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The known population of high-mass X-ray binaries in the Sitagellanic Cloud
is continually growing and is now a similar size to that of téky Way, despite
a significant mass difference between the two galaxies. igtttesis, | present
multi-wavelength observations of Be/X-ray binaries thavén undergone an out-
burst during the past three years, including the discovémnyew systems and ex-
tended outbursts from previously known sources. The resud discussed in terms
of both the underlying physics of individual outbursts amivithe growing SMC
population is helping our understanding of the formationl &wolution of high-
mass X-ray binaries. In particular, | describe the orbitalgisis of every extended
X-ray outburst detected by theoss X-ray Timing Explorer and present the first
significant sample of systems outside of the Milky Way for evha binary orbital
solution is known.
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X-ray Binaries

The following chapter is an introduction to physics of X-faiparies. As this thesis
records a multi-wavelength study of high-mass X-ray biesuiHMXB), this too
is the focus of this chapter. The formation channel and dwwiary pathways of
HMXBs are discussed in terms of the different sub-classésiotype of system. A
detailed description of the observational properties d@hlloe X-ray source and the
counterpart star is given for HMXBs with a Be star countets these are the most
numerous of the HMXB family and are the sub-class on which tiesis is based.
The accretion physics and emission mechanisms that uadbdse properties are
also discussed towards the end of the chapter.

1.1 Introduction

X-ray binaries are some of the most variable and volatilectsj in the universe.
Much of this variability is caused by the accretion of mafi®@m a companion
star onto a compact object. In most cases, the companiom@raal’ star on the
main sequence or a more evolved giant or supergiant starrendompact object
is a neutron star, black hole or white dwarf. Each combimapooduces wildly
different observational properties across all spectedjfiencies. From here on, |
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Figure 1.1: Artist impression of an accreting black hole in an X-ray bindeft)
and an accreting neutron star in an X-ray binaiglgt). Image credit: ESA.

will reserve the term ‘X-ray binary’ (XRB) for neutron stand black hole systems,
as accreting white dwarfs are much fainter in the X-ray tHadther two types.
They are classified separately as cataclysmic variables, (@€ to large dynamic
ranges caused by nova events. Figure 1.1 gives an artistsofisvhat a black

hole XRB and a neutron star XRB might look like. The left-hanthge depicts

material being accreted from a low-mass companion and fagran accretion disk
around the black hole. The right-hand image depicts a newsti@r accreting from
the stellar wind of a high-mass star down its magnetic pdlegse are two specific
types of binary and will be discussed, along with the othpesy in detail here.

The emission properties seen from an XRB are largely detexdhby the type
of compact object, the accretion geometry and, in the caserautron star, the
strength and geometry of the magnetic field. A magnetic feelthé easiest way to
determine whether the compact object is a neutron star oklvlale. The magnetic
field around a neutron star will disrupt the accretion diskmnerical inflow, causing
material to funnel down the field lines onto the magnetic poléthe rotation and
magnetic axes are misaligned and one or both poles movegihiaur line-of-sight,
X-ray pulsations will be seen by the observer. However, & t#gulsations does
not rule out a neutron star accretor. A geometry other thahdfscussed above, a
weak magnetic field or a number of other reasons discussedghout this work
can resultin pulsed emission either not being produced tmeaching the observer.
In this case we rely on other methods to distinguish betweereting objects, such
as spectral differences or mass measurements.

Despite the heavy dependence of the observational prepesti the compact
object, the 3 main types of XRB are divided into groups basethe mass of the
companion star. These are low-mass X-ray binaries (LMXBfjgrmediate-mass
X-ray binaries (IMXB) and high-mass X-ray binaries (HMXB).
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Figure 1.2: Hardness-intensity diagram for a black hole X-ray binary (taken from
Fender, Belloni & Gallo 2004).

1.1.1 Low-mass X-ray binaries

An LMXB is made up from a companion star of approximately lateinass and

a neutron star or black hole compact object. The companiarsuglly a main
sequence or evolved star, but can also be a white dwarf. Treepld systems,
having a typical age of around 9ears, and are usually found in globular clusters
or toward the Galactic centre. Matter is accreted onto timepat object via Roche-
lobe overflow through the inner Lagrangian point. The ihidagular momentum
of the material prevents it being accreted directly to thdasme of the neutron star
or event horizon of the black hole. Instead, the materidb¥es a spiral path toward
the compact object and forms an accretion disk. It is theedicer disk that causes
most of the optical and X-ray variability observed in LMXBs.

The key areas of LMXB research are variability within the r@tion disk, pro-
duction of radio jets and the similarities and differencethwactive galactic nuclei
(AGN). Time and spectral variability are known to be related presumably orig-
inate from the inner accretion flow, where X-ray emission amprocessing are
thought to occur. These spectral and timing charactesigtioduce different source
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‘states’, identifiable by luminosity, hardness and quasigalic oscillation (QPO)
type. Specifically, black hole systems undergo state clsingemanner of hystere-
sis, as in Figure 1.2. Fender, Belloni & Gallo (2004) presemtodel based on these
state changes to describe the disk-jet coupling in black bolaries. The source
starts in the low-hard state (lower right corner, Figure) IwBere the jet emission
Is steady and dominates the disk emission. It will evolve hgright-hand side
of the plot as the X-ray luminosity increases. The sourcdvegoanti-clockwise
around the figure entering the high-soft state where thentariactor of the jet in-
creases sharply. This is followed by a quenching of the j¢h@source luminosity
decreases, entering the disk dominated state. The fina gtdgr the source to
become harder and fainter, moving back into quiescence.

