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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.
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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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41



Chapter 1 — Be Stars

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.
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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.

33



Chapter 2 — Be/X-ray binaries

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
star

OB Supergiant

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.

‘ Neutron star orbit
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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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The Be star significantly under-fills its Roche lobe, and does not have a stellar wind
as strong as those from Supergiants. The accretion material in these systems comes
from the Be star’s circumstellar disk, so that the X-ray luminosity of the source
shows orbital modulation as well as long term, aperiodic variability due to varia-
tions in the structure and dynamics of the Be star’s disk. The behavioural charac-
teristics specific to Be/X-ray binaries are discussed in more depth in the following

sections.

Neutron star orbit .. ‘ .................

N eutron star

Figure 2-9. Schematic of a Be/X-ray binary system. The eccentricity of the neutron star’s
orbit causes it to encounter varying velocity/density wind material throughout the orbital

cycle.
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2.5 Accreting neutron stars

The nature of the compact object in X-ray binaries is an important factor in deter-
mining the emission properties of the system. For instance, the X-ray flux could be
emitted by the polar caps of a magnetised neutron star, an accretion disc around
black hole, or a shock heated region in an inflow that is essentially spherical. As
the bulk of work in this thesis concerns the systems which contain a magnetised

neutron star orbiting a Be star, I shall concentrate on neutron stars only.

If the neutron star is highly magnetised, (B ~ 10'? G) then the accretion flow will be
channelled onto the magnetic poles (Davidson & Ostriker 1973), and the source
may display pulsations if the rotation and magnetic axes are misaligned (see Sec-
tion 2.5.1). If the magnetic field is small (B < 10'° G) then an accretion disc around
the neutron star may extend to the surface of the neutron star, where the energy re-

leased from the disc/star boundary layer will dominate the emission.

The radius at which the material is threaded onto the magnetic field lines is known
as the magnetospheric radius r,, and can be calculated by equating the magnetic

pressure to the ram pressure of the inflow. For accretion via an accretion disc, this

is given by

r,=15x10°5) "M R em. (2-8)

Where 13 is the magnetic moment of the neutron star in units of 10°°G cm3, M, is
the neutron star mass in solar units, Ry is the radius of the neutron star in units of
10% cm, Ls; is the X-ray luminosity in units of 10>’ ergs s (Ghosh and Lamb 1978,
1979a,b).
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2.5.1 X-ray pulsars

A large proportion of HMXB display pulsations in their X-ray flux. The existence
of X-ray pulsations is an indicator of a highly magnetised accreting object. Pulsa-
tions result from a misalignment of the rotational and the magnetic axes of the neu-
tron star. X-ray emission is beamed from the poles of the neutron star, and as the
star rotates, these beams sweep across the line of sight leading to the observed pulse

profiles in X-ray lightcurves (see Figure 2-10).

Pulsars often show changes in pulse period. Spin-down occurs as angular mo-
mentum is transferred from the neutron star to the surrounding medium. Spin-up
occurs when the material accreting onto the neutron star adds angular momentum.
Elsner and Lamb (1977) showed that close to corotation, when the angular velocity
of the neutron star is approximately equal to the Keplerian angular velocity at the
radius of the magnetosphere, the net angular momentum transfer can be such that

the neutron star spins down even though accretion is taking place.

In Be star systems, where the accretion rate is modulated around the orbit, the spin
period of the neutron star tends to spin down throughout much of the orbit, but spin

up during periastron passage, when the accretion rate i1s much higher.

2.5.2 X-ray pulse arrival timing

The timing of pulse arrival times allows determination of orbital parameters, and
when combined with radial velocity measures of the massive optical component,

can provide a complete orbital solution including the masses of the individual stars.

Pulse arrival times can be measured with increasing accuracy, allowing measure-
ment of the delays from the arrival times expected if the neutron star were not in a
binary system. These delays are caused by the light-crossing time of the orbit
(hence many X-ray astronomers refer to orbital dimensions in units of light-

seconds).
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2.5.3 X-ray pulse profiles

The shapes of X-ray pulse lightcurves various greatly from source to source. A
comprehensive atlas of pulse profiles was presented by Rappaport & Joss (1983)
and by White et al. (1983). The degree of modulation of the X-ray luminosity var-
ies between ~ 0.1 and 0.9, while the shapes vary between single and double peaked

profiles, symmetric or asymmetric, energy dependant or otherwise.

Many of these variations can be attributed to the geometrical alignment of the rota-
tion axis, the magnetic axis, and the line of sight of the observer. However, the
structure of the accretion column onto the polar caps is also a factor in the resulting

profiles. For a review see references in Joss & Rappaport (1984).

Neutron

Star

Figure 2-10. Schematic of an X-ray puslar showing how the pulsations result from a mis-
alignment of the magnetic and rotation axes of the neutron star. X-rays are emitted in
beams from the magnetic poles which sweep across the line of sight leading to periodic

pulses of X-ray flux.
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Pulse periods range from 10s of milliseconds (e.g. A0538-66 with Ppyise = 69-msec)
to 100s of seconds (e.g. X Per with Py = 835-seconds). When pulse periods are
plotted against orbital periods for Be star and supergiant HMXBs, the two popula-
tions show different distributions (Corbet 1986). The Be star systems show a
strong correlation between orbital period and spin period (Corbet 1984, 1986)
whereas for the supergiant systems, the relationship between pulse period and or-
bital period depends upon the accretion mechanism — by Roche lobe overflow or

from the stellar wind.

Corbet explains the correlation in the case of Be/X-ray binaries by considering the
neutron stars to be in an equilibrium state, where the spin-down torques applied to
the neutron star via interaction with the surrounding medium are cancelled by the
opposite torque applied by accreted material. If the neutron star’s spin period were
greater, accretion would be centrifugally inhibited and the neutron star would spin
down. If the spin period were less, the accretion rate would be greater, and the
neutron star would spin up. The longer the orbital period, the wider the orbit, and
the less dense would be the material around the neutron star — this means that the
neutron stars in longer period systems would need to spin down to longer pulse pe-

riods before accretion takes place.

62



Chapter 2 — Be/X-ray binaries

10000 — — T =
1000 -
o g |
............................ = .f..,
100 - )
8 10 ¢ ~». .
@ i
£ " a®
0.1 M Be stars
M Supergiants (Wind-fed)
B Supergiants (Roche-lobe overflow)
0.01 - S— —— e e e S—— — S i
0.1 1 10 100 1000

Orbital period (days)

Figure 2-11. Corbet diagram (after Corbet 1986) showing the different relationships be-
tween orbital period and pulse period for X-ray pulsars in supergiant systems (wind-fed

and Roche-lobe overflow-fed) and in Be star systems.

2.5.4 Centrifugal inhibition of accretion

Equation (2-8) shows that the radius of the magnetosphere is dependent on the X-
ray luminosity — hence also on the accretion rate. If the accretion rate falls, the
magnetosphere increases in size, and eventually may extend beyond the corotation
radius r. where the Keplerian angular velocity equals that of the neutron star (and
hence the magnetosphere). If this is the case, angular momentum is transferred
from the magnetosphere to the infalling material, which is propelled away from the

neutron star.
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A minimum X-ray luminosity can be calculated as

L, =25x107 M *R'P Pergs’ (2-9)

X

below which accretion will cease.

This centrifugal barrier to accretion can lead to much greater modulation of X-ray
flux than would be expected purely from eccentric orbits (as investigated in Chapter

4) as the source switches off when the X-ray luminosity drops to L.

2.6 Periodic Outbursts in Be/X-ray binaries

In general, Be/X-ray binaries are only detected as transient X-ray sources. The
outbursts of X-ray activity displayed by these systems have been subdivided into
two categories. Type I outbursts are periodic, recurring at time intervals equal to
the orbital period of the system. Type II outbursts are very luminous events, often
close to the Eddington limit, with longer duration, and without necessarily any cor-

relation to orbital phase.

The Type I periodic outbursts are explained by the eccentricity of the orbits of
Be/X-ray binary systems. On the simplest level, the explanations involve the neu-
tron star being immersed in the circumstellar disk of the Be star during periastron
passage, but beyond the disk limits throughout most of the rest of the orbit. The
actual contributing factors to the X-ray lightcurve shape are more complicated, and

are discussed in more depth in Chapter 4.

The Type II outbursts are generally believed to occur as a result of a large scale
mass ejection from the Be star. During Type II outbursts the X-ray luminosity can
approach the Eddington limit, and the duration of the outbursts can extend to a

number of orbital cycles. The precise mechanism for the mass ejection events is
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unclear, but once the ejection has taken place, a shell of ejected material is expected
to expand away from the stellar surface, eventually reaching a distance at which it
envelopes the orbit of the neutron star and accretion begins. An accretion disk is
likely to form around the neutron star, acting as reservoir of material which will
dampen orbital modulations, and the outburst will persist until the shell of material

has expanded beyond the neutron star’s orbit.

Other Be/X-ray binary systems display no outbursts at all, but rather are detected as
persistent low luminosity X-ray sources. These systems are usually long period bi-
naries with orbital periods of the order of 100’s of days. Due to the wide separation
of these systems the neutron star never becomes immersed in the dense circumstel-
lar disc, but rather accretes from a lower density wind. It is likely that the distinc-
tion between Be star equatorial and polar winds described in Section 1.1.3 becomes
blurred at large distances from the Be star (of order of 10’s of stellar radii). In wide
orbit Be/X-ray binaries therefore, the neutron star will accrete from a lower density

homogeneous wind, leading to little or no orbital modulation of the X-ray luminos-

ity.

Figure 2-12 shows the detections of transient X-ray pulsars by the BATSE instru-
ment on the Compton Gamma Ray Observatory (CGRO). Of particular note are the
periodic (Type I) outbursts shown by the sources GRO J2058+42, A0535+262, 4U
1145-619, 2S1845-024 and EXO 2030+375. Also note the series of detections of
the source 2S 1417-624, which begins with a long outburst of Type II, followed by
periodic short outbursts (Type I). Figure 2-13 shows the X-ray lightcurve of the
Be/X-ray binary 4U1145-619 plotted from the RXTE ASM data.

Even Be/X-ray binaries which at one time show periodic Type I outbursts might at
times become inactive for long periods of time. The EXOSAT source EXO
20304375 for instance was detected by BATSE for an unbroken series of 13 Type I
outbursts between MJD ~ 48600 and MJD ~ 49200, then was not detected at all
between MID ~ 49200 and MJD ~ 50100, after which a series of 8 Type I outbursts
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was detected. Other sources in Figure 2-12 appear inactive until a series of 5-10

Type I outbursts is seen, followed by further inactivity.

No conclusive theory has been proposed to explain the transition between total in-
activity and periodic outbursts, though it is almost certainly related to changes in
the structure and dynamics of the Be star’s circumstellar disc. In Stevens er al.
(1997) and in Chapter 3 I present concurrent optical/IR and X-ray flux histories and
Ha spectroscopy of the Be/X-ray binary 4U1145-619 and attempt to correlate the

X-ray activity to changes in the Be star’s envelope.
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the launch of the Compton Gamma Ray Observatory. Note the periodicity evident in the
EXO 2030+375.

Figure 2-12. Summary of all detected outbursts of transient pulsars seen by BATSE since
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2.7 Be/X-ray binary evolution

2.7.1 Origin of High Mass X-ray binaries

High mass X-ray binaries contain an accreting compact object orbiting a ‘normal’
star of early spectral type, where ‘normal’ is taken to mean a star which is still sup-
ported against gravity by the energy released in nuclear fusion reactions of some
kind. The compact object (neutron star or black hole) in these systems must have
formed when one star in the binary exploded in a supernova. The very existence of
the HMXB systems is thus proof that if certain conditions are met, a binary system
can survive a supernova explosion. Our theories for the evolution of HMXB suffer
a number of uncertainties, both from uncertainties inherent in single star evolution,
and the uncertainties introduced when attempting to extrapolate single star evolu-

tion to a binary system.

In trying to apply theories for single star evolution to stars in binary systems, we
must take account of the effects of mass transfer between the two stars at various
evolutionary stages, the possibility for mass to be lost from the system completely
(see for instance Section 2.2.2), and uncertainties in the evolution of a star that has
gained or lost a significant mass relative to a non-binary counterpart. Despite these
uncertainties, a framework for the origin of HMXB as an expected phase of evolu-
tion for certain massive binary systems was developed soon after the discovery of

the systems (eg. van den Heuvel & Heise 1972).

2.7.1.1 Surviving a supernova explosion

One obvious problem in explaining the existence of a binary system in which a
compact object orbits a non-degenerate star is how the system survived the super-
nova in which the compact object was born. Single stars evolve on timescales in-
versely related to their mass, so that in a binary system, the more massive compo-
nent evolves fastest, and so explodes in a supernova before its less massive com-

panion. The mass lost in the explosion causes a change in the orbit; a simplistic es-
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timate for the eccentricity of the new orbit is calculated by assuming that the only

change to the system parameters is the mass of the supernova progenitor, so that:

AM Mejected (2_10)
e = =
M +M,-AM M

remaining

Where Mejeciea is the mass lost from the system in the supernova, and Miemqining 18
the mass left in the system after the explosion. This simplistic treatment indicates
that a binary system can survive a supernova (e < 1) if less than half of the binary

mass is lost.

It is the mass transfer between the two stars which leads to a situation in which at
the time of the supernova, more than half of the binary mass is held in the less
evolved star, and the system can survive. Theories for the formation of HMXB

thus rely upon the transfer of mass from the more massive to the less massive star.

2.7.1.2 Mass transfer in massive binaries

Mass transfer sets in when one star in the binary fills its Roche lobe. This may
happen while the mass donor is still on the main sequence, if the system is a close
binary. Otherwise, mass transfer may occur during the first or second ascent of the
giant branch. Verbunt & van den Heuvel (1995) calculate that for a binary with
stars of mass 9Mp and 5Mo, mass transfer sets in on the main sequence for Pypira <
3 days, on the first ascent of the giant branch for 3 days < Ppirar < 900 days, and on
the second ascent of the giant branch for 900 days < P,,;, < 2000 days (cases A, B,

and C mass transfer respectively).

2.7.2 Neutron star kick velocities from supernova explosions

Be/X-ray binaries have highly eccentric orbits that can be explained via the im-
parting of kick velocities on neutron stars at the time of their birth in a supernova
explosion. While the eccentricities could be explained by significant mass loss
from the system during the supernova, observations suggest that the supernova pro-

genitors are helium-burning stars with Mppum < 4 M & requiring kick velocities of ~
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50 km s to be imparted on the neutron star at birth to reproduce the observed ec-

centricities.

2.7.3 Do Be/X-ray binaries die in Gamma Ray Bursts?

On their discovery, Gamma Ray Bursts (GRBs) were a complete mystery — their
short duration and random occurrence prevented detailed study, and it was not pos-
sible to ascertain whether the GRBs were Galactic or extra-Galactic in origin.
However, the very short observed minimum timescale for variability (¢, ~ 1-ms —
Barat et al. 1984) indicated a source with dimensions similar to those of a neutron
star, and a number of GRB models involving neutron stars have therefore been pro-

posed.

Melia, Rappaport & Joss (1986) suggested that GRBs originate near the surface of
Galactic neutron stars surrounded by cold degenerate disks. Melia (1988) proposed
that such objects might form from Be/X-ray binaries that evolve through a common
envelope phase to produce a short period Neutron star/White dwarf binary that de-
cays through gravitational radiation, leading in certain conditions to the disruption

of the white dwarf to form the disk.

However, recent efforts (see for instance Kulkarni et al. 1998 and Kulkarni et al.
1999) have provided compelling evidence for a cosmological distance to GRBs (red
shifts of z=3.42 and z ~ 1.6 reported by Kulkarni et al.), implying enormous re-
leases of energy of the order of 10° — 10°* ergs, which cannot be produced by the

Neutron star/cold degenerate disk model.

Currently the most favoured models for GRBs are the merger of two compact ob-
jects (Neutron Star — Neutron Star, or Neutron Star — Black Hole) in a binary sys-
tem, or the accretion induced collapse of a Neutron Star to form a Black Hole. A
third model first proposed by Alcock et al. (1986) is the transition of a Neutron Star
into a Strange Star (a star made up of degenerate u, d and s quarks). Bombaci &
Datta (2000) recently showed that the energy released by such a transition would be

in the range 1 — 4 x 10 ergs.
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The models that involve the transition of a Neutron Star to either a Black Hole or a
Strange Star are worthy of interest in studies of High Mass X-ray binaries, as each
could be a final stage of evolution for such a system. In the NS-BH case, the ac-
cretion of material from the massive donor causes the Neutron Star mass to rise
above some threshold such that collapse into a Black Hole is inevitable. In the NS-
SS case, the accretion of material from the massive donor leads to the central den-
sity of the Neutron Star core rising above a threshold for the transition of Neutron
Star Matter to Strange Quark Matter (SQM). According to Bombaci & Datta
(2000) this ‘seed” of SQM absorbs neutrons, protons and hyperons, liberating the
constituent quarks —the whole of the star’s matter is converted in a very short

‘detonation time’ in the range 1ms — 1s.

It is possible therefore that the final death throes of Be/X-ray binaries are behind

one of the most energetic phenomena in the Universe.

2.8 Isolated and X-ray binary Be star populations

If studies of Be/X-ray binaries are to be used to infer details about Be stars in gen-
eral, it is crucial that the X-ray binary Be star population be compared to the gen-
eral Be star population, and that any differences are understood and taken into ac-

count in all studies.

2.8.1 Spectral types

As discussed in 1.1.6, the Be star population peaks in occurrence by spectral type at
around B2, but Be stars are still found with later spectral types; the population ex-

tends into early A type stars.
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In the case of Be stars in X-ray binaries, no systems have been found containing Be
stars with spectral types later than B2. Negueruela (2000) made a statistical com-
parison of the two populations, finding a significant probability that the two popu-
lations are distinct — i.e. that the difference in spectral type distributions is not down

to chance.

The reason for the different spectral type distributions is unclear. One possibility is
that the B2 limit for Be/X-ray binaries is a result of the condition that more than
half of the pre-supernova mass of the system remains, if the system is to survive the
supernova which formed the neutron star. It may be that for this condition to be
met for systems with Be stars later than B2, the companion star would not be mas-
sive enough to form a neutron star, but would form a Be star-white dwarf binary.
Another possibility is that systems containing a neutron star and a Be star later than
B2 do form, but have insufficient circumstellar material to overcome the centrifugal

barriers to accretion.

2.8.2 Interaction between neutron star and circumstellar disc

It is by no means yet certain whether or not the observed behaviour of a Be star in
an X-ray binary would be the same if the star were an isolated object. A number of

observations have indicated that some degree of perturbation takes place.

Apparao & Tarafdar (1986) attributed the V/R cycles seen in Be/X-ray binaries to
the ionisation of regions of the circumstellar disc. In their model, a stronger violet
peak is seen (V/R > 1) when the neutron star passes through the part of the disc
which is moving toward the observer, as a blue shifted X-ray ionised region adds to
the line emission. However, this model predicts V/R cycles with periods which are
fixed, and always equal to the orbital period of the system. Currently to the
author’s knowledge, no Be/X-ray binary has been found to display a V/R cycle with

a period matching the orbital period.
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Reig et al. (1997) identified a correlation between the maximum EW(Ha) displayed
by a particular Be/X-ray binary, and the orbital period. They also noted that the
strength of Ha emission exhibited by Be stars in X-ray binaries was statistically
lower than that exhibited by the general Be star population. They propose two rea-

sons for the correlation.

1) X-rays are only produced if the circumstellar disc extends to the orbit of the
neutron star. Hence, wider orbit systems only appear as Be/X-ray binary sys-
tems if the circumstellar disc is large enough.

2) The orbit of the neutron star acts to limit the size of the circumstellar disc.

Negueruela (1998) presents spectra of the Be/X-ray binary 4U0115+634 showing
variability, and argues that this variability may have been caused by the neutron
star. Figure 2-14 shows spectra of the Be star counterpart to the Be/X-ray binary
4U0115+634 taken from Negueruela et al. (1998). Both Ha and He I lines are seen
to evolve over a period of ~ 1.5 years from a shell profile to single peak, and then to
what may be the commencement of a V/R cycle. Negueruela links this behaviour
to the occurrence of a large Type II outburst in December 1995 which was followed

by a series of periodic (Type I) outbursts modulated on the system orbital period.
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Figure 2-14. Spectra of the Be/X-ray binary 4U0115+634 showing the evolution of the Ha

and He I lines over ~1.5 years from shell profiles to V/R cycles. Taken from Negueruela et

al. (1998).

In Section 4.5 I present a spectroscopic study of the Be/X-ray binary 4U1145-615
over a 5-day period coincident with a predicted X-ray outburst to search for evi-

dence of perturbations in the circumstellar disc.

Recently Negueruela & Okazaki have proposed a model in which binary interaction
between the neutron star and Be star acts to truncate the disc of the Be star. Such a
scenario is not entirely original, but for the first time a physical model has been de-

veloped which describes the effect, and reproduces observations well.

Negueruela & Okazaki develop their model for a Viscous Decretion disc, but claim
that the effect would take place in any disc with subsonic outflow. In such a disc,
the neutron star applies a negative torque to the disc material, preventing the disc
from reaching a steady state, instead the material forms a dense torus close to some
radius determined by 7n:1 resonance radii. In such an unstable state, the disc is sus-

ceptible to major perturbations (leading to global one-armed oscillations). The n:1
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radii are determined by the viscosity of the disc material, so that small changes in
viscosity lead to alterations in the truncation radii. In this manner, Negueruela &
Okazaki seek to explain the sudden transition between states of Be/X-ray binaries.
In short period systems, the ‘normal’ state is one of quiescence, the disc is truncated
at radii less than the inner Lagrangian point. Perturbations in the disc may reduce
the efficiency of the truncating mechanism, and allow accretion through the inner
Lagrangian point when the orbit is close at periastron. In longer period systems,

depending on the viscosity, the truncation radius is either

e outside the inner Lagrangian point for the whole orbit, allowing constant accre-
tion

e outside the inner Lagrangian point close to periastron, leading to transient, peri-
odic accretion

¢ inside the inner Lagrangian point for the whole orbit, preventing accretion.

