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This thesis contains results from a long-term campaign to monitor the behaviour of
Be/X-ray binary systems at multiple wavelengths. The work presented in this the-
sis concentrates on the application of Be/X-ray binary observations to contribute to
the understanding of the Be star phenomenon itself. I present studies of the X-ray
behaviour of these systems — effectively using the Neutron Star as a probe of the Be
star’s envelope — and seek correlation between this and the behaviour of the Be star
inferred from optical and infrared observations. I attempt to model the X-ray light-
curves as accretion from a circumstellar disc, and investigate the validity of these
techniques by considering recent claims that the orbiting neutron stars in Be/X-ray
binaries perturb the Be stars’ circumstellar discs. Finally, I present a study of
Be/X-ray binaries in the Magellanic Clouds, identifying optical counterparts to a

number of recently discovered systems.
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“During our professional careers, all of us have encoun-
tered terms and phrases which have left us bewildered as to
their meaning. In some instances, I suspect that the bewil-

derment extends to the author.”

George W. Collins
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Chapter 1 — Be Stars

In this chapter I present a review of our current knowledge of the Be star phenome-
non. [ first describe the observational characteristics with which we identify stars
of this type, and the physical properties that can be inferred from these observable
properties. I then review past attempts to describe unified models of the Be star
phenomenon — both ad hoc models which intend only to describe the observable
properties, and physical models which attempt to provide a physical basis to ex-
plain the observable properties. I describe some of the problems yet to be over-
come in order to reach a full understanding of the Be star phenomenon; discussing
inconsistencies between the models and observations, and proposals for how theory

and observation might be reconciled.

1.1 Observational characteristics of Be stars

The use of the suffix ‘e’ applied to the spectral type of a star to denote the presence
of emission lines in the stellar spectrum was first proposed to the International As-
tronomical Union in 1922 by A. Fowler. He proposed however that the ‘e’ suffix
should be omitted from those spectral types whose members normally displayed
such emission lines in their spectra. This definition remains almost unchanged to
this day — we now exclude supergiant stars (stars of luminosity class I or II). A
working definition generally accepted by the astronomical community is that of

Jaschek, Slettebak & Jaschek (1981):

“A non-supergiant B-type star whose spectrum has, or had

at some time, one or more Balmer lines in emission.”
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The term ‘Be star’ has however grown to become a generic term for a class of ob-
ject, whose members show similar observational characteristics which are discussed
later in this section. As there are some late O-type stars, and some early A-type
stars which show similar observational characteristics, and there are no reasons to
believe that these characteristics arise from different physical mechanisms in the
earlier or later spectral types, it is convenient to allow these objects to belong
within the definition. Throughout this work therefore, I have adopted the definition
proposed by Jaschek et al. broadened slightly to include early A-type and late O-
type non-supergiant stars with similar properties. The line emission of Be stars is

reviewed in more detail in Section 1.1.1.

In addition to emission in the Balmer lines, Be stars show a luminosity excess at
long wavelengths, causing a Be star of a given spectral type to appear brighter at in-
frared wavelengths than a B-type star of the same spectral type. The infrared ex-
cess is reviewed in detail in Section 1.1.2. As this excess flux is most apparent at
infrared wavelengths it is generally referred to as an infrared excess, though the ex-
cess flux is still significant in the optical region of the spectrum — while acknowl-
edging that the term can therefore be misleading, I shall conform to convention in

this work and refer to the excess flux as an infrared excess.

Be stars commonly show variability in the earlier described observable properties
on many timescales, from hours to years, though there are examples of Be stars
which show no variations at all on observable timescales. Emission lines are seen
to vary in strength, sometimes disappearing altogether, leaving the Be star indistin-
guishable from a normal B type star. Line shapes vary on long timescales — most
evidently in the V/R cycles described in Section 1.1.5.2 — and also display transient

features on timescales of hours.
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1.1.1 Emission Lines

Our definition of a Be star relies upon the presence of emission in the Balmer series
of Hydrogen. The strongest emission — and therefore the most common diagnostic
of Be stars — is seen in the Ha line; optical spectra often reveal emission — albeit
weaker — in Ha, HP and successively higher order transitions. Clark (1997, et al.
2000) showed from UKIRT spectra that Be stars also display emission in the
Paschen and Brackett series of Hydrogen. In Figure 1-2 (taken from Reig, Stevens,
Coe et al.) we show Paschen and Brackett emission lines in infrared spectra of the

Be star counterpart to the Be/X-ray binary EXO 2030+375.

Emission lines show many profiles, single or double peaked, symmetric or asym-
metric. Often (especially in Hf and later lines of the Balmer series) an emission
core is superposed on broader absorption wings (see for instance the Ha profile for

17 Tau in Figure 1-1).

Another commonly observed line profile is termed a ‘shell profile’, characterised
by emission lines reversed by narrow absorption cores; stars that display such line
profiles are often termed ‘shell stars’ and often show narrow absorption in many
metallic lines. Many stars have been observed to change from classic Be star line

profiles to ‘shell’ profiles and vice versa (Ho profile of y Per in Figure 1-1).

In addition to the presence of Hydrogen emission, Be stars also often show Hel
lines in emission, as well as many singly ionised metals. More ‘extreme’ Be stars
(those with EW(Ha) > 10 A) frequently show Fe 1 lines in emission. Figure 1-1 —
taken from Hummel & Vranken (1995) — shows Fe 11 A5317 and He 1 A5876 lines in

addition to Ha lines for 9 Be stars.
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Figure 1-1. Hg Fe 11 A5317 and He 1 A5876 emission line profiles for nine Be stars. Fe 1I

and He I flux scales are expanded by a factor of 10 relative to the Ho scale. Taken from

Hummel & Vranken (1995). Each are normalised to the local continuum, then offset so

that the continuum flux is approximately 1.0 (Ha), 0.0 (Fe 11) and -1.0 (He I)
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1.1.2 Infrared excess

Apart from emission in the Balmer series, the infrared excess is a major character-
istic of Be stars. At IR wavelengths the excess flux can be large enough to produce
an extra few magnitudes of luminosity. Figure 1-3 shows the energy distribution of
4 Be stars (o Eri, ¢ Per, & Cen and y Oph) with best fit Kurucz models (Waters

1986) showing clear excess flux at long wavelengths in all cases except o Eri.

