epoch with fairly steady spin up [Pravdo et al., 1995]. Recent analysis of BATSE data
has shown that the long-term spin up trend may be explained by individual episodes of
spin up lasting roughly half an orbital period, but occurring only once every one or two
years [Koh et al., 1997].

Early optical observations [Parkes et al., 1980] identified the primary star, Wray 977,
as a B2 lae super-giant of radius R, = 43R, mass M = 25 — 35M, (assuming that
the mass of the neutron star M,s = 1.4M), and a distance d = 1.8 kpc. With these
parameters, they concluded that the primary is unlikely to fill its Roche lobe at any
orbital phase and that GX 301-2 is a wind-fed system.

This conclusion naturally led to the suggestion that the X-ray flares observed in GX
301-2 could be explained by the eccentric binary orbit model of Avni and Goldman [1980)].
In this model the X-ray luminosity is modulated by the changing wind conditions as the
accreting neutron star moves through its eccentric orbit. Near periastron the stellar

wind is slower and denser, leading to a higher mass accretion rate and hence higher
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X-ray luminosity compared to apastron. This model provided reasonably good fits to
the X-ray light curve, although it could not reproduce a peak luminosity occurring ~ 1.4
days before periastron (Watson et al. [1982]; White and Swank [1984]).

More recent attempts to model the X-ray light curve have resorted to the inclusion of
a gas stream both to augment the wind accretion and to provide the observed dependence
of column density on orbital phase (Leahy [1991]; Haberl [1991]). The results of this
modeling thus suggest that tidal stripping from the surface of the primary star may play a
role in the mass transfer process. The possibility that mass transfer is at least augmented
by tidal stripping near periastron is also supported by new optical observations of Wray
977. Recently, Kaper et al. [1995] have shown that the optical spectrum of Wray 977
is similar to that of ¢; Sco, a B1.5 Ia + “hyper-giant.” Based on this comparison, they
suggested a reclassification of Wray 977 to Bl la +, and a corresponding change in
parameters to M, = 50Mg, R, = T0Re, and d = 5.3 kpc. These parameters suggest
that the volume of the star may be larger than its tidal lobe near periastron, allowing
for the possibility of mass transfer via tidal lobe overflow.

Tidal stripping near periastron has also been suggested for A 0538-66 [Skinner et al.,
1982], another X-ray binary with a relatively large eccentricity (e = 0.7). Stevens [1988]
modeled the X-ray light curve of A 0538-66 in terms of accretion from a tidally enhanced
stellar wind; the tidal effects of the neutron star near periastron lead to a stronger, slower
wind and hence a larger accretion-driven X-ray flux. Mavromatakis and Haber] [1993]
argue that the stream model of Haberl [1991] fits the light curve of the two outbursts

observed from A 0538-66 by ROSAT in late 1990.
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While the modeling of Leahy [1991] and Haberl [1991] suggests the presence of a gas
stream in GX 301-2, the existence of a tidally produced stream and its properties require
multidimensional hydrodynamic simulations. Along these lines, Boyle and Walker [1986]
computed the trajectories of test particles (with some crude modifications to account for
hydrodynamic interaction) from the surface of a primary star in a eccentric orbit. They
found that the tidally stripped gas can accrete onto the compact companion provided
that the primary star rotates with an angular velocity comparable to the orbital velocity
near periastron, a requirement previously pointed out by Petterson [1978].

Hence the second goal of this chapter is to determine whether the observed X-ray
flares in elliptical-orbit X-ray binaries can be interpreted in terms of wind accretion
augmented by tidal lobe overflow at periastron. As a specific example, we base our

hydrodynamical model on the parameters for GX 301-2.

3.0.3 3D Global Hydrodynamic Modeling of LMC X-4

This work was first presented at IAU 163 [Owen and Blondin, 1997], and was later
published under the title “Testing Hydrodynamic Models of LMC-X4 using Ultraviolet
and X-ray Spectra,” [Boroson et al., 2001].

Mass transfer in HMXBs has proved difficult to understand, despite the simplicity
of the first analytic descriptions of accretion from a wind [Bondi and Hoyle, 1944].
Problems arise in the theory, for example, when X-ray feedback on the dynamics is
considered (MacGregor and Vitello [1982]; Ho and Arons [1987]). The feedback between

the X-ray source and a stellar wind can be severe, as the mass accretion rate of a stellar
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wind depends strongly on the wind velocity, and the acceleration of the wind can be
greatly reduced by X-ray photoionization by the accretor.

Even isolated stellar winds are complex. The line-scattering force accelerating the
wind depends on the wind velocity gradient, and is unstable to perturbations in the
flow field, leading to shocks (MacGregor et al. [1979]; Abbott [1980]; Lucy and White
[1980]; Owocki and Rybicki [1984]) and other nonlinearities that are difficult to model
numerically [Owocki et al., 1988].

Near orbital phase 0.8, many XRBs show pre-eclipse dips in X-ray flux that may be
caused by the tidal stream crossing the line of sight. Even systems such as 4U 170037,
thought to accrete via gravitational wind capture rather than RLOF, show increased X-
ray absorption at late phase (Haberl et al. [1989]; Heap and Corcoran [1992]), possibly
resulting from an accretion wake trailing a bow shock in the wind.

4U 1700-37 and Vela X-1 both exhibit increased optical line absorption at late phase.
An accretion wake is not expected to be large enough to explain this absorption. Rather,
interaction between the wind and the X-ray flux from the accretor, in the form of a
photoionization wake [Fransson and Fabian, 1980], may produce the absorption [Kaper
et al., 1994]. The photoionization wake might also explain the asymmetric X-ray eclipse
in Vela X-1 [Feldmeier et al., 1996]. Photoionization wakes are see in 2D hydrodynamic
simulations (Blondin et al. [1991]; Blondin [1994]) such as those in the first section of
this chapter. The wake results when fast moving stellar wind collides with slower moving
wind that has been stalled by X-ray photoionization. Near the eclipse ingress line, the

X-ray shadow of the donor allows the fast moving wind to continue to accelerate into
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the stalled wind.

Observations of X-ray dips and eclipses have not provided us with information about
the velocity field of the wind. Rather, UV P Cygni line profiles, formed by resonant
scattering in the wind, are used. P Cygni lines occur in a diverging wind accelerated
by line transitions; lines from the far side of the star are from gas that is moving away
from us, and are red-shifted emission lines, while lines from the near side of the star
are from gas that is in front of the star and moving toward us, hence they should be
blue-shifted absorption lines. P Cygni lines in an HMXB are expected to vary over the
binary orbit in a predictable way, referred to as the Hatchett-McCray effect [Hatchett
and McCray, 1977], such that the ions responsible for the line are photoionized near the
X-ray source; near phase 0.0 the blue-shifted absorption is diminished, while near phase
0.5 the red-shifted absorption is diminished. Thus certain features of the line profile will
shift throughout the orbit in a way depending on the velocity field of the wind. McCray
et al. [1984] used this method to infer the mass-loss rate and terminal wind velocity of
Vela X-1. Kaper et al. [1993] showed that the P Cygni line variation in Vela X-1 suggests
that the wind velocity does not increase monotonically with radius, while analysis by
Boroson et al. [1999] attempted to infer the radial velocity law of LMC X-4 using this
technique.

We attempt in this section to model the detailed three dimensional circumstellar gas
dynamics of a high mass X-ray binary, with the inclusion of as many detailed physical
processes as possible. All of these processes are modeled under certain limiting assump-

tions to make the problem tractable. We wish to understand the main features of such
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systems, and compare our results to observations including pre-eclipse dips and P Cygni
profiles.

The parameters of this model were chosen in accordance with the observed parameters
of LMC X-4 because it is a clear disk accretion candidate; the high X-ray luminosity
of LMC X-4 is difficult to reconcile with wind accretion alone, and the presence of a
30 day period in the X-ray light curve [Lang et al., 1981] and in the optical light curve
[Heemskerk and van Paradijs, 1989] suggests a precessing accretion disk fed by Roche
lobe overflow. LMC X-4’s short orbital period of 1.41 days implies that the X-ray source
orbits quite close to the surface of the donor star, making it likely that the donor fills
its Roche lobe.

Our final goal within this chapter then is to quantify the dynamics of our full 3D
model, using all of the physics included (stellar wind, X-ray heating, photoionization,
radiation pressure, and attenuation due to circumstellar gas, and tidal forces), in order

to better understand observations of these systems.

3.1 Numerical Model

We employ the basic numerical model of Blondin et al. [1990] and Blondin et al. [1991].
We employ a 2D spherical coordinate simulation of the gas dynamics in the orbital
plane. The numerical grid is centered on the center of mass of the binary. The mass
ratio ¢ = 10 was chosen to be large for two reasons: 1) to keep the center of mass near
the center of the donor star, such that the inner edge of the numerical grid could be

entirely contained within the donor’s surface, and 2) to simulate the large mass ratios
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typical for binaries containing early-type donors that may be driving a strong stellar
wind.

The donor star is assumed to be in synchronous rotation with the binary orbit, which
is assumed to be circular. The surface of the donor is chosen to be an equipotential

surface of the effective potential in the binary orbit:

where () is the binary orbital velocity.
We define the Roche overflow parameter to be the ratio of the donor surface potential

to the critical potential:

(I)surf

N\ =
q)crit ’

where the critical potential is the potential at the inner Lagrange point, or L1, and hence
defines the surface of the Roche lobes. Because ® is always negative and decreases within
the Roche lobe with decreasing distance from the donor’s center of mass, increasing
values of A represent smaller and smaller surfaces within the critical surface. A A = 1.2
fills a smaller fraction of its Roche lob than does a A = 1.1, where a A = 1 star completely
fills its Roche lobe.

The atmosphere of the donor star is assumed to be in thermal equilibrium at tem-
perature 7', and is hence supported hydrostatically:

_GMp _dp _ kT dp
r2  dr  mdr’

where k is Boltzmann’s constant, and m is the average mass of a gas particle. Integrating
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yields an exponential atmosphere for the donor:

p(r) = poe™"I", (3.1)

where g = GMm/kT is the atmospheric scale height. Note the approximation that the
force felt in the atmosphere of the donor is due entirely to the donor’s mass. In reality,
the force is determined by the gradient of the effective potential; the atmosphere is still
exponential, but the scale height may vary for different regions of the surface. For a
Roche filling star, we expect the scale height to become large at the L1 point, where the
gradient of the effective potential vanishes.

The grid is initialized with a fiducial density py = 5.0 x 107%g cm™2 at the critical
potential; several zones within the critical surface are set according to the prescription
of Equation 3.1 and act as the inner radial boundary condition. These zones are reset
following every time step assuming the donor star’s atmosphere to be static.

The grid is initialized outside of the donor surface with a Castor-Abbot-Klein (CAK)
stellar wind [Castor et al., 1975]. This wind is driven via radiation pressure from the
donor’s photosphere due to scattering from bound-bound absorption in the circumstellar
gas. We assume a surface temperature of 40,000 K for the donor; the wind is driven by
UV line transitions within the gas. The radiation pressure felt by the wind particles can

be written in the Sobolev approximation:

L. 1 dv,\®
Fog=22 5K< U).

4rer? OepUsn dr

L, is the luminosity of the donor, o, is the electron scattering cross section, vy, =

\/3kT'/m is the thermal velocity of the gas, k and a are constants representing the
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number and strength of the UV absorption lines in the gas, and K is a correction
factor to produce a shallower velocity law and higher terminal velocity, in agreement
with observations [Friend and Abbott, 1986]. This approximation is valid only with
the assumption that the scale of the flow velocity gradient exceeds the scale of the ion
distribution in the wind. In fact the radiation pressure mechanism is unstable to velocity
field perturbations, but since the growth of these instabilities does not seem to affect
the average wind properties [Owocki et al., 1988], and we are interested in the accretion
dynamics rather than the wind dynamics per se, we choose to restrict our problem wtih
this simplification.

The surface density py was determined empirically to produce a stable stellar wind
with CAK parameters a = 0.53, k = 0.12, which were themselves chosen based on the
spectral type of LMC X-4’s donor. In the absence of a companion, this model would

1

drive a spherical stellar wind with a mass loss rate of M, ~ 2 x 107" Mg yr~' and a

terminal wind velocity of v, ~ 2000 km sec™*.