2.9 Neutron stars as probes of Be star discs

In Section 2.3 I described how X-ray binaries are fuelled by the accretion of mate-
rial from the non-degenerate binary component onto a compact object. In this the-
sis I am concerned only with those systems in which the compact object is a neu-
tron star. The rate of accretion is determined by the density of material encountered
by the neutron star around its orbit, and by the velocity of this material relative to

the neutron star.

We have already discussed how observations indicate a change in the structure of
Be star discs at radii ~10 R« At larger radii, the disc should be detectable primarily
at radio wavelengths, yet observation fail to detect the radio emission expected

from a simple extrapolation of the optical/infrared spectral distribution.
The orbits of Be/X-ray binaries tend to be wide, with periods of 10’s of days, im-

plying separations of the order of 10’s of stellar radii. The X-ray lightcurves then

provide a method of testing models of circumstellar discs at such radii. In Chapter
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4 1 develop a model for Be/X-ray binary lightcurves and investigate the effects of
various parameters on expected lightcurves. I apply the model to observations of
the Be/X-ray binary EXO 2030+375, and discuss whether the use of neutron stars
as probes of Be star discs might be invalidated by perturbation of the disc from its

natural (non-binary) state by the presence of the neutron star.
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the Be/X-ray binary 4U 1145-619

In this chapter I present a long-term multi-wavelength history of the Be/X-ray bi-
nary 4U1145-619. Our own optical spectroscopy and optical and infrared pho-
tometry is presented, and complimented by additional photometry and X-ray data
collated from the available literature. I use a variety of methods to derive the
physical parameters of the system, and dismiss claims that the source lies at a dis-
tance of only 500-pc, which would raise questions over the neutron star nature of

the accreting compact object in this and other Be/X-ray binary systems.

The optical and X-ray data are examined for correlation between the activity of the
Be star and the X-ray luminosity of the accreting neutron star. Our observations
show that the circumstellar disc of the Be star V801 Cen was in decline during the

period of the observations, and reveal a possible correlation in X-ray behaviour.

Line profile analysis has been performed on the Ha spectra obtained in order to
study V/R variations and to put constraints on the dimensions of emitting regions

within the Be star’s disc.

Analysis of spectra obtained during an X-ray outburst show evidence for binary in-
teraction, supporting recent claims that the circumstellar discs of Be stars in X-ray
binaries might be truncated by the presence of the accreting neutron star. Most of
the work described in this chapter was presented in Stevens et al. (1997) and Stev-

ens et al. (2000, in preparation).
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3.1 Source History

The Be/X-ray binary 4U1145-619 is a highly variable X-ray source, discovered in
observations with the Uhuru satellite, and initially catalogued as 4U1145-61. The
source has been optically identified with the 9th magnitude Blve star V801Cen
(Bradt et al. 1977; Dower et al. 1978).

In Ariel 5 observations White et al. (1978) found two X-ray pulsation periods of
292s and 297s from the field of the Uhuru source. The large field of view of the in-
strument and lack of imaging capability prevented them from being able to confirm
whether both periods originated in the one source, or whether there were in fact two

X-ray pulsars within the field.

The apparent ambiguity was resolved when observations with the imaging propor-
tional counter on the Einstein Observatory (Lamb et al. 1980; White et al. 1980)
revealed the presence of two pulsars separated by only 15°. The source identified
with V801Cen (now designated 4U1145-619) was found to pulsate with the 292s
period. The longer 297s period was found to originate in a previously unknown
source, designated IE 1145.1-6141, which was later found to be a member of the
class of HMXB's with supergiant mass-donor companions (Hutchings, Crampton &

Cowley, 1981).

Analysis of the long-term X-ray behaviour of 4U1145-619 revealed recurrent out-
bursts, with a period of 186.5 days. The observed outbursts are typically of 10
days duration with X-ray flux levels increasing by a factor of ~5 (Watson et al.
1981; Priedhosky & Terrell 1983; Warwick, Watson & Willingdale 1985). During
the majority of these observed X-ray outbursts, the pulsed fraction of the total flux
is relatively low. This and the low luminosity of the source led White et al. (1983)
to list 4U1145-619 as one of the best approximations to a spherically accreting bi-

nary system.
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The accepted model for this system is that of a long period eccentric binary — the
186.5 day period in X-ray behaviour is then the consequence of phase dependence

in the accretion rate from the Be star's circumstellar disc onto the orbiting neutron

star.

3.2 Observations

3.2.1 UBYV Photometry

UBYV photometry of 4U1145-619 was obtained on 1997 November 11 using the
SAAO 1.0-m telescope with the Tek8 CCD detector. The pixel scale was 0.35”’
per pixel, and the seeing — as measured from stellar images on the CCD frames —
was 2.0°. Synthetic aperture photometry was performed on the CCD images using
the PHOT routine in IRAF/DAOPHOT. The measured instrumental magnitudes
were subsequently transformed onto the standard UBV system using calibrations
derived from observations of a number of E region standards (Menzies et al. 1989)

conducted on the same night. The resulting indices are shown in Table 3-1.

Table 3-1. Photometry of V801 Cen, the Be star component of the X-ray binary 4U1145-
619, obtained from the SAAO on 11"™ November 1997. The indices are plotted on a col-

our-colour diagram, along with reddening vector in Figure 3-4.

\Y% U-B B-V
9.32 +0.03 -0.81 £ 0.05 0.08 £0.05
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3.2.2 Infrared Photometry

Infrared photometric observations of V801 Cen were made on thirteen separate oc-
casions between 1993 March and 1998 February, using the MKIII IR photometer on
the 1.9-m Cassegrain Telescope at the SAAO. The chopping secondary mirror on
the IR photometer defines two effective apertures: on-source (star) and off-source
(background). The source was placed alternately in each of the two apertures for a
number of cycles until a sufficiently high signal-noise ratio was reached, using cir-
cular apertures of 9 or 12 arc-seconds, depending on the seeing conditions. All ob-
servations were made in the SAAO JHKL system (1.25, 1.65, 2.2 and 3.5 y; Carter
1990). A log of these observations, the measured indices, and corresponding un-
certainties is presented in Table 3-2. Corresponding lightcurves are plotted in
Figure 3-1. The results show a clear decrease in luminosity in all wavebands, with
J increasing by ~0.4-mag, and L increasing by ~1.3-mag. In the same period of

time, the J-K index has fallen by ~0.5.

Table 3-2. Infrared photometry of V801 Cen, obtained from the SAAQO, 1993 to 1998.

Date MJD J H K L J-K

1993 Mar 5 49052 824+003 793x0.03 753+£0.02 698+0.05 0.71+0.04
1993 Mar 8 49055 825%0.02 7.95+0.02 754+002 695+003 0.71+0.03
1993 Jun26 49165 842+0.02 8.10+0.02 7.67x0.02 7.07+005 0.75+0.03
1994 Mar 5 49417 8.66+0.02 8.43+0.02 8.05+0.03 — 0.61 £0.04
1994 Jun 30 49534 848=0.01 827x0.01 7.96+001 746+0.02 0.53+0.02
1995 Feb21 49770 8.66+0.01 8.44+0.02 8.19+0.02 — 0.47 £0.02
1995Feb 23 49772 8.67+0.01 845x0.01 8.19+0.01 7.70+0.06 0.48+0.01
1995 Aug 17 49947 895+0.01 &81+0.01 8.63+0.01 — 0.32£0.01
1996 Apr 6 50180 8.68+0.03 856+0.01 840+0.01 828x0.06 0.29+0.03
1997 Jun 18 50618 8.98+0.01 8.84+001 867+x001 840+005 031+0.02
1997 Jun 19 50619 9.01+0.01 887+0.01 &871+x0.01 838x006 0.30+0.02
1998 Feb 6 50851 8.81+0.01 8.64+001 845+0.01 8.16+0.07 036+0.02
1998 Feb 7 50852 8.83+0.01 8.66+0.01 847+0.02 840+0.09 0.36+0.03
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Figure 3-1. Top: Infrared J, H, K and L lightcurves for V801 Cen, the Be star component
of the X-ray binary 4U1145-619, obtained from the SAAO between 1993 and 1998. Bot-

tom: J — K index for the same period. Refer to Table 3-2 for a complete log of observa-

tions and results.
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3.2.3 Optical Spectroscopy

3.2.3.1 Ha and HP Spectroscopy

We observed V801 Cen on thirteen occasions with the 1.9-m telescope at the
SAAO between 1993 March and 1998 February. On ten of these occasions, spectra
were centred on Ha, the remaining three were taken at the blue end of the spectrum,
to include HB. We also obtained Ha spectra from the AAT on the nights of 1996
March 2 and 1997 March 18.

The SAAO spectra obtained up to and including April 1996 were all taken with the
ITS spectrograph and RPCS (Reticon) detector, with grating no.5, giving spectra
covering the region A = 6000 — 6800 A and A = 4400 — 5100 A at a dispersion of 0.5
A/pixel. Data were acquired in two channels (star and sky) simultaneously. SAAO
data obtained after this date were taken with the same spectrograph with SITe2

CCD detector.

The AAT spectra were taken with the 82cm RGO camera and TEK 1K CCD, with
the 1200R grating, giving a coverage of approximately A = 6400 — 6600 A at a dis-
persion of 0.234 A/pixel. AAT and SAAO Reticon data were reduced using the
Starlink supported FIGARO package (Shortridge 1991). The SAAO SITe2 data
were reduced using IRAF techniques (Massey 1992).

Table 3-3 shows a log of the observations and measured equivalent widths. Nine of
the spectra (centred on the Ha line) are shown in Figure 3-2. The Ha profile is
generally asymmetric, and in some observations shows a clear double peak. There
is a significant variation in the equivalent width of the Ha line: throughout the pe-
riod of observations, EW(Ha) has decreased by ~ 70 per cent, compared to a typical
uncertainty in a single EW(Ha) measurement of ~ 10 per cent. A decrease in the

EW(HP) is also clear.
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Table 3-3. Log of spectroscopic observations of V801 Cen between 1993 and 1998. The
uncertainty in equivalent width measurements is typically of the order of 10%, and origi-

nates primarily from uncertainties in the determination of the local continuum level.

EW (&)

Date Site

Ho Hp
1993 March 2™ SAAO -38 —
1993 Mar 4 SAAO — 4.5
1994 Mar 7 SAAO -45 —
1994 Jul 2 SAAO 25 —
1994 Jul 3 SAAO 24 —
1994 Jul 4 SAAO — 2.5
1995 Aug 24 SAAO 27 —
1996 Mar 2 AAT -16 —
1996 Apr 3 SAAO -13 —
1996 Apr 4 SAAO -14 —
1996 Apr 5 SAAO — -1.5
1997 March 18 AAT -8 —
1997 April 11-17 SAAO -7 —
1997 June 20 SAAO 9 —
1998 Feb 3 SAAO -8 —
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——1993March2 ——1994March7 —1994 July 2-3
1995 August 19 — 1996 March2 — 1996 April 3-4
— 1997 March 18 — 1997 April 10-14 =™ 1997 June 20

—1998 February 5

O | . S
-800 -300 200 700

Figure 3-2. Ha line profiles of V801 Cen between 1993 and 1998. Spectra were obtained
from the SAAO and the AAT. All spectra were normalised to a spline fit to the local con-

tinuum, and offset to one another in increments of 1 flux units.
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3.2.3.2 C(lassification Region Spectroscopy

On each night of 1997 June 21 and 23 we obtained a medium resolution, classifica-
tion region spectrum of V801 Cen. Each spectrum covered the wavelength range
(3600 < A < 4845)A at a dispersion of 0.45 A /pixel. Observations were made on
the 1.9-m telescope at the SAAO, with the Cassegrain spectrograph and SITe 2
CCD detector. Data reduction, including flat corrections, extraction of spectra, and
wavelength calibration was carried out using the STARLINK supported FIGARO

package.

Figure 3-3 shows the weighted mean of the two obtained spectra. A spline function
was fit to the continuum and the mean spectrum was normalised to this spline fit.

The Hy line clearly has an emission core, but no emission is apparent in the HS line.
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Figure 3-3. Classification region spectrum of V801 Cen, the Be star component of the X-

ray binary 4U1145-619. The displayed spectrum is a composite of two observations made
on 21* and 23" June 1997.
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3.3 Astrophysical Parameters

Our long term monitoring of 4U1145-619 at optical and infrared wavelengths 1s
intended to allow a study of the variations in the characteristics of the circumstellar
envelope which gives rise to the Be star properties, and to search for correlation
between this activity and the X-ray emission from the neutron star which accretes
from the circumstellar material. If we are to successfully model the behaviour of
the system, it is necessary to first determine the physical parameters of the two bi-

nary components and their orbit for input into the developed models.

We have applied a number of techniques to derive the astrophysical parameters of
the system:

o UBYV photometry

o Stromgren photometry

o Spectral line analysis

The individual techniques and results yielded are described in the following sec-

tions.

3.3.1 UBYV Photometry

The photometric indices shown in Table 3-1 are plotted in the colour — colour dia-
gram in Figure 3-4. The reddening vector is plotted, with data labels at intervals of
0.05 in E(B-V). A reddening of E(B-V) =0.35 is required to bring the observed in-
dices onto the main sequence, leading to de-reddened values of (B-V) = -0.31 and
(U-B) = -1.062. This compares with colours for a BOV star of (B-V) = -0.32 and
(U-B) = -1.08. Alternatively, adopted reddening values of E(B-V) = 0.3, 0.25 and
0.2 allow spectral types of BO.5II, B1Ib and B2la respectively. Allowing an addi-
tional uncertainty due to circumstellar reddening, I assume the interstellar redden-

ing, as measured from the UBV photometry to be E(B-V) =0.35 = 0.10.
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Figure 3-4. Location of V801 Cen in Colour-Colour diagram. The actual photometric in-
dices are shown in Table 3-1. Also plotted is the reddening vector, with data points plotted

at increments of 0.05 in E(B-V).

3.3.2 Stromgren Photometry

By design, the uvbyf photometric system is most suitable for determining the stellar
parameters in early-type stars. Unfortunately, the Be star case is somewhat compli-
cated by the presence of emission from the circumstellar disc, so that the observed

indices become functions of both the stellar parameters and of the disc parameters.
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Fabregat & Reglero (1990) determined transforms for the uvbyf indices to correct
for circumstellar effects. The transforms are based upon the EW(Ha) parameter,
which has been shown to correlate closely with circumstellar continuum and

Balmer discontinuity emission (Dachs et al. 1986, 1988; Kaiser 1989).

The major disadvantage with this technique was the necessity for simultaneous
photometric and spectroscopic observations; because of the highly variable nature
of these stars, any results based on non-concurrent data were subject to unknown
systematic error. In a further paper, Fabregat & Torrejon (1998) derived transforms
based purely on uvbyf photometry, in this case the f index serves as a measure of
the Balmer line emission strengths, thus removing the necessity for simultaneous

spectroscopic observations.

In Stevens et al. (1997) we presented physical parameters derived using the first
method, with Stromgren data taken from the first catalogue of the Long Term Pho-
tometry of Variables (LTPV) project at ESO (Manfroid et al. 1991) and EW(Ho)
data from Cook & Warwick (1987b). The values we presented had first appeared in
Reig (1995).

In this work we derive the physical parameters using the second method. Strom-
gren uvbhyf photometric data were taken from Hammerschlag-Hensberge et al.

(1980). The observed magnitudes and indices are shown in Table 3-4.

Table 3-4. Stromgren photometric data used in the determination of the astrophysical pa-

rameters of V801 Cen, taken from Hammerschlag-Hensberge et al. (1980).

A% b-y m C1 I

8.950+0.015 0.238 = 0.008 -0.064 £ 0.010 -0.241 £0.010  2.424+£0.010
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3.3.2.1 Circumstellar and interstellar reddening and derived intrinsic photo-
metric indices

The procedure which we have used for determining the circumstellar and interstel-
lar reddening, and hence the intrinsic photometric indices can be summarised as

follows, following Fabregat & Torrejon:

e We adopted an iterative technique, assuming initially an intrinsic (not contami-

nated by circumstellar emission) value f+= 2.63, then calculated

AB=B-B. (3-1)

We then calculated circumstellar reddening through the equations relating circum-

stellar effects on the Stromgren indices to the circumstellar effects on the £ index:

ES(b-y) =-0.339A8 (3-2)

and

E®(c,)=0.661A8 (3-3)

From these we calculated (b-y) and ¢; corrected for circumstellar excesses.
We then made use of the fact that the ¢; index is less affected by reddening than the
(b-y) index. We interpolated the relationship found by Crawford (1978) between (b-

y)o and ¢y (and adopting ¢y = ¢;) to find the intrinsic (b-y)o.

From this value of (b-y)y, we calculated E(b-y) and then used the relationship
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E(c,)=-0.19E(b - y) (3-4)

(Balona & Shobbrook 1984) and calculated:

¢, =¢, —E(c) (3-5)

A new value for the intrinsic f index was then found from the equation:

B. =2.62-0.2517c, —0.14c; +0.1704c; (3-6)

and the above steps were repeated with the new value for £+ in Equation (3-1).

The above steps were repeated until convergence. We found a circumstellar red-

dening of E“*(b-y) = 0.06 and an interstellar reddening of E™(b-y) = 0.30.

3.3.2.2 Luminosity

The S index is the main luminosity indicator for OB stars in the uvbyf photometric
system. In the case of Be stars, the index is contaminated by the effects of Balmer
emission from the circumstellar envelope, and as we have used the f index as a
measure of the strength of these effects, we cannot use it to determine luminosity in
any direct manner. Following the proposed methods of Fabregat & Torrejon (1998)
again, we calculated the absolute magnitude by substituting our derived values of S«

and ¢y into the equation of Balona & Shobbrook (1984):
3 (3-7
M, =3.4994+7.2026log(B. —2.515)-2.3191[g]+2.9375[¢]

where
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[¢]=1og(B. —2.515)~1.6log(c, +0.322) (3-8)

giving My = -3.8.

3.3.2.3 Effective Temperature

Reig et al. (1996, 1997) calculated an empirical effective temperature calibration

for the uvbyf system, based on the ¢, index. We used their relationship

logT,; =0.186¢; —0.58¢, +4.402 (3-9)

to find T,p=2.75 x 10* K.

3.3.2.4 Radius

Reig et al. (1997) found a relationship between Bolometric Correction, effective
temperature, and stellar radius. The bolometric correction (BC) was found by

means of Balona's (1994) relationship:

BC =-5.5647 +18.94460 —19.88270° +6.13020° (3-10)

(where 8 = 5040 T.4) to be BC =-2.72, thus the absolute bolometric magnitude M,
= -6.51. The radius was then found from Reig et al.'s (1997) relationship

R (3-11)
M,, =42.36-5log = —10logT,,

1%

tobe R=6.7 Ro.
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3.3.2.5 Mass and Gravity

Balona (1994) interpolated the evolutionary calculations of Claret & Gimenez
(1992) to find the following relationship:

log M =31.6409 + 2.6152 log L —17.3446 log T,, + 0.08195 (log L)’ (3-12)

- 0.6982 (log L)log T, )+ 2.3879 (log T, )

which, using our values Ter=2.75 X 10* K and L = 3.34 x 10" L, gives us a mass of

M =15M . The gravity then follows from

logg =4.44+1logM —2logR (3-13)

leading to a value of log g = 4.0.

3.3.3 Optical Spectroscopy

3.3.3.1 Spectral Classification

The most important features for spectral classification for early type B stars can be

summarised from Walborn (1971) and Walborn & Fitzpatrick (1990):

e Om and CmI blends at ~4070 and ~4650A indicate a spectral type of B1.5 or
earlier.

e As Hell (. =4686A) is weaker than CmI (A = 4650A) the spectral type is later
than BO.

e The presence of Sitv (A = 4089A) indicates a spectral type of B1 or earlier.

e The presence of Hell (A= 4686A) indicates a spectral type of BO.5 or earlier.

o The lack of Hem (A = 4200,4541A) indicates a spectral type later than BO.2.

e A spectral type of B0.5 is indicated as Hel (A = 4121A) = Hel (L = 4144A).

The above criteria indicate a spectral type of B0.5Ve for V801 Cen.
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3.3.3.2 Rotational Velocity

In order to measure the rotational velocity of the underlying B star, we have fitted
Gaussian functions to a number of the Hel lines in the composite blue spectrum.
Her lines were chosen so that the measured Doppler broadening effects are domi-
nated by the rotation of the star, as the lines originate in the stellar photosphere.
The specific lines used to determine the rotation are listed Table 3-5 along with the

best-fit parameters. Using the relationship of Buscombe (1969):

ysini _ FWHM (3-14)

c 2A4In2

we then calculated vsini for each line we had fit. The mean of these measurements
is 275 + 16-km s™, consistent with the value of 290 km s™' measured by Balona
(1973).

Table 3-5. Gaussian fits to Hel lines in the spectrum of V801 Cen.