Even at optical wavelengths the contribution to the continuum flux can be signifi-
cant — in Chapter 3 (and in Stevens et al. 1997) I show that the V band excess flux
in the Be star V801 Cen can be as large as 6V ~ 0.6 magnitudes. The excess flux,
noticed first through infrared photometry, is also significant at wavelengths longer
than the JHKL infrared photometric indices — Coté & Waters (1987) studied a sam-
ple of 101 Be stars with the IRAS satellite and found the excess flux present at
wavelengths between 12 and 60u. At optical and infrared wavelengths the excess
can be approximated by a power law distribution, however, at longer wavelengths
(mm and radio) few Be stars have been detected. Taylor et al. (1990) detected only
6 Be stars from a sample of 21, whereas their upper limits to those undetected are
mostly below the flux expected by extrapolating from IR flux distributions. Obser-
vations such as these have led to a commonly held belief that some mechanism
causes a change in disc structure at a certain radius leading to a change in the spec-

tral gradient.

Waters (1986) developed an ad hoc model to fit to infrared excesses derived from
IRAS observations of four Be stars. The model consisted of a disc with some

opening angle 6 and a density distribution of the form:

- -n
P~ IOO[R_*) (1-1)

in which the IR excess flux is produced via free-free and bound-free emission pow-

ered by photospheric UV continuum photons.
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The model was found to reproduce the IR excess well, but with densities much
greater, and with higher mass loss, than is suggested by observations of UV reso-

nance lines. Hence it would appear that different regions of the wind have very dif-

ferent physical conditions.
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Figure 1-3. Spectral energy distributions of Be stars a Eri, ¢ Per, & Cen and y Oph. Fluxes
are normalised to the 518.3-A flux for all except ¢ Per (normalised to 724.1-A). The solid

lines in each case represent the best fit Kurucz models with parameters as annotated on

each plot.
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1.1.3 UV Observations

At first sight, observations of Be stars at UV wavelengths appear to be contradic-
tory to those at optical and infrared wavelengths. Whilst optical and infrared emis-
sion lines show little deviation from rest wavelengths — indicating wind outflow
velocities little more than ~100 km s — the wavelength shifts of UV line profiles
often indicate wind velocities up to ~1000 km s”'. From LU.E. observations of
V801 Cen — the optical counterpart to the Be/X-ray binary 4U1145-619 and subject
of Chapter 3 — Bianchi & Bernacca (1980) found evidence for a wind with terminal
velocity of 1800 km s™. In Chapter 3 I present optical spectra of the same object
which show no evidence for outflow velocities greater than 100 km s Attempts to
resolve this apparent paradox generally involve proposals of more than one compo-
nent to the stellar envelope, often with a low-density/high-velocity polar wind and a
high-density/low-velocity equatorial wind. Such models are discussed in greater

depth in Section 1.2.

1.1.4 Direct imaging

Be stars have recently been imaged at optical (Ho) and radio wavelengths (Vakili,
Mourard & Stee 1994, Dougherty & Taylor 1992). The Be star y Per was included
in both studies and the alignment of the images is good. The linear polarisation of
v Per is found to be perpendicular to the major axis. Thus the most direct observa-
tions point to a disc-like geometry for the circumstellar envelope. It is generally
accepted that the envelopes of Be stars are disc-like. However, beyond this, the

detailed geometry is unclear.

1.1.5 The variability of Be stars

As already mentioned, variability is a frequent characteristic of Be stars, and affects
all of the observed properties. Individual Be stars show different degrees of vari-
ability, some may appear unchanged for long periods (of the order of years), while

others change from Be star to normal B star in periods of the order of months —
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with the Ho emission line reversing to show normal absorption. The underlying
cause of this variability is not fully understood, not least because the cause of the
Be phenomenon itself is not known, but through our ad hoc models we can at least
infer some properties of the circumstellar envelopes of Be stars through the study of

correlations between the observed properties as they vary.

1.1.5.1 Disc loss and regeneration

One of the more easily understood variations that Be stars display is variability in
the degree of Be characteristics that it displays, generally understood as a variation
in the size or density of the circumstellar envelope that gives rise to these proper-
ties. As has been mentioned already, stars have been observed to change from Be
to B-type stars and back again, indicating complete loss and/or generation of a cir-
cumstellar envelope. Other stars may show less extreme variability indicating only
a gain or loss of part of their circumstellar envelope. These variations manifest

themselves as reductions in the strength of Ho emission and the infrared excess.

Dougherty & Taylor (1994) studied archival JHK IR data of a sample of 125 Be
stars; their sample was chosen to include stars with at least 2 separate observations,
from a number of surveys covering a 19 year period. Of this sample, ~18 per cent
showed variability according to the authors’ criteria. The timescales of variability
extended to 73 days, and in some cases were as short as 18.5 days — the latter a
lower limit owing to the sampling timescale used. The amplitude of variability fell
in the range 0.2 — 1.2 magnitudes in the K band. The degree of variability was
shown to increase with wavelength — consistent with the variability being due to
changes in the strength of a continuum component with a ‘redder’ spectral slope
than that of the stellar photosphere. Clark (1997) points out that stars displaying
variability on timescales shorter than 18.5 days would have been missed by Dough-
erty & Taylor’s study (and many Be stars have been found in other studies to show
variability on these timescales), and that the percentage of variable Be stars is

probably a lot higher than 18 per cent.

26



Chapter 1 — Be Stars

1.1.5.2 V/R variability

Be star emission line profiles can be divided into symmetric and asymmetric pro-
files, and into single or double peaked profiles. It is common to parameterise dou-
ble peaked profiles by measuring the ratio of strength of the two peaks. Termed the
V/R ratio — where V is the maximum flux in the shorter wavelength (violet) peak,
and R is the maximum flux in the longer wavelength (red) peak — variability in this
ratio is hence termed ‘V/R variability’. Be stars often display cyclical variability in
this parameter. The characteristics of these variations, and possible causes, are dis-

cussed in greater depth in Section 1.4.

1.1.5.3 Short term variability

The shortest timescale variability displayed by Be stars is in the form of transient
absorption features in the line profiles. These features — termed Discrete Absorp-
tion Components (DACs) — also show time variation in wavelength, tending to
move across the line profile implying Doppler shifting of a rotating or pulsating

entity giving rise to the absorption.