Both variability and disc-jet coupling seen in black holea§binaries have been
linked to what is seen in AGN. In particular, it is seen thatiaaility timescales
scale with mass (e.g. Uttley, McHardy & Papadakis 2002, Mdii&t al. 2004),
suggesting that the same processes causing the variabllikXBs are also present
in AGN. Similarly, Maccarone, Gallo & Fender (2003) showtttiee radio emission
from a sample of AGN is quenched at a similar fraction of theiEgton luminos-
ity as in black hole binaries, and that the radio to X-ray Inosity correlation is
the same in both type of objects. This suggests that a sitstkte’ evolution and
disk-jet coupling exist in both AGN and X-ray binaries.

1.1.2 Intermediate-mass X-ray binaries

The mass of the optical counterpart in LMXBs<is1 M. The mass of the coun-
terpart in HMXBs is usually between 10—-30Msee the next section for more de-
tails). Thus, it stands to reason that there should exispalption of binaries with a
counterpart of mass between 1-10 Mrhese are designated as Intermediate-mass
X-ray binaries. In comparison to LMXBs and HMXBs, the numbé&iMXBs is
very small. The reasoning for this was first put forward by dam Heuvel (1975):
HMXBs have evolved companions massive enough to have arsteihd strong
enough to power the X-ray source. LMXBs accrete via Rocle-twverflow (RLO),
but evolve very slowly due to the low mass difference betweentwo stars. In
IMXBs the companion is not massive enough to produce a stemagigh stellar
wind to power the X-ray source. Thus, they must evolve throR$§O. The larger
mass ratio between the two stars causes the binary to evetyequickly through
this pathway, on the order of a few thousand years (Lewin & danKlis, 2006),
meaning very few would be expected to be observed at any givien
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1.2 High-mass X-ray Binaries

High-mass X-ray binaries (HMXB) consist of a massive eayfyet main sequence
or supergiant star and a neutron star or black hole compaetiolrhey are found
in regions of high gas and dust, such as the spiral arms of the/ MWay, where
massive stars can form. As such, they are an excellent tfcstar formation
and an ideal object through which to study star forming gekx Figure 1.3 is
a Hertzsprung-Russell diagram showing the luminosity permature, mass, radius
and lifetime of different types of stars. The OB stars thatféiMXBs have typical
main sequence effective temperatures of between 15000030@nd luminosities
between 18-1° L. Their masses are generally between 10-30Whilst their
radius is of the order of 10-20.R This class of star spends typically 1-10 Myrs
on the main sequence before evolving into a supergiant aectezlly undergoing
a supernova explosion. During this transition, the stat lbgicome much larger
and cooler, resulting in an increase in luminosity of aroancrder of magnitude.

L P “‘-s..u_p: ERGIANTS . e
4 - L.

Antares

Figure 1.3: Hertzsprung-Russell (HR) diagram showing the stellar distribution
on the luminosity-temperature plane, as well as their expected radius, n@ss an
lifetime.
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Whether the star is a supergiant or on the main sequenceyatgirmines the char-
acteristics of the HMXB. The main sub-groups of HMXB are the@)B-ray binaries

(BeXRB) and supergiant X-ray binaries (SGXB), making uprgéddraction of the

known population. The newly emerging classes of superdasitX-ray transients
(SFXT, e.g. Sguera et al. 2005, Sidoli 2011) and gamma-nagrias (e.g. Hill et

al. 2010) complete the HMXB family.

1.2.1 Formation

The formation of X-ray emitting compact objects is an inalile conclusion of the
binary evolutionary process. When one, or both, progentinssare of a certain
mass (typically above 8 M), the binary will evolve such that one or more neu-
tron stars or black holes will form from one or both progengtars undergoing a
supernova explosion. If the binary remains bound after tiiteal supernova, it is
this evolutionary pathway that produces the HMXBs we obséoday. The basic
stages of the evolution are depicted in Figure 1.4 and areribesl below, though
it is stressed here that the details depicted and descriedane just one possible
evolutionary scenario, of which there are actually many. réaldler and more de-
tailed review on binary formation and evolution is avaiklby Tauris & van den
Heuvel (2006).

In the initial situation of two massivex8 M) zero-age main sequence (ZAMS)
stars in orbit about each other, normal stellar evolutiolhtake place. Specifically,
each star will burn hydrogen and radiate heat under theirgnamitational contrac-
tion, as described by the virial theorem. The initially marassive star will evolve
faster and will be the first to expand. On its expansion anohdilbf its Roche-
lobe, the initially less massive star will begin to accretent the more massive star
through the inner Lagrangian {).point. The transfer of mass and angular momen-
tum will act to disrupt the orbit, changing the orbital petiand separation of the
system. This will also increase the angular velocity of #ssimassive star, spinning
it up. This type of accretion, known as stable mass transfelepicted in the first
two stages of Figure 1.4. An alternative to this scenariohin@gcur if the donor
star is already a supergiant. In this case, the secondargataot accrete all of
the material funnelling through the;lpoint, causing a common envelope to form.
This is known as unstable mass transfer. This phase of coremaiope evolution,
though short-lived, causes the orbital period and semmarati shrink markedly, re-
sulting in a much more compact X-ray binary or, indeed, a detepmerging of the
core of the donor star and the companion.
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Figure 1.4: Example of an evolutionary path of a HMXB (taken from Lewin &
van der Klis 2006). The sequence starts with two massive main sequerse sta
that evolve through Roche-lobe accretion until the initially more massive st g
supernova. The system then spends around 10 Myrs as an X-ray enitiany
before a common envelope phase causes the system to spiral in, finalipibgc