Because the intense X-ray flux may fully ionize the circumstellar gas, stripping the
atoms of the electrons that create UV line transitions, the radiation pressure felt by the
wind is terminated by strong X-ray flux. The exact process is complicated, due to the
large numbers of ions and transitions, but an approximation can be made wherein the
radiation force is set to zero when the X-ray flux exceeds some critical value determined
by assuming the flow to be in ionization equilibrium (a reasonable assumption given

that the ionization and recombination time scales are smaller than the flow time scale;

Blondin et al. [1990]); the ionization state depends only on the X-ray spectrum and the
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local ionization parameter £ = 4dmmF, /p, i.e. the ratio of the X-ray flux to the number
density of the gas. If ¢ exceeds some critical value &, the UV radiative pressure force
is set to zero; below the critical value, the wind is unaffected. Following Blondin et al.

1 which should be valid for optically thin gas.

[1990] we choose iy = 10*° erg cm sec™
For optically thick gas, we expect the X-rays to be shadowed anyway.
The X-ray flux is attenuated as it passes through the circumstellar gas; we calculate

the local X-ray flux and ionization parameter by integrating the optical depth 7 from

the accreting X-ray source to each fluid zone within the hydrodynamics grid:

T:/dT,
X

where dT = po,dr/m. o, is the opacity. The flux at any zone is then:

L,
= e
4arp?

-7

o

We use this to calculate the photoionization parameter £, the X-ray heating of the gas,
and the X-ray radiation pressure.

The opacity data were obtained from Krolik and Kallman [1984], and are roughly fit
by the function

log(o) = —21.8 — Z[log(ﬂ)]?,

where T} is in units of 10* Kelvin and o is in units of cm?. Behavior of this opacity outside
of the range 10*-10°K may be unphysical; however since the system is constrained to
a minimum temperature in thermal equilibrium with the donor (4 x 10* K) to avoid
adiabatic cooling as the wind diverges, and gas above 10° K is essentially transparent

over the size of the system, we feel this form is adequate.
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X-ray heating occurs when the X-ray photons ionize the gas. Radiative cooling acts
to lower the gas temperature. For higher ionization parameters, Compton scattering
dominates, and the X-rays may either heat or cool the gas depending on whether the gas
is hotter or cooler than the Compton temperature. We assume that where the critical
ionization parameter is exceeded, Compton scattering dominates. Therefore at each
time step we calculate the X-ray heating rate and X-ray and normal radiative cooling
rates for each hydrodynamic zone; these become source and sink terms in the energy
equation (Equation 2.3). We restrict the cooling of the gas such that the minimum gas
temperature is the surface temperature of the mass donor (40,000 K).

The force due to the X-ray radiative pressure is assumed to be:

. ¢IO-T
p .

fa

The X-ray luminosity L,(t) of the accreting neutron star is calculated from the time
dependent accretion rate. For the 2D simulations we must make some assumptions
about the vertical accretion scale. We chose a scale appropriate for disk accretion for all
models, in order to make comparisons between models. However, this leads to unusually
low accretion rates for the wind accretion models, since gravitational focusing in the
third dimension is important.

The mass accretion rate is determined by evacuating the zone containing the compact
star at each time step, and converting the mass removed into an accretion luminosity
appropriate for an accreting neutron star:

. A
L,(t) = nMc* = nc® —pAth,
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where p is the gas density removed from the accretion zone, A is the area of the accretion
zone, h is the the assumed vertical scale factor, and 7 is the accretion efficiency, here
assumed to be 0.1. The X-rays are assumed to travel with infinite speed throughout
the system; this is justified since the time step of the simulation is larger than the light
crossing time for the system.

The two dimensional numerical grid consisted of a spherical polar grid with 251
angular zones and 400 radial zones, in a reference frame centered on the center of mass
of the system and corotating with the neutron star. The first 100 radial zones are equally
spaced, while the last 300 grow consecutively larger, with each being 1.006 times the
size of the previous zone. The azimuthal angular width of the zones starts at 2.8 x 1073
radians at the location of the neutron star, and is similarly zoomed by a factor of 1.028.
This grid provides high resolution at the surface of the primary in order to resolve the
tidally distorted atmosphere, as well as in the vicinity of the accreting neutron star.

For the 2D and 3D non-elliptical models, a donor mass of 14.8M and a neutron
star mass of 1.4M, were used, with an orbital period P, = 1.41 days. The surface
temperature of the donor was assumed to be T, = 40,000 K. These are the inferred

parameters of LMC X-4.

3.1.1 Modifications for Elliptical Orbits

For the 2D elliptical orbit simulations, the flow was computed in a non-inertial frame
in instantaneous corotation with the orbital system such that the neutron star remains

at a fixed angular coordinate on the numerical grid, but changes position in the radial
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coordinate.

We assume that the surface of the donor is an equipotential surface whose volume is
conserved throughout the orbit, and that the donor’s axis of rotation is aligned with the
axis of orbital rotation of the system. This first assumption requires that the donor star
can respond instantaneously to the changing binary potential. Koh et al. [1997] argue
that is a reasonable assumption for Wray 977 based on the analysis of tidal excitations by
Kumar et al. [1995]. For the purposes of this project we have assumed that the donor’s
volume is equal to the volume of the critical lobe at periastron. Thus the primary is
marginally overflowing its tidal lobe at periastron, but is under-filling at all other orbital
phases. In a system with the center of mass at the origin, the neutron star at r; and
the donor at ry, the effective potential for a parcel of gas rotating with the donor at a

position r with respect to the center of mass of the system is given by:

_GMl_GM2 1 5,5 1,4
r—ry| |r—ry 2

(Deff =

where w is the instantaneous angular velocity of the system and wy is the rotational
angular velocity of the donor.

In practice these assumptions required us to first find the volume of the equipotential
surface of the critical lobe at periastron, and fix this as the volume of the star. Once
this volume was calculated, a root finding method was employed to find the effective
potential of an equipotential surface with this same volume for 200 equally spaced values
of the binary separation between periastron and apastron. These data were then stored
in a table for use by the hydrodynamic code, which computed the boundary of the

primary star in the orbital plane based on the tabulated value of the surface potential.
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The change in the angular velocity of the rotating frame w necessitates the inclusion
of new fictitious forces. Specifically, the acceleration felt by a parcel of gas in a frame

rotating with non-constant angular velocity becomes:
a=—-2WXU—WXWXTg —wXTr,

where w is determined by the orbit of the neutron star. The —w X r term becomes a
new source term in Equations 2.2 and 2.3.

Finally, system orbital parameters appropriate to GX 301-2 were used: P, = 41.5
days, e = 0.47, My = 52M, (¢ = 37.14), T, = 22,000 K. The CAK wind parameters
appropriate for Wray 977 (based on estimates from Pauldrach et al. [1986]), yield a wind

! and a terminal

mass loss rate (in the absence of a companion) of M, ~ 1076M yr~
wind velocity of ~ 1000 km sec™'. An accretion efficiency of 7 = 0.05 was used for these

simulations.

3.1.2 Modifications for 3D Simulations

In order to keep the problem computationally tractable, our numerical resolution in 3D
was lowered to 188 radial by 63 polar by 201 azimuthal zones. The grid was structured
to provide the highest spatial resolution near the surface of the distorted donor and near
the accreting compact object.

The numerical simulation was initialized with the surface of the primary star just
inside the critical potential surface, such that the effective potential at the stellar surface
was greater than the critical potential by one part in 10°, or log(A — 1) = —5. At the

stellar surface temperature of 4 x 10* K, the scale height in this atmosphere is ~ 10? cm.
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From numerical experiments we found that VH-1 could simulate a stable atmosphere
with zone spacing as large as twice the scale height; this is the value used in the present
model. Hence our loss of numerical resolution did not adversely affect our results. The
exception is on two limbs of the donor’s surface, where the equipotential surface passes
at a steep angle through the numerical grid; in these areas the CAK wind failed to form.
However, these regions are relatively narrow, are confined to the far side of the donor
from the accretor, do not contribute to the accretion column, and do not contribute
significantly to the integrated column density along lines of sight that intersect them.

The model is evolved only in one hemisphere, assuming reflection symmetry about
the equatorial plane. In addition, a cone about the polar axis is removed from the
simulation to reduce the number of time steps needed in the simulation. The use of an
explicit hydrodynamics code restricts the time step to the smallest value of Az/v on
the grid, where Ax is the width of a numerical zone, and v is a characteristic velocity
(the higher of either the gas velocity or the sound speed). On a spherical grid Az in
the ¢ direction is given by rsin # A¢. Therefore, as § — 0, the zone width Az — 0 and
At — 0. Thus, to keep a reasonable value of At, we limited the simulation domain to
6 > 0.37.

The mass accretion rate and X-ray luminosity now contain no assumptions about the

vertical dimension; the X-ray luminosity is simply given by

pV

where V' is the volume of the accretion zone containing the neutron star.

Note that the assumption of reflection symmetry restricts the flow of the accretion
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disk to the orbital plane; the disk cannot become tilted (although the physics required
to tilt the disk are not present in this model in any case). Thus we cannot model the
30 day super-orbital periodicity in LMC X-4 that is believed to arise due to a tilted,

precessing accretion disk.

3.2 Results

3.2.1 Wind Accretion and RLOF

For values of log(A — 1) > —1.8 we find steady wind accretion of order < 10%* erg sec™?,

and the formation of a photoionized region of stalled donor wind, while for log(A —
1) < —2.2 we find the formation of a steady accretion disk and accretion luminosities

1

exceeding 2 x 10%° erg sec™!, all the way up to the Eddington luminosity, about 1.7 x

1038 erg sec™ 1.

The transition from wind accretion to RLOF is illustrated in Figure 3.1, where we
plot the mass accretion rate onto the compact companion as a function of the RLOF
parameter. At small values of A — 1 the primary is asymptotically approaching full
RLOF, and the data points from the models are well fit by an exponential. Given that
the surface of the primary is modeled as an isothermal (exponential) atmosphere, this
result is simply stating that the mass loss rate from the primary (now dominated by the
tidal stream) is proportional to the gas density at the inner Lagrangian point; had the

simulations been allowed to run long enough to raise the disk density high enough, all

of the disk systems would accrete at the Eddington rate. At the other extreme, pure
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Figure 3.1: Accretion driven X-ray luminosity as a function of the RLOF parameter A, defined in the
text. The solid line is a fit using two exponential curves (dashed lines) corresponding to pure RLOF or

wind accretion. The error bars on each model data point represent the typical variation in L,.

wind accretion, the mass loss rate from the primary has a shallow power law dependence,
originating from the dependence of a classical CAK wind on stellar radius. The resulting
mass accretion rate is then fit reasonably well by a weak exponential, as shown in Figure
3.1.

The relatively sharp transition from wind-fed to RLOF in HMXBs is due to the small
scale height in the atmosphere of the primary compared with the radius of the star.
Once the upper atmosphere of the star comes in contact with the Roche surface, small
changes in the stellar radius produce exponentially large changes in the mass transfer
through the inner Lagrange point.

Another interesting feature of these simulations is the nature of the transitional case,
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where the mass loss rate from the primary is still dominated by the wind, but there is
substantial focusing of this wind into a weak tidal stream. While the mass loss rate is
nearly that of an isolated stellar wind, the mass accretion rate is significantly higher
than in the wind accretion case. The large error bars in Figure 3.1 for this model
signify extreme variations in the mass accretion rate (see Figure 3.2) resulting from the
dynamical interaction between the wind accretion bow shock and the weak tidal stream.

The temporal behavior of the accretion is significantly different, both between wind-
fed and RLOF systems, but also compared to the transitional case. Figure 3.2 shows
the X-ray light curve for wind-fed, RLOF, and transitional models. Again, to compute
a mass accretion rate from a 2D model one must assume something about the neglected
third dimension, and in particular what one assumes for wind-fed accretion is likely to
be very different from disk accretion. We have opted to choose a height characteristic of
disk accretion for all models, and for that reason the wind-fed models have a relatively
low accretion driven luminosity. Furthermore, the wind accretion case has relatively
poor numerical resolution.