Rest wavelength  Fit wavelength  Equivalent Width FWHM v sin i
A) A) @A) @A) (kms™)
4026.189 4026.22 0.7156 5.98 267.5
4120.860 4120.24 03174 6.31 275.7
4143.759 4144.44 0.3950 6.97 303.1
4387.928 4388.26 0.4586 6.42 263.6
4471.681 4471.04 0.7160 6.61 266.3

3.3.3.3 Diffuse Interstellar Bands

Thirty medium resolution, red spectra of V801 Cen were obtained on 12th April
1997. The observations and subsequent data reduction were described in Section
3.2.3.  All spectra were centred on the Ho line and so include the A = 6613A Dif-
fuse Interstellar Band (DIB).
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Herbig (1975) examined correlations between the equivalent widths of a sample of
interstellar lines and E(B-V) colour excesses. In the case of the 16613 A line, data
from 58 stars were used in the initial analysis, but data from stars in Cygnus and
Sco-Oph regions were later rejected as it was apparent that the interstellar lines in
these regions were systematically weaker for a given value of E(B-V). Herbig de-
rived best-fit linear relationships for the remaining stars, firstly for the case where
the zero point is allowed to vary, and secondly for the more realistic case where the
zero point is fixed at EW(L6613 /OX) = 0 when E(B-V) =0. We will use Herbig's re-
lationship derived after the Cygnus and Sco-Oph data were rejected and for the

fixed zero point case:

EW(A=6613)=318E(B-V) A (3-15)

We measured the equivalent width of the A=6613 A interstellar line in each of the
30 spectra. The mean value, weighted according to the signal/noise ratio of each
individual spectrum, was found to be 80.0 % 8.0-mA, corresponding to E(B-V) =
0.25 £0.03.

3.3.4 4U 1145-619 — A model for the system

The presence of the Hell (A = 4686-A) line but lack of the Hen (A4200 A) line — in
any significant strength — leads us to suggest a spectral type of B0.5 for the star (see
Section 3.3.3.1). This is consistent, within the uncertainties, with the parameters
derived from Stromgren photometric data in 3.3.2.

We can derive the distance to V801Cen by calculating the distance modulus

M, -V, =-5logd +5 (3-16)

where M, is the absolute magnitude and V) is the de-reddened apparent magnitude.
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For this calculation we need to determine the apparent de-reddened V magnitude
from our measurements of interstellar reddening, and to assume a value for the ab-
solute V magnitude. In calculating the de-reddened V magnitude, we should use
data as least contaminated by disc emission as possible. The weighted mean of our
interstellar reddening measurements is E(B-V) = 0.27, whilst the least luminous V
magnitude (which we assume to represent the least contamination from disc emis-

sion) reported for the star is 9.4 (see Figure 3-7). Using

A, =3.1E(B-V) (3-17)

we find Ay = 0.837, hence the de-reddened magnitude Vy = 8.6. Using our derived
absolute magnitude of My = -3.8, the distance modulus to the source is 12™.6, cor-
responding to a distance of 3.0-kpc. This compares favourably with the distance of
3.1-kpc derived from Stromgren photometry, and with Tovmassin et al. who place

V801 Cen in an OB association at a distance of ~ 2.7-kpc.

Table 3-6 Derived astrophysical parameters of V801 Cen, the optical counterpart to the
Be/X-ray binary 4U 1145-619. Column 2 lists the parameters derived in Stevens et al.

(1997), column 3 lists the results of this work.

Stevens et al. (1997) This work
Spectral Type B1Ve B0.5Ve
E(B-V) 0.29 0.27 £0.03
Tesr 2.55 (10*K) 2.75 (10*K)
Mass 13 Mo I5M,
Radius 8 6.75
M, -3.1 -3.8
\Y 9 -5.6 -6.5
log g 3.8 4.0
Distance 3.1+0.5kpe 3.0 kpc
vsini — 275+ 16 kms™
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3.3.5 The nature of Be/X-ray binary systems

If Chevalier & Ilovaisky's distance of 500pc were to be adopted, then the absolute
visual magnitude of V801 Cen is -0.7, more consistent with a main sequence B6
star than a B1 star. The temperature of such a star would be ~14,000K. The lumi-
nosity of the X-ray source would be ~10%, and the Hipparcos parallaxes transform
into a tangential velocity of only 9.1 + 3.8 km s”. This X-ray luminosity is low for
an accreting neutron star, and the optical spectrum of V801 Cen (Figure 3-3) is

certainly not consistent with a temperature of only 14,000K.

However, Chevalier & Ilovaisky fail to highlight the large uncertainties in the par-
allaxes measured for this source, and for the other Be/X-ray binaries in their study.
The reciprocal relationship between parallax and distance thus leads to enormous
uncertainties in the derived distances, but the authors do not discuss the highly du-
bious nature of conclusions drawn from such uncertain data. Steele et al. (1998)
published a thorough criticism of their methods and conclusions. For the sake of
this work, it is worth pointing out that a 2¢ error in their data allows 4U1145-619 to
lie within the Galaxy, and the 3¢ errors place the source somewhere in the known

universe!

If the Be/X-ray binary sources were, as Chevalier & Ilovaisky claim, within ~1-kpc
of the sun, would the observed sky distributions of the sources be consistent? A
rough estimate of the latitude range 0, of a population within a volume with scale

height zy and a radius of r can be found from:

sing = 318

If the Be/X-ray binaries have a similar scale height (zp = 100-pc) to the general
massive star population (Miller & Scalo 1979), then if they are all nearby (r < 1-
kpc), the observed latitude range ought to be ~+ 6°. The observed latitude range is
much less. Figure 3-5 shows the observed galactic latitude distribution for those

objects listed in Table 1 of Bildsten et al. Also plotted are the 1zy contours for a
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distribution with scale height zp = 100-pc (the distribution of massive Population I
stars), corrected for the sun’s position 15-pc above the Galactic plane. The distri-
bution of Be/X-ray binary sources appears to be completely consistent with the
Population I stars; further, if the Be/X-ray binaries were all located much closer, as
claimed by Chevalier & Ilovaisky, some explanation would be needed for their ex-

cessive concentration within low Galactic latitudes.

10
B,
i | —
0 H |
|
8 -5
-10 -
- 1z, contours for massive
. star distribution (zo = 100-pc)
-15 B Be/X-ray binaries
|
-20 ‘ ; : , : ‘
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

Distance (kpc)
Figure 3-5. Observed latitude distribution of Be/X-ray binary systems in Galactic co-
ordinates. Also plotted is the distribution of massive stars (+/- 1z), corrected for the sun’s

distance above the Galactic plane.

While acknowledging the large uncertainties in the measured parallaxes, it is in-
structive to calculate the tangential velocity of the source from the Hipparcos data.
Chevalier & Ilovaisky calculated tangential velocities for their sample of Be/X-ray
binaries using their “Hipparcos' distances. As these "Hipparcos' distances were too
small (Steele et al. 1998; this work) the derived tangential velocities will have been
underestimated, leading to an artificial difference between the tangential velocities
of Be/X-ray binary systems and Supergiant/X-ray binary systems. Chevalier & Ilo-

vaisky did not detect significant parallaxes for the supergiant systems and so used
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distances taken from the literature for these sources. Using the Hipparcos proper
motions given in Table 3 of Chevalier & Ilovaisky, and an assumed distance of 3-
kpc, we derive a tangential velocity of 55 + 23 km s, This velocity compares fa-
vourably with those found for the Supergiant systems, and supports the evolution-
ary scenario in which Be/X-ray binary systems form from a B-B binary which sur-
vives a supernova explosion in which one of the components explodes to leave a
neutron star in a wide eccentric orbit. Chevalier & lovaisky's claim ‘unambigu-
ously that the Be/X-ray stars are ‘‘normal” low velocity stars of the solar neigh-
bourhood’ appears to be based upon unreliable assumptions regarding the accuracy
of data in the case of V801Cen, and we believe that the same would be found to be

the case for the rest of the Be/X-ray binary population.

In summary, we conclude that 4U1145-619 is a Be star + Neutron star binary, the
Be star having a spectral type of B0.5Ve. The system lies at a distance of ~3-kpc,
and is probably related to an OB association found by Tovmassin et al. to lie at 2.7

kpc.

3.4 Discloss and related X-ray activity

3.4.1 Recent Be star activity

The infrared lightcurves in Figure 3-1 show the luminosity of the source to be de-
creasing in all bands throughout the period of the observations. Short term vana-
tions aside, the long-term trend is a decrease of ~1 magnitude. The change in mag-
nitude increases with wavelength, with the change in J, H, K and L approximately
0.7, 0.9, 0.9 and 1.3 respectively. The Ha and Hf emission has been in decay dur-
ing the same period, the one data point in exception being that of 1994 March 7,
which is just 10 days (0.05 phase) before the maximum of the large X-ray outburst
detected by BATSE.
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Observations have shown that the Balmer emission and the infrared excess charac-
teristic of Be stars originate in the same circumstellar disc (Dachs and Wamsteker,
1982). Hence a decrease in disc size would result in the observed variations in the
infrared magnitudes and the Ho and HB emission. Also, as the disc's continuum is
cooler than that of the photosphere, it is at longer wavelengths that we expect to see

the largest variation in magnitude, again in agreement with the data.

3.4.2 Collated source history

In this section I have collated previously published data from observations of
4U1145-619/V801Cen at Infrared, optical and X-ray wavelengths. My aim is to
use these data to complement my own, and enable a search for correlated behaviour
between the activity of the Be star (as evidenced through variations in optical

Balmer emission lines and optical and infrared continuum) and the activity of the

X-ray source.

Section 3.4.2.1 describes the historic activity of the Be star as derived both from my
own observations, and from data taken from available literature. 3.4.2.2 describes
the X-ray flux history of the source, collated from the available literature, and from

public databases.

3.4.2.1 Be star activity from optical and infrared data
In order to investigate the implications of the optical and infrared data presented
here in the context of the past behaviour of the star, data were taken from the cata-

logue of ESO's Long Term Photometry of Variables project (Sterken et al. 1995).

The data (Stromgren uvby photometry, covering the period 1982 to 1994) along
with derived indices are shown in Figure 3-7. Of note is the scale of the long-term
variability. The range of V magnitude is AV ~ 0.6, whilst A(b —y) ~ 0.2. As (b -y)
increases with optical luminosity, again the data indicate that the variations are

greater at longer wavelengths.

101



Chapter 3 — A long term study of the Be/X-ray binary 4U 1145-619

Figure 3-6 shows explicitly the relationship between luminosity and colour, repre-
sented by V and (b — y) respectively. In the high state, the (b — y) index shows the
star to be redder than in the low state. As with the infrared photometry then, the
size of the variations and their dependence upon wavelength implies that they are
the result of changes in the size of the circumstellar disc. With the new infrared and
optical data we now have an indication of the way in which the disc has decayed,

recovered and decayed again over 13 years from 1982 December to 1996 April.

The complete data set shows three disc loss episodes (refer to Figure 3-7), corre-
sponding to the two previously observed optical minima, and the current optical de-
cay. Although the infrared and spectroscopic data in the period before our own ob-
servations is sparse, they are consistent with the timescale of disc loss and recovery
suggested by the optical lightcurve. Similar episodes of disc loss have been ob-
served in other Be/X-ray binary systems. Most notably, X Persei has shown Ha
changing from emission to absorption over a period of months (Norton et al. 1991).
In the case of 4U1145-619, complete disc loss is clearly not the case at present, de-

spite the decay in strength, as both the Ha and Hp lines remain in emission.
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Figure 3-6. Colour-magnitude diagram for V801 Cen, using y and (b — y) data taken from
ESO’s Long-term Photometry of Variables Project catalogues (Sterken et al. 1995).
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Figure 3-7. Top and second panel: Lightcurves of 4U1145-619 for the period 1978--
1994, in Stromgren filter bands, data taken from Pakull et al. (1980), ESO's Long Term
Photometric Variable Project catalogues (Sterken et al. 1995), Densham & Charles (1982),
and from Hammerschlag-Hensberge et al. (1980). Arrows show the dates of detected X-ray
outbursts, and are sized to give a crude indication of the intensity of the outburst.
Third panel: IR K band lightcurve from 1978-1996; the open circles represent our data,
other data taken from Glass (1979), and Waters et al. (1988). Bottom panel: EW(Ha) plot,
1978-1996. Open circles again represent our own data, other data taken from Cook and
Warwick (1987b). Note the two previous episodes of disc-loss indicated by a decline in the

optical luminosity of the source. Most recent data show a third such disc-loss event.
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3.4.2.2 X-ray flux history

An X-ray flux history has been compiled from the available literature. All data
were transformed to 2 — 10-keV fluxes with the exception of the EXOSAT ME data
that were given in this energy range originally. The 2 — 10 keV fluxes were calcu-
lated assuming a power law spectrum with parameters derived wherever possible
from the observations in question. This conversion is for comparison purposes
only, and flux values may be in error by as much as a factor of two between one
satellite and another. The 2 — 10-kev lightcurve is plotted in Figure 3-8. There is a
quiescent flux of ~10" ergs s cm™, and for the sake of discussion we shall regard

an increase by a factor of five in flux to be an outburst.

The lightcurve then shows a number of outbursts, recurring at the 186.5-day period.
Two of the outbursts stand out as the most luminous. The first, a 0.6-Crab (3 - 12
keV) outburst detected by the Vela 5b satellite in 1973 is clearly an order of mag-
nitude more intense than the remaining outbursts, with the exception of a 0.5-Crab
(20-40 keV) detection by the BATSE instrument on the CGRO satellite, in March
1994.

BATSE has detected six outbursts from the source between MJD 48361 and 50231
(Scott M., private communication), though the one BATSE outburst plotted in
Figure 3-8 was much more intense than the remaining five (Wilson et al. 1994;
Scott M., private communication). The most recent X-ray detection is a 0.1-Crab
(2 — 12 keV) outburst detected by the RXTE satellite's All Sky Monitor (ASM) be-
tween 1996 September 29 and October 8, consistent with the 186.5 day period
(Corbet & Remillard 1996). The ASM data show a possible flare at the previous

predicted outburst epoch, but with far less significance.
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3.4.3 Correlations between Be star activity and X-ray emission

In Figure 3-7 the epochs of X-ray outbursts are plotted as arrows above the V band
lightcurve. As in Section 3.4.2.2 we define an outburst as an increase in the X-ray
flux by a factor of five or more above the quiescent flux of ~10" ergs s cm™. Six
BATSE detections are plotted, these corresponding to the six penultimate arrows
(Scott M. private communication). There appears to be a correlation between the
X-ray and optical behaviour, with X-ray activity increased during periods of optical

decline.

Although we cannot however rule out the possibility that the apparent correlation is
an artefact of the epochs of the X-ray observations, such a correlation is not unex-
pected, as the X-ray emission is fuelled by the material in the varying disc. If the
material lost from the circumstellar disc is dissipated away from the star, rather than
falling back onto the stellar surface, then some fraction of this material should ac-

crete onto the neutron star providing additional fuel for X-ray emission.

This scenario was suggested by Roche et al. (1993) to explain similar correlations
in the X-ray and optical/infrared behaviour of the Be/X-ray binary X Persei. How-
ever, many Be/X-ray binary systems show correlations of the opposite nature, with
increased X-ray activity coinciding with optically bright phases (4U0115+63, Ne-
gueruela et al. 1997; A0538-66, Corbet et al. 1985). A distinguishing factor be-
tween these two groups is the significant difference in orbital period. Both
4U1145-619 and X Persei are long period binaries, with wide orbits, 4U0115+63
and A0538-66 each have periods less than 30 days, with much smaller orbits.

In the case of the long period binaries, the neutron star may not become immersed
in the disc during periastron passage, but rather accrete from the material that is lost
radially from this disc during phases of decline in the Be star's activity. Such a sce-

nario would be consistent with spherical accretion.
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In such a binary, where the neutron star does not accrete directly from the Be star's
disc, but from material lost radially from it, we might expect any orbital modulation
of X-ray flux to be of smaller amplitude and smoother in profile than in systems
where the neutron star becomes immersed in the disc at periastron. However in the
case of 4U1145-619 the orbital modulation in the X-ray lightcurve is significant,
with outbursts lasting less than 0.1 phase and increases in flux of an order of mag-

nitude above quiescence.

If this sharp modulation were caused by centrifugal inhibition of accretion (Stella,
White & Rosner 1986), then we should not detect quiescent flux from the source.
Corbet (1996) showed that X-ray emission may originate from the magnetosphere
of the neutron star, even when accretion onto the neutron star surface was prohib-
ited. We note that Corbet finds in the case of 4U1145-619, that this emission
should be a factor of 7375 less than the minimum emission from the neutron star's
surface. The quiescent flux observed in 4U1145-619 is only a factor of ~5 less than
the normal outburst luminosity, suggesting that accretion onto the neutron star's
surface is still occurring throughout the entire orbit. The sharp modulation might
then indicate an inclination between the planes of the orbit and the Be star's disc,
the sharp modulation occurring as the neutron star's orbit crosses the plane of the

disc at periastron.

In Chapter 4 we investigate the shapes of X-ray lightcurves produced by adopting
some simple models for accretion onto a compact object in orbit around a Be star,
and find that the orbital velocity of the neutron star plays a major role in the modu-
lation of the X-ray lightcurve so that even a wide orbit system such as 4U1145-619

should display sharp luminosity peaks at certain phases of their orbits.
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3.4.4 Accretion mechanisms

The source's relatively low luminosity, wide orbit, and low pulsed fraction during
‘minor’ outbursts points towards spherical accretion as the source of energy for X-
ray emission from 4U1145-619 (White et al. 1983). Arons & Lea (1980) suggested
that the area of the accretion hot spot in accreting neutron stars increases as the X-

ray luminosity decreases.

For low-luminosity sources (Lx < 5 x 10% erg s, as is the case with 4U1145-619
during minor X-ray outbursts (see Figure 3-8) assuming the derived distance of 3.1
kpc, the accretion area can be as large as the entire surface of the neutron star.
Therefore, the angular momentum of the flow in 4U1145-619 would be low and
material would build up outside the magnetosphere before penetrating and falling

unevenly over most of the surface of the neutron star.

The large outburst of 1994 March however allows an alternative scenario. At the
maximum of the major outburst, the total flux detected by BATSE was 0.5-Crab
(20 — 40 keV), with a significant phase averaged pulsed flux of 0.3-Crab (Wilson et
al. 1994). This suggests that in this instance at least, accretion was concentrated to
a greater degree onto the magnetic poles. Such a difference in the pulsed fraction
of the total flux could be interpreted as evidence for the formation of a short-lived
accretion disc, which would allow more efficient binding of material to the mag-

netic field lines.

In support of this hypothesis, the spin period of the neutron star was seen to de-
crease during the 1994 March outburst, whilst no significant spin-up was detected
during the five less intense outbursts seen by BATSE between MID ~ 48361 and
MJID ~ 50231 (Scott M., private communication). This scenario would require a
change in the circumstellar environment to account for the lack of accretion disc

formation at other periastron passages. This requirement would be fulfilled by
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having a greater density of circumstellar material resulting from the proposed mass

ejection event from the Be star.

Further evidence for the formation of a temporary accretion disc comes from the
fact that the March 1994 outburst continued at detectable levels longer than usual
after maximum flux. Mereghetti et al. (1987) however give an alternative sugges-
tion that such X-ray lightcurve profiles could be due to the compression of ac-
creting material in the bow shock of the neutron star, followed by the accretion of

more dilute “downstream’” material.

We also note that shortly before the BATSE detection in March 1994, the EW(Ha)
strengthened to —451&, with no correlated rise in the infrared luminosity. Either a
delay exists between the mechanisms behind the disc's Balmer emission and infra-
red excess, or an additional Ho component was present, with a source discrete from
that of the infrared excess. An accretion disc could produce this Ha emission with

no correlated change in the infrared magnitudes.

3.5 Spectral Variability

In order to study the variations in the emission lines described in Section 3.2.3.1
and attempt to relate them to changing properties of the circumstellar disc, we have

measured a number of parameters that describe each profile.

In optically thin lines, the shape of the line profile is determined primarily by the
kinematics of the disc, resulting in the double peaked profiles commonly seen in Be
star spectra. The radial (with respect to the observer) velocities of the peaks corre-
spond to the rotational velocities of the disc material at the outer border of the line
emitting region (see for example Figure 1. of Horme and Marsh 1986), thus a double
peaked profile is an indication that some clear boundary to the emitting region ex-

ists. Optically thick lines are further affected by scattering within the disc. Elec-
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tron scattering broadening produces wings in the profile that can extend to veloci-
ties of order ~1000 km s™', and smears out features which might have been sharp
were the line optically thin. Non-coherent scattering broadening was proposed by
Hummel & Dachs (1992) as the mechanism behind ‘winebottle’ profiles (profiles
with ‘shoulders’ in the flanks — for examples see Figure 1 and Figure 4 of Hummel

& Dachs (1992)).

NSB arises because the disc has a finite optical thickness in the direction normal to
the disc plane. Hence, when we look into the disc (especially for pole-on stars) we
see deeper into the disc (where the source function is stronger) in the line wings, as
photons which have been scattered out of the line center have a greater escape
probability. The result of NSB is expected to be a doubling of the peaks that are

due to the disc kinematics. This splitting should be locally symmetrical, so that if

an optically thin line shows violetr (V) and red (R) peaks at velocities v, and
v, respectively, then an optically thick line originating from the same region of the
disc will show a peak and a shoulder on each side with velocities Voo Ve s Yy and

vV, where, following Hummel & Vrancken (1995 - hereafter HV1995) we assume,

v, TV, (3-19)

Measuring the positions of these peaks and shoulders is difficult, especially as the
resolution of many of our spectra is less than Ry, = 10000. Fitting Gaussian func-
tions to the profiles often yields non-unique solutions, so we use the derivative
method of HV1995 to recover the positions. The first derivatives of the line pro-
files were computed, and the minima, maxima and zero crossing points of the re-

sulting function were determined.
The zero crossing points of the first derivative function are used to determine the

velocities of the peaks in the line profiles, the minima and maxima of the first de-

rivative function represent the points of inflection in the line profiles. Where two
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separate peaks are not clearly defined, but a clear ‘shoulder’ can be seen in the pro-
file, the velocity of this component was measured as the mid point between two

successive points of inflection.