a compact object binary.
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Once the initially more massive star has lost its hydrogerelpe, a helium
star core will be left. When the helium star no longer has tlbatave pressure
to withstand its own gravitation, it will collapse in on itseMost of the remaining
mass of the star is lost in the subsequent supernova expldsaving a neutron star
(or black hole) with a spin and mass largely determined byatheunt of material
expelled in the explosion (stages 3, 4 & 5 in Figure 1.4). Tick kmparted onto the
neutron star by the (usually asymmetric) supernova expioseverely disrupts the
orbit of the system. The most notable changes being a sulashamcreased orbital
period, separation and orbital eccentricity. Should theabi system survive the
kick, the properties of the HMXB system are now establishediill only change
slightly over the lifetime of the X-ray source (stage 6 in liig 1.4). Depending
on the initial conditions the, now very massive, companitam will lose material
either via a substantially increased stellar wind, an exnadly enhanced outflow
or by direct accretion onto the compact object via thepoint. The differences
in the properties of the companion and, as such, the way iclwthie compact
object accretes, produces the sub-classes of HMXB. Eash idaescribed in detail
below. The point at which the primary star loses its hydrogevelope also affects
the type of supernova that occurs and the resultant compgatto If the envelope
is lost before helium ignition in the core, the final mass @ tton core is lower
than if hydrogen burning had continued into the core heliwmning phase. Thus,
it is expected that all supernovae occurring from hydrodefieient stars result in
a neutron star. This pathway usually occurs if the primargxgemely massive
(>50My), as these stars will likely evolve into Wolf-Rayet (WR) stdhat are
characterised by very high mass-loss rates. Indeed, teexeggiowing number of
WR/X-ray binaries known, in addition to the more common OB#&x- binaries,
though it is also worth noting that a majority of these are WR-WiRaries (i.e.
systems that have not yet undergone a primary supernovagriiaX-rays through
colliding winds (e.g. Pollock 1987).

Eventually, the massive companion star will likely expaadehcompass most
or all of the orbit of the compact object (stage 7 in Figure)1.Zhis is another
example of a common envelope phase. This usually coincidtbsaw increase in
X-ray luminosity from enhanced interaction between the paat object and the
secondary star. This also causes the compact object td-spuatil it is in a very
tight orbit with the core of the secondary and the hydrogestl $fas been exhausted.
A final stage of accretion takes place as helium from the cérh@ secondary
funnels onto the compact object via the jhoint. A second supernova explosion
will take place once the secondary has lost all of its fueloApact object binary is
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formed (stages 8, 9, 10 & 11 in Figure 1.4). These systems watyntie to interact,

causing the orbit to shrink further via gravitational waeeéiation. Again, this post-
XRB evolution is just one of many different possible pathe:al/he compact object
and the core of the secondary star could merge during the conemvelope phase,
or the binary could be disrupted by the second supernovadefcompact object
binary can be produced.

1.2.2 Be/X-ray Binaries

Be/X-ray binaries (BeXRBs) are systems in which a compaatlorbits a mas-
sive, early type star that at some stage has shown eviderce @mission in the
Balmer series. These are main sequence stars with a luryindass of I1I-V.
To date there are no BeXRBs that contain a confirmed black (B#&zynski &
Ziolkowski, 2009) meaning the detection of pulsed X-ray &sion (caused by the
strongly magnetised neutron star) is a useful tool in ideintgy these systems. How-
ever, the presence of pulsations does not immediately niedryour HMXB is a
BeXRB. Likewise, the lack of pulsations does not rule outinlg a BeXRB, as will
be discussed throughout this work. The neutron star accrédeinteractions with
an extended envelope of material in the equatorial planikeeoBe star. This outflow
originates from the stellar atmosphere of the Be star andasvk as a ‘circumstel-
lar disk’. It is highly variable due to the rapid rotation aimternal dynamics of the
Be star and is an important factor to consider when lookintpetX-ray properties
of the system. The optical properties of the circumstelisk @ill be discussed later
in this chapter.