Despite these caveats, Figure 3.2 illustrates what we believe to be real differences
between these cases. For example, the disk case has significantly more power on long
time scales (hours) than the wind case. The power spectrum from the disk model
exhibits a roughly v~ power law frequency dependence with an additional broad peak
at v ~ 2 x 1073 Hz, a frequency this characteristic of epicyclic motions within the disk
interior. In contrast, the power spectrum from the wind model is almost flat at low

frequencies. We can see major differences in the time variability of the transitional case
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Figure 3.2: Accretion driven X-ray light curves from three different models corresponding to wind

accretion, RLOF, and a transitional case.

vs either the pure wind accretion or pure disk case. This might allow use to distinguish
wind accreting systems on the verge of becoming disk fed systems. One can interpret
the violent variability in the context that gravitational focusing is trying to form a disk
behind the accretion bow shock, but the disk is disrupted by the wind. We may expect
violent variability and some net accumulation of angular momentum in such a system
(again due to tidal focusing), with relatively low X-ray luminosity and spin up rate.
The results described above are useful for interpreting individual HMXBs and for
understanding the evolution of these systems, but they are necessarily incomplete be-
cause mass transfer in binary systems is inherently three dimensional. The amplitude
of the RLOF and wind accretion curves in Figure 3.1, and hence the location of the

transition from RLOF to wind accretion, will undoubtedly differ in three dimensions,
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but the essential conclusions should remain; the transition from wind accretion to RLOF
in HMXBs is sharp, and on time scales of minutes to hours the temporal behavior of

wind accretion, RLOF, and the transitional case are qualitatively different.

3.2.2 Elliptical-Orbit Binary Stars

We ran two simulations for GX 301-2, each with a different rotation rate for the primary.
Observational evidence favors a slow rotation with a period comparable to the orbital
period [Parkes et al., 1980], so for our first model we chose a slow rotation rate. Since
Boyle and Walker [1986] argue the need for a fast rotation rate, we ran a second (fast)
model with a rotational velocity equal to the orbital velocity at periastron. The other
parameters used in the model are based on the parameters for GX 301-2 derived by Kaper
et al. [1995], which are more consistent with the tidal overflow model being investigated

here.

Case I: Slow Rotator

In the first model, the rotation period of the primary was set to the orbital period
of 41.5 days. At this value the rotation of the primary star lags far behind the orbit-
ing neutron star during periastron passage. Petterson [1978] pointed out that in such
circumstances tidally stripped gas will have insufficient specific angular momentum to
reach the neutron star. The sequence shown in Figure 3.3 confirms this; mass transfer
remains in the wind accretion mode throughout the orbit. A small tidal stream briefly
forms during the periastron passage, but most of this mass falls back to the surface of

the primary as the neutron star recedes from it.
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I/

Figure 3.3: Time series of the slow rotator model showing the entire orbital system (top) and a close up
of the accreting neutron star (bottom). The gray-scale represents circumstellar gas density, increasing
from light to dark. The close up images are views in a rotating frame such that the donor star is always
below the frame, while the global images are shown in an inertial frame, with the system’s orbital

motion shown.
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The X-ray light curve, shown in Figure 3.4, exhibits a broad peak in L, from slightly
before periastron to phase 0.12. The peak luminosity reaches L, =~ 10% erg sec™!,
compared to L, ~ 5.0 x 1033 erg sec™! far from periastron. This increase is the result
of the strong enhancement of wind accretion near and after periastron. The stellar
wind originating from the line of centers during periastron passage has a substantially
lower velocity and higher mass loss rate than the undisturbed stellar wind, resulting in
a larger wind accretion rate. In fact our numerical model underestimates this increase
in wind accretion because of our assumptions about the third dimension. The slower
wind velocity results in a larger accretion radius than was assumed in the numerical
model, with the result that the X-ray luminosity output by the model is a few times too
low. Given this restriction, the height of the periastron peak (one order of magnitude)
is uncertain, but the duration in orbital phase is expected to be reasonably accurate.

The angular momentum accretion rate, J , remains low throughout the simulation.
Away from periastron the sign of J is uniformly positive, although we note that the
hydrodynamics of the wind accretion are poorly resolved during this part of the orbit.
In the vicinity of periastron J shows clear oscillations in sign, with the result that there
is virtually no net angular momentum accreted during periastron passage, as shown in
the plot of accumulated angular momentum, J, in Figure 3.4. During this part of the
orbit the wind velocity is lower, the accretion radius is higher, and the grid spacing is
finer, such that the hydrodynamics of the wind accretion are adequately resolved. Given

sufficient numerical resolution, we might expect the time-averaged value of J to remain

approximately zero throughout the orbit, and not just during periastron passage.
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Figure 3.4: Evolution of the accretion driven X-ray luminosity (top), angular momentum accretion rate

(middle), and accumulated angular momentum of the neutron star (bottom) for the slow rotator model.
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Figure 3.5: Time sequence of the fast rotator model, as in Figure 3.3.

Case 1I: Fast Rotator

In the second model the rotation of the primary star was adjusted such that the star
was in instantaneous corotation with the neutron star at periastron. The appropriate
rotational period is P = 12.5 days. In contrast to the first model, the model with fast
stellar rotation did produce an accretion disk, as seen in Figure 3.5. A comparison of the
two models (e.g., compare the close-up sequences in Figures 3.3 and 3.5) shows that the
faster stellar rotation allows more material to be pulled off the surface of the primary
and more of this material to reach the neutron star. The result is the formation of a
well defined tidal stream leading to the presence of a transient accretion disk.

If it were not for the accretion disk, the X-ray light curve for the fast model, shown in

Figure 3.6, would closely resemble the light curve for the slow model: a base luminosity
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1

of ~ 103 erg sec™! with a broad peak reaching luminosities roughly ten times larger.

However, during the existence of the accretion disk, roughly from orbital phase 0.13 to

0.3, L, soars to ~ 103¢ erg sec™!.

This short duration of the accretion disk appears
consistently in each orbit of the simulation.

The accretion disk does not form until well after periastron because of the time
necessary for the gas tidally stripped during periastron passage to reach the neutron star.
The densest material pulled off the surface is moving with a radial velocity of only slightly

1 and hence requires at least a day to reach the neutron star.

more than 100 km sec™
Even then it takes a significant amount of time for the gas to encircle the neutron star
and begin accreting. Shortly after the disk forms, however, an interesting phenomenon
occurs. The angular momentum accretion rate, although starting off positive when the
disk forms, rapidly drops to negative values of comparable magnitude to the positive
disk accretion rate. This sudden switching of the sign of J is shown in Figure 3.6,
where we also plot the accumulated angular momentum, J. From this latter plot one
can see that the total amount of angular momentum accreted with opposite rotation is
comparable to, and indeed for the first orbit larger than, the total angular momentum
accreted with positive rotation. This switch in the direction of rotation of the accreting
material coincides with the peak in the mass accretion rate.

The antirotation of the accreting material appears to be driven by the passage of
tidally enhanced wind as the motion of the neutron star slows down with respect to

the rotation of the primary star. In a circular orbit system the gas flowing through

the inner Lagrangian point has insufficient angular momentum to accrete directly onto
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Figure 3.6: Evolution of the accretion driven X-ray luminosity (top), angular momentum accretion rate

(middle), and accumulated angular momentum of the neutron star (bottom) for the fast rotator model.
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the compact companion. Instead, the tidal stream approaches the accretor from behind
(in the sense of orbital motion), as seen in the sequence in Figure 3.5 near periastron.
This in turn leads to accretion with positive values of J (i.e., in the same sense as
the orbital angular momentum). In our fast rotator model, however, the wind can have
comparable, or even more, angular velocity than the accretor during orbital phases other
than periastron. As the tidally enhanced wind fades away following periastron, it also
advances ahead of the neutron star, such that the net angular momentum approaching
the neutron star changes sign. This process has the effect of “flushing” the material in
the disk, producing a short phase of high L, as the bulk of the gas in the transient disk
is accreted on a short timescale, followed by low-L, wind accretion.

These simulations show that tidal stripping in eccentric-orbit X-ray binaries can pro-
duce periodic X-ray flares. Such flares are characterized by a large increase in X-ray
luminosity occurring substantially after periastron passage by the accreting companion
star. We have confirmed the result of Boyle and Walker [1986], who found that mass
tidally stripped from a star in an elliptical orbit cannot accrete onto the compact com-
panion star unless the primary star is close to corotation at periastron. Moreover, we
have demonstrated that a tidally produced gas stream from a star filling its critical lobe,
in corotation at periastron, is found only after periastron passage. The assumptions
of Haberl [1991] and Leahy [1991] are therefore not consistent with a tidally produced
stream from the primary star.

Note that we do not consider non-equilibrium tides nor stars exceeding their critical

potential lobe at periastron, both of which may modify our results. For example, one
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of our first attempts at simulating this system used inappropriate boundary conditions
at the stellar surface leading to substantially more mass loss at periastron, as might be
the case if the star exceeded its critical potential lobe at periastron. The result was a
much more massive accretion disk that remained in orbit around the neutron star for
roughly half the binary orbital period, producing an extended epoch (many days) of
spin up reminiscent of the spin up episodes observed in GX 301-2 by BATSE. BATSE
results [Koh et al., 1997] suggest that most orbits result in zero net angular momentum
accretion, as seen in our simulations presented here. The overall increase in spin rate
observed since 1984 is then attributed to isolated spin-up events that occur relatively
infrequently (1 out of 10 to 20 orbits). These rapid spin-up events are likely the result of
a temporary accretion disk, but whether these transient disks are formed through wind
accretion or through tidal stripping as in the simulations shown here is not clear.

The referee of the paper where these results were originally published has pointed
out that our numerical result of no net accretion of angular momentum in tidal mass
transfer has important consequences for the very fast rotation (P = 0.069s) observed
in A 0538-66 [Mavromatakis and Haberl, 1993]. However, as described in the preceding
paragraph, we believe this result is closely tied to our model assumptions. Relaxing
these assumptions, e.g., a primary exceeding its critical potential lobe at periastron,
could conceivably lead to a net accretion of angular momentum and hence a fast rotator
as in A 0538-66.

Overall, our simulations of tidal stripping do not provide an accurate quantitative

match to the observed X-ray properties of GX 301-2. In particular, the tidally induced
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flares seen in our numerical models are characterized by an orbital phase near 0.2, well
after periastron. In contrast, the X-ray flares of GX 301-2 occur significantly before
periastron with a smaller flare occurring near apastron. We see no evidence in our
simulations that tidal stripping could lead to enhanced gas density in the wind that
might affect accretion rates near apastron. Finally, measurements of line widths from
Wray 977 suggest a rotation rate considerably slower than periastron corotation [Parkes
et al., 1980, yet our results suggest that a tidally produced X-ray flare can occur only if
the mass-losing star is rotating close to corotation at periastron. Our work thus suggests
that a model for the X-ray flares in GX 301-2 based on enhanced wind accretion, perhaps
from an equatorial disk (Pravdo et al. [1995]; Koh et al. [1997]), is more likely than one
based on tidal stripping at periastron.

Although we have attempted to include a substantial amount of physics in our simu-
lations, they remain highly idealized. Perhaps the most drastic restriction has been that
of only computing flow in the orbital plane. This severely limits our ability to compute
the accretion-driven X-ray luminosity, and hence the effects of this X-ray flux on the dy-
namics of the wind accretion process. A related limitation of our models is the relatively
poor spatial resolution in the vicinity of the accretion neutron star, particularly away
from periastron. These problems conspire to limit our ability to accurately model wind
accretion, although this was not the focus of our investigation. Note, however, that this
means this model was not adequate to address the hypothesis of Chichkov et al. [1995],
who suggested that the influence of the wind-accretion driven X-rays can modify the ac-

cretion process to produce the observed X-ray light curve. Nonetheless, we believe our
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primary conclusions are independent of the limitations of our model: a tidally produced
X-ray flare can occur only if the mass-losing star is rotating nearly synchronously at

periastron, and such a flare will occur substantially after periastron.

3.2.3 Hydrodynamic Modeling of LMC X-4

Our 3D model of LMC X-4 was initialized without an accretion disk, and the simulation
was then evolved for approximately one binary orbital period. This was sufficient time
for the accretion disk to circularize and for the circumstellar gas to reach a state of
quasi-equilibrium. By the end of the simulation there were five key features of the
circumstellar gas: a radiatively driven wind from the shadowed surface of the primary
star, a wind-compressed disk created by the rapid rotation of the primary star, a tidal
stream emanating from the inner Lagrange point (L1), a Keplerian accretion disk around
the compact object, and an X-ray irradiation driven wind emanating from the inner
regions of the accretion disk.