In addition to measuring the velocities of the V and R peaks, we also measured for
each profile the kinematical seperation of the V and R peaks Ay, equivalent width
of the line (EW, the ratio of line flux to continuum flux), and the ratio of intensities
of the V and R peaks V/R. In the case of profiles that appear to show NSB splitting,
we take the intensity of the V and R peaks to be the mean of the peak and shoulder

intensities.

A number of the Ho profiles show only one clear peak, with one or two shoulders
in the flank where the weaker peak is expected to be. In these cases we interpret the
shoulders as being the weak peaks (either split by NSB or not depending on

whether one or two shoulders are visible) which we are unable to resolve from the

flank of the stronger peak.

The measured line profile parameters are shown for Ha in Table 3-7 and for He I
(6678 A) in Table 3-8. The rotational separation of peaks is without exception
greater for the He I line than the Ha line. This is indicative of the lines originating
in regions of different radii. We find the mean ratio of the separation in the two

lines to be:

Av, (3-20)

In Figure 3-10 we plot the relationship between the separation of peaks due to rota-
tion and the EW's of the Ha and He I (6678 A) lines. There is a clear correlation

between the Ha peak seperation and EW, with regression analysis yielding

logAv, =2.68(£0.20)—0.23(£0.17)log(EW) (3-21)
g l‘l]rr
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and a correlation coefficient of R = 0.952. The probability that no correlation exists
is only 3.8 x 10™. The existence of a similar correlation between the parameters

measured for the He I profiles is suggested but is less clear, with

logAv, ~=2.68(£0.20) - 0.23(£0.17) log(EW) (3-22)

and a correlation coefficient of R = 0.818. In this case we find a significant prob-

ability of 0.18 that no correlation exists.
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Table 3-7. Measured properties of the Ha emission line of V801 Cen from 1993 to 1997

Date Vv Vv Ver Vi EW log (V/R)
(kms')  (kms')  (kms')  (kms") (A)

1993 Mar 2 — — — — -38 -0.41
1994 Mar 7 -50 -120 70 170 -45 ~0
1994 Jul 2-3 -50 -150 60 160 25 0.03
1995 Aug 19 -60 — 160 — 27 0.12
1996 Mar 2 -140 — 100 — -16 0.17
1996 Apr 3-4 -110 -230 110 — -13 -0.46
1997 Mar 18 -70 -120 120 300 -8 0.28
1997 Apr 10-14 -90 — 140 280 -7 0.32
1997 Jun 20 -80 — 220 — 9 0.16

Table 3-8. Measured properties of the He I (6678 A) emission line of V801 Cen from 1993

to 1997

Date Vip Vvp EW (A) log (V/R)
kms! km s

1994 Mar 7 -160 135 2.8 0.12

1995 Aug 24 -135 180 2.5 -0.42

1997 Mar 18 -126 — 0.0° —

1997 Apr 10-14 -150 280 0.3 0.12

1997 Jun 20 -330 210 0.7 0.31

! Assuming a symmetrical profile
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Figure 3-11. Relationship between the strength of line emission and radius of emitting re-

gion for Ha (left) and He I (6678 A) (right).

We can estimate the dimensions of disc regions which emit various spectral lines
from the separation of peaks in the line profiles. Assuming a near-Keplerian disc,
the lines of constant radial velocity form a dipole type pattern, and the each peak in
the line profile originates from a crescent shaped region tangential to the outer bor-
der of the line emitting region (see for example Figure 1. of Horne and Marsh
1986). Hence the existence of the two peaks clearly indicates the existence of some
boundary to the emitting region, and the separation of the peaks is directly related
to the radius of this boundary. We use the notation r; to denote the characteristic

emitting radius.

In deriving the dimensions of the Ha and He I (6678-A) emitting regions, 74, and

rame We assume a power law for the rotational velocity such that

=J
I
vrot (7") = V('rit [E]

(3-23)
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where R is the stellar radius, and v, is the critical break up velocity, which equals
the Keplerian velocity at the stellar surface, v,,(R+). In this model v,,(Rx) is the
maximum rotational velocity in the disc, and we assume that the disc begins close
to the stellar surface. We can then calculate the radius r;z, of the Ha emitting re-

gion of the disc from the separation of peaks Avy=2 v,, i1, sin i by the equation:

Tana _[ 2vysini N (3-24)
R. Av,

Here we can use vy sin i = v+ sin i, the measured rotational velocity of the star, as-
suming that the star is rotating very close to it's critical break-up velocity. We shall

use Balona’s (1973) value of v sin i = 290 km s

It is unlikely that the velocity law in the disc actually has a constant value of j. The
total width of even the He I (A = 6678-A), (which is unlikely to be affected by elec-
tron scattering), exceeds 2 v sin i, implying that some mechanism must transfer an-
gular momentum into the inner disc. In order to estimate the dimensions of the line
emitting regions of the disc for Ha and He I, we have assumed that the disc is Ke-
plerian throughout (j = 12). The resulting emitting radii are plotted against the

equivalent width of the line emission in Figure 3-11.

3.6 Summary

3.6.1 Astrophysical parameters

Physical parameters calculated for the optical counterpart V801 Cen show discrep-
ancies with previously published values, but the discrepancies can usually be ex-

plained in terms of the circumstellar effects which need to be corrected for in the

case of Be stars.
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Our results are not consistent with a distance of only ~500pc as has been suggested
by some authors on the basis of Hipparcos data, though these claims were based on

data with very large uncertainties.

3.6.2 Discloss and related X-ray behaviour

The Be/X-ray binary 4U1145-619 is exhibiting signs of disc loss in optical and in-
frared wavelengths, after two previous such events since 1982. Whilst the infrared
excess has decreased by AK ~ 1, the disc does not appear to have been lost com-
pletely, as the Ho line still shows emission, the last observations showing EW(Ha)
= -13 + 1.3-A. X-ray luminosities and pulse profiles during normal outbursts are
typical of those expected for spherically accreting systems, though there is a possi-

bility of the formation of a short-lived accretion disc during larger outbursts.

Contemporaneous infrared and optical observations over the course of the next op-
tical rise, combined with X-ray observations should confirm the existence or other-
wise of any optical/X-ray correlations, and lead to a more complete understanding
of the mechanisms fuelling this source, and long period Be/X-ray binaries in gen-

eral.

3.6.3 Spectral variability

A strong correlation has been found between the radius of the emitting region and
the strength of the emission in the case of the Ha and He I lines. The Ha line emis-
sion is found to originate from a region of the disc between ~ 5 — 10 stellar radii,
the He I (A = 6678-A) line emission originates from a region between ~ 1 — 5 stellar

radii.
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lightcurves of Be/X-ray binaries

In this chapter I attempt to reproduce observed Be/X-ray binary lightcurves with a
computational model. The model involves solving the orbital motion of the neutron
star, and combining this with a model for the Be star’s disc before applying equa-

tions for accretion onto a compact object in motion relative to the accreted media.

After describing the model, I investigate the effects of various model parameters on
the resulting lightcurves. Finally I apply the model to observed X-ray lightcurves of
the Be/X-ray binary EXO 2030+375 and find that changes in the phase at which X-

ray maximum occurs can be explained through a change in the disc outflow veloc-

ity.

The model fit to EXO 20304375 has already been published in Reig, Stevens, Coe
et al (1998).
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4.1 Introduction

One of the problems faced by theoreticians in trying to explain the Be phenomenon
is that the structure of the circumstellar disc is not precisely known. Observations
at optical/infrared wavelengths have been modelled well, but only yield information
on the structure and dynamics of the disc out to small radii — of the order of 10 R-.
At larger radii, the disc should be apparent at radio wavelengths only, yet of many
Be stars observed, almost non display the radio emission expected from a simple
extrapolation of the optical/infrared spectral distribution. This fact in itself implies
a change in the structure of the disc at radii ~ 5 Rx, yet frustratingly the lack of ra-

dio detections precludes detailed knowledge of the structure beyond this point.

The X-ray emission in Be/X-ray binaries results from the accretion of material from
a Be star’s equatorial disc onto a neutron star orbiting at separations ~ 10 — 100 R-.
It follows then that observations of the properties of the X-ray emission from these
systems will tell us about the structure and dynamics of the circumstellar disc itself.
In this way, we can use the neutron star as a probe of the circumstellar disc, to con-
strain models of the disc at radii not observable through optical/infrared/radio ob-

servations of the Be star itself.

In this chapter I develop a model for the X-ray luminosity of Be/X-ray binaries,
based upon the diverging disc model of Be star discs, and which explicitly allows
for both supersonic and subsonic motion of the neutron star relative to the wind
material. Through this model I investigate the affects of each model parameter, in-
cluding a number of different models for the dynamics and distribution of the cir-
cumstellar material. I apply the developed model to the X-ray lightcurves of the
Be/X-ray binary EX02030+375 in an attempt to explain changes in the observed
lightcurve in terms of changes to the dynamics of the Be star disc. Finally, I pres-

ent a spectroscopic study of the Be/X-ray binary 4U1145-619 conducted during an
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X-ray maximum in order to check for perturbation of the Be star’s disc by the or-

biting neutron star.

4.2 Be/X-ray binary X-ray lightcurve model

4.2.1 Accretion onto a compact object

The accretion of material onto an object moving through a cloud of gas was inves-
tigated by Hoyle & Lyttleton (1939). They found that the rate of accretion onto the

object was given by the equation
M =amR’p.v,, (4-1)

where v,,; is the velocity of the object relative to the gas, p., is the unperturbed den-
sity of the gas, a 1s a dimensionless parameter of order unity, and R, the radius of
the accretion cross-section or capture radius. The capture radius R, can be calcu-
lated by considering that in order for material to be captured by the accreting ob-
ject, the kinetic energy per unit mass of the accreted gas must be less than its

gravitational potential per unit mass, ie.

1, GM

-y < = 4-2
2 rel R ( )

where M, is the mass of the accreting object. Hence the radius of the accretion

cross-section, referred to as the ‘Bondi-Hoyle radius’, is

26M .
R, = 2 —- 4-3)

rel
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These equations are correct only when the motion of the accreting object through
the gas is supersonic, so that the accretion is velocity limited. Bondi (1952) consid-
ered the case of accretion onto a stationary object. In this case the accretion is pres-

sure limited, and given by

M =4AnRp_c, (4-4)

where ¢ is the velocity of sound in the (unperturbed) gas, A is a dimensionless pa-
rameter of order unity and Rp is the ‘Bondi radius’ — analogous to the Bondi-Hoyle
radius, but limited not by the velocity of the accreting object relative to the gas, but

by the pressure forces acting against gravity. The value of Rp is given by

R, =—* (4-5)

For cases where the accreting object is not at rest relative to the gas, but where this
relative motion is not supersonic, Bondi proposes the following interpolative for-

mula — with a factor of 2 added according to the suggestion of Shima et al. (1985),
. 4n(GM )’
M = K{__(__)_'_O_] (4»6)

with x being a dimensionless parameter analogous to o and A in equations 4-1 and

4-4. The speed of sound is found by

P (4-7)

with vy being a constant with the value 1 <y < 5/3, where
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4
[ij = (LJ (4-8)
PDO poe
Treating the material in the circumstellar disc as an ideal gas, so that

kT .
P — IO wind (4_9)

m

with m the mean particular mass, the sound speed is then
c, =T i (4-10)
m

Assuming the gas to be mainly hydrogen, if it is completely neutral, then m is
equal to the mass of the hydrogen atom, if completely ionised, then m is approxi-

mately half this value (to within the desired precision).

4.2.2 The orbits of Be/X-ray binaries

The orbits of Be star X-ray binaries are generally eccentric (e ~ 0.3 — 0.4) with pe-
riods of order 10's of days. The parameters specific to this model that require deri-
vation are the separation of the stars, and the two components of the neutron star's
velocity, the azimuthal component and the radial (with respect to the Be star) com-
ponent. In this Chapter, unless explicitly stated otherwise, when I refer to radial
velocities, I will be referring to those velocities in a radial direction from the centre
of the Be star, and not relative to the observer. All of these quantities need to be

determined as a function of orbital phase.

The velocity components of the neutron star’s motion will be combined with the
later derived velocities of the circumstellar disc material in order to find the veloc-
ity of the material relative to the neutron star. The orbital separation will be needed
in order to derive the density of the disc material at each orbital phase, given some

assumed circumstellar disc model.

124



Chapter 4 — Modelling the X-ray lightcurves of Be/X-ray binaries

In calculating the components of the neutron star's velocity relative to the Be star,
and the separation of the two stars as a function of orbital phase (¢), I treat the Be
star as being stationary. If the motion of the neutron star about the centre of mass
of the binary system describes an ellipse with eccentricity e, then the motion rela-

tive to the Be star also describes an ellipse of equal eccentricity.

Figure 4-1. Geometry of a Be/X-ray binary orbit, illustrating definitions of terms used in

the derivation of orbital properties.
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Figure 4-lillustrates the definitions of terms that I shall use in describing the ge-
ometry of the neutron star's orbit. The neutron star lies at point M, its orbit is de-
scribed by the inner ellipse. The Be star lies at the point O, which is one focus of

the ellipse which describes the orbit. This ellipse is an affine transform (in the ratio

\/1_:2— ) of the outer circle. The distance HM is then equal to \/1——;2_ "HM’ at
all points throughout the orbit. The distance CO is equal to ae, where e is the ec-
centricity of the orbit, and a = CF is the semi-major axis of the orbit. If x= OH
and y =HM are respectively the horizontal and vertical projections of r (referring

to the orientation of Figure 4-1), then we can calculate these co-ordinates both

through trigonometric methods

x=rcosf
y=rsind @-1)
and through geometric methods
X = a(cos E- e)
(4-12)
y=avl-e’sinE
Combining equations 4-11 and 4-12, and calculating #* we then find
r=a(l-ecosE). (4-13)

E is referred to as the eccentric anomaly, 0 as the true anomaly. The mean angular

frequency v is found in terms of the orbital period P, by

. 27
V=— (4-14)

orb

and I introduce the parameter p, defined as
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B 4r’a’
- 2

=v’a’ 4-15
P();b ( )

The rotational component of the neutron star's velocity relative to the Be star can

then be found in terms of the orbital separation by conserving angular momentum:

de va’®
=——4/l—e¢
r P.r

> 2ma’ >
1% 2 - 1-e? (4-16)

a,ns =r dl

whilst the total velocity of the neutron star can be found by conserving energy:

% =u(3——i]: 7 a [—2-—1] (-17)

roa P> \r a

orb

The radial component of the neutron star's velocity follows simply then from

2 3 2\?

orb

with the sign of the radial velocity component being positive when 0 < ¢ < 0.5 and
negative when 0.5 < ¢ < 1.0 (ie. I adopt the convention of positive velocities corre-

sponding to motions away from the Be star).

The eccentric anomaly can be found in terms of orbital phase giving
E—-esinE=vgp (4-19)

which must be solved iteratively to find the value of E at a given orbital phase. We

can then easily calculate the orbital separation from equation 4-13, and hence the

rotational and radial components of velocity from equations 4-16 and 4-17.
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4.2.3 Be star disc model

The model that T consider is the diverging disc model due to Waters et al. (1986),
which was described in Chapter 1. In this model, the circumstellar disc is assumed
to diverge with a constant opening angle (of the order of 10°), and has a power-law

density distribution such that

p= p[é—} (4-20)

with n lying in the range 2—3.75 (from IR continuum modelling, Waters 1986,

Waters et al. 1987). It follows from mass conservancy then that

n-2
Vr,wmd = VO{'I—:_J (4"21)

The rotational velocity of the wind is assumed to follow the law

V9,wind = Vrrit (_r.—\] (4-'22)

where a lies between —0.5 (Keplerian velocity distribution) and —1 (angular mo-
mentum of out-flowing material is conserved). It is probable that the rotational
velocity might follow a Keplerian distribution (a = —0.5) up to some radius, then

follow an angular momentum conserving distribution (a = —1) at larger radii.

4.2.4 X-ray lightcurve model

From Equation 4-6 it is clear that the shape of the lightcurve is governed by the
changes in relative velocity and density of the wind material encountered by the
neutron star throughout its orbit. It is also clear that the dependence on relative

velocity is much greater than that on density. If temperature effects are taken into
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account then the lightcurves may also be affected by changes in the sound speed as
a result of temperature changes in the disc. In constructing the model then, I con-
sider in the following sections the orbital velocity of the neutron star, and the den-
sity and velocity distribution of the disc, for now following the diverging disc

model of Waters et al. (1986).

Code was developed as necessary to determine the various components required to
calculate the X-ray luminosity as a function of orbital phase. First the orbital pa-
rameters were used to derive the polar components of the neutron star’s velocity
relative to the Be star, and the separation of the two stars. The separation was then
used to determine the wind density and velocity components at the position of the
neutron star. Finally, all velocity components were combined to find the total rela-
tive velocity of the neutron star relative to the Be star wind, and this and the wind

density were used to derive the X-ray luminosity from Equation 4-6.

In the following section I will describe the resulting predicted lightcurves, varying

the input parameters to investigate the effects of each on the final lightcurve.
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4.3 Results

In this section I investigate the effects of the input parameters on the lightcurves
predicted by the model described in Section 4-2. The following model parameters

were investigated:

e Be star wind parameters
— Initial wind outflow velocity (at stellar surface)
— Density/velocity power law gradient
— Disc rotation model
e Orbital parameters
— Orbital eccentricity

— Orbital period

The following sections describe the chosen parameters for each case and the re-

sulting lightcurve predictions.

Table 4-1. Orbital parameters input to the lightcurve model to investi-
gate the effects of varying Be star disc parameters (chosen to be those of

the Be/X-ray binary system 4U1145-619).

Be star mass 13 M
Be star radius 8 R

Neutron star mass 1.4 M
Neutron star radius 10 km

Orbital period 186.5 days

Orbital eccentricity 0.4
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4.3.1 Dependence on Be star wind parameters

To investigate the effects of the wind parameters on the lightcurves predicted by the
model developed in Section 4-2, the orbital parameters input to the model were kept
constant. The chosen parameters were the best fit parameters to the Be/X-ray bi-
nary system 4U1145-619, where possible the parameters were as derived in Chap-
ter 3, otherwise were taken from the available literature. The orbital parameters

used are listed in Table 4-1.

4.3.1.1 Initial wind outflow velocity and power-law gradient

With the orbital parameters fixed in the model as described in Table 4-1, the wind

parameters were then varied in the following ways:

e The power law gradient was kept constant at n = 2.0, and the initial outflow
velocity varied from 0 to 1000 km s,

e The power law gradient was kept constant at n = 2.25, and the initial outflow
velocity varied from O to 500 km s

e The power law gradient was kept constant at n = 2.5, and the initial outflow
velocity varied from O to 100 km s

e The power law gradient was kept constant at n = 2.75, and the initial outflow
velocity varied from O to 50 km st

e The power law gradient was kept constant at n = 3.0, and the initial outflow
velocity varied from O to 20 km s

e The power law gradient was kept constant at n = 3.25, and the initial outflow
velocity varied from O to 10 km s

e The power law gradient was kept constant at n = 3.5, and the initial outflow
velocity varied from 0 to 6 km s

e The power law gradient was kept constant at n = 3.75, and the initial outflow
velocity varied from 0 to 3 km s™.

e The power law gradient was kept constant at n = 4.0, and the initial outflow
velocity varied from 0 to 1.5 km s™.

The resulting predicted lightcurves are shown in Figures 4-2 to 4-10.
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Figure 4-2. X-ray lightcurve model predictions for a system with orbital parameters equal
to those of the Be/X-ray binary 4U1145-619. The model is as described in Section 4-2, the
power-law gradient n = 2.0, the outflow velocity at the stellar surface has been varied from

0 to 1000 km s™.
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Figure 4-3. Continued overleaf...
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Figure 4-3. X-ray lightcurve model predictions for a system with orbital parameters equal
to those of the Be/X-ray binary 4U1145-619. The model is as described in Section 4-2, the
power-law gradient n = 2.25, the outflow velocity at the stellar surface has been varied

from 0 to 500 km s™".
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Figure 4-4. Continued overleaf...
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Figure 4-4. X-ray lightcurve model predictions for a system with orbital parameters equal
to those of the Be/X-ray binary 4U1145-619. The model is as described in Section 4-2, the
power-law gradient n = 2.5, the outflow velocity at the stellar surface has been varied from

0to 100 kms™.
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Figure 4-5. X-ray lightcurve model predictions for a system with orbital parameters equal
to those of the Be/X-ray binary 4U1145-619. The model is as described in Section 4-2, the
power-law gradient n = 2.75, the outflow velocity at the stellar surface has been varied

from 0 to 50 km s™.
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Figure 4-6. X-ray lightcurve model predictions for a system with orbital parameters equal
to those of the Be/X-ray binary 4U1145-619. The model is as described in Section 4-2, the
power-law gradient n = 3, the outflow velocity at the stellar surface has been varied from 0

to 20 kms™.
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Figure 4-7. X-ray lightcurve model predictions for a system with orbital parameters equal
to those of the Be/X-ray binary 4U1145-619. The model is as described in Section 4-2, the
power-law gradient n = 3.25, the outflow velocity at the stellar surface has been varied

from 0 to 10 km s™".
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Figure 4-8. Continued overleaf...
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Figure 4-8. X-ray lightcurve model predictions for a system with orbital parameters equal
to those of the Be/X-ray binary 4U1145-619. The model is as described in Section 4-2, the
power-law gradient n = 3.5, the outflow velocity at the stellar surface has been varied from

Oto6kms™.
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Figure 4-9. Continued overleaf...
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Figure 4-9. X-ray lightcurve model predictions for a system with orbital parameters equal
to those of the Be/X-ray binary 4U1145-619. The model is as described in Section 4-2, the
power-law gradient n = 3.75, the outflow velocity at the stellar surface has been varied

from O to 3 km s™.
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Figure 4-10. Continued overleaf...
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Figure 4-10. X-ray lightcurve model predictions for a system with orbital parameters
equal to those of the Be/X-ray binary 4U1145-619. The model is as described in Section 4-
2, the power-law gradient n = 4, the outflow velocity at the stellar surface has been varied

from0to 1.5kms™.
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One result which stands out is that at for each value of n, extreme values of vy pro-
duce symmetric lightcurves, while intermediate values produce assymmetric light-
curves. The reason for this is that low values of vy produce lightcurves dominated
by orbital motion only, with X-ray maxima when the neutron star's radial velocity
with respect to the Be star is zero. With large values of v,, the lightcurves are
dominated by the wind outflow velocity, with maxima occurring at periastron when
the density is greatest, and where the wind has not yet been accelerated to even

greater velocities.