X-ray emission in BeXRBs is transient and can occur over sewahge in lu-
minosity. This transient nature is due to the intermittewayn which these systems
accrete. Generally this occurs because most BeXRBs hatytegcentric orbits,
periodically taking the neutron star far away from the mamsadf (see Figure 1.5 for
a schematic of such an orbit). Systems with a circular oreitaore likely to accrete
continuously (c.f. the supergiant systems; see next sectibough transient out-
bursts from near-circular orbit systems have been obsde/gd Pfahl et al. 2002).
In outburst, some systems have reached a peak X-ray lurtyraisk 1038 ergs s1,
close to the Eddington limit for a standard mass neutron dtarcontrast, some
systems have not been detected in observations sensitumioosities of around
10%%ergs s, demonstrating a huge dynamic range. Most systems spende la
fraction of time in quiescence, in which very little accaetiis taking place onto the
neutron star. Luminosities in this regime tend to be aroubitt drgs s*. Laycock
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Figure 1.5: Schematic of a neutron stars orbit around a Be star in a typical Be/X-
ray binary. The plot shows how the X-ray flux is modulated at the orbitabde

of the system, caused by an eccentric orbit. The orbital period can benietel
from timing analysis of the light curve (taken from Lewin & van der Klis 2006)

et al. (2010) show that even at this low level of accretiorisations are still seen
in many systems. This was the first time that material wasrobddo be accreted
down the magnetic poles of the neutron star at this accretiten for a substan-
tial fraction of the BeXRB population. There are two reaswiny a BeXRB will
emerge from quiescence into outburst: the orbit of the eustar brings it into
contact with the mass outflow of the Be star near its periagbassage, or the Be
star enters a period of enhanced mass outflow such that ksedpulfs the orbit
of the neutron star. These occurrences result in the twostgpéransient outburst
in BeXRBs: Type | and Type Il (Stellar, White & Rosner, 1986yp& | outbursts
occur near periastron passage of the neutron star, where ithenore accretable
material. They are generally in the luminosity range®.010%’ergs s and last
from a few days to a few weeks, depending on the binary perfatieo system.
Studying these outbursts allows orbital periods to be @erihrough timing analy-
sis of their light curves (see Figure 1.5). Type Il outbuests typically an order of
magnitude brighter than Type | outbursts and last much lorigee cause of this is
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likely due to an enhancement of the circumstellar matemahdially driven wind
around the companion star (e.g. Negueruela & Okazaki 2@0@)ying accretion
to occur at any orbital phase and at a higher rate (see Stlkite & Rosner 1986,
for further details of these outburst types).

The rapid rotation of Be stars that most likely causes thk-like structure in
the equatorial plane of the star has recently been ascripeddswain & Gies
(2005) to spin-up caused by mass transfer in a binary sysierapposed to being
born as rapid rotators (Zorec & Briot, 1997). This particudsolutionary pathway,
in which the primary star undergoes stable mass transfer thiet secondary prior
to the primary supernova, is identical to the pathway thatviXiB moves through
before undergoing an electron-capture supernova (ECSghietlal. 2009). Linden
et al. (2009) also show the production of bright, wind-fed MB& is significantly
enhanced between 20—60 Myrs after the initial star fornmaitioa starburst galaxy
— coincident with the population in the Small Magellanic GI{®MC; see Chapter
2). This led those authors to conclude that BeXRBs primddtyn through ECS
creation channels.

1.2.3 Supergiant X-ray Binaries

Supergiant X-ray binaries (SGXB) consist of a compact dbjpeiting an OB su-
pergiant star (i.e. a luminosity class of I-Il). The optistr emits substantial stel-
lar winds, with mass loss rates of between 80108 M yr—1, although these
are somewhat reduced in lower metallicity environmentshsag the Magellanic
Clouds (Kudritzki, Pauldrach & Puls, 1987). The winds arehhigsupersonic, with
speeds up to around 2000 kmis This is much higher than the orbital velocity of
the compact object, therefore the accretion can be appsairunby the classical
Bondi-Hoyle formula. This is discussed in more detail later

A neutron star or black hole can accrete from the stellar vpiratiucing X-rays.
In almost all systems the orbit is circular, meaning acoretiakes place contin-
uously and with very little variation in luminosity, whicls iaround the level of a
typical Type | outburst in a BeXRB. If the companion has eedlvo fill its Roche-
Lobe, mass transfer occurs at a much higher rate. X-ray @miss this case is
highly enhanced (k~ 10%8ergs 1) and an accretion disc is formed around the
compact object. At the time of writing, only 3 disk-fed SGXBege known: Cen
X-3, SMC X-1 and LMC X-4. The large majority of the known poptibn of
SGXBs reside in the Galaxy. Historically this has alwayside case, though itis
even more apparent since tiédTEGRAL discovery of a substantial population of
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obscured SGXB in the Galaxy (e.g. Bird et al. 2007, Bodaghex. 007). This
hard X-ray population is evidence that the stellar wind imgn&MXBs (mostly
SGXBs) absorbs much of the soft X-ray component, meaninguiments such as
RXTE, XMM-Newton andChandra would not have detected them.

1.2.4 New classes of HMXB: SFXTs &-ray binaries

A third type of transient X-ray outburst has recently beeteded in addition to
the Type | & Il outbursts in BeXRBs, and is now accepted toioate from a new
class of HMXB known as supergiant fast X-ray transients (X hese sources
are characterised by rapid X-ray outbursts on the order atites to hours (Sguera
et al., 2005), large dynamic ranges of ordef-400° and are associated with OB
supergiant companion stars (Chaty et al., 2008). The finactags making up the
known HMXB family is the small, but growing class @fray binaries, in which
very high energy radiation is thought to be produced viaradgon of the pulsar
wind with the stellar atmosphere of the secondary star gilget al. 2010) or from
a micro-quasatr.