The radiatively driven O-star wind fills a large fraction of the binary system due to
the strong shadowing effects of the accretion disk. This normal stellar wind is marked
by the presence of a wind-compressed disk [Bjorkman and Cassinelli, 1993]. The density
of the wind in the equatorial plane is a factor of ~ 20 higher than at other latitudes.
This effect is a direct result of assuming co-rotation between the primary star and the
binary system; A slower stellar rotation would diminish or remove the wind-compressed
disk.

The tidal stream is described remarkably well by the analysis of Lubow and Shu
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Figure 3.7: An isodensity surface of the hydrodynamic model at the end of the numerical simulation,

illustrating the relative scales of the accretion disk, tidal stream and primary star.
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Figure 3.8: Time sequence showing the evolution of the circumstellar gas. Several features are visible,
including the donor’s equatorial compressed wind disk, a wake of material ablated from the accretion

disk by the donor wind, and the X-ray illumination of the donor and suppression of the wind.
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Figure 3.9: A two-dimensional slice along the line of centers of the binary system illustrating the five

key components of the circumstellar gas.
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[1975]. The tidal stream leaves the L1 point with an angle of ~ 25° in good agreement
with the analytic prediction. The stream becomes supersonic only 10'° cm downstream,
with the centroid of the stream following a ballistic trajectory until the stream impacts
the disk. The gas in the stream continues to accelerate, reaching a Mach number at
impact of ~ 16.

The width of the tidal stream (~ 7 x 10! c¢m) is in good agreement with Lubow
and Shu [1975]; 70 % of the stream mass flux is within their quoted width. The stream
cross section is consistently oblate, with the stream width being about 4/3 of the stream
height. As shown by Lubow and Shu [1976], the vertical structure of the stream is
determined entirely by the foot points of the streamlines in the tidal stream, and hence
the stream has a scale height much larger than that expected for hydrostatic equilibrium.
The density in the tidal stream, and hence the mass transfer rate, is determined by the
placement of the stellar surface relative to the L1 point (an arbitrary boundary condition
in our model). Both the width of, and the density in, the tidal stream decrease as the
stream accelerates toward the compact object.

By the end of the simulation the accretion disk has relaxed into a roughly steady-
state configuration. The accretion flow has fully circularized and is nearly Keplerian, the
vertical density profile matches that of an isothermal steady-state disk, and the outer
radius is truncated at ~ 8 x 10! cm, corresponding to ~ 70% of the Roche lobe of the
compact object. Note, however, that the mass flux through the disk is not in equilibrium
— even if such an equilibrium were possible in this numerical model, it would take far

too long to reach.
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Figure 3.10: The velocity field of the circumstellar gas in the equatorial plane of the binary system.
Here black represents the relatively low density of the equatorial wind, while white represents the high
density of the primary star, tidal stream, and accretion disk. The solid line marks the critical potential

surface.
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The outer edge of the disk has a scale height of ~ 2 x 10 cm, although the disk is
somewhat thinner on the side nearest the primary star and fatter on the far side. This
scale height is consistent with that of an isothermal accretion disk in steady state (the
sound speed of the cold disk gas in our model is ¢, = 2.136 x 10° cm s71). The width of
the tidal stream in the vicinity of the disk edge is noticeably wider, with a scale height
of order ~ 3 x 10° cm. As a result, a significant fraction of the tidal stream gas is not
stopped at the disk edge, but rather flows over and under the disk along its surface. This
stream overflow ultimately merges with the accretion disk in the vicinity of the point of
closest approach: the location at which a ballistic trajectory from the L1 point would
reach the closest to the compact companion.

In addition to the impact by the tidal stream, the outer edge of the disk is continually
ablated by the strong stellar wind from the primary star. Note that this equatorial wind
is enhanced by the wind compressed disk effect, and it is not directly affected by the
X-ray source since it is shadowed by the accretion disk. As a result, the equatorial wind
is strong enough to ablate a significant mass flux off the edge of the disk, particularly on
the back side as seen in Figure 3.10. Furthermore, the ram pressure of this equatorial
wind inflates the outer edge of the disk, creating a small outer rim that extends higher
than the rest of the disk.

Although the outer regions of the disk are sufficiently resolved by our numerical grid,
the inner regions of the disk are not. The scale height of a steady isothermal disk at a
disk radius of 1.5 x 10! cm should be ~ 2.6 x 10® cm, but the limited resolution of our

numerical model limits the disk thickness to values approximately three times larger.
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Figure 3.11: The bipolar disk wind emanating from the inner region of the accretion disk is evident
in this two-dimensional slice along the line of centers of the binary system. Note that the disk wind

crashes into an irradiation-driven wind off the surface of the primary star.

This limitation has direct bearing on the results of this paper in that this poor numerical
resolution effectively limits (through the high opacity of the disk material) the cone of
X-rays to a smaller opening angle than if the disk was adequately resolved at small disk
radii.

The intense X-ray luminosity of the accreting compact companion can influence the
circumstellar gas in many ways, but in this numerical model the dominant effect is a
strong bipolar wind driven off the inner region of the accretion disk via X-ray irradiation.
The dense, cool gas on the surface of the accretion disk is heated by the incident X-ray
flux to several million Kelvins. The ensuing high thermal pressure drives a strong wind

with velocities reaching 2000 km sec™!. This irradiation is so intense in this numerical
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model that the X-ray flux striking the inner disk edge completely ablates the inner disk,
leaving a substantial hole. As seen in Figure 3.11, this disk wind is roughly spherical.
This has the interesting effect of producing a large volume of X-ray heated gas with a
roughly constant ionization parameter. Since both the gas density and X-ray flux are
decreasing as the square of the distance from the X-ray source, the ionization parameter
in this gas remains at a constant value.

Because the poor numerical resolution in the inner accretion disk affects the vertical
structure of the disk, the conservation of angular momentum in the disk gas, and the
thermal transition of the X-ray heated gas, the geometry and mass flux in this bipolar
wind is very uncertain. Nonetheless, it is clear from both simple order of magnitude
estimates and from detailed calculations [de Kool and Wickramasinghe, 1999] that the
intense X-ray flux present in X-ray binaries will drive a substantial mass loss from the
accretion disk.

Due to the shadowing effects of the accretion disk, the effects of X-ray photoionization
are restricted to the bipolar disk wind in this model. Gas outside of the disk wind is
shielded from the X-ray source, and as a result, there is no independent photoionization
wake visible in this model. Instead, there is a relatively dense wake of circumstellar gas
piled up along the leading surface separating the disk wind and the stellar wind. This
modest wake, with a density contrast of ~ 4, can be seen in the horizontal slices shown
in Figure 3.12.

As seen in Blondin and Woo [1995], the radiatively-driven wind of the primary star

is replaced by a thermally driven wind on the X-ray irradiated face of the primary.
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Figure 3.12: The influence of the disk wind on the circumstellar structure is seen in these two-
dimensional slices parallel to the equatorial plane. The density in the leading wake (left of the disk
wind) is 4 times higher than the normal stellar wind at that radius. Note that in the top slice the inner

edge of the grid is beyond the surface of the primary star.

The high X-ray flux on the irradiated surface is strong enough to suppress the radiative
driving force and quench the normal radiatively driven stellar wind. Instead, the X-ray
flux heats the outer atmosphere of the star up to X-ray temperatures, and the ensuing
high thermal pressure drives an outflow off the stellar surface. In this particular model,
however, the thermally-driven stellar wind is effectively snuffed by the disk wind. The
momentum in the disk wind is sufficiently high that it stops the stellar wind before it
can reach a sonic point. This subsonic outflow is then redirected up over the top of the

star along with the supersonic disk wind. This dynamical interaction between star and
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disk winds can be seen in Figure 3.11.

Boroson et al. [2001] compared these simulations with observations of UV P Cygni
lines from the GHRS and STIS spectrographs on the Hubble Space Telescope. A Monte
Carlo technique was used to evaluate the UV P Cygni line profile by simulating the radia-
tive transfer of the UV photons that are emitted from the donor’s surface and scattered
by the circumstellar gas. Note that the radiative transfer modeling was considerably
more sophisticated than that used for the hydrodynamic modeling. The results were
reassuring.

In comparison of the simulation to observations for the nitrogen N VAA1238, 1242 and
carbon C IVAA1548, 1550 doublets observed with GHRS and STIS on board Hubble, the
model spectra have errors of ~ 5% of the flux for each 60 km sec™! bin and errors of
~ 1% of the flux for each 30 km sec™® bin (STIS only). The simulations qualitatively
reproduce the observed “Hatchett-McCray effect” (the absorption of the N V and C IV
lines is reduced at phase 0.5). Some N V absorption remains at phase 0.5, in agreement
with observations, owing to absorption (from collisional de-excitation) and scattering
from the photosphere, as well as dense regions in the circumstellar gas that are not fully
ionized by the X-rays.

The qualitative orbital variation predicted by our model is similar to observations,
although the model does not produce the strong orbital asymmetry that is observed,
where the observed absorption is strongest for phases > 0.5. Our model predicts a mid-
eclipse X-ray flux due to Compton scattering that is too low by a factor of 4. These

data provide important feedback on our understanding of our model. It may be the
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case that the mid-eclipse scattered flux is too low because our accretion disk is too
thick, which may artificially constrict the X-ray illuminated portion of the wind. The
numerical resolution at the center of the disk is poor; at its center the disk scale-height
is much smaller than a single zone. This almost certainly artificially narrows the X-
ray illuminated region. It may be the case that the lack of orbital asymmetry in the
absorption is due to the constraint of the outer grid boundary, which extends out to only
about 2R,. At high latitudes, a trailing photoionization wake forms that spirals outward
on the primary wind. This wake is artificially truncated by the simulation, limiting the
absorption at late phase. If the wake were allowed to propagate further out, and hence
fall farther back in orbit to later phases, it could possibly account for the late phase
absorption and the resulting orbital asymmetry.

Some discrepancies may arise due to the high terminal wind velocities used in the
simulation (2000 km sec™!), as it appears that the data are better fit by a v, = 1150 km
sec™! wind [Boroson et al., 1999]. For example, the combination of too fast a terminal
wind velocity and too small a value for 7., put the maximum observed velocity at the
wrong phase, while absorption is predicted at too high a velocity, as well.

Random variability in the P Cygni lines was checked by using two different simu-
lation frames separated by approximately 3300 seconds, about one Hubble orbit. The
variability due to local random changes in the density and velocity fields did not exceed

! wavelength bin. Hence it

that which was expected, ~ 5% of the flux in each 60 km sec™
is safe to assume that variability of observed line profiles of > 5% from orbit to orbit are

representative of real changes in the wind structure, rather than random fluctuations in
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the local flow field.



Chapter 4

3D Hydrodynamic Disks

Accretion disks in close binary systems are some of the most luminous galactic objects,
and are the majority of galactic X-ray point sources. Their high X-ray luminosities
(both sustained and during outburst) imply high mass transfer rates onto a compact star.
Conservation of the binary orbital angular momentum of gas flowing from the donor star
requires that the accreting material cannot fall directly onto a compact accretor, and
instead forms an accretion disk around it. One may expect a first approximation of such
a disk to have a Keplerian or near-Keplerian rotation curve, to have some equilibrium,
steady-state structure, to lie flat in the binary orbital plane, and to be truncated at
some radius interior to the accretor’s Roche lobe, with radial inflow (and consequently
the liberation of gravitational potential energy) powering the observed X-ray luminosity.
However, this transport through the disk remained largely inexplicable for many years,
as the molecular viscosity of the gas is too low to explain the observed implied accretion
rates. Typically, accretion is assumed to occur according to the a-disk prescription

[Shakura and Sunyaev, 1973|, where the origin of the viscosity remains unknown, and
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is instead simply parameterized (where viscous stresses are a fraction « of the thermal

pressure).

4.0.4 Local and Global Transport

In general, we expect that accretion may be driven on one of two scales: local and
global. Local effects such as hydrodynamic or magnetohydrodynamic turbulence would
operate anywhere within the disk where the proper conditions (whatever they may be)
apply. Global effects such as large scale wave modes depend on the global structure
of the disk. These global modes are of interest because they may have effects on the
observable qualities of the disk, e.g. the thickness of the disk, the presence of spiral
structure, and transport.