Larger values of n lead to greater wind acceleration, hence as n is increased, the
velocity vy required to produce the symmetric, outflow dominated lightcurves de-
creases. With n = 2, these lightcurves are produced with initial outflow velocities
of ~500 km s, with n = 4, initial outflow velocities of only 0.2 km s™ lead to

similar shaped lightcurves.
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4.3.1.2 Disc sound speed/temperature

With the orbital parameters fixed in the model as described in Table 4-1, the wind

parameters were then varied in the following ways:

e The power law gradient was kept constant at n = 2.0, and the initial outflow
velocity fixed at 0 km s ™, the sound speed was then varied from 25 km s™ to
100 kms™.

e The power law gradient was kept constant at n = 2.0, and the initial outflow
velocity fixed at 1km s ™, the sound speed was then varied from 25 km s~ to
100 kms™.

e The power law gradient was kept constant at n = 3.0, and the initial outflow
velocity fixed at O km s "1, the sound speed was then varied from 25 km s to
100 kms™.

e The power law gradient was kept constant at n = 3.0, and the initial outflow
velocity fixed at 1 km s '1, the sound speed was then varied from 25 km s to

100 km s,

The resulting predicted lightcurves are shown in Figure 4-11. Whatever the chosen
parameters of wind dynamics, in each case a disc with a higher sound speed — indi-
cating a higher temperature — produces a simple lightcurve, symmetrical about or-

bital phase ¢ = 0, and with a single luminosity maximum at periastron.

This is because the accretion flow in high sound speed disks is pressure limited; the
minimum in relative velocity between Neutron star and disc material seen to occur
at apastron (see for example the plots of density and relative velocity in Figures 4-2
to 4-10) does not affect the accretion rate significantly — the modulation of the X-
ray luminosity is more closely related to the varying density of material encoun-

tered by the neutron star.

151



Normalised Luminosity

Normalised Luminosity

Chapter 4 — Modelling the X-ray lightcurves of Be/X-ray binaries

4 Csound 4 Csound
n=2, vo=0 km s™' n=3, v;=0 km s™
3.5 100 km/s 3.5 1 100 km/s
3% 75 km/s 31 75 km/s
=2
25 50 km/s § =5 50 km/s
€
b= |
-
2 40 km/s - 2 40 km/s
2
- ‘®
15
1.5 30 km/s 2 A 30 km/s
1 14
25 km/s 25 km/s
” \/\I/\/\// - \\/\j\/\]
Csound Csound
0 - - 0 -
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Phase Phase
4 Csound 4 Csound
n=2, vy=1 kms™ n=3, vo=1kms”
35 100 km/s 3.5 1 100 km/s
3 75 km/s 3 75 ks
2
2.5 @ 25
50 km/s .g 50 km/s
E
3
2 40 km/s - 2
2 40 km/s
@
1S
1.5 30 km/s 2 1.5
30 km/s
1
25 km/s 1
25 km/s
0.5 0.5 t
Csound Csound
0 + 0 -
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0
Phase Phase

Figure 4-11. X-ray lightcurve model predictions for various adopted sound speeds in the

Be star disc.
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4.3.1.3 Disc rotation model

With the orbital parameters fixed in the model as described in Table 4-1, the wind

parameters were then varied in the following ways:

e The power law gradient of the disc density and velocity model was kept con-

stant at 7 = 3.0, and the initial outflow velocity fixed at 1 km's ™.

The value of
a (the density power law gradient) was varied from —0.5 (Keplerian disc) to —1

(conservation of angular momentum in out-flowing material).

The resulting predicted lightcurves are shown in Figure 4-12. At first, as o is de-
creased from —0.5 a secondary peak grows in strength at orbital phase ¢ ~ 0.25.
This peak becomes stronger than the peak at periastron and eventually reaches a
maximum in strength relative to the periastron peak when a ~ —-0.65. As a is de-
creased further, the secondary peak decreases in relative strength, until once again

the periastron peak is stronger.
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Figure 4-12. X-ray lightcurve model predictions for different models of rotational velocity in the
Be star disc. In each case the orbital parameters of the systems have been chosen equal to those of
the Be/X-ray binary 4U1145-619, the power-law gradient n = 3.0, and the initial outflow velocity
of the Be star’s wind v, = 1.0 km s™'. The value of a has been varied from -0.5 (Keplerian disc) to —

1.0 (conservation of angular momentum in the out-flowing material).
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4.3.2 Dependence on orbital parameters

To investigate the effects of orbital parameters on the predicted lightcurves, the or-
bital parameters were varied for a number of chosen disc models. In the following
sections, first the effects of orbital eccentricity and then orbital period were investi-

gated.

4.3.2.1 Orbital eccentricity

In order to investigate the effects of orbital eccentricity on the predicted lightcur-

ves, the following models were produced, assuming a Keplerian disc (o = -0.5):

e The power law gradient was fixed at a value of n = 2.0 and the initial outflow
velocity at 0 km s ™, the eccentricity was varied from 0 to 0.5

e The power law gradient was fixed at a value of n = 2.0 and the initial outflow
velocity at 1 km s "I, the eccentricity was varied from 0 to 0.5

e The power law gradient was fixed at a value of n = 3.0 and the initial outflow
velocity at 0 km s ! the eccentricity was varied from O to 0.5

e The power law gradient was fixed at a value of n = 3.0 and the initial outflow

velocity at 1 km s ', the eccentricity was varied from 0 to 0.5

The resulting lightcurves are shown in Figure 4-13. In each case, the effect of in-
creasing eccentricity is to increase the degree of orbital modulation. Also of note is
the effect of eccentricity on the symmetry of lightcurves when the wind material

has a finite outflow velocity.

No wind acceleration

In the case of n = 2.0, there is no acceleration of the wind — the material flows out-
wards at a constant velocity. At large eccentricities, the modulation of the light-
curve is dominated by the variation in density and the radial motion of the neutron

star with respect to the Be star — at periastron and apastron where the radial motion
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becomes zero, a maximum in luminosity is seen. The relative strength of the
periastron peak to the apastron peak increases with increasing eccentricity as the

modulation of density increases.

At low eccentricities the radial motion of the neutron star is small, and comparable
to the outflow velocity of the wind material. In this regime, the lightcurve becomes
asymmetrical as between ¢ = —0.5 and ¢ = 0 the neutron star’s radial motion is of
opposite sign to the outflow velocity of the wind, leading to a greater relative ve-
locity than between ¢ = 0 and ¢ = 0.5 where the two velocity components are of the

same sign.

Constant wind acceleration

However, in the case of n = 3.0, there is a constant acceleration of the wind, so that
the larger the eccentricity, the more the lightcurve is dominated by the variations
around the orbit of the wind outflow velocity. Secondary luminosity maxima at
apastron are not seen, as although the radial motion of the neutron star goes to zero
at this point, the outflow velocity of the wind encountered by the neutron star is

maximum, so no minimum in total relative velocity is seen.

At low eccentricities, the lightcurve is less dominated by variations in density, and
shows a symmetric lightcurve shifted to peak at phase ¢ ~ 0.1 as the radial motion

of the neutron star at this phase cancels the outflow velocity of the wind.

At larger eccentricities, a strong maximum is seen at periastron, as modulation of
the outflow velocity of the wind and the density become more significant. A
shoulder appears in this peak at phase ¢ ~ 0.1 where the radial motion of the neu-

tron star at this phase cancels the outflow velocity of the wind.
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Figure 4-13. X-ray lightcurve model predictions for various orbital eccentricities. In each

plot, the orbital parameters (except eccentricity) have been chosen equal to those of the

Be/X-ray binary 4U1145-619, the wind parameters — annotated on each plot — were kept

constant, and the orbital eccentricity varied from 0 to 0.5.
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4.3.2.2 Orbital period

In order to investigate the effects of orbital period (and hence orbital separation) on
the lightcurves produced by the model, the disc model was fixed and the orbital pe-
riod input to the model varied between 10 days and 180 days. The resulting light-

curves are shown in Figure 4-14.

At shortest extreme of orbital period the lightcurves are symmetric, with a strong
maximum at phase ¢ = 0 and a secondary weaker maximum at phase ¢ = 0.5. As
the orbital period is increased, this secondary maximum shifts to earlier orbital
phases, and the periastron maximum shifts to later orbital phases until when we in-
put an orbital period of ~ 90 days, the secondary peak is more of a shoulder in the
stronger peak which occurs at phase ¢ ~ 0.05. When a period as large as 180 days

is input to the model, only a single maximum is seen to occur at phase ¢ ~ 0.1.

The shift to earlier phases of the secondary peak can be understood when the rela-
tive motion of the neutron star to the wind is considered in the radial direction only.
At phase @ = 0.5 the radial motion of the neutron star is zero, yet the wind has some
outflow velocity. At phases slightly earlier than phase ¢ = 0.5 the neutron star has
some radial motion that will cancel the outflow velocity of the wind. The wider the
orbit of the system, the larger the outflow velocity of the wind encountered by the
neutron star at any given orbital phase as the wind will have been accelerated over a
larger distance. Hence the phase at which the radial velocity of the neutron star

cancels the outflow velocity of the wind becomes earlier as the orbit is widened.

At very large orbital periods, the neutron star encounters material that has been ac-
celerated to such an extent that the radial motion of the neutron star is only compa-
rable to the wind outflow velocity close to periastron when the neutron star is at its
closest to the Be star. The wind outflow dominates the lightcurve shape and no
secondary maximum is seen near apastron. A single maximum is seen at phase ¢ ~
0.1. The slight shift from periastron is due to the outflow velocity of the wind be-

ing partially cancelled by the radial velocity of the neutron star.
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Figure 4-14. X-ray lightcurve model predictions for various adopted orbital periods. In
each case the initial outflow velocity was kept constant at 1 km s™ and the disc power-law

gradient constant at n = 3.5.

4.4 Modelling the X-ray lightcurve of EXO 2030+375

In the following sections I describe attempts to explain observed lightcurves of the
Be/X-ray binary EXO 20304375 in terms of the model developed earlier in this
chapter. The work presented in this section was published in Reig, Stevens & Coe

et al. 1998.

4.4.1 Source history

The high mass X-ray transient EXO 20304375 was first detected at X-ray wave-
lengths in 1985 May 17 during a slew of the EXOSAT satellite. Subsequent pointed
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observations revealed the X-ray flux to be strongly modulated with a period of ~
41.7 s (Parmar et al. 1989). In the X-ray band, EXO 20304375 shows variability on
all timescales. It is a transient X-ray source that alternates between active and inac-

tive periods (Reig & Coe 1998a, hereafter Paper I).

The X-ray activity of EXO 2030+375 consists of periodic outbursts, modulated
with the orbital period of 46.02 d (Stollberg 1997) and unpredictable outbursts
showing no modulation on orbital period. The former type of outbursts is thought
to occur at each periastron passage of the neutron star. These outbursts last for 8 —
10 days and the X-ray luminosity increases by a factor < 10. The latter outbursts
are giant outbursts that do not correlate with the orbital phase but tend to last for
several orbital cycles. The X-ray luminosity during these outbursts may reach

10* erg s, close to the Eddington luminosity.

In common with other high-mass X-ray binaries, the continuum spectral shape in
the range 1-25 keV can be represented by a power-law spectrum with an exponen-
tial cut-off, coupled with a low-energy absorption and, an iron emission line at
~ 6.4-6.6 keV (Reynolds et al. 1993). A two X-ray continuum component model,
also including a blackbody component was seen to give acceptable fits by Sun et al.

(1994) and Reig & Coe (1998Db) (hereafter, Paper II).

Optical CCD photometry (Motch & Janot-Pacheco 1987) and optical spectroscopy
and infrared photometry (Coe et al. 1985; 1988) of the counterpart revealed a
highly reddened (E(B-V) = 3.80 £ 0.15) V = 20 star showing an infrared excess and
Ho in emission. These observational characteristics of the counterpart, along with

the X-ray behaviour, identified EXO 20304375 as a Be/X-ray binary system.

4.4.2 The X-ray lightcurve of EXO 2030+375

A plot of X-ray transient outbursts detected by BATSE was shown in Figure 2-12.
The plot shows how a series of transient outbursts by EXO 2030+375 was detected

by BATSE up to August 1993. Between August 1993 and April 1996 no outbursts
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were detected at all. From April 1996 onwards, outbursts were detected once again,

at intervals coinciding with the orbital period.

The BATSE pulsed limiting flux is ~ 4.2 x 10" erg s cm™, in the energy range 20-
50 keV. The X-ray flux during a normal outburst is typically one order of magni-
tude higher. In the present work we have made use of two years worth of data
(1996-1998 February) from the RXTE All Sky Monitor (ASM). See Bradt et al.
(1993) for the details on this instrument.  Analysis of data obtained with the
RXTE’s ASM reveals that by folding the lightcurve of EXO 2030+375 at the orbital
period, a second intensity peak coincident with apastron passage of the neutron star
is apparent. The X-ray intensity at apastron is about one third of that at periastron,

but is detected at ~ 3¢ significance level above quiescent flux.

Figure 4-15 shows the ASM XTE lightcurve folded onto the orbital period (46.02
d). One-day average fluxes were folded on the period of 46.02 days and re-binned
with a bin size of 0.04 in phase. The lightcurve is normalised to the maximum flux
value. The two intensity maxima are clear, one at periastron, one at apastron.
There is no significant shift in the phase of the observed maxima from phases ¢ = 0

and ¢ =0.5.

161



Log (flux/max flux)

[S—y

Chapter 4 — Modelling the X-ray lightcurves of Be/X-ray binaries

t
i %I

e
]
!
L

Orbital phase

Figure 4-15. X-ray lightcurve of the Be/X-ray binary EX02030+375. Data from the All

Sky Monitor on the Rossi X-ray Timing Satellite were folded on the orbital period of 46.02-

days and averaged in bins of 0.04-orbital phase.

The orbital parameters for EXO 20304375 were input to the X-ray lightcurve de-

veloped in Section 4-2. The adopted orbital parameters — taken from Stollberg et

al. (1997) — are listed in Table 4-2.

The sound speed included in the model was 25 km s, This is the sound speed in a

circumstellar disc with a temperature of 25,000 K, neglecting the effects of X-ray

heating. The power law index 7 in the density law was fixed at 3.5 (typical for the

values derived from IR flux modelling; Waters 1986) and for simplicity the rota-

tional velocities in the wind are assumed to be Keplerian at all orbital separations.
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Figure 4-16. X-ray lightcurve and model fits for EXO 2030+375

Table 4-2. Orbital parameters of the Be/X-ray binary EXO 20304375 taken from Stollberg
et al. (1997)

Orbital epoch (MJD) 48936.5
Orbital period 46.02
e 0.37
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The resulting lightcurve predictions are shown in Figure 4-16. The solid line shows
the resulting lightcurve with zero outflow velocity vp = 0, normalised to produce
the best fit to the observed lightcurve. The dashed curve shows the model with an
outflow velocity at the stellar surface of vy = 1.0 km s™, normalised by the same

factor as the zero outflow velocity model.

The lightcurve predicted for zero outflow velocity shows a strong maximum at
phase ¢ =0, and a weaker second maximum at phase 0.5, due to a minimum in the
velocity of the neutron star at this point. When an outflow velocity of 1.0 km s is
included in the model, the lightcurve maximum is seen to shift to a later orbital

phase and no second maximum is seen at apastron.

The zero outflow model fits the data well at low X-ray luminosities, but poorly
during the maximum in the lightcurve. We note that X-ray heating effects should
act to increase the sound speed in the wind to values ~100 km s™ within the ionisa-
tion radius. For typical X-ray luminosities of Be/X-ray binaries during outburst, the
ionisation radius may become as large as the radius of gravitational influence of the
neutron star, in which case the higher sound speed will result in a decrease in the
accretion rate, and hence the X-ray luminosity. A full treatment of the effects of X-
ray heating on the lightcurves is beyond the scope of this work, but qualitatively we
expect the lightcurve peak to be flattened as the X-ray heating effectively damps

the modulation of X-ray flux at high luminosities.

Of note is the difference in shape of the two models. The RXTE ASM data show a
lightcurve that peaks at periastron (phase ¢ = 0.0), but shows a secondary maxi-
mum at apastron (phase ¢ = 0.5). Allowing for the damping effects of X-ray heat-
ing on the accretion flow, the described model with zero outflow reproduces these
features well. The lightcurve model with a finite outflow velocity of 1 km s’

shows only a single peak at phase ¢ = 0.1.
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During the series of outbursts of the source detected by BATSE prior to the X-ray
inactive period in 1993 July, no second maximum was reported, and the peak of the
lightcurve was seen to occur approximately 5 days after periastron, at phase ¢ ~
0.12 (Norton et al. 1994). The described model with outflow velocity vy = 1.0-km
s reproduces such a shape well. The shift in phase of the peak occurs as the out-
flow velocity of the wind cancels with the radial component of the orbital motion to
move the minimum in the wind-neutron star relative velocity to a slightly later
phase. We note that in fact, an outflow velocity of vy = 1.0-km s in this model

produces peak luminosity at phase 0.1.

In the case of the Be/XRB EX02030+375, the separation of the Be star and neutron
star at apastron is ~26 R+«. At this radius a wind with an initial outflow velocity of
1-km s would be accelerated to a velocity of ~130-km s if a constant power law

index of 3.5 is assumed.

The adoption of a single value of n = 3.5 matches closely the values derived from
IR flux modelling by Waters (1986). Changing the adopted value of n will not af-
fect the presence of the secondary maximum at apastron in the case of zero outflow
velocity, but will change the relative strengths of the two peaks. A steeper power
law will result in a lightcurve that is more highly modulated by the density changes
throughout the orbit, so that the maximum at periastron becomes relatively
stronger. A less steep power law on the other hand, would result in the maximum
at apastron becoming relatively stronger (refer for example to the zero outflow ve-

locity cases in Figures 4-2 to 4-10.

The effect of changing the power law slope on the lightcurve resulting from a wind
with 1 km s initial outflow velocity is more complicated. For values of n of below
3.25, a second maximum becomes apparent shortly after the larger maximum at
periastron, this second maximum then tends towards apastron as »n is allowed to
drop to 2.0. If n is allowed to take values greater than 3.5, then the lightcurve re-

mains single peaked, but this peak occurs closer to periastron as n increases.
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4.5 Possible evidence for Be star disc perturbation by an

orbiting neutron star

The previous sections have shown how the lightcurves of Be/X-ray binaries can be
modelled as X-ray emission due to the release of gravitational potential energy as
material from the Be star’s disc accretes onto an orbiting neutron star. The model
developed assumes a simple disc model with disc density and outflow velocity de-
scribed as a power law function of radius, and with the disc’s rotation being Keple-
rian. The resulting predicted lightcurves match observations well, and were fit to
observations of the X-ray lightcurves of the Be/X-ray binary system EXO
2030+375 in order to explain a shift in the orbital phase at which lightcurve maxi-

mum occurs, and the appearance of a double peaked lightcurve.

There have been claims that the orbiting neutron star will perturb the Be star’s disc
to the extent that the discs of isolated Be stars and those of Be stars in Be/X-ray bi-
naries cannot be compared. Reig et al. (1997) found a correlation between the Ha
emission strength and the orbital period infe/X-ray binaries, which indicated that
some interaction mechanism between an orbiting neutron star and the Be star’s disc
acts to limit the extent of the disc. Negueruela et al. (1998) presented spectroscopic
evidence of disc perturbation by orbiting neutron stars. If such perturbation does
occur, then the results of fitting X-ray lightcurve models to observations should be
treated with care; the disc would be like some quantum particle which is changed
by the very act of observation. If we are to use neutron stars as probes of Be star
discs, and apply the findings to Be stars in general, we first need to be satisfied that

the disc is not significantly changed by the presence of the neutron star.

In the following sections, 1 describe observations of V801 Cen — the optical coun-

terpart to the Be/X-ray binary 4U1145-619 — made over a 5 day period concurrent
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with the periastron passage of the neutron star, and search for evidence of perturba-

tions in the Be star’s disc.

4.5.1 Observations

During a five day period 1997 April 10 — 14, we observed V801 Cen on consecu-
tive nights. A total of 40 spectra were obtained using the SITe2 spectrograph and
1.9-m telescope at the SAAQO. These data were reduced using standard IRAF rou-
tines (Massey 1992). Thirty of the spectra were taken on just one night, (12— 13
April) in order to search for variations in the Ho line strength and line profile on
timescales of minutes and hours. The date of the observations was chosen to coin-
cide with the periastron passage of the neutron star, predicted from the periodic re-

currence of X-ray maxima.

4.5.2 Spectra variability

4.5.2.1 Variability on timescales of minutes and hours

The spectra of April 12 and 14 were obtained at intervals of a few minutes, span-
ning a period of ~3.5-hours and ~30-minutes respectively. We searched each of
these data sets for significant variability but found none above the level of noise in
the spectra. We then used the data of April 12 to search for variability on the
timescale of hours. To increase the S/N ratio the spectra were binned temporally
into ~30-minute bins, giving 8 spectra which were each the mean of 3 or 4 individ-
ual spectra. The resulting spectra are shown in Figure 4-17, with the right hand plot
showing the residuals after subtraction of a mean spectrum. No significant vari-
ability can be seen. Similar analysis was performed on the He I (6678 A) line pro-

files, and again no variations were seen above the level of the noise in the spectra.
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Figure 4-17. Left: Ha line profiles of V801 Cen on the night of 1997 April 12. Spectra
were obtained at intervals of a few minutes, and have been binned into approximately 30

minute bins. Right: Residuals after subtraction of a mean spectrum.