1.2.5 The relationship between neutron star spin and the binary
orbit

A significant number of the HMXBs in the Milky Way and Mageliai€louds have
both their orbital and spin periods known. The orbital pdsi@re usually derived
in two distinct ways: from the timing analysis of long-termrXy and optical light
curves that bear evidence of periodic Type | outbursts, @anfiX-ray pulse arrival
time analysis. The latter is the focus of Chapter 5. Figureplo6 the orbital and
spin periods of all HMXBs that were known at the time of wigginThe figure is
more commonly known as the Corbet diagram and is adapted fratme€(@L986).
Thorough investigation of this parameter space has yidldedlassical picture that
the 3 types of HMXB (wind-fed SGXBs, disk-fed SGXBs and BeXdBccupy
different areas. In particular, the BeXRBs show a largeatam in the periods
seen and seem to show a positive correlation between the dveoneters. In the
past, this correlation has been assigned a numerical equiat could be used to
predict one parameter should the other be known. Howevenribst recent plots
of the available data show a large spread in the correlatimheven merging of
some extreme systems with the SGXB region. Thus, it is pgplass and less
reliable to use this relationship as a tool to predict onehef parameters to any
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Figure 1.6: The Corbet diagram of HMXB pulsars. The green data points are the
wind-fed SGXBs, orange are the disk-fed SGXBs, red are the SFXd blae are

the BeXRBs. The blue diamonds are the Galactic systems and the blue stars are
the Magellanic systems. Private communication from Corbet (2011).

degree of precision, though a ball-park estimate can cdytae made. Even more
interesting is the recent emergence of several SFXTs witiwknorbital and spin
periods. The four systems with both periods confirmed are plistted in Figure
1.6 and appear to occupy both the SGXB and BeXRB regions. niaisbe telling
us something very fundamental about the nature of SFXTsthae progenitors
of the classical HMXBs we see, or do they mark a transitiorsiggye between a
BeXRB and a SGXB? There are currently many programmes dedida finding
and classifying more SFXTs in order to understand where fih@yto the standard
model of HMXBs.

The classical view on why there may exist a correlation betwspin and orbital
periods in the BeXRBs involves the spin-down time of the r@ustar in the time
between its formation and the time the binary starts to aectexmediately after the
primary supernova, the neutron star is rotating rapidlye firutron star must spin-
down significantly in order to allow inflowing material to ae®eme the outward
force and be accreted. Once the neutron star is rotatingyskmough for material
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to be accreted, it will undergo a period of alternating spmand spin-down as it
moves around its orbit, accreting, or not, at different @sasThe amount of time
the neutron star spends away from its companion, and heecatiount of time it

accretes, is largely dependent on the period and ecceytoicthe orbit. As such,

a neutron star in a longer orbit will tend to have a longer g@nod as it has had
more time to spin down. A counter argument to this is that @ducts all systems
should be hovering around their equilibrium spin periodswidver, this seems not
to be the case as there is evidence of a strong bias towarggdom spin-up or

spin-down trends (e.g. Coe, McBride & Corbet 2010).

1.3 Optical emission from BeXRBs: the Be star

The large mass ratio in HMXBs means that all optical emissieen in such sys-
tems comes for the optical counterpart (the accretion deskdomuch less optically
bright in comparison). This is opposite to what is seen in LB&vhere the optical
emission from the accretion disk can be studied and the fight the counterpart
is swamped. As such, HMXBs offer the best chance to study dherdstar in an
XRB. In particular, the diversity and variability offered/la Be star counterpart
makes the optical properties of the BeXRBs one of the mostiegdields to study.
In this section | will introduce some properties of Be stamsl @iscuss what has
been learnt from optical observations of Be XRBs.

The Be phenomenon of mass ejection from the equatorial méties B star is
not well understood (see Porter & Rivinius 2003 for a dethrview). It is thought
that the rapid rotation of the photosphere plays a part [ittths is not sufficient to
explain the disk emission alone as most Be stars rotate @giMxthe critical limit.
It has been suggested that non-radial pulsations (the simadus expansion and
contraction at different radii within the stellar atmospjecould be the additional
trigger needed to push matter at the surface above the egelpdy of the star (see
e.g. Emilio et al. 2010 and references therein), thoughesnad for this is sparse.
Regardless of the mechanism(s) that produces the circliangmission, its effect
is key in our understanding of the optical and X-ray activity see in BeXRBs.

1.3.1 Spectral classification and the distribution of spectral types

A star can be classified as emission line tr ior any other Hydrogen line usually
seen in absorption in the hot, ionised photosphere) is filled is in emission, and
S0 spectral coverage of the red part of the spectrum is \talvever, the spectral
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classification of emission line stars suffers many diffiesltdue to their very na-
ture; the Balmer lines in particular will be rotationallydadened due to the high
rotational velocities of Be stars and hence may obscure amparisons to closely
neighbouring lines, whilst the filling-in of lines caused the disk emission also
makes classification harder. Thus, it is beneficial to penfolassification observa-
tions when the disk emission is minimal. Further difficidtegise when observing in
the Magellanic Clouds. Classification of Galactic Be staigsain using the ratio of
many metal-helium lines (Walborn & Fitzpatrick, 1990). Hewer, this type of clas-
sification, based on the Morgan-Keenan (MK; Morgan, Keendtedman 1943)
system, is particularly difficult in the low metallicity emenment of the Magellanic
Clouds because these metal lines are either very weak or asemirat all. Us-
ing high signal-to-noise ratio spectra of SMC supergidngginon (1997) devised a
system for the classification of stars in the SMC that overe®the problems with
low metallicity environments. This system is normalisedhie MK system such
that stars in both systems exhibit the same trends in thegrdirengths. Thus, in
the spectral classification presented in Chapters 4 & 6 | hagd the classification
method as laid out in Lennon (1997) and utilised further iaiset al. (2004). For
the luminosity classification | adopted the classificatiagtimod set out in Walborn
& Fitzpatrick (1990).