Because the disk is embedded in the binary potential, it experiences tidal forcing.
This creates differential acceleration of the gas as it orbits, creating regions of increased
density along the orbit. These regions steepen into shock waves that are sheared by the
Keplerian motion of the disk into spirals. The shocks’ equilibrium position is determined
by the balance between the ram pressure ahead of them and the gas pressure behind
them; i.e. the shocks are sheared by the flow until they are sufficiently oblique to
lower the ram pressure to equilibrium with the gas pressure behind them. Hence at
smaller radii (and higher Keplerian velocity) the shocks must become ever more oblique.
The spirals become more tightly wound at smaller radii until the spirals are essentially
circular and the shocks have faded away.

It has been argued that global hydrodynamic modes such as spiral shocks can drive
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accretion. As the gas orbits and crosses the spiral shocks, the gas compresses and its
angular velocity drops. Orbital mechanics requires that this dense, slower moving gas
fall toward the accretor. As it accelerates, the flow behind the shock thins. Because the
spiral is two-armed, this occurs twice per orbit for each gas parcel.

Because spiral shocks remain still (in the rotating frame) as the disk gas is repeatedly
shocked, they act as a sink of angular momentum and can drive accretion. However,
at smaller radii the ever increasing shock obliquity implies that the component of a gas
parcel’s orbital motion that is perpendicular to the shock front goes to zero. Because
their efficiency at driving accretion is tied directly to their ability to dissipate orbital
motion, spiral shocks become less and less efficient at the increasingly steep angles at
smaller radii. Hence we expect accretion via spiral shocks to be most efficient at large
radii, where both the tidal forces are the strongest, and the Mach number is the smallest.
See, for example, Larson [1990].

Recently, much progress has been made in understanding the role of local magnetohy-
drodynamic effects such as the magneto-rotational instability, or MRI, as a mechanism
for mediating angular momentum transport within the disk [Balbus and Hawley, 1998|.
However, it may be the case that strong spiral shocks, such as those expected to exist
due to tidal forcing in close binary stars or young planetary systems, may act to inhibit
or even shut off the MRI [Winters et al., 2003].

Regardless of this, however, it may be the case that accretion via spiral shocks may
dominate the outer regions of the disk. Indeed the outer disk is truncated by tidal

forces that essentially tear the disk apart at large radii; by definition they dominate
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at the disk’s outer edge. Tidal forces and the global wave modes they excite control
the dynamics of the outer disk. X-ray occultation by some regions of the disk and not
others, as well as reprocessed UV light curves, indicate that the outer disk has some
global, vertical structure. These questions really come down to what radii this remains
true to, and what is the quantitative and qualitative nature of hydrodynamically driven
transport in this regime. In light of this, it behooves us to re-examine the role of vertical
structure and dynamics within such disks.

Accretion disks in close binary systems cannot be resolved, making direct observation
of spiral shocks problematic (although Clampin et al. [2003] observed a protoplanetary
disk being tidally forced by a companion star, showing clear spiral structure, and Maoz
and McKee [1998] demonstrate that maser emission from circumnuclear disks is consis-
tent with spiral shocks. Typically, Doppler tomograms can be constructed from spectral
and time (and hence phase) dependent observations which allow us to image the disk
in velocity space. We expect emission to preferentially come from areas that are both
dense and hot. Spiral shocks are perfect candidates for this. Much of the gas in the disk
is accumulated behind the shocks at any particular time, and the shocks are by defini-
tion dissipating energy and heating the gas. Because this emission occurs at preferred
positions within the disk, and hence preferred velocity components, we should be able
to observe the signature of spiral structure with a Doppler tomogram. Unfortunately
the observational evidence for spiral shocks in close binary accretion disks had long been
lacking. This paucity of observations is beginning to change, however. The dwarf nova

[P Peg shows evidence of spiral structure during outburst (Steeghs et al. [1997], although



Chapter 4. 3D Hydrodynamic Disks 113

Ogilvie [2002] shows that the observation may also be consistent with central illumina-
tion of the tidally thickened disk surface). Morales-Rueda and Marsh [2002] use spectra
of 63 CV systems during high mass transfer state to identify 24 candidates for spiral
structure. 5 of these 24 are confirmed to show spiral-like structure during outburst.

Previous investigators have demonstrated the formation of sharp, two-armed spiral
shocks in high-resolution 2D simulations (e.g. Sawada et al. [1986a], Rozyczka and Spruit
[1993], Godon et al. [1998], Armitage and Murray [1998], Blondin [2000]). The vertical
structure of these shock waves, as well as the effects of vertical wave modes within the
disk, are of course neglected. Typically this has been done out of numerical necessity.
Very fine time-resolution is required by the high orbital velocities in the disk interior,
implying many thousands of cycles per orbital period. Hence high resolution three
dimensional calculations have not been practical in the past. Some authors have argued
that the neglect of the vertical structure is unjustified as they expect spiral structure
to be weaker in a 3D disk because of the presence of additional wave modes, vertical
expansion of the spiral shocks (which are artificially confined in 2D), and refraction of
the spiral wave modes out of the disk [Lin et al., 1990]. All of these concerns become
stronger the hotter (and hence thicker) the disk becomes. It has generally been assumed
that for relatively cold, thin accretion disks the restriction to 2D is reasonable, but the
high resolution 3D simulations necessary to confirm this have not been practical.

Even with these restrictions, non-negligible hydrodynamic transport within the disk
has been demonstrated. Blondin [2000] found « ~ 0.1 in the outer regions of the disk,

where tidal forcing is strongest. However, he found that within the disk interior (where
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tidal forces are smaller and the gravity of the accretor dominates) transport is inadequate

to explain observed X-ray luminosities.

4.0.5 Effects of the Stream Impact

Shu [1976] suggests that the impact of the tidal stream may drive an accreting m = 1
spiral shock into the disk. However, little effort has gone into measuring the effect of
the stream impact on accretion through the disk. The main difficulty has been the
same as that with measuring accretion due to tidally driven spiral shocks; it is simply
very difficult to accurately model and track the extremely small quantities involved
((vr) /vy < 1). Rozyczka and Spruit [1993] simulate the gas dynamics of accretion disks
including the tidal stream in 2D, and find that the main influence of the stream is to
perturb the steady-state disk, rendering the flow very non-steady. 3D smoothed particle
hydrodynamics simulations are unable to accurately measure transport due to either

tidal effects or the stream impact [Makita et al., 2000].

4.0.6 Tilted Disks

As discussed in Chapter 1, many X-ray binaries show super-orbital periodicities. For
example, Her X-1 exhibits a 35 day periodicity in X-ray flux that is attributed to periodic
obscuration by a precessing, warped accretion disk [Larwood, 1998a]. The 35 day cycle
has four distinct phases: the main high flux state, a low state, a shorter high state, and
a final low state. This 35 day cycle is occasionally disrupted, as in extended anomalous

low states (ALS), which may be due to changes in the disk warp due to variation in the
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mass accretion rate [Vrtilek et al., 2001]. The normal high and low states are believed to
result from varying obscuration by the precessing disk. Other XRBs exhibiting super-
orbital periodicities attributable to tilted precessing disks include SS 433 (164 days),
LMC X-4 (30.5 days), and SMC X-1 (55 days).

Recent observations of Her X-1, such as long term variability in the phase shift
between hard and soft X-ray bands during the main high state [Ramsay et al., 2002],
and X-ray spectral variation over the 35-day period [Jimenez-Garate et al., 2002|, provide
evidence that the disk is indeed tilted and precessing.

RXTE observations during low states show that the soft X-ray and extreme ultravio-
let radiation are modulated by the binary orbital period, indicating that the flux is due
to cold reflection from the companion star, with the hard X-ray source (i.e. the accret-
ing neutron star) completely obscured (Leahy [2003]; Leahy [2002]; Still et al. [2001]).
Doppler tomograms indicate that the heating of the inner face of HZ Her (Her X-1’s
donor star) is not symmetric; this may imply partial obscuration of the surface by the
tilted disk [Vrtilek et al., 2001].

Keck II spectroscopy of mHz quasi-periodic oscillations in the light curve of Her X-1
indicates a small hot region, possibly where the ballistic stream impacts the disk, not
at the disk’s outer edge, but deep within the disk, in the vicinity of a tidal stream’s
ballistic point of closest approach [O’Brien et al., 2001] This should not be surprising;
if the disk is tilted, then it is reasonable to assume that the tidal stream will only be
incident upon the disk’s outer edge twice per orbital period; the remaining time, the

stream will impact one surface of the disk or the other.
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The goals of this chapter are to extend the work of Blondin [2000] to three dimensions,
to investigate the vertical structure and evolution of the disk at high resolution, to assess
the effect of the tidal stream on the disk, and to assess the fluid response of a tilted disk

in a tidal potential.

4.1 An Idealized Disk Model

We assume an inviscid, supersonic accretion disk with an isothermal equation of state.
There is certainly no reason to believe that physical disks would not contain vertical and
radial temperature gradients. However, the assumption of an isothermal gas allows for
a simpler problem, by alleviating the need to model the vertical energy transport out
of the disk, as well as a faster numerical solution, since there exists an analytic solution
to the Riemann problem in the isothermal case rather than the usual computationally
intensive iterative solution. We discuss the possible implications of non-isothermal disks
for our results later.

We assume a spherical coordinate system centered on the accreting star. This provides
for a naturally increasing vertical resolution within the disk at lower radius. However,
since the scale height within the isothermal disk is proportional to R*/?, the resolution
of the grid fails to scale with the disk thickness, with the disk becoming less resolved
vertically at smaller radii. We choose a mass ratio ¢ = 1, and scale our problem such that
GM; = GM; = 1, and the binary separation a = 1. In these units, Q = /1 + ¢ = \/ZZ),

with orbital period P, = 27/ = \/(2)71
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We initialize the disk with a density profile given by:

_ exp(—2*?/2H?)

p(R,z) = o ; (4.1)

where for simplicity we have written the density in the cylindrical coordinates R and z.
H is the scale height of the disk assuming vertical hydrostatic equilibrium: H? = ¢?R?
in our scaling. The factor of 1/R™ allows us to adjust the density profile as a function
of radius. We examine three cases, n = 0, n = 3, and n = 15/8. The n = 0 case will
be referred to as the “flat” disk, the n = 3 case the “steep” disk, and the n = 15/8 case
(corresponding to the standard a-disk solution for a v = 5/3 gas with diffusive energy
transport assuming Kramer’s opacity [Frank et al., 2002]) will be called the “medium”
disk.

We initialize the disk with a slightly sub-Keplerian velocity:
vy = siné [r_% - T’Q} , (4.2)

where the factor of sinf accounts for the vertical gradient in the Keplerian velocity
and the —r() term balances the Coriolis acceleration, providing for a smoother initial
condition.

We truncate the disk at inner and outer radii in order to minimize the effects of
boundary and initial conditions. The first ten zones of each radial column are evacuated
(r <£0.025), and the disk is terminated at an outer radius of r = 0.25 ~ %rRoche, slightly
smaller than the tidal truncation radius of ~ 0.3.

In the case of the tilted disk, we initialize the disk with a uniform tilt of + = 10°, with

the angle of the line of nodes v coincident with the binary line of centers, and the disk
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gas ascending opposite the L1 point. In general, the height z above the disk of a fluid

zone located at r, 0, ¢ becomes:
z = r[cos ¢sinfsin sini — sin ¢ sin 6 cos 1 sin i + cos 0 cos 7],

while the velocity components are:

u, =0 (4.3)
ug = U—CI’{ sin i cos(¢ — ) (4.4)
Uy = U—Ok [sin @ cos i + cos @ sin i sin(¢p — ), (4.5)
where C'is given by:
12

C = ([(sinicos(¢ — ¥)]* + [sinf cosi + cos O sinisin(¢ — 1)]?)

4.2 Computational Method

The computational domain extends radially from 0.02 to 0.4 or 0.5 (the radius of the
L1 point), in polar angle from /4 to 3w /4, and azimuthally from —= to +7. Figure 4.1
shows the extent of the computational domain. Our simulations utilize a computational
grid of 256 radial by 127 polar by 127 azimuthal, or about four million zones. While the
time stepping is variable, the simulation requires about 100,000 steps per binary orbit
(approximately 2000 CPU hours on the IBM SP3 we utilized).

Very low density gas outside of the disk is initialized with ¥ = 0 in order to minimize
the constraints on the Courant time step at the inner boundary. Boundary conditions

are azimuthally periodic, with all other boundaries being constrained to allow gas to
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Figure 4.1: The computational domain extends from r = 0.02 to 0.4, or 80% of the distance to the inner
Lagrange point, from 7 /4 to 37 /4 in polar angle, and a full 27 radians azimuthally. The companion star
and tidal stream are not simulated; the equipotential surface of the companion is shown to illustrate

scale only.
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flow freely off the grid, but not onto it. The inner radial ghost zones are set with a
pressure gradient that helps to sweep waves off the grid.