4.5.2.2 Night to night variability

In order to search for night to night variations we created mean spectra for each
night before comparison. Figure 4-18 shows the resulting line profiles. In this
case, the residual spectra were created by subtracting the mean spectrum from the
14™ April (the last night of observation) to show more clearly the variability. The
residuals remaining after subtraction indicate an emission component approxi-
mately symmetrical about the rest wavelength with a peak separation of
300 +35km s decreasing in strength throughout the five nights. The results of

similar analysis for the He I (6678 A) line are shown in Figure 4-19. In this case
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the profiles show no apparent variations over the five nights above the level of the

noise in the spectra.
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Figure 4-18. Left: Ha line profiles of V801 Cen on 5 consecutive nights in 1997 April.
Where multiple spectra were obtained on one night, a mean of these spectra is shown.

Right: Residuals after subtraction of the 14™ April spectrum.
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Figure 4-19. Left: He I (A = 6678) line profiles of V801 Cen on 5 consecutive nights in

1.4

1.2

1997 April. Where multiple spectra were obtained on one night, a mean of these spectra is

shown. Right: Residuals after subtraction of a mean spectrum.

4.5.3 Cause of night to night variability

We can rule out an accretion disc as the source of the variable emission component

as the velocities of the two peaks in the residuals would then be expected to be

much larger (of the order of 10° - 10* km s for a Keplerian accretion disc). There-

fore, if the variability is caused by the neutron star, it must be in the form of an in-

teraction with the Be star's circumstellar disc.

Assuming that the circumstellar envelope has a disc geometry, and that the material

in this disc moves in Keplerian orbits, then the characteristic radii of regions emit-

ting various lines can be determined from the separation of peaks (v) in the ob-

served line profiles from the equation:
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Yoo | 2v.sini ’
R. YAv,

where v« sin i is the observed projected stellar rotational velocity, and vy is the ratio
of the (un-projected) stellar rotational velocity to the critical break up velocity v
(see for instance Hummel & Vrancken 1995). From the mass and radius derived in
Chapter 3 (13 Mg and 8 Rp) we find vy = 557 km s Upper and lower limits can
be placed on the radius r,,, of the region contributing the varying flux by assuming
first that the star is rotating at its critical break up velocity (y = 1) and secondly that

the inclination of the normal to the disc with the line of sight i = 90°.

The projected rotational velocity of the Be star is v sin i = 290 kms™ (Balona
1973), and the peak separation measured from the residuals in Figure 4-18 is 300 +
50 kms™. Adopting v = 1 then we find ry,, = 3.7 = 0.9 R:. In the second case,
where we assume that the inclination is 90°, y = 290/557 = 0.52, giving ry, = 13.8
+3.5 R

Using a mass for the Be star of 13 M a mass of 1.4 M for the neutron star, and
assuming an orbit with eccentricity e = 0.4 (typical for Be/X-ray binaries, see for
instance Table 3. of Bildsten et al. 1997), we find the semi-major axis of the orbit to
be a ~ 41 R+, the periastron separation to be d, ~ 25 R+, and the radius of the Roche

lobe of the Be star at periastron to be 7,y ~ 13 Re.

Hence, with high inclinations, and correspondingly low values of vy, the radius of
the Roche lobe of the Be star at periastron passage will be of the order of the radius
of the varying region of the disc, suggesting that the observed variations could be

due to some form of binary interaction.
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4.6 Summary

4.6.1 Model predictions

The lightcurve model developed in Section 4.2 reproduces a wide range of ob-

served lightcurve shapes.

For all adopted values of power—law gradient n, the lightcurves for zero outflow
discs show X-ray maxima both at periastron and at apastron. At periastron the
neutron star has no radial motion with respect to the Be star, and the density of disc
material passed through by the neutron star is higher at this phase than at larger or-
bital separations. At apastron, again the neutron star has no radial motion relative
to the Be star, and although the neutron star at this phase encounters the lowest den-
sity material around its orbit, the effect of the reduced relative velocity is more sig-
nificant, and a maximum the X-ray luminosity results (albeit of a lesser scale than

that at periastron).

As the outflow velocity increases from zero, the shape of the lightcurve changes.
At first the apastron maximum remains, but shifted to earlier orbital phases as the
outflow velocity increases, at the same time, the periastron maximum tends to be
shifted to later orbital phases. To understand this, we must consider the radial mo-
tion of the neutron star relative to the Be star, which will act to cancel the outflow
velocity in the wind at phases between 0 and 0.5. For low outflow velocities, the
orbital motion of the neutron star still plays a role in the shape of the lightcurve but
as outflow velocities increase, the lightcurves become dominated by the wind dy-

namics.

By including the sound speed of the disc, the model implicitly took into account
cases of both sub-sonic and super-sonic accretion flows. A higher disc temperature

leads to a higher sound speed in the disc.

172



Chapter 4 — Modelling the X-ray lightcurves of Be/X-ray binaries

The effect on the predicted lightcurves of increasing the sound speed is to make the
lightcurve shape far less dependant on the orbital motion of the neutron star and the
wind velocity as the accretion rate becomes pressure limited. The modulation of
the X-ray luminosity in this regime is dominated by the varying density around the

orbit.

In the super-sonic accretion regime, where the sound speed in the disc is lower, the
motion of the neutron star and the velocities in the wind become more important,

resulting in the more complicated lightcurve shapes, often with double maxima.

Increasing the eccentricity of the orbit has the effect of increasing the amplitude of
modulation of the lightcurve. In the case of disc models with a finite accelerated
wind velocity, adopting larger orbital periods — and hence wider orbits — leads to
lightcurves which are dominated by the outflow velocity of the wind, as the neutron
star orbits at the larger distances from the Be star where the the wind is accelerated

to greater velocities.

Other models have been proposed to explain the recurring outbursts displayed by
Be/X-ray binaries. Bildsten et al. 1997 cite several authors who suggest the forma-
tion of accretion discs around the neutron star during the giant outbursts that are not
correlated with orbital phase. Bildsten et al. suggest that accretion discs may be
present around the neutron stars also during series of recurring outbursts. In fact I
have myself suggested that an accretion disc may have been present around the
neutron star in 4U1145-619 during an unusually large outburst (though one which

was coincident with periastron passage).

Bildsten et al. claim that in such a scenario, the X-ray luminosity is governed more
by the amount of material allowed to accrete from the inner edge of the accretion
disc onto the neutron star than by the amount of material being captured from the
wind. They propose that the recurring outbursts coincident with periastron passage
are caused by orbital modulation of tidal torques. However, in their solution, the

effect of the increased tidal torques at periastron is to increase the mass accreted
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onto the outer regions of the accretion disc, leading to enhanced accretion from the

inner regions of the disc onto the neutron star some time later.

The time delay between the enhanced accretion onto the accretion disc and onto the
neutron star is the global viscous timescale, of the order of weeks. For those Be/X-
ray binaries for which orbital solutions have been determined, the X-ray maxima
have been found to occur within a few days of periastron passage. To the authors
knowledge, only one case of X-ray outbursts occuring as late as a few weeks after
periastron passage is that of 2S1417-624 cited by Bildsten et al. in which the out-

bursts all occurred close to apastron.

4.6.2 Model fit to the X-ray lightcurve of EXO 2030+375

We have reproduced well the observed X-ray lightcurve of the Be/X-ray binary
system EXO 2030+375. In particular, a number of observational peculiarities can
be explained by simple variations in the model parameters. The appearance of sec-
ond X-ray maxima at apastron is explained by adopting low (approaching zero) out-

flow velocities.

An observed shift in the orbital phase at which X-ray maximum occurs can again be
explained by increasing this outflow velocity. This has the effect that between
phase 0 and 0.5, the radial velocity of the neutron star relative to the Be star (due to
the eccentricity of the orbit) and the outflow velocity of the wind partly cancel, and
the point at which the relative velocity between the neutron star and the wind mate-

rial that it moves through occurs slightly later than phase zero.

This simple model is based upon a number of assumptions. The structure of Be star
circumstellar discs is not completely known, and we have followed others in as-
suming the disc model. The radial extent to which such a simple power law de-
scription of the disc structure would be valid is also uncertain. Radio observations
of Be stars indicate a change in the disc structure to a steeper power-law at radii of

the order of a few tens of stellar radii (Taylor et al. 1990). Any such steepening of
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the power law describing the density and velocity of the disc would alter the ratio
between the strengths of the two maxima, so that the apastron peak is less luminous

than in the case where the power law remains constant at all radii.

It should also be noted that other explanations for apastron maxima in X-ray lumi-
nosity have been proposed. A double peak in the X-ray lightcurve could also result
if the planes of the Be star's disc and the orbit are not aligned. Such an inclination
could occur if the neutron star received a kick during the supernova explosion in
which it formed. However, inclinations greater than a few degrees are only ex-
pected to occur in systems with highly eccentric long period orbits. Furthermore,
as the maxima in the X-ray lightcurve in such a scenario are due to the orbit of the
neutron star crossing the disc plane, the occurrence of the maxima at periastron and
apastron would require the coincidence of the periastron and apastron of the orbit

with the disc crossing points of the orbit.

Bildsten et al. (1997) discuss an alternative model for Be/X-ray binary lightcurves
in which tidal forces on an accretion disc lead to X-ray maxima a few weeks after
periastron passage. In fact, if a mechanism were identified by which the periastron
tidal forces on the accretion disc act to increase the accretion rate onto the neutron
star from the inner disc as well as increasing the accretion from the wind onto the
outer disc, then the result would be the occurrence of a maximum at or close to
periastron passage, followed a few weeks later by a second maximum. This would
represent an alternative scenario to explain the double peaked lightcurve seen in

EXO 2030+375.

Under the above assumptions, the difference in the X-ray lightcurve shown by the
source during the two series of outbursts (the currently observed one and the one
previously detected by BATSE) can be explained by a difference only in the out-
flow velocity of the wind, with all other parameters equal. The presence of a small
outflow velocity during the 1993 outburst and no (or negligible) outflow velocity

during the 1996 outburst can explain the observed difference in orbital phase of
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lightcurve maxima, and the presence in the recent lightcurves of a second maxi-

mum at apastron.

4.6.3 Binary interaction

Ha line profiles of V801 Cen obtained concurrently with an X-ray outburst show
variations on the time-scale of days. In particular, over five days of observations, a
double peaked emission component, symmetric about the rest wavelength, is seen
to decrease in strength. The variations are consistent with emission from some ra-
dius of the disc decreasing in strength, with the radius of this region constrained by
3.7 R+ < r1em < 13.7 R«. The time-scale of the observed variability and the coinci-
dence with the periastron passage of the neutron star lend weight to the possibility
of binary interaction. Whilst this large range allows the possibility that the varia-
tions are caused by the passage of the neutron star and the subsequent rapid change
in size and orientation of the Roche lobe, these data cannot exclude the possibility
that the observed variations are intrinsic to the Be star, and would still be seen if the
Be star were not in a binary system. To resolve this ambiguity, observations of the
source at a range of orbital phases are encouraged, to search for similar variability

when the neutron star is at a much larger distance from the Be star.
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to Be/X-ray Binaries in the

Magellanic Clouds

In this chapter I present a search for the optical counterparts to X-ray sources in the
Magellanic Clouds believed to be High Mass X-ray Binaries. The fields of X-ray
sources in the Magellanic Clouds believed to be Be/X-ray binaries have been
searched for possible Be star counterparts. BVR, and Ha CCD imaging was em-
ployed to identify early type emission stars through colour indices and Ha fluxes.
Subsequent spectroscopy of a number of sources confirms the presence of Ha emis-

sion in each case, validating the employed photometric selection method.

Based on the positional coincidence of emission line objects with the X-ray
sources, I identify Be star counterparts to the ROSAT sources RX J0032.9-7348,
RX J0049.1-7250, RX J0054.9-7226 and RX J0101.0-7206, and to the recently dis-
covered ASCA source AX JO051-722. 1 confirm the Be star nature of the counter-
part to the HEAO1 source H0544-66, and derive the spectral classification of the Be
star counterpart to the ROSAT source RX JO117.9-7330. In the field of the ROSAT
source RX J0051.8-7231 I find that there are three possible counterparts, each
showing evidence of Ha emission. I find a close double in the error circle of the
EXOSAT source EXO 0531.1-6609, each component of which could be a Be star
associated with the X-ray source. Similarly, in the field of the ROSAT source RX
J0053.8-7226 1 find 2 possible counterparts (whereas in Buckley et al. 1998, we

found only one candidate and associated this object with the X-ray source).
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Most of the work in this chapter has been published in Stevens, Buckley & Coe
(1999), Coe et al. (1998) and Buckley et al. (1998).

5.1 Introduction

External galaxies can serve as useful laboratories in which to test theories of stellar
evolution and to investigate the effects of different environmental characteristics on
the formation and evolution of stellar objects. The Magellanic Clouds are ideal
candidates for study due to their proximity to our own Galaxy. Many interesting
differences between Magellanic Cloud populations and their Galactic counterparts

have been discovered, sometimes with profound consequences.

Recently Paczynski & Pindor (2000) have tested the validity of the ‘Cepheid Dis-
tance Scale’ in determining cosmological distances; they showed that the period-
flux relationship upon which the distance scale depends is not universal after find-
ing significant differences between LMC and SMC variable amplitudes. The
Cepheid distance scale has importance for determining the distances to galaxies at
mid-cosmological distances, in order to calibrate other, further reaching distance
scales, and so this result from studies of our Galaxies nearest neighbours has impli-

cations as far reaching as cosmological distance determinations.

In the field of Be star research, many authors have claimed more frequent occur-
rences of emission lines amongst early type stars in the Magellanic Clouds than in
the Galaxy. The reasons are uncertain, mostly because the very cause of the Be
star phenomenon itself is unclear. Often cited as a possible factor is the difference
in metallicity of the three environments (Galaxy, LMC and SMC). However, until
we have a unified model of Be stars which successfully reproduces the occurrence
and all observed behaviour, any attempt to explain the population differences in our

local galaxies can not be tested in a reliably complete manner.
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5.1.1 X-ray binaries in normal galaxies

X-ray binaries (both low- and high-mass) constitute a significant component of the
X-ray emission of a normal galaxy. Therefore, our knowledge of Galactic X-ray
binaries can aid in the interpretation of (often spatially unresolved) X-ray observa-
tions of external galaxies. On the other hand, observations of external galaxies
provide us with ideal laboratories for the study of sample populations of X-ray bi-
naries each with different star formation histories, chemical composition, galaxy

structure and age.

Unless the galaxies have large inclinations to the line-of-sight, observations are not
affected by large absorption, and uncertainties in distance affect all sources in the
same way, easing comparisons between sources and the study of the population as a
whole. Perhaps one of the greatest advantages of studying stellar populations in
external galaxies is the ease with which distributions of classes of object can be
mapped. This then allows associations to be drawn between classes of object and
galactic components (e.g. disk, spiral arms, bulge, halo), and highlights irregulari-

ties which might indicate localised phenomena (i.e. localised star-bursts).

The Magellanic Clouds (MC’s) present a unique opportunity to study stellar popu-
lations in galaxies other than our own. All of the advantages described above are
applicable to studies of Magellanic Cloud sources, with the added benefits that their
relative proximity is close enough to allow study with modest sized ground based
telescopes, and the inclination of the clouds to our line-of-sight does not lead to

large line-of-sight absorption.

5.1.2 High Mass X-ray Binaries in the Magellanic Clouds

Previous studies have often highlighted on differences between the populations of
HMXB’s in the Magellanic Clouds and those in the Galaxy. Pakull (1989) remarks
that the X-ray luminosity distribution of the Magellanic Cloud sources appears to

be shifted to higher luminosities relative to the Galactic population — Clark et al.
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(1978) reported observations of a number of Magellanic Cloud sources which ap-
peared to be emitting above the Eddington limit. It has also been suggested that
there is a higher incidence of High Mass X-ray binary sources which contain black
holes in the Magellanic Clouds (see Clark et al. 1978; Pakull 1989; Schmidtke et al.
1994).

Clark et al. (1978) attributes the higher luminosities to the lower metal abundance
found in the MC’s. Motch & Pakull (1989) interpreted abnormally weak NIII Bo-
wen emission lines in spectra of LMXBs in the LMC as indicative of reduced CNO
abundance. In the proposed scenario, lower metal abundance in the MCs reduces

the opacity of the accreted material, allowing a higher accretion rate.

Proposing a solution to the over-abundance of black-hole candidate systems, Pakull
(1989) refers to evolutionary scenarios of van den Heuvel & Habets (1984) and de
Kool et al (1987) for black hole formation in binary systems, which appear to fa-
vour low metal abundance environments. Very massive black-hole progenitors
must evolve to red supergiant status before filling their Roche lobe, otherwise mass
is lost through Roche lobe overflow so that the star is no longer massive enough to
form a black hole. This only occurs if the mass loss through stellar wind has not
been too great earlier in the star’s life. Black hole formation is then preferred in a
low abundance environment where it is expected that mass loss rates would be re-

duced (Pakull 1989).

Unfortunately, the comparisons between the Magellanic Cloud populations and
Galactic populations are limited by the small numbers of optically identified
sources in the Clouds. In order to facilitate a complete study of the differences
between the HMXB populations of the Magellanic Clouds and the Galaxy, we have
begun a program to identify the optical counterparts to X-ray sources believed to be

Magellanic Cloud Be/X-ray binaries.
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Table 5-1. Optically unidentified X-ray sources in the Magellanic Clouds observed in this

study. Column 4 gives the uncertainty radius (90%) for the best X-ray position.

RA Declination Uncertainty
Source
(J2000) (J2000) radius (arcsec)
RX J0032.9 — 7348 003255.1 -7348 11 62
RX J0049.1 — 7250 0049 04.6 -7250 53 22
AXJ0051 -722 0050 55.8 -72 13 38 10
RX J0O051.8 — 7231 005153.0 -723145 11
RX J0053.8 — 7226 0053 55.6 -722644 15
IWGA J0054.9 - 7226 00 54 56.1 -72 26 45 11
RX J0101.0 — 7206 010103.2 -72 06 57 10
RX J0117.6 — 7330 0117 -7330 12
EXO 0531.1 — 6609 0531 12.0 -66 07 08 9
H0544 - 665 0544 15.5 -66 33 50 30

Table 5-1 lists the X-ray sources in the Magellanic Clouds observed in this study.
Column 4 gives the uncertainty (90% confidence) in the best X-ray position in arc-
seconds. Many of the positions are derived from ROSAT detections with uncer-
tainties of the order of a few arc-seconds. In galactic fields, sub-ten arc-second
resolution would normally be adequate for an unambiguous optical identification,
but owing to the crowded nature of Magellanic Cloud fields, even some of the RO-
SAT sources have X-ray positional uncertainties that allow several possible optical

counterparts.

For this reason we decided upon a program of CCD imaging to select candidates
based on their colour indices and H« fluxes. Once a shortlist of candidate counter-
parts was found, follow up spectroscopic observations were made, to obtain Ho
spectra of these candidates, in order to confirm Be star identifications, and to con-

firm Magellanic Cloud membership through radial velocity measurements.
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In Section 5.2 I describe the observations made, in Section 5.3 I present the results
and discuss individual sources, finally in Section 5.4 I discuss the general HMXB

populations of the Magellanic Clouds and the Galaxy in the light of our results.

5.2 Observations

5.2.1 CCD Photometry

All of the CCD images used in this work were obtained from the SAAO between
1995 November and 1996 October. In addition, observations of the field of RX
JO117.9-7330 in January 1996 used in this Chapter, and in Coe et al. (1998) were
kindly provided by Phil Charles. A complete log of the observations is shown in
Table 5-2. Our own data were obtained during two separate observing runs, as de-

scribed below.

On 1995 November 26 we obtained BV(RI)c and Ho images of the field of the X-
ray source RX J0053.8-7226. Data were obtained with the 1.0-m telescope and
the Tek8 CCD. Observations were made in photometric conditions with good
seeing (FWHM ~17). These data were reduced using DoPHOT to perform PSF
fitting photometry (Mateo & Schechter 1989). The resulting instrumental magni-
tudes were transformed onto the standard system using observations of E region

standard stars (Menzies et al. 1989).

The remainder of the CCD imaging data were obtained during 1996 October 1 — 7.
These observations were made using the 1.0-m telescope and Tek8 CCD, plus 3x
Shara focal reducer. The resulting pixel scale was 1.05” per pixel, with a total im-
age size of 519x519”. All of the fields were observed through R and Ha filters.

In addition, a number of the fields were observed through BV and I filters. The
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Ha filter used was an interference filter centred on a wavelength of 6562 ;\, with a

width of 50 A.

The use of the focal reducer, whilst originally considered necessary to provide a
field of view adequate to search the larger X-ray error circles, introduced signifi-
cant vignetting which was not satisfactorily removed by flat-field corrections.
Analysis of the sky background in a number of images showed that flat-field errors
were below the 1- % level within 4’ of the image centre, but grew much larger at
the image extremities. In subsequent analysis we therefore rejected any measure-

ments of objects that lay further than 4’ from the image centre.
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Table 5-2. Log of CCD imaging observations made with the 1.0-m telescope at the

SAAQ. Continued overleaf.