1.1.6 Population characteristics

Many studies of Be stars statistics have been made to determine the proportion of
Be type stars per spectral type bin. It is important however to take into account the
overluminosity of Be stars compared to B stars of similar mass and age, the spectral
type changes during constant mass evolution, and the spectral type change due to

rapid rotation.

Briot & Zorec (1994) calculated statistics taking into account the following:

e Be stars are intrinsically brighter than B type stars, and this excess flux is
greater for the earlier type Be stars. If statistics are calculated up to some limit-
ing magnitude, a larger volume of Be stars than B stars will be included, thus

artificially increasing the Be/B ratio.
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e Stars' apparent spectral types change as they evolve (with constant mass) from
the main sequence up the giant branch. Hence in any comparison of popula-
tions, we must consider the ZAMS spectral type of a star, rather than its current
spectral type.

e Because of the rapid rotation of Be stars, the spectral type of a particular star

must be corrected to that which it would show if it were not rotating.

Their results show that the observed maximum occurrence of Be stars at a spectral
type of B2 remains when evolutionary and intrinsic brightening effects are taken

into account, but shifts to B1 when rotational effects are considered.

1.2 Be star circumstellar envelopes

The consensus amongst authors of works on Be stars is that the observable proper-
ties of these stars result from the existence of an extended envelope. This envelope
gives rise to the Balmer (and other) emission lines through the re-processing of en-
ergetic UV photons. The excess infrared flux arises from free-free and bound-free

emission in this envelope.

As mentioned in Section 1.1.3, an apparent paradox arises when we consider UV
observations. The adopted solution is to assume a two component envelope with
the optical emission lines and infrared excess arising from an equatorially concen-
trated low-velocity dense wind, the UV absorption lines arising in a high-velocity

low-density wind originating at high latitudes.

1.2.1 Evidence for disc shaped envelopes

1.2.1.1 Optical emission lines

Evidence for the flattened disc geometry comes from the double peaked profiles of

emission lines. Many authors have investigated the strength and shape of the opti-
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cal emission lines of Be stars as indicators of disc geometry, Dachs (1986) reports a
correlation between FWHM(Ha), it's strength, and v sin i. This suggests rotation

as cause of line broadening in Be stars, and is suggestive of a flattened envelope.

One problem however is that the widths of both Ha (optically thick) and Fell (opti-
cally thin) are wider than the rotational velocity of the underlying star would sug-
gest. Additional broadening mechanisms (electron scattering and non-coherent
scattering) can add to the observed width of Ha lines, but the Fell lines should only
be kinematically broadened (Hummel & Vranken 1995). The observed line widths
therefore suggest that the inner regions of the envelope are rotating more rapidly
than the surface of the star. This implies that some mechanism must exist to trans-

fer angular momentum into the wind.

1.2.1.2 IR and radio continuum emission

A small number of bright Be stars have been detected at radio wavelengths (Taylor
et al. 1987, 1990). Spectral indices from radio data appear steeper than those found
from IRAS observations. This suggests that a turnover in the spectral continuum

occurs somewhere between the IR and radio bands.

Three possible explanations for the turnover have been proposed: reacceleration of
the wind at large radii, a change in the geometry of the wind at large radii, or a
change in the ionisation of the wind at large radii. Waters et al. (1991) predict
through theoretical models that the degree of ionisation should be fairly constant

throughout the disc.
Chen et al. (1992) suggest that stellar UV radiation cannot penetrate the dense in-
ner regions of the wind, but that a thin disc geometry would allow the UV photons

to add a driving force to the outer regions of the disc, reaccelerating the wind.

Waters & Marlboro (1994) show that the radio spectral continuum can be repro-

duced by a slab model, with density decreasing with the square of radius (ie. a con-
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stant outflow velocity). The observed turnover in the spectrum can therefore be ex-
plained if we assume a thin, but diverging, inner disc, with a slab-like constant out-
flow velocity, outer disc. Waters & Marlborough speculate that wind streamlines
bent toward the equator by Coriolis forces (as in the wind compressed disc model —
see Section 1.3.1.2) act to collimate the inner regions of the disc. At larger radii,
the wind has much less velocity perpendicular to the disc plane, but greater velocity
in a radial direction. Hence at large radii, the collimating mechanism is much less

efficient allowing the disc to flare into a thicker slab.

1.3 Formation of Be star envelopes

Many models have been proposed to reproduce the observable properties of Be
stars; some with more success than others. Whilst the ad hoc models cannot ex-
plain the existence of Be stars, it is hoped that by fitting the models to observations,
the model parameters may lead to a greater understanding of the physical structure
and dynamics of the circumstellar environment of these stars. Other models at-
tempt to explain the occurrence of Be stars, with limited success. It seems that we
can create models which recreate the Be phenomenon but cannot fit these to obser-
vations, whilst we can create other models which reproduce the observations but

provide no clues as to the formation of the Be phenomenon.

One category of ad hoc models contains those that attempt to describe the global
properties of the circumstellar environment. Usually they specify the geometry of
the circumstellar envelope, and certain characteristics such as density distribution
and outflow velocity. The second category contains those models which attempt to
describe only a particular behavioural characteristic, such as V/R variability or Dis-

crete Absorption Components.
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1.3.1.1 Rotationally flattened discs

The earliest attempt to describe the Be phenomenon was proposed by Struve
(1931). The model that he proposed involved B type stars rotating at close to their
break-up velocity (where the gravitational forces at the equator are cancelled by the
centrifugal forces) so that the stars shed material into a circumstellar envelope,

which is flattened in to a disc geometry by rotation.

Studies of the rotational velocities of Be stars indicate that while Be stars on the
whole rotate more rapidly than analogous B type stars, their rotational velocities are
significantly below the break-up velocity. Whilst it seems to be clear that the
higher rotational velocities of Be stars play a role in the formation and consequent
support of a circumstellar disc, it alone cannot explain the phenomenon. It is more
likely that the high rotational velocities serve to alter the potential field such that
whatever other mechanisms eject material from the stellar equator, less force is re-
quired to perform the task, so that the higher rotators are more susceptible to the ef-

fect.