Negueruela (1998) were the first to show a significant difieeebetween the
distribution of spectral types of Be stars in binaries aras¢hin isolation. The three
panels in Figure 1.7 show this comparison for the SMC, LMC aritkyMWay,
running top to bottom respectively (Antoniou et al., 2009Ys can be seen, the
difference in the Milky Way populations is apparent, thotiggareasons are unclear.
It has been suggested by Ekstr et al. (2008) that the observed cutoff in spectral
type for Be stars is due to higher mass loss in early type &taeaning the critical
velocity limit is never approached) and due to a lower ratarggular momentum
transfer from the core to the surface of later type stars (nmggthe photosphere is
not accelerated as much). McBride et al. (2008) suggesthatutoff for Be stars
in BeXRBs may be due to high angular momentum loss beforeuperaova that
produces the XRB. On examination of the SMC and LMC distrdng, Antoniou
et al. (2009) find the BeXRB and isolated Be systems in the Sd/liatconsistent
with each other and find the total SMC sample to be similar & df the LMC.
These conclusions are based on Kolmogorov—-Smirnov (K-sH te see if the two
populations are distinct. In the case of the Be star didinbubeing similar to the
BeXRB distribution in the SMC and LMC, where it is clearly notthe Galaxy,
it is very hard to explain why. There seem to be no obviousaeashy stars
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Figure 1.7: Distribution of the spectral subtypes of BeXRBs (solid histograms)
and isolated Be stars (dashed histograms) for the SMC, LMC and Milky Way.
Negative subtypes correspond to O-type stars. Taken from Antohialu(@009).

should be of lower spectral type than those in binaries irMilkey Way but not in
other galaxies. It may be more likely that the current da¢gasased towards higher
spectral types in the Magellanic Clouds, as later type starfarder to classify at
these distances.

1.3.2 The circumstellar disk

A Be star will be forever known as a Be star once the line emrssind IR con-
tinuum excess have been observed, even though they caritrafisom Be to B
and back again throughout their time on the main sequenoedhrthe loss and
reformation of the disk. O and A type stars that show the sagmaWour are also
referred to generically as Be stars, though sometimes asn@eéAa stars. The
line emission in the Balmer and Paschen series’ producdukinlisk is a result of
temperatures being lower that in the photosphere, whigstffree and free—bound
hydrogen emission is presumably responsible for the olksediR? excess.

When observing the continuum and line emission from the digkimportant to
consider the region of the disk in which the emission comesfrCarciofi (2010)
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Figure 1.8: The formation radii of different disk observables as shown by recent
numerical simulations (Carciofi, 2010). The calculations are based opidya
rotating B1 Ve star, where r(R) is the disk radius in stellar radéft: continuum
emission at various wavelengths, whepg,Hs the flux in a simulation with a disk
outer radius of 1000R Specifically, this is the maximum flux that the disk can
produce. The longer wavelength emission is shown to be producedrforb

the disk.Right: disk polarisation and line emission as a fraction of the maximum
possible polarisation and line equivalent width. The polarisation is showrge o
inate from much closer to the star than the hydrogen line emission. Taken from
Carciofi (2010).

state that the size of the disk is a function of the waveleagithihich you are look-
ing. The left-hand side of Figure 1.8 shows this for sevepaic#fic wavelengths.
Thus, if you observe in the NIR, you would expect much of th& fucome from
the inner few stellar radii. Whereas, much of the sub-miltendlux is produced
between 10 and 50,R The right-hand side of Figure 1.8 shows how the line emis-
sion and polarisation grow with disk radius. Not until theldsize is about 5 Ris
there enough emission aoHand By to fill in the absorption from the photosphere.
Much like the IR continuum emission, this line emission cmms out to a few ten’s
of stellar radii. The polarised light is produced out to ardd.0 R.. The results of
this simulation (see Carciofi & Bjorkman 2006 for details of tode) support the
excellent spectropolarimetric observations by Wisnieveslal. (2010) that suggest
disk-loss in Be stars proceeds from the inside out. Thodsoasishow an approxi-
mate 120d (190d) lag in the maximum (minimumd kequivalent width from the
maximum (minimum) in V-band polarisation in the Be star 60 Cygis means the
polarised flux is lost before theddflux. Figure 1.8 supports the interpretation of
Wisniewski et al. (2010) that the inner part of the disk giases first and proceeds
outwards.