Date of observation Source Filter band Exposure (s)

1996 January 24 RX J0117.6-7330 B 200
R 200

1996 January 25 RXJ0117.6-7330 B 200
v 200

1996 January 26 RX J0117.6-7330 B 200
|4 200

R 200

1996 January 27 RXJ0117.6-7330 B 200
1% 200

R 200

1996 January 28 RX J0117.6-7330 B 200
v 200

R 200

1995 November 26 RX J0053.8-7226 U 600
B 300

v 200

Re 200

Ic 200

Ho 1000

1996 October 1 RX J0032.9-7348 B 200
v 200

Rc 200

Huo 1000

RX J0051.8-7231 Rc 150

Ho. 1000

RX J0101.0-7206 Rc 150

Ho 1000

HO0544-665 B 200

v 200

Rc 100

Ho 1000
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Table 5-2. Continued from previous page. Log of CCD imaging observations made with

the 1.0-m telescope at the SAAO.

Date of observation Source Filter band Exposure (s)

1996 October 2 RX J0049.1-7250 B 300
% 300

Rc 100

Ha 1000
RX J0054.9-7226 B 300
200
Rc 200

Ha 1000
1996 October 3 RX J0117.6-7330 B 200
200
Rc 100

Ha 1000
1996 October 4 RXJ0117.6-7330 B 200
1% 200
R 100
1996 October 5 RX J0117.6-7330 B 200
% 200
1996 October 6 RX J0117.6-7330 B 200
% 200

Byarrow 1000
Bwipe 200

1996 October 7 RX J0117.6-7330 B 200 (+ 20 x
60sec)
1% 200 (+ 20 x

60sec)

R 100
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Due to the crowded nature of the fields, profile-fitting photometry was necessary to
obtain accurate instrumental magnitudes without contamination from nearby ob-
jects. PSF fitting photometry was carried out using IRAF/DAOPHOT. In each
field between 30 and 50 stars were used to model the PSF as a 2-dimensional Gaus-
sian function with additional wings described by a Lorentzian function. This pro-
duced fits with smaller residuals than a simpler single Gaussian function compo-
nent. The resulting instrumental magnitudes were transformed to the standard sys-
tem using observations of a set of E and F region standard stars (Menzies et al.
1989). A Hamagnitude scale was calibrated by defining the zero point such that a
R¢ — Haindex has a value of zero for main sequence, non-emission line stars, and

becomes larger than zero for emission line stars.

For each field observed, an emission—colour diagram was plotted, with the Rc— Ha
emission index on the vertical axis, and the B — V colour index on the horizontal
axis. As demonstrated by Grebel (1997), when such a diagram is plotted for
Magellanic Cloud fields, where all objects lie at the same distance and are affected
by the same reddening, Be stars can be clearly distinguished by their blue colour,

and high emission index.

5.2.2 Systematic errors

Comparing photometry of other objects observed during this run with photometry
obtained on other occasions without use of the focal reducer indicated that errors of
up to 0.1 in magnitude could have resulted from fitting a poorly sampled PSF. In
addition, some observations were made in conditions that were slightly below pho-
tometric quality, introducing systematic errors. As the method of identification of
Be star candidates is through their relative positions in the emission—colour dia-
gram, we have confidence that these systematic errors do not undermine our results,
however, in recognition that the individual values are subject to systematic errors,
the axes of the plots are labelled »—Ha and b-y. It is important to note that these are

not narrowband photometric indices (as sometimes indicated by lower case labels).
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5.2.3 Optical spectroscopy

Optical spectra were obtained during 4 separate observing runs. A complete log of

spectroscopic observations is shown in Table 5-3.

Table 5-3. Log of spectroscopic observations made with from the AAT and with the 1.9-m

telescope at the SAAO.
Source Date of observation Wavelength range Dispersion
RX J0117.6-7330 1996 January 18 4240 — 5004 A 0.79 A/pixel
1996 January 18 6092 - 6857 A 0.79 A/pixel
1996 October 5 6035 -7011 A 0.52 A/pixel
1996 October 6 3135 - 8290 A 2.76 A/pixel
1996 October 7 4147 - 5253 A 0.59 A/pixel
RX J0053.8-7226,4 1997 October 2 3800 - 7779 A 2.2 A/pixel
RX J0053.8-7226weq 1997 October 2 3800 - 7779 A 2.2 A/pixel
AX J0051-722 1998 February 3 6295 - 7042 A 0.42 A/pixel
RX J0101.0-7201 1998 February 3 6295 — 7042 A 0.42 A/pixel
EXO 0531.1-6609 1998 February 3 6295 — 7042 A 0.42 A/pixel
1998 February 5 3800 — 7779 A 2.2 Afpixel
H0544-665 1998 February 3 6295 - 7042 A 0.42 A/pixel
1998 February 5 3800 —7779 A 2.2 Afpixel
RX J0032.9-7348 1998 February 4 6295 - 7042 A 0.42 A/pixel
RX J0051.8-7231 1998 February 4 6295 — 7042 A 0.42 Alpixel
RX J0054.9-7226 1998 February 4 6295 - 7042 A 0.42 A/pixel
1998 February 5 3800 — 7779 A 2.2 AJpixel

187




Chapter 5 — Optical Counterparts to B/X-ray Binaries in the Magellanic Clouds

In January and October 1996 spectra were obtained of the candidate counterpart to
RX JO117.6-7330. The January observations were made at the AAT, with the
1200V grating on the RGO spectrograph, giving a dispersion of 0.79—A/pixel. The
October observations were made at the SAAO 1.9-m telescope with RPCS (Reti-
con) detector on the ITS spectrograph.  Spectra were obtained at 0.52-A/pixel
(6035 — 7011 A), 0.59-A/pixel (4147 — 5253 A) and 2.76-A/pixel (3135 — 8290 A).

On 1997 October 2, low-resolution spectra (FWHM ~7~A) of candidate counter-
parts to RX J0053.8-7226 were obtained from the 1.9-m telescope at the SAAO
with the SITe2 CCD detector which was recently commissioned as a replacement to
the RPCS. On this occasion a flux standard (EG 21) was observed to allow flux

calibration of the spectra.

Data were obtained of a number of sources from the same telescope/instrument
combination during 1998 February 3 —5. On 1998 February 3 and 4, spectra were
obtained with a spectral range of 6295 — 704 5A and dispersion of 0.43 A/pixel. On
1998 February 5, low-resolution spectra were obtained with a range of 3800 —

7780 A, and a dispersion of 2.3 A/pixel.

On 1998 February 5, a flux standard was observed, as well as a smooth spectrum
standard for the removal of telluric features. All low-resolution spectra obtained on

this night have subsequently been flux calibrated, and telluric features to the red of

Ho have been removed.
Spectra were optimally extracted, and wavelength scales were calibrated and ap-

plied using arc-lamp spectra obtained before and after each target observation, the

solutions temporally interpolated to the time of the target observation.
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5.3 Results and discussion of individual sources

5.3.1 RX J0032.9-7348

This source was discovered by Kahabka & Pietsch (1996, hereafter KP1996) in
ROSAT pointed observations made in 1992 December and 1993 April. The unab-
sorbed bolometric luminosity they derive from the 1993 observations is 2.5 x 10°
ergs s, whilst the 1992 December flux was a factor of ~6 less. From the X-ray
spectrum, length of the X-ray high state (at least 5 days in 1993 April), and long
term variability, KP1996 propose a likely HMXB nature for the source. The X-ray

position was determined to an accuracy of * 62 arc-seconds (KP1996).

We obtained BVR and Ho images of the field on the night of 1996 October 1. Fig-
ure 5-2 shows the emission—colour diagram for stars in the field, the left hand plot
showing all stars in the field, the right hand plot showing only those stars within a
field centred on the X-ray position, with a radius 124 arc-seconds (twice the
positional uncertainty). On this plot, we further identify those stars that lie within

the X-ray error circle by plotting with filled circles.

The field population is predominantly evolved red stars, with only six early type
stars detected within the 124-arc-second area. Of these early type stars, two show
clear excess H¢ flux. The strongest Ho excess is seen from a star that lies within
the X-ray error circle (~12 arc-seconds from the X-ray position, marked as object 1
in Figure. The other Ha source (object 3 in Figure 5-2) lies ~100 arc-seconds to the

north of the X-ray position. Besides object 1, only one other object within the error
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circle is identified as an early type star from its B—V colour (object 2, which we

identify with GSC 0914101338).

Table 5-4 lists the photometry for the 9 objects within the X-ray error circle de-
tected in each of the BVR and Ho frames.

Our medium resolution spectrum of object 1 shows Ho in emission with an
equivalent width of EW(/{ @) = -35 A. NoHeI (L =6678-A) feature is seen above
the level of the continuum noise. The He line is single peaked, and centred on A =

6566.5 £ 0.5-A.

Assuming that the deviation from the rest wavelength of Ha is purely due to the ra-
dial velocity of the star, we derive a velocity of 171 +23 km s, consistent with the
systemic radial velocity for the SMC of 166 + 3 km s found by Feast (1961). This
object is the most probable optical counterpart for RX J0032.9-7238.

Table 5-4. Photometry of objects within the 90% confidence X-ray error circle of RX
J0032.9-7348

Object v B-V V-R R-Ho
1 16.26 = 0.05 0.01 £0.07 0.04 = 0.06 0.68 +0.06
2 1511£004 0132006  -0.14+005 0.10 £0.06
3 13.62 + 0.04 0.59 +0.06 0.39 £0.05 0.12 £0.06
4 16.69 + 0.05 1.05 0.07 0.70 = 0.06 0.18 £0.06
5 16.13 £0.05 2.07 £0.10 1.38 +0.08 0.14 £0.10
6 15.14 + 0.04 1.1 £0.06 0.84 +0.05 0.22 £0.06
7 14.36 + 0.04 0.6 +0.06 0.39 £0.05 0.12 £0.06
8 17.16 £ 0.06 0.96 = 0.08 0.57 £0.07 0.17 +0.08
9 15.79  0.05 1.15 £0.08 0.7 £0.06 0.16 +0.07
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B

Figure 5-1. 3 x 3 arc-minute finding chart for the RX J0032.9-7348 with proposed coun-

terpart marked as object number 1.
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Figure 5-2. Emission-colour diagram for objects in the field of RX J0032.9-7348. The
proposed counterpart is marked as object number 1. Left-hand plot shows all objects in
CCD frame, right hand plot shows those objects within 124 arc-minutes (twice the uncer-
tainty radius) of the best X-ray position. Objects lying within the uncertainty radius are

plotted as filled circles. (See also note concerning axis labels in Section 5.2.2).

N
l
|

Normalised Flux
W)
J
|

O I T A T R L

6500 6550 6600 6650
Wavelength (&)

Figure 5-3. Ha spectrum of the proposed counterpart to RX J0032.9-7348.
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5.3.2 RX J0049.1-7250

This source was discovered with ROSAT (KP1996) in pointed observations. It ap-
pears highly absorbed, and its X-ray luminosity was found to be variable by a factor
of more than 10. KP1996 concluded that the source probably lay behind the SMC,
with a maximum luminosity of ~10% ergs s, but they could not rule out a time

variable background AGN nature for the source.

A new X-ray pulsar was discovered by the RXTE satellite during observations cen-
tred on the position of SMC X-3. A pulsation was detected with a period of 74.8 +
0.4 seconds (Corbet et al. 1998b). Follow up observations with the ASCA satellite
made on 1997 November 13 detected pulsation with a period of 74.675 + 0.006
seconds (Yokogawa & Koyama 1998). The 2 arc-minute X-ray error circle from
the ASCA observations contained the ROSAT error circle for RX J0049.1-7250.
Kahabka & Pietsch (1998) report that the source showed a high degree of variabil-
ity, having gone undetected in a 35 kilosecond ROSAT HRI observation on 1997
May 9-25, and concluded that a Be/X-ray binary nature was probable for the

source.

A finder chart is shown in Figure 5-4 with the ROSAT error circle marked. Figure
5-5 shows the emission-colour diagram for objects detected in BVR and Ho frames.
The left hand plot shows all stars in the field, the right hand plot shows those ob-
jects within 44 arc-seconds of the X-ray position (twice the positional uncertainty),
with those objects that lie inside the X-ray error circle plotted as filled circles. The
majority of field stars are evolved red objects, whilst amongst the early type stars

~20% show Ha emission.

Only one Be star is found within the X-ray error circle, lying only 3 arc-seconds
from the X-ray position (marked as object 1 in Figure 5-4 and 5-5). The other Be
star which appears on the right hand plot in Figure 5-5 (object 2) lies 25 arc-
seconds from the X-ray position (also marked as object 2 on the finder chart in Fig-
ure 5-5). V magnitudes and photometric indices for 4 objects within the X-ray error

circle detected in all frames are shown in Table 5-5.
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Based on the positional coincidence, object 1 is most probably the counterpart to
the X-ray pulsar, though it is possible that future X-ray observations may move the

X-ray error circle to include object 2.

Figure 5-4. 3 x 3 arc-minute finding chart for RX J0049.1-7250 with proposed counterpart

marked as object number 1.
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Figure 5-5. Emission Colour Diagram for objects in the field of RX J0049.1-7250. The
proposed counterpart is marked as object number 1. Left hand plot shows all objects in
CCD frame, right hand plot shows those objects within 44 arcminutes (twice the uncer-
tainty radius) of the best X-ray position. Objects lying within the uncertainty radius are

plotted as filled circles. (See also note concerning axis labels in Section 5.2.2).

Table 5-5. Photometry of the objects within the X-ray error circle of RX J0049.1-7250.

Object v B-V V-R R-Ha
1 1628 £0.06 0.08+0.08 0.02+0.08 0.32x0.07
3 1740+0.04 -0.01x0.05 -0.03+0.07 -0.03+0.10
4 1724 +0.03 0.05+0.04 -0.07+0.07 -0.02+0.08
5 17.12+0.05 0.79+0.10 046+0.06 0.14+0.05

195




Chapter 5 — Optical Counterparts to B/X-ray Binaries in the Magellanic Clouds

5.3.3 AX J0051-722

This source was first detected as a 91.12 second pulsar in RXTE data (Corbet et al.
1998a) though was initially confused with the nearby 46 second pulsar RX J0053.8-
7226 (Buckley et al. 1998). Further observations with ASCA revealed two pulsars
in the field with an approximate 2 to 1 ratio in periods, the 91 second period be-
longing to the new source, AX J0051-722. Further observations with ROSAT re-

duced the positional uncertainty to 10 arc-seconds.

We performed spectroscopic observations of the brightest object in this error circle
on 1998 February 3. The spectrum shown in Figure 5-7 shows the Ha line strongly
in emission, with an equivalent width of =22 A. The centre of the line corresponds

to a velocity of 165 + 24 km s™, consistent with SMC membership.

We have no photometry of objects in this field, but estimate V ~ 15 from Digitised
Sky Survey images. This, together with the Ha emission and radial velocity indi-
cates an early Be star in the SMC. With an X-ray positional uncertainty of only 10
arc-seconds, we conclude that this Be star is the optical counterpart to the X-ray

pulsar.
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AV}

—_

Normalised Flux

1 1 | , 1 1 | 1 [ 1 1 ! I | 1 | 1 L

6500 . 6550 6600 6650
Wavelength (&)

Figure 5-7. Ha spectrum of the proposed optical counterpart to AX J0051-722.
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5.3.4 RX J0051.8-7231

RX JO051.8-7231 was discovered in Einstein observations. The X-ray error circle
included the bright SMC star AV 111, which was suggested as the optical counter-
part. (Bruhweiler et al. 1987, Wang & Wu 1992).

The source displays time variability, as demonstrated by an increase in luminosity
by more than a factor of ten in ~1 year, and by a factor of ~5 in 5 days (KP1996).
The X-ray luminosity, time-variability and hard spectrum led KP1996 to suggest a

Be/X-ray binary nature for the source.

Israel et al. (1997) detected pulsation from the X-ray source, with a period of 8.9-
seconds. They obtained optical CCD images of the field, and concluded that both
AV111 and a second star (star 1) within their error circle displayed He activity. In
fact, both AV111 and star 1 are excluded from the error circle derived by KP1996,
which contains only one object visible in the DSS image (star 2). AVI111, star 1

and star 2 are marked in Figure 5-8.

On 1998 February 2 we obtained a medium resolution Ho spectrum of this object,
which is shown in Figure 5-9. He is in emission with EW(Ha) = -3.0 1.0-A.
The line is centred at a wavelength of 6565.0 + 1.5-A, indicating a radial velocity of

102 + 67 km s™, consistent with SMC membership.

The smaller ROSAT error circle of Kahabka & Pietsch seems to favour the identifi-
cation of star 2 as the optical counterpart to RX JO051.8-7231, though in the light of
the H activity detected by Israel et al. we cannot rule out star 1, whilst AV111 ap-

pears a less likely candidate.
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Figure 5-8. 3 x 3 arc-minute finding chart for RX J0051.8-7231. The candidate counter-
part observed in this work is marked as object number 2, the object marked as number 1 is

the object reported to show Ha activity by Israel et al.
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Figure 5-9. Ha spectrum of star 2 — a candidate counterpart to RX J0051.8-7231.
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5.3.5 RX J0053.8-7226

This source was first detected in Einstein pointings (Bruhweiler et al 1987) and was
subsequently detected in a number of ROSAT pointings. We have previously re-
ported analysis of archival ROSAT data in Buckley, Coe, Stevens et al. (1998; here-
after BCS1998), finding the source to be a transient, and determining the currently
most precise X-ray position of R.A. = 00" 53™ 55.6°, Dec = —72° 26' 44" with a

90% confidence radius of 15".

In 1997 November, an X-ray source identified as XTE J0053-724 went into out-
burst and revealed a 92-second pulse period (Corbet et al. 1997, IAUC 6788). The
source was originally (incorrectly) identified with the X-ray source SMC X-3, but
later observations with ASCA in 1997 December revealed that the pulsating source
was actually 8" away from SMC X-3, at a position coincident with the ROSAT po-
sition we had determined for RX J0053.8-7226.

Figure 5-10 shows an optical image of the field obtained from the Digital Sky Sur-
vey, with the best ROSAT error circle marked. Object 1 marked in Figure 5-10, is
a close double (separated by ~2 arc-seconds on a East—West axis). On 1995 Sep-
tember 22 we obtained low-resolution spectra of this double (reported in
BCS1998). The observations indicated that one of the objects was a strong source
of How emission, and subsequent spectra were obtained with the stellar image driven
to either extreme of the slit decker, thus excluding most light from one of the two
objects each in turn. This enabled us to determine that the H« emission originated

from the fainter, easternmost star.

CCD photometry obtained in November 1995 is presented in Table 5-6. Ob-
ject 1gag is very blue, the colours, magnitude and presence of H¢r emission are all

consistent with the object being a Be star in the SMC.
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Figure 5-10. 3 x 3 arc-minute finding chart for RX J0053.8-7226 with proposed counter-
part marked as object number 1. This object is a double — the Easternmost component is

proposed as the Be star counterpart.

The identification spectra reported in BCS1998 were obtained from the SAAO us-
ing the 1.9-m telescope and the Cassegrain spectrograph with RPCS (Reticon) de-
tector. With this instrumental configuration we were unable to obtain spectra of

each component reliably uncontaminated by the other.

Further optical spectra were obtained from the SAAO using the 1.9-m telescope
and the recently commissioned SITe2 CCD detector on the Cassegrain spectro-
graph. With this instrumental configuration we were able to obtain spectra spatially
resolved along the direction of the slit. With the slit orientated along an East—West
direction we were thus able to resolve the spectra of the two stars. The observa-

tions were kindly made by H. Winkler on 1997 October 2", A flux standard was

201



Chapter 5 — Optical Counterparts to B/X-ray Binaries in the Magellanic Clouds

observed immediately after the target to allow flux calibration of the resulting

spectra.

The two flux calibrated spectra are shown in Figures 5-12 and 5-13. The Western
component of the double shows a blue continuum with strong Ca H & K and
Balmer absorption lines. The relative strength of the G-band with respect to Ha
suggests an early F type star. The Eastern component shows Ha in emission with
EW(Ha) = -11.6 + 0.9-A. Equivalent widths and radial velocity measurements
determined from Gaussian fits to the Ha and Hf lines in the RPCS and the SITe 2

spectra are shown in Table 5-7.

The CCD images obtained to search for the optical counterpart to IWGA J0054.9-
7226 (see Section 5.2) included the field of RX J0053.8-7226. We subsequently
plotted an emission—colour diagram for RX J0053.8-7226. The result in Figure 5-
11 shows that while object 1g,g is confirmed as a Be star (with R — Ha = 0.27), the
object marked as number 2 in Figure 5-10 is also a Be star, and one with stronger
Ho emission, with R — Ho = 0.47. The identification of either star as the counter-
part to RX J0053.8-7226 cannot be confirmed until either higher resolution X-ray
images are obtained to provide a more precise X-ray position (for instance with

AXAF), or correlated X-ray/optical activity is observed.
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Table 5-6. Photometry of the two components of the double star marked as object number

1 in the finding chart in Figure 5-10.

Object v U-B B-V V-Re R -Ic
Lt 14.93£0.02 -087+0.03 -0.05+0.04 0.07+005 0.01+0.05
Lwest 14.08£0.01 0.11+002 037+001 035£001 0.32+0.0l

Table 5-7. Results of Gaussian fits to Ha and Hp in spectra of the candidate counterpart to
RX J0053.8-7226 (Eastern component of double object number 1 in Figure 5-10).

Date Ha Hp
Velocity EW Velocity EwW
22 September 1995 177 £ 15 kms™ -13.1+0.9 - -
2 October 1997 157 +15kms? -11.6+09 | 186+50kms’ -0.8+0.2
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Figure 5-11. Emission-colour diagram for objects in the field of RX J0053.8-7226. The
left hand plot shows all objects in the CCD frame, the right hand plot shows all objects
within 30” (twice the positional uncertainty) of the X-ray position. Objects lying within
the uncertainty radius are plotted as filled circles. (See also note concerning axis labels in

Section 5.2.2).
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Figure 5-12. Ha spectrum of the Eastern component of the pair of stars marked as ob-

ject 1 in Figure 5-10.
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Figure 5-13. Ha spectrum of the F2 star ~2 arcsec west of the proposed Be star optical

counterpart.
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5.3.6 RX J0054.9-7226

This source appears in a number of catalogues based on Einstein observations of
the SMC (Inoue Koyama & Tanaka 1983, source #35; Bruhweiler et al.1987,
source #9; Wang & Wu 1992, source #35), and was detected by ROSAT (KP1996).
KP1996 rejected an X-ray binary nature due to the lack of time variability (on a

time-scale of hours).