1.3.1.2 The Wind Compressed Disc model

It is clear that rotation plays a large role in the formation of Be star discs. Be stars
in general have higher values of vsin i than normal B type stars, though consider-
able overlap between the distributions of projected rotational velocities exists. It
was initially believed that the higher rotational velocities led to the formation of the
Be star discs. However, no Be star has been found with vsin i > v,,; where v, is
the critical break up velocity, and so some other mechanism must act to help form
the extended envelope. The Wind Compressed Disc (WCD) model attempts to ex-
plain circumstellar disc formation though rapid rotation and radiatively driven mass

loss.
Bjorkmann & Cassinelli (1993) showed that in a rotating axisymmetric model,

wind streamlines are not radial, but are affected by centrifugal and coriolis forces in

such a way that they are deflected towards the stellar equator.
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In the non-rotating case, beyond the sonic point, the thermal force can no longer
support the outflow over gravity, and the radiative force must be greater than the
gravitational force if outflow is to continue. In the case of a rotating star, centrifugal
forces support the outflow in addition to the radiative force. The centrifugal force
decreases with the inverse cube of distance, much slower than the thermal pressure,
and so between the sonic point and some distance where the centrifugal force has
dwindled enough, outflow can continue though the radiative force is actually less

than the graviational force.

Figure 1-4 shows Bjorkmann & Cassinelli's 1-D model predictions for the rota-

tional velocity required to lead to disc creation.
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Figure 1-4. Wind compressed disc model predictions. Left: the ratio of terminal wind ve-
locity to stellar escape velocity as a function of spectral type. Right: the threshold rotation
velocity for disc creation as a fraction of the stellar escape velocity as a function of spectral

type. Taken from Bjorkman (1994).
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Figure 1-5. Two-dimensional schematic of a wind compressed disc. The wind streamlines
are shown being deflected toward the equator. The inset diagram shows the standing

shocks forming either side of the equator. Taken from Bjorkman & Cassinelli (1993).

Figure 1-5 shows 2-dimensionally the streamlines of the wind, in the rotating star.
In a non-rotating star the streamlines would all be radial, but in this rotating case
the streamlines fall towards the equator for some distance until the radiative force is
larger than the gravitational force and the streamlines bend back towards the radial
directions. If the region within which the centrifugal force supports the wind is
large enough, the streamlines will impinge on the equator. In this case, the stream-
lines from opposite hemispheres collide; the velocity of the wind perpendicular to
the equatorial plane is supersonic, so the increased density and large pressure gradi-
ent causes shocks above and below the equator, hence a well collimated dense low
velocity disc forms around the star. At higher latitudes the wind remains high ve-

locity low density, as indicated by UV observations.

It is worth noting that for a disc to form, the relationship between the rotation speed

of the star and the radial velocity of the wind must be such that the streamlines meet
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at the equator before the radiative force becomes greater than the gravitational
force. A fast wind must be accelerated by a greater radiative force, decreasing the
size of the region within which the wind is bent towards the equator. On the other
hand, a more rapidly rotating star will support a wind centrifugally up to greater
distances, and the region in which the wind bends towards the equator is larger.
Hence the critical velocity at which the star must rotate in order to form a disc in
this way 1s related to the ratio of the wind terminal velocity to the escape velocity of

the star.

Using theoretical values for terminal wind velocities for a range of spectral types,
Bjorkmann & Cassinelli (1993) find a minimum in the critical disc forming velocity
at a spectral type of B2. Considering the maximum occurence of the Be star phe-
nomena at the same spectral type, the Wind Compressed Disc becomes an attractive

explanation for the existence of the circumstellar disc.

However, the predicted densities for a WCD are two orders of magnitude too small.
The density can be estimated by equating the gas pressure with the ram pressure of

the wind, resulting in a predicted density distribution that follows (for a B2V star):

P~ po[éj (1-2)

with n=3 and pp= 10" g cm™.

Waters, Cote & Lamers (1987) fit similar density distributions to infrared fluxes
(see 1.1.2), and determined values of n in the range 2.0 — 3.5, and py = 10! g cm®.
The radial distribution predicted by the WCD can hence be fitted to the observed
infrared fluxes, but the actual densities predicted are too small to explain the mag-

nitude of the infrared excess. A similar result is found if the WCD predictions of
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polarization are compared to observation — the same factor of ~100 in density is re-

quired to reconcile observation to theory.

It is worth noting that Zaal, Waters & Marlboro (1994) have discovered a star
showing emission in the Bracket series (infrared) whilst the Balmer lines are seen
to be in absorption. They conclude that a new type of Be star may exist with low
density discs only detectable from IR emission lines. The inferred densities are
~100 times less than those found for “classical” Be stars. The Wind Compressed
Disc model could explain the existence of these objects, but any unified model for
all Be stars would require some further mechanism to apply to the classical Be stars

to explain the density of material in the circumstellar disc.

A further problem for the Wind Compressed Disc model is the existence of low
velocity shell profiles in many Be stars, which may be transient features. The WCD
model leads to thin well-collimated discs. If not quite edge-on, a thin disc can only
obscure half of the star, however optically thick. If the disc is seen exactly edge-on,
the outer (thicker) parts of the disc obscure the star. The radial velocity in these
outer regions should be larger than the inner regions, yet shell absorption features

generally show very small or no velocities.

A possible solution to the density problem is that mass loss rates may have been
underestimated by an order of magnitude. Bjorkmann (1994) claims that this in-
crease in mass loss would reduce the line-driving force so that streamlines are bent
towards the disc more readily. The result of this would be a higher wind velocity
normal to the disc plane upon impact at the shock, and hence a higher compression
of the disc. Another speculative possibility is that magnetic fields transfer angular
momentum into the disc, hence stopping material in the inner disc from falling back
onto the stellar surface. Indeed, it is known that some input of additional angular
momentum is required to explain the widths of Ha and Fell emission lines in many

Be stars (Hummel & Vranken 1995).
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Optical and IR emission lines definitely do not show profiles consistent with in-fall
near the star so some mechanism must prevent this. A magnetic field is one pro-
posed method of transferring additional angular momentum into the disc to rota-
tionally support it against this in-fall. The presence of magnetic fields might over-
come the ‘shell profile’ problem as, speculatively, magnetic field lines might be
frozen into the disc material, causing magnetic stresses through twisting of the
field, which could cause large scale disruptions leading to transient obscurations

and hence shell profiles.