Other informative ways of looking at the circumstellar diskhrough IR colours
derived from the continuum flux and so-called V/R variatidesived from the ratio
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Figure 1.9: Light curve (eft) and colour-magnitude diagramight) for a Be star

in the SMC. Excess magnitude and excess colour are the differenceenetine
observed magnitude and colour and that observed at time = 0. The lagger th
excess, the brighter or redder the star is. It is shown that the star gitsrre
as it gets brighter and bluer as it gets fainter, as is the case for most Be B
important deviation from this occurs just after the peak flux where, fbioatsime,

the star continues to redden as it gets fainter. This is a signature of the-mgide
manner by which the star losses its disk. Taken from de Wit et al. (2006).

of violet and red peak intensities in the double-peakedlthgkemission. The latter,
together with the long-term Be to B transitions and NRPs imeetl previously,

make up the three main types of variability seen in isolatedfdrs. V/R variability

has been observed in many Be stars (e.g. Mennickent & Vodit)1®®d is generally
accepted to arise from global one-armed oscillations withe circumstellar disk
(Okazaki, 1991). Theoretically, these one-armed osmlatare born from global
oscillations thought to occur in quasi-keplerian diskst(Ka983; Okazaki 1991).
The finer details of this is beyond the scope of this work. Forca review of the

theoretical aspects of global oscillations and summargaént observations of V/IR
variability see Mennickent, Sterken & Vogt (1997).

The long-term process in which the disk grows and shrinkeregally accepted
to cause changes in surface brightness of any Be star. Bassalen in many cases
in the literature that Be stars become redder as they géditeri¢e.g. Percy & Bakos
2001; McGowan et al. 2008a). This is thought to arise fromrestig change within
the disk which leads to a change in the continuum emissioorsg &s this is opti-
cally thin (de Wit et al., 2006). A small fraction of Be starghwa high inclination
angle (viewed side-on) are known to redden vddereasing luminosity (the most
famous example of which is probably the counterpart in thXBB A 0535-26).
This is likely due to the enlarged disk blocking out some @f lttue light from the
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Figure 1.10: I-band light curve of the SMC BeXRB SXP7.78 from the OGLE
[Il photometric survey. The periodic brightening is attributed to the neuttan s
interacting with the disk during periastron, whilst the longer aperiodic chaiage
likely due to changes in the size of the disk.

photosphere. Figure 1.9 shows not only this relationshtpvéen luminosity and
colour, but also that the colour change proceeds in a marineysteresis (right
panel). The key phase of the four labelled is phase lIll, incwhihe star continues
to redden despite reducing in flux. This occurs because ofnigide-out nature
of disk-loss as described earlier, such that the blue fluxlypced at smaller radii
than red flux is decreasing faster. This reverses in phaseh¥revthe standard
flux-colour relationship is resumed.

1.3.2.1 Introducing the neutron star

Interaction between the neutron star and the companionsséar important factor
in determining the X-ray activity and optical variability any particular system.
Probably the two most significant affects the neutron stardrathe optical emis-
sion we see are through the tidal truncation of the disk aedottitally induced
modulation of the flux. | will briefly describe these two effecstarting with the
latter.
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Figure 1.11: The long-term periods seen in the optical light curves of BeXRBs

in the SMC are plotted against the binary period of that system. A linear trend
between the parameters is noted by a line of best fit plotted over the daten Tak

from Rajoelimanana, Charles & Udalski (2010).

Optical monitoring by the Optical Gravitational Lensinggeximent (OGLE)
on the 1.3m Warsaw telescope at Las Campanas observatorg, 6ad provided
several years of I-band photometry of Magellanic Cloud stasssuch, we can use
the variability seen in the OGLE light curves of BeXRBs asaxér of changes in
the structure or size of the circumstellar material. Figlr®0 presents the OGLE
light curve of a 7.8s BeXRB pulsar in the SMQt shows a periodic brightening of
around 0.05 magnitudes every 45 days over a longer apenadiation. The long
term changes are intrinsic to the Be star and is thought tofgithe loss and refor-
mation of the disk as described earlier. The periodic vemeis the orbital period
of the system and is caused by the neutron star interactitigtiae disk. This vari-
ability is seen in many of the optical light curves of SMC bira and is extremely
useful in determining orbital periods (e.g. Schurch et @lLl2 Schmidtke & Cow-
ley 2006a). As well as finding the orbital signature of a systi is also useful to

1The OGLE experiment and data products will be discussedtilde section 2.3 as the long-
term light curves produced by the survey have been used sixéiyn as an optical monitor of the
SMC BeXRB population.

2This light curve is part of the OGLE real time monitoring oftdy variables (XROM) pro-
gramme. See http://ogle.astrouw.edu.pl/ogle3/xronmxhiml| and Udalski (2008) for details.
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Figure 1.12: Ha equivalent width against orbital period for SMC (squares) and
Milky Way (circles) BeXRBs. The solid, dashed and dotted lines reptetben
best-fit to the SMC, Galactic and total populations respectively. Takem Aoto-
niou et al. (2009).

compare the longer variations with the X-ray light curve Ahapter 3, | will show
that an X-ray outburst can be predicted in some systems lms#te timescale of
growth and decay of the circumstellar disk. Moreover, a muciie detailed study
of these long-term changes in SMC BeXRBs by Rajoelimananar|€h& Udalski
(2010) seems to suggest that there exists an intrinsic ktkéen the decay time
of the disk and the binary period of the systeffiigure 1.11). Those authors find a
correlation between the periods that suggests the diskcaizée modulated by the
orbital period of the system in addition to the disk-losssepies driven by the Be
star itself. However, this relationship may not be as sigaiit as first thought ac-
cording to recent findings by Bird et al. (Priv. Comm., 2011hey show that many
periods found in the optical light curves of BeXRBs are mghedats of stellar pul-
sations with the sampling of the light curve. Some peridisipreviously assigned
as orbital periods in the SMC population have been shown twopeorbital in na-
ture. If Figure 1.11 is redrawn with these systems removsal significance of the