We wish to examine transport within the disk, hence we will need to define some
metrics. We will follow the general literature and quantify transport in terms of an
effective o viscosity of the disk. However, there are a number of ways of approaching
the calculation of a. The fundamental quantity that governs accretion efficiency is the
mass accretion rate through the disk as a function of radius, M(R). Following Blondin
[2000] we define an « as a measure of the mass accretion rate within the disk M:

MU¢

- —® 4.6
Y 2m RYc2 (4.6)

where M = [[ pvgRd¢dz and > = [[ pRd¢pdz is the average surface density of the disk

at radius R. Using azimuthal and vertical averages this definition reduces to:

where (X) is a density weighted average of quantity X over the cylindrical surface of
radius R. For computational convenience we integrate over a sphere of radius r = R
rather than vertically through the disk; as the disk is thin the error in this method is
negligible:

[[ X pr? sin 0dfd¢

(X0 = [[ pr?sinfdfdep (48)

However, the quantity M vy can be averaged in more than one way. Therefore we
will also calculate an o based on the radial flux of angular momentum, prvgv,, which

reduces to:

(vvr) (4.9)
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Following Shakura and Sunyaev [1973], Balbus and Hawley [1998] suggest that the «
for hydrodynamic transport is given by the spatial average of the R¢ component of the

Reynolds stress Wgy, the correlation between deviations in v4 and v,:

Awp, = , (4.10)

where 0vy = vy — (vs). Note the interesting result that gy = é ((vp — (vg))vr) =
é(<v¢vr> — (vg) (vr)) = oy — .

In the case of the tilted disks, we need to measure the tilt and precession of the disk.
We integrate to find the total angular momentum vector of the fluid contained within a
shell of constant radius for each radial coordinate. The tilt angle and line of nodes are

then found from the angular momentum vector.

Uy = —1 (ug cos b cos ¢ + ug sin @) (4.11)
ly =1 (ug cos ¢ — u, cos O sin @) (4.12)
7 (ugsin 0) (4.13)

62 VE+E
i = tan~ (4.14)
(e £y) (4.15)

where the function tan, ' returns a value between —7 and 7 in the correct quadrant.

4.3 Numerical Simulations

We take our standard model to be the n = 0 flat disk. The Mach number within the disk

varies from ~ 6.6 at the tidal truncation radius to &~ 23 at the inner disk edge. Initial
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Figure 4.2: Tidally driven spiral waves in the disk.

transient waves exit the system rapidly, and strong spiral shocks, as shown in Figures
4.2 and 4.3, form within a time t &~ 0.2P,,;,. The average density and scale height of the
disk as a function of radius match theoretical expectations well. The spiral shock angles

agree well with theory and 2D simulations [Blondin, 2000].

4.3.1 Vertical Shock Structure and Dynamics

As the spiral shocks form at the beginning of the simulation, they do not form straight,
vertical planar shocks. Rather they are concave, inward facing ribbons, as in the third
frame of Figure 4.5. As the shock jumps continue to steepen, the inward facing concavity

deepens, until a point is reached where the vertical pressure support condition is violated,
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Figure 4.3: The disk at early time. The spiral shocks are strong and crisp, and in excellent agreement

with theory and 2D.
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Figure 4.4: The disk at late time. Note the many waves modes traveling between the spiral shocks, as

well as the decrease in the over-density of the shocks as compared with the rest of the disk.

and the shocks fall back toward the orbital plane (see the middle frames of Figure 4.5).
As it falls toward the plane, this gas steepens into vertically traveling shock waves in
the disk between the spiral shocks (see the latter half of the frames from Figure 4.5).
The end result (by 0.5F,,) is that a) the spiral shocks are “smeared out,” i.e. the ratio
of the average gas density within the spiral shocks to the average gas density between
them is lowered, b) the disk is “noisy,” i.e. there are many wave modes other than the
spiral shocks traveling through the disk (see Figure 4.4). Symmetry about the orbital
plane is broken, and there are large scale vertical motions within the disk, including a

slight tilt (= 1°) at the inner disk edge (at times later than approximately P,.;), as well
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as the previously mentioned vertically traveling shocks between the spirals.

In order to explain this striking behavior, we note that spiral shock waves within
the disk are unstable to vertical ram pressure gradients within the disk. Consider a
parcel of gas at some distance above the plane. The vertical component of the accretor’s
gravity is balanced by hydrostatic equilibrium, hence the centrifugal acceleration of the
gas parcel need only balance the cylindrical radial component of the accretor’s gravity.
Furthermore, the gas parcel’s distance to the accretor is slightly larger than that of a
parcel below it in the plane. Hence we expect there to be a vertical gradient in the
equilibrium Keplerian velocity of the gas. The equilibrium position of the spiral shocks
is determined by the balance of the ram pressure entering the shock and the gas pressure
behind it. At some altitude above the binary orbital plane, the lower Keplerian velocity
ahead of the shock lowers the ram pressure. This ram pressure deficit allows the gas
pressure behind the shock to equilibrate by displacing the shock front forward (toward
the oncoming flow). Because the Keplerian velocity near the plane is proportional to

/20, the ram pressure is proportional to sin® 6, and the forward displacement of the

sin
shock should become greater at higher altitude.

A back-of-the-envelope calculation shows that the inward deflection of the shock from
this mechanism is of order 22/ R? inadequate to explain the behavior of our simulations.
However, once the shock front is slightly curved due to the mechanism outlined above,
the shock becomes more oblique, which lowers the ram pressure, which displaces the

shock forward, which makes the shock more oblique, which lowers the ram pressure,

etc., until the shock becomes so bowed inward that the vertical gas pressure gradient is
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Figure 4.5: The tidally driven spiral shocks form concave inward, deepening until they collapse down-
ward due to the loss of vertical pressure support. This creates vertically traveling shocks between the
spirals. The time sequence is from left to right, top to bottom, and covers a time of approximately

0.5F,rp.
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Figure 4.6: The seed of the ram pressure gradient instability. The incoming ram pressure and the gas

pressure behind the shock are both dependent on the gas density, which varies vertically by the same

factor both ahead of and behind the shock, exp(—z‘j;2 ). The incoming ram pressure varies vertically

as v2 o sin® 6. The ram pressure deficit allows the gas pressure behind the shock to equilibrate by
displacing the shock forward by an amount that increases with altitude above and below the disk. This

steepens the shock angle, again dropping the incoming ram pressure, which exacerbates the situation

until the shock collapses vertically.
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inverted, and the vertical structure of the spiral shock, no longer supported, collapses
down into the plane. This gas steepens into vertically traveling shocks between the

positions of the spiral shocks in the orbital plane.

4.3.2 Tidal Bulging of the Outer Disk

Differential vertical tidal forcing around the rim leads to vertical thickening of the disk.
Our simulation produces results that are similar to those of Ogilvie [2002], who used
a semi-analytical model of non-linear tidal distortions to demonstrate tidal thickening
in the outer disk. As gas orbits in the disk, it experiences vertical tidal forcing, which
we may expect to generate vertical motions of the gas. For radii where tidal forcing is
resonant with a natural oscillatory mode of the disk, we may expect the construction
of large vertical resonant waves within the disk. For mass ratios near unity, the m = 2
vertical tidal resonance is within the tidal truncation radius (Ogilvie [2002]), and hence
we may expect to find m = 2 tidal thickening of the outer disk.

We find that the scale height of the disk is alternately thickened and thinned by
as much as 30-40% in two limbs in the outer third of the disk. The thickened limbs
are centered at phases approximately % and % before mid-eclipse, and display spiral-like
structure due to the shearing of the m = 2 wave mode. Ogilvie states that observation
of spiral-like structure in accretion disks may thus be consistent with illumination of a
tidally bulged disk rather than the presence of spiral shocks. However, our simulations
show that this tidal thickening of the scale height is concomitant with the positioning of

the actual spiral shocks; the shocks’ over-density in comparison to the disk increases the
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Figure 4.7: The evolution of the n = 0 disk until approximately 0.5FP,,,. Note the decreasing signal-
to-noise ratio of the spiral shocks, the increase in intra-shock wave modes, and the tendency of the

two-armed spiral to become one-armed.
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Figure 4.8: A density isosurface of the disk, shaded by altitude above and below the plane, indicating
the regions where tidal bulging and spiral structure combine to increase the disk height. Because both
effects exaggerate the concavity of the disk in these regions, we may expect preferential illumination

and reprocessing of X-rays from the accretor there.

outer disk’s actual thickness at precisely the same phases. Hence it may be problematic
to attempt to assign observational evidence of spiral-like structure to one effect or the

other; it is likely that both mechanisms are operating (see Figure 4.8).

4.3.3 Epicyclic Motions

The flat density profile simulation showed strong epicyclic motions near the center of the
disk, with the development of an m = 1 mode (Figure 4.9). As in the 2D simulations of
Blondin [2000] and Godon [1997], a one-armed spiral wave develops near the center of

the disk, while the two-armed spiral structure remains strong in the outer regions of the
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disk. Orbits near the accretor are off-set and precess with a frequency of approximately

four times the binary orbital frequency, which is the gas orbital frequency of the outer

disk.

4.34 n=3and n=15/8

The density profile of the disk had little effect on the results presented to this point. All
three cases show the same susceptibility to the vertical instability of the spiral shocks, as
well as tidal thickening in the disk rim. The exception to this is the large scale epicyclic
motion of the n = 0 disk, which is absent from the two steeper disks (although all three
disks show evidence of epicyclic motions in «a(r,t); see the next section).

We postulate that the n = 0 disk is more susceptible to resonant driving of the inner
disk. The mass contained in successive annuli of the flat disk increases with radius; thus
there is more inertia in the outer, heavy annuli, experiencing larger tidal torques, to
move the lighter inner annuli, yielding significant off-set and precession of the inner disk
and the formation of the one-armed spiral pattern. In the steeper density profile disks,
it is difficult for the lighter outer annuli to displace the heavier inner disk and epicyclic
motions remain small at small radii. This also explains why the epicyclic motions of the
inner disk occur at the gas orbital frequency of the outer disk, since that is the region

driving them.
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Figure 4.9: The evolution of the flat density profile disk at small radii. The sphere is the inner edge of
the computational domain. Note the epicyclic motions of the inner disk edge and the formation of the

m = 1 one-armed mode.
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Figure 4.10: Scaled by a factor of ", the n = 0, n = 1.875, and n = 3 disks at late time. Except for

the epicyclic motions of the n = 0 disk, all three disks behave in a qualitatively similar fashion.

4.4 'Transport

Since «,; and «; essentially represent two methods for averaging the same quantity,
we expect them to be similar and indeed they are, diverging significantly only in the
outer portions of the disk where v, and dv, become highly correlated by large scale tidal
forcing. Hence, even when significant angular momentum transport and mass accretion
are taking place, by definition ayy,, remains small.

Both measures of a become large and negative beyond the tidal truncation radius,
as one would intuit. They peak at around r = 0.2 at a ~ 0.1-0.15, decreasing with
increasing density steepness of the disk. Between radii of one third and one half the disk
radius, a drops rapidly with increasing disk steepness, from ~ 0.03 for the n = 0 flat
disk to an order of magnitude smaller for the n = 3 steepest disk. It should be noted

that although vertical resolution is poor at such small radii, the spiral shocks are well
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Figure 4.11: a; for all density profiles, averaged over approximately one orbital period.
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Figure 4.12: «; for all density profiles, averaged over approximately one orbital period.
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Figure 4.13: aw,, for all density profiles, averaged over approximately one orbital period. Note that

awpy, only becomes large external to the disk, where tidal forces are shearing the disk apart and

truncating it.
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resolved radially, and that many Keplerian orbits were averaged. However, due to the
epicyclic motions (driven at much lower frequency) and the limitations of computational
time, the values of @ within a radius smaller than about one third of the disk radius
for the n = 0 and n = 15/8 cases have not converged. Figure 4.15 shows a,,(R,t) over
the period t = 1.25P,,, to 1.5P,,, for the steep disk. In this case a remains small at
small radii, though oscillatory. Figure 4.16 shows the large swings in « due to epicyclic
driving at smaller radii for the flat disk.