Another source of variability could be instabilities in the shock. This could lead to
a complex structure, altering the geometry and density, affecting radiative driving
forces, and indirectly disc thickness. The result is that the disc could be ‘clumpy’
and geometrically thicker - again allowing a possible solution to the problem of low

velocity shell profiles.

1.3.1.3 Rotation-pulsation model
A popular proposition as a mechanism to eject mass into an equatorial disc is Non-
Radial Pulsations (NRP), and specifically the interaction of the pulsating modes

with the rotation of the star.

Several Be stars have been shown to display non-radial pulsations as seen in the J3
Cep and 53 Per variables (Baade 1982, 1984a, 1984b; Vogt & Penrod 1983). Vogt
& Penrod (1983) linked these NRP to mass loss activity in Be stars, and estimated
that the pulsation energy in the case of { Oph is large enough to cause significant
mass ejection. In the proposed model, the lower potential at the equator due to the
rotation of the star allows the effects of NRP to cause equatorial mass-loss. Only
the combined effects of rotation and NRP are sufficient to overcome the gravitional

potential of the star.

NRPs transfer angular momentum from the interior of a star to the stellar surface,

where the material — already ‘buoyant’ with centrifugal forces — is imparted with
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enough angular momentum to launch it from the surface into the circumstellar disc
created by previous such ejections. The ejected material transfers angular momen-

tum into the existing envelope as the NRP dissipates (Osaki 1986).

Moreover, it is suggested by Ando (1986) that interaction between the rotation of
the star and the NRP can lead to a quasi-periodic cycle of energy exchange between
rotational and pulsation. He proposes that this mechanism accelerates the equato-
rial material to break-up velocity at the acceleration phase of the cycle. Negueruela
(1997) questions the strength of the rotation-pulsation model, citing the large num-
ber of free parameters and evidence from Smith (1989) indicating a lack of corre-

lated NRPs and Be behaviour in the star A Eri.

1.3.1.4 The decelerated wind model

The decelerated wind model is rare in that it provides an alternative to the accepted
paradigm of Be star envelopes (high-density low-velocity disc with low-density
high-velocity polar wind). According to the model, (Doazan 1987, Doazan et al.
1986) the optical/infrared—-UV paradox is explained by defining two spherically
symmetric zones, centred on the star. The inner zone comprises a hot fast wind
globally carrying mass away from the stellar surface, the outer zone contains more
dense, slow moving material. The transition from the inner to outer zone occurs
when the high-velocity mass outflow meets the interstellar medium, or material
from previous ejections —the sudden deceleration giving rise to a dense, slow
moving outer region. Polarimetric observations, and direct imaging of Be star discs

provide strong evidence however for a flattened disc model.

1.3.1.5 Viscous Excretion Model

The viscous decretion disk model was first proposed for Be stars by Lee, Saio &
Osaki (1991). They propose that material ejected from the stellar surface rotates in
Keplerian orbits but drifts outwards because of viscous interaction, forming a thin

collimated disc.
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Okasaki (2000) has calculated certain characteristics of the outflow of viscous
discs. Okasaki finds that the outflow in such discs is expected to be highly sub-
sonic out to of the order of 100 stellar radii. He also finds that such discs would be
stable to global one-armed oscillations with periods matching those observed for
V/R variations in Be stars. See the following section for further discussion of V/R

variability.

1.4 V/R Cycles and associated variability

As already mentioned in 1.1.5.2, many Be stars display variability in the relative
strengths of the two peaks in double peaked line profiles. The variations are known
as V/R variations (where V and R represent respectively the emission strength of

the violet and red components of the line).

V/R variability is usually quasi-cyclical, developing from V/R > 1, through V/R =
I, to V/R <1, and so on. The periods of variability are of the order of years, the
statistical mean being ~7 years (see Figure 1-6), and are not sensitive to the spectral
type — hence mass, size, luminosity — of the underlying B star. When the V/R ratio
1s < 1 (ie. when the red peak is stronger) the whole line profile shifts blueward,
similarly when the V/R ratio is > 1 (when the blue peak is stronger) the profile
shifts redward. Figure 1-7 shows Ha spectra of the Be star HD 245770, clearly in-

dicating a periodic variability in the V/R ratio.

Explanations for the V/R cycles of Be stars rely on non-axisymmetrical discs,
where the asymmetrical line profiles are due to some perturbation in the circum-
stellar disc. Support for this scenario is found in some Be stars with high inclina-
tions, where the underlying star appears to eclipse the perturbed region of the disc.
The most successful models involve the precession of one-armed density waves in
the circumstellar disc, though other models have been proposed to explain the non-

axisymmetry.
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1.4.1 One-armed global oscillations

Currently the most successful model developed to explain the existence of cyclic
V/R variability in Be stars is the one-armed (m = 1) oscillation model due to Kato

(1989) and Okazaki (1991).

Theoretically, in a Keplerian (or near Keplerian) thin disc, the only possible oscil-
lations are m = 1 modes of low frequency (Okazaki 1997). The slow precession of
a density perturbation results from a small perturbation from Keplerian rotation in
the velocity field of the disc. According to the first one-armed oscillation model to
be constructed, this perturbation of the velocity field results from the pressure force
distribution in the disc (Okazaki 1991). Okazaki needed to assume an outer radius
to the disc in order to produce finite oscillation periods. He found that the observed
distribution of V/R cycle periods could be reproduced by assuming disc radii in the
range 5 < Ry /R+ < 20. The predicted perturbations precessed around the disc in a

retrograde direction.

Later Papaloizou et al. (1992) constructed a model that included the quadrupole
potential of a rotationally flattened star. This deviation from a point mass potential
forces the particles into precessing elliptical orbits. In this model, the oscillations
are confined to the inner regions of the disc, their nature is hence insensitive to the
overall dimensions of the disc, and no assumed disc size is necessary. The pre-

dicted perturbations precessed around the disc in a prograde direction.

Recently, Okazaki (1997) has investigated a combination of the two effects and
found that in late type Be stars, the confinement of the oscillation is due to the
quadrupole moment of the central star. However, for early type Be stars, he finds
that the confinement of the oscillation is mainly due to the radiative force due to an
ensemble of optically thin lines (and optically thin continuum). The results of his
model predict prograde precession with frequencies closely matching the distribu-

tion of observed V/R cycles.
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Observations of correlated V/R and continuum variations are sparse. Such a corre-
lation has been observed in V1294 Agl (Hubert 1994). Hao et al (1996) find that
the optical lightcurve of HDE 245770 (the Be star component of the X-ray binary
A0535+26) can be fit by a combination of two sine functions of periods 506d and
755d. They propose that the variability is due to geometrical effects of a one-armed
oscillation, the longer period being the first overtone, the shorter period being the

second overtone.