Observations made with the RXTE satellite on 1998 January 20 detected a 59 sec-
ond pulsar, with a positional uncertainty of + 10 arc-minutes, consistent with the
position of RX J0054.9-7226 (Marshall & Lochner 1998). Subsequent observa-
tions with SAX reduced the positional uncertainty to a radius of 50 arc-seconds,
confirming the identification with RX J0054.9-7226, and refining the pulse period
to 58.969 seconds (Santangelo & Cusumano 1998). Israel (1998) further reduced
the uncertainty in X-ray position to a 10 arc-second radius from the analysis of ar-

chival ROSAT data.

We obtained BVR and Ha images of the field on the night of 1996 October 5. The
emission — colour diagram for the field is shown in the left-hand plot of Figure 5-
15. The right hand plot contains those objects that lie within 20 arc-seconds of the
X-ray position (twice the radius of the X-ray error circle), with those objects that lie

within the error circle plotted as filled circles.

Four objects are detected within the X-ray error circle, all identified as early type
stars by their B — V colours. Of these, only one shows strong /¢ emission, with a

R — Ha value of 0.49 (marked as object 1 in Figures 5-14 and 5-15).

We obtained spectra of this object (object 1) on the nights of 1998 February 4 and
5. The medium resolution H« spectrum obtained is shown in Figure 5-16. The Ha
line shows strong emission, with an equivalent width of EW(Ha) = -25 + 2-A. Fit-

ting a single Gaussian to the line yields a radial velocity of 137 +28-kms™', con-
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sistent with SMC membership. The low-resolution spectrum in Figure 5-17 shows

HP also clearly in emission.

Figure 5-14. Finding chart for RX J0054.9-7226
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Figure 5-15. Emission-Colour diagram for objects in the field of RX J0054.9-7226. The
left hand plot shows all objects in the CCD frame, the right hand plot shows all objects
within 20 (twice the positional uncertainty) of the X-ray position. Objects lying within

the uncertainty radius are plotted as filled circles. (See also note concerning axis labels in

Section 5.2.2).
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Figure 5-16. Ho. spectrum of the proposed optical counterpart to RX J0054.9-7226
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5.3.7 RX J0101.0-7321

This X-ray source was discovered in ROSAT pointed observations in 1991 October.
Observations approximately 6 months later failed to detect the source, suggesting a
transient nature (KP1996). KP1996 claim that the source is most likely associated
with a 15-16" magnitude Be star. To the authors’ knowledge, no observations of

this star have previously been published.

We obtained R¢ and Heorimages of the field of RX J0101.0-7321 on 1995 October
1*. Figure 5-19 shows the measured Ho magnitudes plotted against the measured
Rc¢ -band magnitudes. A clear linear relationship exists between R¢ and Ha; the
scatter at magnitudes R¢ > 15.5 can be attributed to uncertainties in the Ho magni-

tudes.

Three points show Ho excesses that appear to be much greater than the local scatter
of points, these points are numbered on the plot. Objects 2 and 3 each lie a few arc-
minutes from the X-ray position, whilst the error associated with this position is
only 11 arc-seconds. Object 1 lies only 10 arc-seconds from the X-ray position

(See the finder chart in Figure 5-18).

On 1998 February 3 we obtained an H« spectrum of object 1. The spectrum,
shown in 5-20, has a strong H¢ emission line, with EW(H ) = -60 A. The Holine
is centred at a wavelength of 6566.0 + 0.5-A, corresponding to a velocity of 148 +
23-km s’'. These data confirm that object 1 is a Be star in the SMC. As this is the
only such object within several arc-minutes of the X-ray position, we identify ob-
ject 1 as the optical counterpart, and confirm a Be/X-ray binary nature for this X-

ray source.
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Figure 5-18. 3 x 3 arc-minute finder chart for RX J0101.0-7321.
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Figure 5-19. Ha vs. R¢ diagram for objects in the field of RX J0101.0-7321. (See also note

concerning axis labels in Section 5.2.2).
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Figure 5-20. Ho spectrum of the proposed optical counterpart to RX J0101.0-7321.
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5.3.8 RX J0117.6-7330

This X-ray transient was discovered by ROSAT on 1992 October 1 (Clark, Remil-
lard & Woo 1996, 1997), located 5 arc-minutes from the known SMC X-ray binary
SMC X-1. The X-ray error circle contained only one object brighter than ~15™
magnitude. This optical candidate was reported to be a Be star by Charles, South-
well & O’Donoghue (1996).

Optical photometry of the proposed counterpart was obtained from the SAAO in
1996 January and October. The results are shown in Table 5-8. No significant
variability is seen on the timescale of months or days. In addition, on 7™ October
1996, we cycled between B and V filters continuously for 1 hour, finding no vari-
ability significant above the errors in the observations (approximately 0.03 magni-

tudes).

Table 5-8. Optical photometry of the counterpart to RX J0117.6-7330.

Date B (£0.03) V (£ 0.03) R (£ 0.03)

1996 January 24 14.24 - 14.20
1996 January 25 14.23 14.23 -

1996 January 26 14.26 14.23 14.17
1996 January 27 14.24 14.25 14.16
1996 January 28 14.33 14.22 14.16
1996 October 3 14.33 14.26 14.22
1996 October 4 14.26 14.27 14.22
1996 October 5 14.27 14.29 -

1996 October 6 14.26 14.26 14.19
1996 October 7 14.27 14.28 14.20
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Figure 5-21. Emission-colour diagram for objects in the field of RX J0117.6-7330. The left
hand plot shows all objects in the CCD frame, the right hand plot shows all objects within
20” (twice the positional uncertainty) of the X-ray position. Objects lying within the
uncertainty radius are plotted as filled circles. (See also note concerning axis labels in Sec-

tion 5.2.2).
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Figure 5-21 shows the emission — colour diagram f{or objects in the field. Clearly
only one object within 3 times the positional uncertainty shows a B - V index and
Ho emission index consistent with a Be star nature. This object corresponds to the
object in the X-ray error circle identified by Charles, Southwell & O’Donoghue
(19906).

Ha spectra were obtained on 1996 January 18™ (2 spectra) and 1996 October 5™ (2
spectra). The EW(Ha) for each were measured to be 16.0 £ 0.3, 16.9 £ 0.4, 21.6 £
1.2and 16.9 + 1.1 A.

5.3.8.1 Spectral classification

Classification region spetra were obtained of this object on 18" January 1996 and
6™ October 1996. These spectra have been combined in Figure 5-22. Following
Walborn & Fitzpatrick (1990) the following conclusions can be drawn from these

spectra:

e The presence of He I lines at A = 4387-A and at A = 4471-A indicates a spectral
type in the range BO — B5.

e The lack of He 11 lines in the spectrum suggests a spectral class later than B0O.5.

e The absence of Si IV indicates a spectral type of B1 or later.

o Weak C /O 111 blend indicates B1 — B2 with luminosity class V.

e The lack of Mg 11 (. = 4481-A) indicates BO — B2.

From these criteria, a spectral type of B1-2Ve is suggested.

We also measured the /8 index for this object on October 6™ 1996. This was found
to be 2.478 + 0.005. The f index (Crawford & Mander 1966) provides a measure
of luminosity class for O- and B-type stars. However, in the case of Be stars the
index becomes a function of both the luminosity of the star and the Hf emission

from the circumstellar disc.
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Fabregat & Reglero (1990) give corrections for uvby and f indices for Be stars, us-
ing the measured Ho equivalent width as a parameter giving a measure of the cir-

cumstellar Balmer emission. For the f index they find an intrinsic (corrected for

circumstellar emission) value f+ given by:
B. =P —0.0044EW (He) +0.026 . (5-D

Our values of EW(Ha) and f then lead to S+ = 2.583 £ 0.005. The error is only a
formal photometric error, as Fabregat & Reglero do not give an uncertainty for their

correction.

The value for the intrinsic £ index is consistent with a luminosity class III for spec-
tral class BO — BO.5. However, an uncertainty of + 0.02 in the correction of Fabre-
gat & Reglero would allow luminosity class III, spectral type BO — B2, and lumi-

nosity class V, spectral type BO - B1.

With all of the above taken into consideration, we assign a spectral type for RX

J0117.6-7220 of BO-1 ITI-V.

215



Chapter 5 — Optical Counterparts to B/X-ray Binaries in the Magellanic Clouds

5.3.9 EXO 0531.1-6609

This source was discovered by EXOSAT during deep observations of the LMC X-4
region in 1983 (Pakull et al. 1985). It was detected again in 1985 by the SL2 XRT
experiment. The lack of detection in EXOSAT observations made between these
dates demonstrates the transient nature of the source. The object was identified with
a Be star by Pakull (private communication). The counterpart proposed by Pakull is
the northern component of a close double. A finder chart for the field is shown in

Figure 5-23 with the ROSAT X-ray error circle marked.
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Figure 5-23. 3 x 3 arc-minute finder chart for EXO 0531.1-66009.

216



Chapter 5 — Optical Counterparts to B/X-ray Binaries in the Magellanic Clouds

The components of this double are marked 1 and 2 in Figure 5-23. The positions of
the two objects in the emission — colour diagram in Figure 5-24 indicate that both
have weak Ho emission. With our chosen criterion of a Be star having R — Ho > 0.2
then object 1 is the only Be star within the X-ray error circle, with R — Ha = 0.21.
Object 2 has R — Har = 0.15. Within the uncertainties however, our data do not fa-

vour one object over another as emission line objects.

On 1998 February 3 we obtained a spectrum of the northern component of the dou-
ble. The resulting spectrum shown in Figure 5-25 confirms the presence of
Ho emission, with EW(Ho) = -10.0 = 1.0 A. The line is centred on a wavelength of
6568.7 0.5 A, corresponding to a velocity of 272 £ 23 kms™. On 1998 February
5 we obtained a low resolution, flux calibrated spectrum of this object (shown in
Figure 5-26), showing Hp also in emission with EW(HB) = -0.5 +0.2 A. No spec-

trum has yet been obtained of the Southern component of the double.
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Figure 5-24. Emission-colour diagram for objects in the field of EXO 0531.1-6609. The
left hand plot shows all objects in the CCD frame, the right hand plot shows all objects
within 18” (twice the positional uncertainty) of the X-ray position. Objects lying within
the uncertainty radius are plotted as filled circles. (See also note concerning axis labels in

Section 5.2.2).
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Figure 5-25. Ho spectrum of the northern component of the pair of candidate optical

counterparts to EXO 0531.1-6609.
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pair of candidate optical counterparts to EXO 0531.1-6609
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In order to determine which object is the counterpart to the X-ray source, it will be
necessary to obtain an X-ray position to sub-arc-second accuracy, possible with the
forthcoming AXAF mission, or to find optical/infrared variations in one of the ob-

jects which correlate with X-ray behaviour.

5.3.10 H0544-644

This source was discovered with the HEAQO-I scanning modulation collimator by

Johnston, Bradt & Doxsey (1979).

Figure 5-27. Finding chart for HO544-665 with proposed counterpart marked as object

number 1.
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The brightest object within the X-ray error circle (star 1 in Figure 6 of Johnson,
Bradt & Doxey 1979) was found to be a variable BO-1 star (van der Klis et al. 1983
and references therein) but no emission lines have been observed in its spectrum to
identify it as a Be star. Van der Klis et al. (1983) published photometry that
showed a negative correlation between optical magnitudes and colour indices, typi-
cal of Be stars whose variability is due to variations in the circumstellar disc. The
authors expressed concern at the lack of other obvious Be star spectral characteris-

tics, but suggested that the object may be a Be star in a low state of activity.
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Figure 5-28. Emission-colour diagram for objects in the field of H0544-665. The left hand
plot shows all objects in the CCD frame, the right hand plot shows all objects within 1’
(twice the positional uncertainty) of the X-ray position. Objects lying within the
uncertainty radius are plotted as filled circles. (See also note concerning axis labels in Sec-

tion 5.2.2).

Figure 5-28 shows the emission — colour diagram for objects in the field. In the 4
arc-minute radius area searched, only one object displays B-V colours and R-Ha in-
dex indicative of a Be star, this object is identified as object 1 in Figures 5-27 and

5-28, and corresponds to the object 1 of Johnson, Bradt & Doxey (1979).
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Figure 5-29. Ha spectrum of the proposed counterpart to H0544-665.
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We obtained optical spectra of this object in 1998 February, these are shown in
Figures 5-29 and 5-30. The Ha line is clearly in emission, with an equivalent width
measured from the medium resolution spectrum EW(Ho) = 8.7 £ 1.0 A. The pro-
file is double peaked with a peak separation of 181 =30 km s™', the mean velocity
of these peaks is 282 +20 km s'l, consistent with the LMC velocity of 275 km s!
given by Westmerlund (1997), but lower than the 369 +42 km s”! measured for
Balmer absorption lines in this object by van der Klis et al (1983). The low resolu-
tion spectrum in Figure 5-20 shows also weak HP emission with EW(Hp) = -
0.7+0.5A.

To the authors’ knowledge, these observations represent the first detection of emis-
sion lines in the spectrum of this star. We confirm a LMC Be star nature and, due
to the lack of other emission line objects in or near the X-ray error circle, we con-

clude that this star is the optical counterpart of the X-ray source.
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5.4 Discussion

The photometric method used to identify Be star candidates has proved successful.
In each case where spectroscopic observations have been made, the Be star nature
of the object has been confirmed. The strength of this approach is illustrated in 5-
31 which shows the relationship between the measured R — Her index from photo-
metric data and the EW(Ho) of each object for which both such data were avail-
able. There appears to be a direct correlation, with the exception of one obvious
point — RX JOI101.0-7321. This seemingly anomalous point may be explained by
variability, as the photometric and spectroscopic observations were made over 1
year apart. The indication is that the Be star counterpart in this system underwent
some change between 1996 October and 1998 February, which resulted in a large
increase in the amount of circumstellar material. Apart from the difficulty of un-
predictable variability highlighted by this case, our approach is clearly an excellent

method of identifying Be star counterparts to Magellanic Cloud X-ray sources.

A note of caution must be added to the above discussion. We must be careful to as-
sess the probability of finding by chance a Be star in a given area of sky in order to
estimate the confidence of our identifications. From the 7 fields examined pho-
tometrically in all of B, V, R and Hu, a total of 277 objects matched our criteria for
Be status. The total area of sky covered by our sample is 352 square arc-minutes.
This gives an average Be star occurrence of 0.8 per sq. arc-minute. It is clear that
in the case of some of the objects, which have ~ arc-minute. sized error circles, the
size of these positional uncertainties need to be reduced, or simultaneous variability
observed between the X-ray and optical/infrared bands, before definite confirma-

tion of the counterparts is established.
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EW(Ha)

Figure 5-31. Relationship between EW(Ha) and R-Ha for optical counterpart candidates

in this study

The number of Be/X-ray binary systems known in the Magellanic Clouds is now
increased to 12 in the SMC and 7 in the LMC, including those sources in this study
for which we have confidence in an unambiguous identification of an optical coun-
terpart of Be (1I-V) spectral type. These numbers compare with 29 known in our
own Galaxy. Scaling simply by mass, we should expect the number of Be/X-ray bi-
naries in the LMC and SMC to be 0.1 and 0.01 times the number in the Galaxy re-
spectively. In fact we find, especially in the SMC, what appears at first to be an

abnormally large Be/X-ray binary population.
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The discrepancy might be explained through consideration of a number of points:

a) Studies of cluster populations in the SMC have shown a higher proportion of Be
stars amongst early type stars than in the Galaxy; this may be due to the effects of
metallicity on a radiatively driven wind. If a higher proportion of B type stars in
the SMC have circumstellar envelopes, then for a given population of B
star/Neutron star binaries, a higher proportion of SMC systems than Galactic sys-

tems would be accreting X-ray systems.

b) The star formation history of the SMC may have resulted in a hump in the stellar
age distribution such that a higher proportion of SMC stars are of the appropriate
age to have evolved into Be/X-ray binary systems. Such a scenario would require
an increase in star formation activity ~10” years ago. Supporting evidence for such
a hypothesis comes from the HI work of Staveley-Smith et al (1997) who deduce
from studies of six expanding shells in the SMC a dynamical age of 5.4 Myr. They
conclude that there must have been an exceptional degree of star formation

throughout the SMC at this time.
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further work

6.1 Summary of significant results

The conclusions reached from the work described in this thesis are summarised in

the following sections.

6.1.1 4U1145-619

The Be star V801 Cen — the optical counterpart to the Be/X-ray binary 4U1145-619
was shown from a number of photometric and spectroscopic methods to be a
BO0.5Ve star at a distance of 3-kpc. It was shown that if the distances to other Be/X-
ray binaries derived through similar methods are accepted instead of the distances
derived from Hipparcos observations, then the accepted Be/X-ray binary model of

accreting neutron stars orbitting Be stars is preferred over any other model.

The circumstellar disc of V801 Cen has been shown to be in decline during the pe-
riod of this study. The infrared magnitudes have increased, whilst the infrared pho-
tometric indices indicate the source becoming ‘bluer’ in colour. The equivalent

width of the Ha line decreased from a maximum of —45A to a minimum of —7A.

Analysis of the line profiles of V801 Cen during this period of decline showed that

the extent of the emitting radius in the disc was also decreasing in size.
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6.1.2 Be/X-ray binary lightcurve models

The X-ray lightcurve model developed in Chapter 4 was found to fit observed
lightcurves well. In particular, the model was fit to X-ray observations of the Be/X-
ray binary EXO 20304375, indicating that a change in the outflow velocity in the

Be star’s disc could have caused a phase shift observed in the X-ray maximum.

Spectroscopy of V801 Cen (=4U1145-619) during an X-ray outburst suggests evi-
dence for perturbation of the Be star’s disc by the motion of the neutron star during
periastron passage. This important result prompts caution in applying simple mod-
els to Be/X-ray binary lightcurves, and also in using studies of Be/X-ray binaries to

infer properties of Be stars in general.

6.1.3 Optical counterparts to Magellanic Cloud Be/X-ray binaries

I have identified Be star counterparts to the ROSAT sources RX J0032.9-7348, RX
J0049.1-7250, RX J0054.9-7226 and RX J0101.0-7206, and to the recently discov-
ered ASCA source AX JO051-722 and confirmed the Be star nature of the counter-
part to the HEAO! source H0544-66.

For a number of other Be/X-ray binaries, I have identified a number of candidate
optical counterparts which require further study to determine an unambiguous

counterpart.

The technique of plotting all field objects on a R—-Ha/B-V diagram was found to be
extremely effective in identifying emission line objects. Using CCD images cov-
ering areas of many square arcminutes, this proves an efficient way of identifying

candidate counterparts to unidentified X-ray sources.

227



Chapter 6 — Conclusions and Further Work

6.2 Possibilities for further investigation

6.2.1 Disc perturbation by orbiting neutron star

Many studies of Be/X-ray binaries have been made in an attempt to learn more
about Be stars in general. If the spectroscopic variability found in V801 Cen during
periastron passage of its orbiting neutron star companion is confirmed to be due to

binary interaction, then such studies must be interpreted with caution.

Further investigation is strongly encouraged. High quality observations of the
source (and other Be/X-ray binaries) throughout many orbital phases is desirable in
order to search for similar variability at other orbital phases — hence reducing the
likelihood of being caused by binary interaction, or repeated appearance of the
variations only during periastron passage would add weight to the suggestion that
the passage of the neutron star through its closest approach to the Be star (and the
associated rapid change in the potential field) significantly perturbs the disc mate-

rial.

6.2.2 Enhanced X-ray lightcurve models

While the X-ray lightcurve model employed in Chapter 3 has proven useful in pro-
viding an interpretation of the observed behaviour of the source EXO 2030+375,

there are many factors not considered by the model.

As discussed in Chapter 3, X-ray heating of the circumstellar disk close to the neu-
tron star will result in an inconstant sound speed, as this have some dependency on
the X-ray luminosity. The model also considers only a 2-dimensional system, with
no provision for an inclination between the planes of the orbit and the circumstellar
disk. Another factor that could be considered is the structure of the circumstellar

disk itself, and how the predicted lightcurves vary between different disk models.
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6.2.3 Identification of optical counterparts to Be/X-ray binaries

The CCD imaging technique employed in Chapter 5 to search for optical counter-
parts to Be/X-ray binaries in the Magellanic Clouds proved extremely successful.
The technique in its current form works because generally speaking, all objects in

the CCD frames obtained are subject to the same degree of interstellar reddening.

The technique could be applied in Galactic fields if the Q parameter is used on the
X axis of the plot, in place of the B-V index. The Q parameter is a function of U-B

and B-V and presents a reddening independent measure of intrinsic colours.

6.2.4 Association of LM C/SMC HMXBs with SNRs

The distances of the Magellanic Clouds make them an ideal laboratory to study
spatial characteristics of stellar populations. Hughes & Smith (1994) identified two
Be/X-ray binaries in the SMC which are spatially coincident with supernova rem-
nants. As Be/X-ray binaries form when one component of a double massive star
binary explodes in a supernova to leave a neutron star, it is no great surprise to find

these associations.

A radio survey could be undertaken of the fields of LMC and SMC HMXBs to
search for extended radio emission that could be identified as emission from a su-
pernova-remnant (SNR). If a sample of HMXB/SNR associations could be estab-
lished, then these would put constraints on the kick velocities imparted to neutron
stars in SN explosions by considering the separation between the spatial position of

the HMXB and the centre of the SNR.
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