Interestingly, a(r,t) exhibits “period doubling” behavior, where radial bands within
the disk transport mass in steady synchronization at resonant orbital frequencies, in-
terspersed with radial bands of unsteady transport until the flow steadies in the next
resonance. The tidal truncation radius occurs at /Q,, = 4, the peak in a occurs at
Q/Qop = 8, and coherent resonant bands of transport occur at Q/Q,., = 16, 32, 64,
128, and 256. This may lead to banding of the disk interior at late time as a(R) may
not be monotonic. However we simply cannot say at this point, as our disks have not
evolved long enough for o to converge at small radii. We hope to extend the simulation

time by at least an order of magnitude in future work.

4.4.1 Tidal Stream

After initial transients had exited (¢ ~ 0.2P,,;,), we turned on mass transfer in the n = 0
disk via a tidal stream. The tidal stream was injected at the L1 point at the sound speed

cs = 0.25 with zero azimuthal velocity. The stream has a density profile at the edge of
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Figure 4.15: a,;(R,t) for n = 3. Oscillations in « remain small.
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Figure 4.16: «,; (R, t) for n = 0. Note the large variation in « in the interior, due to epicyclic motions
of the disk. The significance of the outward traveling waves in «, which travel at slightly supersonic
speed (v = 1.4c;) is unclear, although they may reflect the outward transport of mass and angular

momentum.
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Figure 4.17: Contour of a;; = 0 for the n = 0 case. The shaded regions are where a;,; > 0. The time

axis extends from ¢t = 0.75P,,, — 1.25P,,;,. Note the radial banding, indicating synchronous transport

around resonances with the orbital period.
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the grid given by:

p=poc ", (4.16)
where r represents the radial position from the stream center, and r, is a scale factor of
the stream, here chosen to be 0.02. The stream is truncated radially at 2r,. The density
of the stream was chosen to approximately match the mass transfer rate to the mass

accretion rate through the disk:
. QT‘S .
Mitream = 27Tpostreamcs/ TG_T/TSdT = Mgisx = 3mac, HX.
0

Substituting ¥ = 27 RH py,,, and H? = ¢?R?, we find:

Smac? R°/?

2
rs

postream ~ podisk :

Since « varies with radius within the disk, this choice is necessarily somewhat arbitrary;
we choose po,cam = Pogi @PPropriate for the disk interior.

We note that Equation 4.16 is in error. The density profile of the stream is known to
be Gaussian, rather than exponential. However, as this mistake was not discovered until
after our simulation runs had been made, the following results include the miscalcula-
tion. We note that the net mass and angular momentum carried by the stream remains
unchaged, however the particular injection profile into the disk may be altered.

As one might expect, Figure 4.18 shows that the density of outer disk increases with
the tidal stream turned on. The density within the inner disk is also increasing over
time. One might expect this is from the 3D nature of the problem; some fraction of
the stream gas might overflow the surface of the disk and be injected near the center

of the disk at the stream’s point of ballistic closest approach, rather than simply being
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Figure 4.18: Flat (n = 0) profile disk (left) and medium (n = 15/8) profile disk (right) with tidal
stream. The stream is initialized with a density to produce an incoming mass transfer rate appropriate
for v at the disk’s outer edge. Recall that in the medium profile case, the density is scaled by a factor

of r15/8.
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Figure 4.19: A dramatic increase in mass transport within the n = 0 disk is seen when the tidal stream

is turned on. « is very large outside the disk due to the in-falling tidal stream. Most of the stream gas
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is entrained at the disk’s outer edge, yet v 2 0.15 in the interior, and & 0.25 at the disk’s inner edge.

entrained at the disk’s outer edge. This appears to be the case to some extent; the gas

stream simply does not carry enough momentum upon impact for most of it to avoid

being swept up at the outer edge. The fraction of the stream mass injected at small radii

is negligible. However, it is injected at large radial velocity. This makes calculation of

rather than merely a measure of mass injection.

a problematic. a should be a measure of transport due to wave modes within the disk,

Most interesting is the change in « due to the tidal stream. « is large outside of
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the disk proper because of the tidal stream. However, within the disk, a is enhanced
to = 0.15 all the way down to the inner edge of the disk, even interior to the ballistic
point of closest approach (= 0.07); inside this radius « actually rises to ~ 0.25. Figure
4.19 shows the increase in a between two simulations with and without the tidal stream.
Unfortunately, at this point we cannot disentangle o due to wave modes and stream
overflow.

In contrast, Figure 4.20 shows the steeper n = 15/8 disk experiences almost no
change in a within the disk at any radii. We postulate that the radial gradients in mass
and momentum within the disk stabilize it against inward propagation of the distur-
bance caused by the stream impact, just as the steeper profiled disks were stable against
epicyclic motions in the absence of the stream. The mass carried by the overflowing
fraction of the stream gas is negligible compared to the interior disk gas in the steeper
case. These effects would minimize any change in « regardless of whether we are primar-
ily measuring wave transport or overflow, so we cannot use this result to differentiate

between the two.

4.4.2 Tilted Disks

Finally, we tilt the n = 0 disk 10° about the line of centers, descending near the L1
point. The tilted disk was run both with and without a tidal stream, and «, the tilt
angle 7, and the angle of the ascending line of nodes were measured as functions of radius
and time. The morphology of the disks (Figure 4.21), both with and without stream,

remain very similar to the un-tilted disks. The tilted disk with stream shows the same
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Figure 4.20: Little change is seen in the steeper n = 15/8 density profile disks, except for

values of a external to the disk due to the in-falling stream.
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Figure 4.21: The morphology of the tiled disks remains similar to that of the un-tilted disks, including
the formation and collapse of the spiral shocks, the onset of the m = 1 one-armed spiral and epicyclic
motions, and the reinforcement of the one-armed mode by the tidal stream, including higher densities

in the inner and outer disk.

behavior as the un-tilted disk with stream, with an accumulation of mass both in the
disk exterior and interior. The onset of the one-armed m = 1 instability is the same as
the un-tilted disk, as is the onset of the vertical ram pressure gradient instability within
the spiral shocks. Due to the decrease in the time-step necessitated by tilting the high
velocity flow within the grid, we were unable to run the tilted disk simulations for long
enough to effectively measure «, although « averaged very briefly (=~ 1/8F,,) after the
initial transients had exited for the tilted disks were at least consistent with the values

from the un-tilted disks.
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We are able to reproduce the tidally induced procession of the disk predicted by
Larwood [1998a]. Over the course of an orbital period, in the absence of precession of
the disk in the inertial frame, the disk should precess exactly 27 radians in the rotating
frame. We find that the disk rotates approximately 5-6% too fast in the rotating frame,
corresponding to one full tidal rotation in the inertial frame about every 17-20 orbital
periods. The precession is nearly rigid, with a slight radial dependence on the angle of
the line of nodes that equalizes over an orbital period such that no region of the disk
precesses away from another (the disk stays “connected”).

The tidal stream does affect the tidal precession period of the disk interior, with the
disk interior precessing initially significantly faster than the exterior. This may be due
to the change in tilt angle of the inner disk (see below). However, the angle of the
line of nodes throughout the disk still equilibrates over an orbital period. If the disk
interior were to become disconnected from the outer portions of the disk, then the modes
presumably driving the more rapid advance could not propagate inward from the stream
impact at the outer edge.

The tidal stream does have an effect on the tilt angle at the edge of the disk. The
disk is initialized at a uniform tilt of 10°. After ~ 0.5PF,,, the disk without a tidal
stream remains within 1° of this at all radii. However, the disk with a tidal stream has
significantly increased tilt at radii smaller than r/a & 0.1; the tilt rises approximately

monotonically to ~ 13 — 14° at the inner edge of the disk.
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Figure 4.22: Angle of the line of nodes for the tilted disks, with and without tidal stream. The simu-
lations were initialized with the line of nodes along £m; the rotating frame increases the angle during
an orbital period. In the absence of tidal precession, the line of nodes should have advanced from —m
to the position of the solid line by time ¢ = 2.1 = 0.48P,,,. However, the line of nodes has advanced
beyond this point, indicating tidal precession of the tilted disk. The disk completes a full rotation in

the rotating frame approximately 5 — 6% too rapidly, indicating a precession period of & 17 — 20P,,1,.
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of the initialized value at

0.5P,.1,. However, the disk with a tidal stream shows a dramatic increase in the disk tilt in the disk

interior.
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4.5 Discussion

We have undertaken high resolution 3D simulations of accretion disks in a binary poten-
tial, and find that the clean spiral shocks observed in 2D are unstable in 3D to vertical
gradients in the velocity field of the flow. We find that « remains high (=~ 0.15) in the
outer half of the disk, but diminishes rapidly with decreasing radius, in good agreement
with the 2D simulations of Blondin [2000]. We find the transport in the flat density
profile disk to be significantly enhanced above that of the steeper density profile disks
(o = 0.03 for the flat disk compared to a &~ 0.01 for the medium disk) for moderately
small radii (0.07 < r/a < 0.13). We were unable to run our simulations for a sufficient
length of time for a at very small radii (r/a < 0.05) to converge, except in the steepest
n = 3 disk. This is most significant for all disks without tidal streams, where we are
unable to say with certainty that the sign of o remains consistently positive for small
radii.

We observe epicyclic motions of the inner disk at a frequency of approximately four
times the binary orbital frequency in the flat profile disk that are not observed in the
steeper disks. We theorize this to be due to the mass and angular momentum profiles
within the steeper disk stabilizing them against epicyclic motions. In the steeper disks,
the low mass, low angular momentum outer annuli that experience the largest tidal
forces are unable to dominate the motions of the massive, high momentum inner annuli.
In the flat disk both the mass and angular momentum of successive annuli increase with
radius. Hence the most massive portions of the disk feel the greatest tidal forcing.

It may be the case that resonant coupling at varying radii within the disk causes «
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to not be monotonic; Figures 4.11 and 4.12 show consistent radial bands of alternately
enhanced and diminished transport across all density profiles. After a long time this
could conceivably lead to radial striping of the disk, but our simulations, covering only
a few orbital periods, are unable to determine this.

We further find that the inclusion of the tidal stream in the flat profile disk dra-
matically increases a, up to ~ 0.25 all the way to the inner disk edge. However, we
are unable to distinguish whether this represents an actual increase in the efficiency of
mass transport due to hydrodynamic wave modes, or simply represents the injection of
high radial-velocity material from the overflowing tidal stream. This effect is not seen
in the steeper profile disks, where only negligible enhancement is seen. We feel that
this also may be due to the radial mass and angular momentum gradients; the distur-
bance due to the tidal stream impact is unable to propagate into the inner disk in the
steep simulations, whereas the disturbance can easily propagate into the less massive,
low momentum inner disk in the flat simulation. It could also represent the negligable
magnitude of the momentum carried by the stream compared to the disk interior in the
steep disk, and thus this cannot be used to differentiate which mechanism is affecting «
in the flat disk. This result could be particularly interesting in light of the fact that we
may expect physical disks to be closer to a flat density profile in our regime of interest
than not, given previous 2D and 3D simulations of accretion disk formation (Chapter 3),
but until we can disentangle transport due to wave modes and mass injection at small
radii, we cannot say.

We observe tidal thickening and thinning of the outer disk due to vertical resonance
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in good agreement with Ogilvie [2002].

Given that the apparent instability of spiral shocks to vertical ram pressure gradients
yields both a lower ratio of gas density immediately behind the spiral shocks to the
gas density between them and also increased energy dissipation between them due to
vertically traveling shocks within the disk, it may be the case that the signal-to-noise
ratio of spiral structure within accretion disks may be lower than might otherwise be
expected. This could make detection of spiral structure in close binary accretion disks
more difficult to detect via Doppler tomograms, so far the only method of even indirectly
imaging disks in close binaries.

It is worth contemplating what effects a more physical disk model would have on
this instability. In a physical disk, energy cannot simply be radiated away within the
spiral shocks. It is likely that the shocks would be “puffed up” vertically, creating an
even greater horizontal pressure overbalance for the incoming flow. Hence we expect
this effect to be even stronger in physical disks. We can envision no restoring force
that prevents the vertical collapse of the spiral shocks. However, it is possible that at
late times a more stable equilibrium vertical structure of the spiral shocks could arise;
further numerical work is needed to extend these simulations over many orbital periods
to ascertain this.