1.4.2 Prograde or retrograde precession?

In the previous section I discussed the different predictions of the various one-
armed oscillation models. In determining the applicability of certain models it is
often of interest to determine whether the precession of the perturbation proposed to

explain the V/R cycle is prograde or retrograde to the rotation of the star/disc.

This determination can only be made with high inclination stars where the central
star eclipses the perturbation. A cyclical V/R variation in the Ha line profile of the
Be star B! Mon was shown to be consistent with prograde precession of a perturba-

tion (Telting et al. 1994).
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Figure 1-6. Distribution of V/R cycle periods by spectral type. Open circles represent stars

known or suspected to be binaries. Taken from Okazaki (1996).
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Figure 1-7. V/R variations in the Ha line of HD245770, with a periodicity of ~ 18 months

(taken from Negueruela et al. (1998).
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1.5 Summary

A Be star is a non-supergiant star of spectral class O, B, or A, whose spectra show,
or have at one time showed, emission in the Hydrogen Balmer lines. Be stars have
been identified in the range O5 to AO with a peak in the distribution around B2.
Approximately 10% of all B type stars show Be behaviour. In addition to the line
emission, Be stars show an excess continuum flux at optical, infra-red and radio

wavelengths.

In explaining the Be star phenomenon, two steps are required. Firstly, a physical
model must be developed which reproduces the observations. Secondly, a theoreti-
cal model must be developed which explains the development of an object with the

physical characteristics of the first model.

Many physical models have been developed with varying success. These models
involve a circumstellar envelope around the B star which gives rise to the emission
lines and Infrared excess. Observations suggest that this circumstellar envelope is
non-spherical, with a dense, slow moving equatorial disc, and a low-density, high
velocity wind at higher latitudes. As more observations are made, the physical

models have become more and more sophisticated.

The attempts to explain the formation of such physical entities have been less suc-
cessful. The first simplistic models explained the formation of a circumstellar disc
as due to the rapid rotation of the star, though most Be stars are rotating below the
critical break-up velocity. One of the most successful models is the wind com-
pressed disc model, which explains the formation of a disc through collimation of
an initially spherical wind by coriolis forces. This model however does not produce
the required mass in the disc. It is likely that other mechanisms act to initially eject
material from the star, then the mechanism proposed in the wind compressed disc

model acts to form this material into a thin collimated disc.
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The physical models developed to reproduce the observational characteristics of Be
stars are limited by the observations available. Study at optical and infrared wave-
lengths constrains the models of the inner disc region, but the outer regions of discs
prove difficult to study, as they are only expected to produce an observable contri-
bution to the spectrum at radio wavelengths. Attempts to detect Be stars at radio
wavelengths have had limited success, hinting that a change to the structure and/or

dynamics of the disc occurs at some radius to cause a downturn in the spectral

slope.

Some Be stars are found to be in binary systems, with an orbiting neutron star com-
panion. In these systems, the neutron star may accrete from any circumstellar ma-
terial, producing variable X-ray emission. These systems (reviewed in more detail
in the following chapter) may provide a method for studying the outer regions of
the disc, using the X-ray emission from the neutron star as a probe of the Be star’s

disc.
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In this chapter I review X-ray binaries in general before concentrating on the sub-
class of this group that have Be star mass donors — Be/X-ray Binaries (Be/XRBs).
In particular, I shall review certain aspects of Be/XRBs that are of relevance to the

work presented in the following chapters of this thesis.

I review existing literature on the observational characteristics of Be/XRBs, and
how these can be related to the properties of the mass donating Be star. In other
words, I describe how the orbiting neutron star can act as a probe of the conditions
in the circumstellar environment of the Be star in these systems. Finally, I review
the ongoing debate as to whether the orbit of the neutron star in Be/XRB systems
changes or perturbs the circumstellar environment of the Be star. The results which
I present in later chapters may be undermined if it is found that, some kind of mac-
roscopic uncertainty principle prevents us from learning the properties of the cir-
cumstellar envelope without it being perturbed from its ‘natural’ state by the pres-

ence of our neutron star probe.

I shall also consider the similarities and differences between Be stars in X-ray bi-
nary systems and those which have no binary companion. If we intend to draw
global conclusions about Be stars — binary or isolated — from observations of those
that exist in X-ray binary systems, it is important to first establish that no funda-
mental differences exist between the two populations that will undermine the re-

sults.
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2.1 Historical background to X-ray binaries

X-ray astronomy is a relatively young science, born in the 1960’s as the X-ray por-
tion of the electromagnetic spectrum became accessible from rocket and balloon
borne detectors. Many discrete sources of X-ray radiation were quickly identified,
their distribution concentrated in line-of-sight with the Galactic plane implying that

the majority of sources were Galactic in origin (Figure 2-1).

The first explanations for the Galactic X-ray sources involved these objects being
neutron stars formed in recent supernovae, young enough to be radiating significant
thermal energy (Chiu & Saltpeter 1964). However, once instruments had been de-
veloped to enable determination of X-ray spectral energy distribution, and allow
primitive spatial resolution, the model proved incapable of explaining observations.
The Crab X-ray source was found to be spatially extended, and the X-ray source
Sco X-1 was shown to have a non-Plankian X-ray spectrum (Jan van Paradijs,

1998).

At the same time, a model had been proposed for quasars that involved accretion of
material onto a compact object leading to the emission of X-rays. This led to a
proposal that the Galactic X-ray sources were mass exchanging binaries where the

accreting component was a compact object (Burbidge 1972; Shklovsky 1967).

Figure 2-1. X-ray image of the Galactic plane from the EXOSAT galactic survey, showing

the concentration of bright X-ray point sources at low Galactic latitudes, and towards the

centre of the Galaxy.
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Following the determination of a 1-arc-minute error box for the X-ray source Cyg
X-1 by Rappaport et al. (1971), it was associated with a radio source and a known
8™ magnitude supergiant star HD 226868 (Hjellming & Wade 1971; Braes & Miley
1971). Assuming a normal mass for the supergiant star, the mass function deter-
mined from optical spectroscopic radial velocity measurements implied that the
mass of the compact accreting object in the system was greater than 3 M exceed-
ing the theoretical mass limit for a neutron star. The first confirmed X-ray binary

system was therefore likely to contain an accreting black hole.

Shortly after the binary mass-transfer nature of Cyg X-1 was determined, the pul-
sating X-ray source Cen X-3 was identified as a neutron star with a spin period of
4.8-seconds orbiting a M > 10M supergiant with an orbital period of 2.1-days
(Giacconi et al. 1971; Schrier et al. 1972). This was followed by many more iden-
tifications of eclipsing X-ray pulsars with early type stars, and a galactic population

of high-mass X-ray binary stars (HMXB) was quickly established.

Late in the 1970’s a population of X-ray sources concentrated toward the Galactic
centre were identified as similar binary systems in which a compact object accretes
from a low mass companion (M < 2 M ). In these systems the non-degenerate
component of the binary fills its Roche-Lobe, transferring mass through the inner
Lagrangian point to an accretion disk around the compact object. This accretion
disk reprocesses incident X-rays into optical/UV photons which dominate the opti-
cal spectrum — in HMXB the optical spectrum is dominated by the mass donor star,
which has a bolometric luminosity of similar order of magnitude to the X-ray

source.

Figure 2-2 shows the positions on the sky of X-ray binaries taken from the cata-
logue of van Paradijs (1995). The two maps show HMXBs (top) and LMXBs
(bottom, with Globular Cluster sources shown as open circles) plotted in Galactic
co-ordinates. It is clear that both distributions are concentrated toward the Galactic

plane, and that LMXBs are concentrated toward the Galactic centre.
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Ignoring a small number of nearby high-latitude HMXB, van Paradijs (1998) cal-
culates the average latitude for HMXB objects of < by, >= 0.4£1.9°, consistent

with a Population I origin. (See also Figure 3-5 for a comparison of the Be/X-ray

binary distribution to the distribution of Population I stars).

Figure 2-2. Sky distributions of (top) high-mass X-ray binaries and (bottom) low-mass X-
ray binaries. The open circles in the lower map represent Globular Cluster sources. The

maps are based on the catalogue of van Paradijs (1995).
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2.2 Binary stars

Binary star systems contain two stars orbiting a common centre of mass. The orbits
of binary systems follow ellipses described by Kepler’s laws of planetary motion.
The systems can be characterised by the type of each component (including their
masses and radii) and their orbital separation. These parameters also largely deter-

mine the behaviour of the binary system.

2.2.1 Binary orbits

The orbits of stars in a binary system are described by Newton’s general form of

Kepler’s third law:

P = 47 (a, + a2)3 (2-1)
GM,+M,)

Where a; and a, are the semi-major axes of the orbits of stars of mass M; and M;
respectively, and P is the orbital period. The orbits are generally elliptical, with el-

lipticity e given by:

b (2-2)

where a and b are respectively the semi-major and -minor axes of the orbit of one

of the stars with respect to the other.

2.2.2 Roche potential and Roche lobes

The gravitational potential of a binary system, in a co-rotating frame is described by
the Roche potential:

GM, GM, 1, 2-3)

"'“’EI ]r——rzl 2

| 7]

o(r) = -
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where r; and r, are the distances to the centre of mass of the two components of

mass M; and M, respectively, o is the angular velocity.

N\

Roche Lobe

L1

%

Figure 2-3. Equipotential surfaces of a close binary system, showing the L1 and L2 La-

grangian points and the Roche Lobe.

Figure 2-3 shows the equipotential surfaces in a binary system. Close to the sur-
faces of the individual stars, the potential forms approximately circular contours
around each star. A critical contour exists which consists of two lobes, one sur-
rounding each star and connected at a point on the line of centres (a line joining the
centres of mass of each star and that of the whole system). These lobes are referred
to as Roche lobes, the point at which they meet as the inner Lagrangian point (L;
point). At the L; point, the net gravity on a particle due to the two stars vanishes —
hence matter may pass more easily from the companion to the primary through the

L, point.
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The behaviour of the binary system depends to a large extent on the sizes of the two
components relative to their respective Roche lobes. Verbunt (1990) gives ap-

proximations to the average radius of the Roche lobes (accurate to ~2%):

a 2

(2-4)
Rroee M) _ ¢ 354 0.210g(%14lj

and
(2-5)

1
RRorhe(MZ) —~ 04 M2 } .
a M, +M,

If both binary components lie well within their respective Roche lobes, the system
is a detached binary. If one of the stars expands to fill its Roche lobe, the system
becomes a semi-detached binary. Material is lost through the L; point, this material
will then fall onto the companion star, either directly or — if the specific angular
momentum of the transferred mass is too high for direct accretion — via an accretion
disk. If the star that has filled its Roche lobe is the more massive of the binary
components, the effect of the transfer of mass will be to reduce the orbital separa-
tion of the system, hence reducing the size of the Roche lobes further. In this way,
Roche lobe overflow in a close binary system can be self-sustaining if it is the more

massive star that is filling its Roche lobe.
If both components fill their Roche lobes, the system becomes a contact binary,

sharing a common envelope. Material can eventually be lost from the system

through the outer Lagrangian point (L2).
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2.3 Energy source of X-ray binaries

For a star of mass M+ and radius R+ the gravitational potential energy released by a

mass m falling from infinity to the surface of the star is given by the equation

GM.m (2-6)

Where G is the gravitational constant. Not all of this energy will be converted to
radiative energy — the efficiency with which gravitational energy is converted to

electromagnetic energy is given by

_ GM. 2-7)
R.c’

e

Equation (2-7) shows that the efficiency is determined by the compactness of the

accreting object (M. /R.). For a black hole, the efficiency is ~0.4, for a neutron

star ~0.1, for a white dwarf, only ~10*.