Coupled with our finding that the disk rim is tidally thickened, the apparent decrease
in the signal-to-noise ratio of shock detectability could be interpreted to support Ogilvie’s
postulation that observed spiral structure may not be tidally-induced spiral shocks, but

rather differential illumination of a tidally thickened outer disk. However, since we find
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the spiral shocks and tidal bulging within the outer disk to be concomitant, we feel it is
unlikely that one mechanisms is operating in the absence of the other; it is likely that
both effects occur in systems with observed spiral-like structure.

We show that the Reynolds stress Wgy, being a local transport metric, is not an
adequate measure of transport due to global wave modes within the disk, hence trans-
portation due to these modes, including spiral shocks, cannot be so easily dismissed. In
their study of the role of the MRI in gap formation in protoplanetary disks, Winters
et al. [2003] found that under certain circumstances, planets within the disk drove strong
spiral shocks into it. In the presence of these spiral shocks, they found the Maxwell stress
was heavily damped, with magneto-hydrodynamically driven transport curtailed by as
much as 90%. While it is unclear whether or not this would hold true for all field config-
urations, it is interesting to posit a scenario in which global hydrodynamic modes drive
accretion in the outer regions of a cold disk where the MRI may be ineffective, especially
in light of our findings that the tidal stream impact may increase a to ~ 0.25 down to
radii as small as r/a =~ 0.03. Deep within the disk, as accretion due to global HD modes
shuts off due to the increasingly oblique shock angle and decreasing efficiency of the
shocks to drive transport, the spiral modes fade away, and the MRI may operate un-
hindered. These two regimes, operating via completely different accretion mechanisms,
cannot be expected a priori to match smoothly, and an impedance mismatch may be
expected where mass could accumulate within a ring. Mass might accumulate until the
critical surface density is reached for the disk to become thermally unstable and switch

to the hot branch, where the higher ionization state might allow the MRI to operate
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more efficiently, sustaining high accretion rates and flushing the disk in outburst. Such a
two regime model provides a natural mechanism for accumulating material in a ring and
then flushing it via an increased accretion rate during outburst, and could be applicable
in cataclysmic variable stars and soft X-ray transients.

Finally, we find that the formation and morphology of the spiral modes, both m = 2
and m = 1, are similar in our tilted disks and un-tilted disks. We find our precession
period of 17 —20F,,, to be in excellent agreement with the analytic prediction of Ppec =~
20.4P,,, from Equation 1.2.

We show a rapid and dramatic increase of the tilt angle at small radii when the
tidal stream is included. We feel that the excellent conservation of the tilt angle in the
absence of a tidal stream indicates that this is not a numerical effect due to worsening
vertical resolution at small radii, but a real consequence of the stream striking a tilted
disk. However, we recall that the tilted disk simulations did not extend long enough
in time to follow the behavior of the tilt for an extended period. For example, it may
be the case that the stream acts to increase the tilt during some one binary phases,
and decrease it during others, when the incidence angle has changed. Hence we cannot
generally infer the long term impact on the tilt angle due to the tidal stream. Even with
these caveats, however, it is significant that the tilt angle can vary so significantly on the
short term, completely in absence of any other warping mechanism, such as re-radiation

back-pressure.
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Conclusions

5.1 Mass Transfer and Accretion in High Mass X-Ray Binaries

5.1.1 Wind Accretion vs. Roche Lobe Overflow

We present a series of time-dependent 2D and 3D numerical simulations illustrating the
evolutionary sequence between high mass X-ray binaries fed by wind accretion (where
the primary star sits well within its critical tidal lobe) and those fed by Roche lobe
overflow (where the primary star extends out to its tidal lobe). We define the RLOF
parameter \ as the ratio of the surface potential to the critical potential.

When the primary lies well within its critical surface we find negligible tidal mass loss
enhancement, and a system that is characterized by wind accretion with the development
of a photoionization zone around the compact object. As the surface of the primary
nears the critical surface, we observe tidally enhanced mass loss via a thin tidal stream,
resulting in higher accretion wake densities. For full RLOF we observed the development

of a steady accretion disk characterized by a total shadowing of the X-rays in the orbital

154
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plane.

M(t) and L,(t) vary as an exponential in the RLOF regime, simply following the
exponential atmosphere of the donor. A sharp transition then leads to the wind accretion
regime, with much lower X-ray luminosities, although the L, is underestimated for the
wind regime due to the restriction to 2D and the assumption of an accretion scale-
height appropriate for disk accretion. The transition case is characterized by much
larger typical variations in the mass accretion rate and X-ray luminosity, due to the
non-linear feedback between a weak stream and the accretion bow shock.

Although we expect the exact mass accretion rates and the position of the transitional
case to change in 3D, we feel that our results explain the sharp distinction between the
wind fed and disk fed HMXBs, and the lack of transitional cases, due to the sharpness

of the transition regime and the expected lifetimes of HMXBs.

5.1.2 Mass Transfer in Elliptical Orbit X-Ray Binaries

High mass X-ray binary star systems with elliptical orbits, like GX 301-2, often exhibit a
peak in X-ray luminosity associated with periastron passage. We use a two dimensional
hydrodynamics code to examine the possibility that these X-ray flares result from tidal
stripping of gas from the primary star, and subsequent accretion of this gas onto the
compact companion. We find that if the primary star is rotating near corotation with
the orbiting compact companion at periastron, tidally stripped gas can accrete, causing
X-ray flares. Such a tidally induced flare will occur substantially after periastron, at a

phase of ~ 0.2 for the parameters used in our model. This flare is characterized by a
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brief disk accretion phase with a large angular momentum accretion rate. However, in
our particular model this disk accretion phase was followed by an equally brief phase of
accretion with the opposite sign of angular momentum, resulting in no long-term spin

up of the X-ray pulsar.

5.1.3 Global Hydrodynamic Simulations of LMC X-4

We present the first global, three dimensional hydrodynamic simulations of Roche lobe
overflow (RLOF) and accretion disk dynamics in an HMXB. We use the observed pa-
rameters of LMC-X4, a disk-fed X-ray binary undergoing full Roche lobe overflow. We
include the Sobolev approximation to the radiatively driven primary wind, as well as first
order radiative transfer of a time-dependent, self-consistent X-ray luminosity from the
X-ray pulsar. The simulation is initialized with a Roche-filling geometry and a smooth
CAK-type wind solution. The simulation is allowed to form its own tidal stream and
accretion disk; sufficient time is allowed for the disk to reach a dynamical equilibrium.
A disk of compressed primary wind also forms in the orbital plane due to the closeness
of the binary orbit and the assumption of co-rotation. The stream is thicker than the
accretion disk as it enters, merging with the disk material near the neutron star on the
rear (opposite the primary) side. The convergent stream material generates strong spiral
shocks within the disk. The simulation sustains Eddington and super-Eddington accre-
tion rates. A fast, low density wind is driven radiatively from the surface of the accretion
disk by the X-rays in the vicinity of the neutron star. This wind completely dominates

any thermally driven wind that arises due to X-ray illumination of the primary surface.
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Predictions of our hydrodynamic model were compared with UV P Cygni line profiles
from the Goddard High Resolution Spectrograph and Space Telescope Imaging Spec-
trograph aboard the Hubble Space Telescope. The model determined the density and
velocity fields of the stellar wind, wind-compressed disk, tidal stream, accretion disk,
and X-ray illumination winds from both the disk and donor surface. A Monte Carlo
code was used in post-processing of the hydrodynamic model data to determine the UV
P Cygni line profiles by simulating the radiative transfer of UV photons that originate
on the star and are scattered in the wind. The qualitative orbital variation predicted
by the model is similar to that observed, although the model fails to reproduce the
strong orbital asymmetry. The model predicts a mid-eclipse X-ray flux a factor of 4
smaller than observed with ASCA. The peak velocity is observed at the incorrect phase.
The failings of the model are likely due to three factors: limited extent in the radial
coordinate did not allow trailing accretion and photoionization wakes to propagate to
sufficiently late phase to reproduce the observed absorption; limited numerical resolution
near the accretor may have artificially restricted the X-ray illuminated region and thus
lowered the scattered X-ray flux; the terminal wind velocity of ~ 2000 km sec™! was
too fast, allowing the wind to accelerate to the artificially truncated outer edge with an

un-realistic velocity profile.

5.2 3D Hydrodynamic Disks

We have undertaken high resolution 3D simulations of isothermal disks in a binary po-

tential, both with and without tidal streams, as well as with tilted disks. We have found
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that tidally-driven spiral shocks within close binary accretion disks may be unstable to
gradients in the vertical ram pressure of the disk flow. A z-dependence of the Keplerian
velocity leads to a gradient in the ram pressure that allows the gas pressure behind the
shock to displace the shock forward into the oncoming flow. This leads to an increase in
the obliquity of the shock to the incoming fluid, which lowers the ram pressure, which
tilts the shock further, which lowers the ram pressure, etc. in a feedback loop that
eventually results in the inversion of the vertical pressure gradient. Vertical hydrostatic
equilibrium is broken, and the wings of the spiral shock come crashing down into the
plane, driving vertically traveling shocks through the disk between the spirals. This
results in a significantly noisier disk, with increased density and dissipation between the
spiral shocks as compared to within them. This may lower the signal-to-noise ratio of
spiral shock detection with observational implications.

We find differential vertical tidal thickening and thinning of the disk in its outer rim,
and confirm qualitatively and quantitatively Ogilvie’s spiral-like sheared m = 2 vertical
thickening mode. This may lend support to the notion that observed spiral structure
may not be observations of spiral shocks but rather differential illumination of the outer
disk rim. However, we feel it is likely that both mechanisms, spiral shocks and tidal
thickening, will be operating in systems with observed spiral-like structure.

The flat density profile simulation was susceptible to large-scale epicyclic motions
of the inner disks, with the inner disk edge precessing with a frequency of four times
the binary orbital frequency, and the transformation to an m = 1 one-armed spiral

mode. Simulations with steeper density profiles, while exhibiting small epicyclic motion
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in the measurement of o did not exhibit this behavior. We believe that the flat density
profile is susceptible to this mode because the surface density and angular momentum
of successive annuli increase with radius, allowing portions of the disk at larger radii
where tidal torques are stronger to more easily drive the light-weight, low momentum
inner disk. Steeper density profile disks are not susceptible to this because the outer
regions of the disk where tidal forces are strong carry relatively little inertia compared
to the inner disk.

Without a tidal stream, we find significant transport in the outer half of the disk
(v = 0.1-0.15) where tidal forces are strongest, steady but lower transport down to 1/3
the disk radius (« =~ 0.03 for the n = 0 case), and « not yet converged at smaller radii
for disks shallower than the steepest n = 3 case. We find a at medium radii to be
strongly dependent on the density profile of the disk, with the steepest disk showing an
order of magnitude less transport than the flat disk between one third and one half the
disk radius. We find that a(r,t) exhibits period doubling behavior with radial bands
transporting synchronously at radii where the gas orbital frequency is resonant with the
binary orbital frequency.

We show that inclusion of a tidal stream dramatically enhances v at small radii within
the flat disk. In our flat density profile disk with a tidal stream we find o 2 0.15 in the
disk interior, rising to ~ 0.25 at the disk’s inner edge. Negligible transport enhancement
is seen in the steeper disks. We are unable to differentiate between higher o due to
enhanced transport via wave modes and injection of low density, high radial velocity

overflowing stream gas.
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We show that Wgy, the R¢ component of the Reynolds stress, a measure of hydro-
dynamic transport due to local processes, is not an adequate measure of accretion due
to global hydrodynamic wave modes, and hence transport due to these modes cannot
be casually dismissed.

Finally, we speculate that a two-regime model of strong accretion in the outer re-
gions of the disk due to global hydrodynamic modes coupled with strong magneto-
hydrodynamic turbulence-driven accretion at smaller radii could provide a natural phys-
ical mechanism for the accumulation of mass and accretion change-of-state required by
some CV and SXT models.

Finally, we find that the morphology of our tilted disks is similar to the un-tilted
disks, in terms of the formation and collapse of the tidally driven spiral shocks, and the
enhancement of the natural one-armed spiral mode in the presence of a tidal stream for
the flat density profile cases. We find a tidal precession period in excellent agreement
with analytic predictions, and find that the stream impact can have a significant short-
term impact on the tilt angle, completely via hydrodynamic modes, without the inclusion

of any other warp-driving mechanism.
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