2.4 High Mass X-ray Binaries

X-ray binaries are usually sub-divided according to the type of mass-donor. High-
mass X-ray binary systems have mass-donors more massive than ~10M _, while the
low-mass X-ray binaries have mass-donors less massive than ~2M_. Roughly
speaking, the reason for the void between 2 — 10 M is that stars with M > 10 M
have stellar winds strong enough to power an accreting X-ray source, if the mass-
donor is slightly less massive, the wind is generally not strong enough to overcome
centrifugal inhibition. Mass donating stars with M < 2 M can transfer mass
through stable Roche-lobe overflow, but for more massive donors, the overflow is
unstable and the neutron star quickly becomes engulfed in material obscuring the

X-ray source.
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HMXB can be further sub-divided according to the evolutionary status of the mass-
donating component. Be/X-ray binaries are Be star/Neutron star binaries in eccen-
tric orbits, the neutron star accreting from the Be star’s equatorial disk. In super-
giant X-ray binaries, the neutron star orbits an evolved early-type star, accreting
from the strong stellar wind. Figure 2-4 shows the relative positions of the two
types of mass-donor in the Hertzsprung-Russel diagram. The supergiant systems
are characterised by orbital periods of the order of a few days, and are generally
persistant X-ray sources. On the other hand, the Be star systems have wide orbits
with periods of the order of 10’s — 100’s days, and are generally transient X-ray

sources.

Observationally, approximately equal numbers of Supergiant and Be star X-ray bi-
naries are known in the Galaxy. However, it is believed that Be/X-ray binaries are
much more common that Supergiant X-ray binaries. Be/X-ray binaries spend much
of their lifetime inactive (A1118-615) and it is expected that there are of the order
of 10 inactive Be/X-ray binaries for each active system. In contrast, SGXB tend to
be persistent sources, hence only those sources which lie too distant to be detected
will remain unknown to us. Bildsten ef al. (1997) extrapolate observations to esti-
mate that the Galactic Be/X-ray binary systems number 10> — 10°, while Meurs &
van den Heuvel (1989) consider evolutionary models to estimate that the Galaxy
contains ~ 10* Be star/Neutron star binaries, approximately (2-6) x 10° of which are

potential X-ray binaries. The Galactic Supergiant systems number ~ 40.

52



Chapter 2 — Be/X-ray binaries

-10 ) T T T T T T
ne ___Supergiant * Yo
-5 Be/X-ray binaries * . " ) .4‘10“
]
z
+51 §
£
+10}-
+15
(8] spectral type
25000 3000 temperature (K)
-086 +2:0 colour index

Figure 2-4. Hertzsprung-Russel diagram with the positions of the optical counterparts to

Supergiant and Be star X-ray binaries marked.

2.4.1 Supergiant X-ray binaries

Supergiant X-ray binary systems contain an OB supergiant (luminosity class I-II)
earlier than ~B2, transferring mass to a compact companion — neutron star or black
hole. The spectral type cut-off at B2 exists because the winds of later type super-
giants are not sufficiently strong for the accreting material to overcome the cen-
trifugal barrier imposed by the magnetosphere of the neutron star; see Section
2.5.4). The orbits tend to be short (a few days) with low eccentricity. The close
orbit leads to the supergiant filling or nearly filling its Roche-lobe. Mass transfer
can then occur either through Roche-lobe overflow (Figure 2-7), or via a strong
stellar wind (Figure 2-6), although in reality, there is likely to be less distinction

between the two mechanisms as discussed below.
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Figure 2-5 shows the Roche-lobe geometry for the SGXB Cen X-3, showing the
supergiant only just under-filling its Roche-lobe, and tidally distorted (taken from
Audley 1997). This tidal distortion, combined with X-ray heating of the supergiant

by the neutron star, sometimes leads to ellipsoidal variations in the optical lightcur-

ves of SGXB.
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Figure 2-5. Roche geometry calculated for a system with masses and orbital separation

similar to the Supergiant X-ray binary Cen X-3.
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At the two extremes, mass transfer in SGXB depends upon the size of the super-
giant relative to its Roche-lobe. However, even for those systems in which the su-
pergiant under-fills its Roche lobe, the stellar wind is strongly enhanced along the
line of centres due to the gravitational influence of the compact companion, leading

to a tidal stream flowing through the inner Lagrangian point (L;).

In the wind fed model, a neutron star moving with a relative velocity v,.; through
the stellar wind with sound speed ¢;oungs Will capture material from a cylinder of ra-
dius 7cqpmre for which the gravitational potential due to the compact object cancels

the kinetic energy of the wind material.

‘ Neutron star orbit

Neutron
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Centre of mass

Y Stellar
A, wind

Figure 2-6. Mass-transfer via a strong stellar wind in a supergiant X-ray binary. The su-
pergiant is tidally and rotationally distorted, its wind is enhanced through the line of centres
by the gravitational influence of the compact companion, leading to a tidal stream through

the inner Lagrangian point (L,).
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In a Roche lobe overflow model, the radial velocity of the transferred material is
much lower than the azimuthal velocity relative to the orbiting compact object and
the specific angular momentum of the transferred mass is high. Accretion onto the
compact object cannot occur until angular momentum has been lost, so the matter
will settle in the lowest energy orbit that conserves angular momentum. Viscous
interactions result from the differential Keplerian rotation, transporting angular
momentum outwards through the disk, allowing the innermost material to fall onto

the compact object.
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Figure 2-7 . Mass transfer via Roche lobe overflow in a supergiant X-ray binary. The
supergiant fills its Roche lobe, at the inner Lagrangian point (L;) the net gravity is zero,
and material falls into the gravitational well of the compact object, forming an accretion

disk.
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Figure 2-8. X-ray lightcurve of the supergiant X-ray binary SMC X-1. The red curve rep-
resents one-day average fluxes publicly available from the RXTE ASM, the blue curve is a

10-day moving average of the count-rate.

In some SXRB, the X-ray lightcurves show clear modulation on timescales much
longer than the orbital period of the system. Figure 2-8 shows the X-ray lightcurve
of the SXRB SMC X-1 created from public data available from the RXTE ASM,
showing a clear periodicity with a period of ~ 50 days, compared to an orbital pe-
riod of 3.89-days. In these systems, the X-ray lightcurve modulation is interpreted

as due to a precessing warped accretion disk.

2.4.2 Be/X-ray binaries

Be/X-ray binaries were first recognised as a sub-group of X-ray binaries by Ma-
raschi, Treves & van den Heuvel (1976). The mass donor in these systems is a Be
star, observationally of spectral type within the range O9 — B2. Orbital periods are
of the order of tens of days and can be as long as hundreds of days, and the orbits

typically have high eccentricity.
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