3Note that whilst the long-term periods are labelled as supétal periods, they are discussed
in terms of changes in the size of the circumstellar disk amebdot mean the disks are precessing
as may be the more common use of the term.
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Figure 1.13: Distribution of Ha equivalent widths for BeXRBs (open histograms)
and isolated Be stars (solid histograms) for the SMC, LMC and Milky Way. The
isolated Be stars are shown to have an average disk size much largerdhah th
BeXRBs. Taken from Antoniou et al. (2009).

correlation reported by Rajoelimanana, Charles & UdalsBL(® is reduced. Reig,
Fabregat & Coe (1997) demonstrated that the obsenaeeédtivalent width is also
correlated with the binary period, a relationship verifigchtiore the recent work of
Antoniou et al. (2009). Figure 1.12 shows this relationgbipSMC and Galactic
systems. It tells us that a neutron star in a shorter orbistrba more effectively
reducing the size of the disk. This is exactly what is showhdppen in current
viscous decretion disk models.

Whilst the mechanism for disk formation is not understooé, ritodel that ap-
pears to best describe observations is the viscous detmitk model (Lee, Saio
& Osaki, 1991). This is because it is the only model that redlyyields quasi-
Keplerian disks around the Be star, which is supported bi bwtory and obser-
vation. The model produces a stable disk from matter thétisdvutwards from the
stellar surface by viscous torques. These can be thought abthe opposite sense
to the torques at work in an accretion disk around the complajeict. The reader
is referred to Okazaki (2001) for a detailed discussion efrtiodel. When applied
to BeXRBs, the model also describes much of the observedvimehia In partic-
ular, work by Negueruela & Okazaki (2001) found that the ltidgeraction of the
neutron star causes the circumstellar disk to be truncalads agrees with many
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Figure 1.14: Distribution of J-K colour of BeXRBs (black histogram), Be stars
(hatched histogram) and B stars (solid grey histogram). Taken from Aot
al. (2009).

observables such as thextequivalent width — orbital period relationship of Reig,
Fabregat & Coe (1997) (see also Figure 1.12) and the diswibof Ha equivalent
widths and of NIR colours of BeXRBs compared to that of isedeBe stars (see
Figures 1.13 and 1.14). Figure 1.13 shows tle ¢tjuivalent width in isolated Be
stars is significantly higher than that of BeXRBs, in linetwihe disk truncation
model. Figure 1.14 shows the obvious difference betweed-tKecolour of Be and
B stars (a clear signature of a disk), but also the differdreteveen the colour of
isolated and binary Be stars. The difference is not obvigusye, but Antoniou
et al. (2009) show that the distribution for BeXRBs peaks-& 3 mags, whereas
that of the isolated Be stars peaks-ab.5—0.9 mags. However, it is noted that An-
toniou et al. (2009) do not specify whether the sample ofisal B and Be stars
are limited to spectral types in a range consistent withé¢haithe BeXRBs, since
including systems of differing spectral type could affdut interpretation of this
figure. Should the differences be real, this may also reptabe tidal truncation
of the disk by the neutron star (see, for example, the colbange of A0535+26
during its disk-loss phase; Coe et al. 2006). Further workhendisk-neutron star
relationship by Atsuo Okazaki has shown several tHings

“Noted as part of various discussion sessions at the 2011 BaXRference in Valencia, Spain
unless a specific reference is given.
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e The truncation efficiency increases for decreasing ecicéyirthough the
disk is smaller for larger eccentricities when the neutrtar s at perias-
tron. Low eccentricity systems truncate the disk well witkhe critical lobe
radius, whereas high eccentricity systems truncate thendish closer to the
critical lobe radius. As such, the more circular BeXRBs tantto be able to
accrete from the disk and only show Type Il outbursts. Higteetricity sys-
tems can accrete from the disk and display regular Type lurstb (Okazaki
& Negueruela, 2001).

e Truncation can only occur at low misalignment angles betwée disk and
orbital plane. Above- 30 degrees truncation starts becoming less efficient.
This means systems with a significant misalignment betweleih and disk
may be prone to outburst more often or to more luminous ostbur

e One of the 2 arms of the 2-armed density wave that is producttidisk by
the tidal interaction with the neutron star connects withdlecretion disk for
some phase of the orbit around periastron.

e Tidal truncation doesn’t stop the intrinsic mass-loss witihe Be star. This
means that matter can be lost from the photosphere into siewdhilst it
remains at the same tidally locked radius. The disk getsetearsd is then
more likely to snap into a large mass ejection, resulting Tiye Il outburst.

Some data in support of this idea that shorter orbit systemsrere likely to
Type Il outburst and less likely to Type | outburst (and viegsa) will be presented
in Chapter 5 and discussed further in Chapter 7.

1.4 Accretion and emission mechanisms

The transfer of matter in a binary system is not only a keyestagts evolution, but
also drives the X-ray activity we see. To fully understane #itcretion process in
X-ray binaries is almost impossible as the accreting plasthaindoubtedly suffer
from thermal and magnetic instabilities that are hard tongjiiya The following

Is a simplistic account of the important regions within tleeration flow, assum-
ing spherical accretion initially through thg Lagrangian point that does not suffer
from plasma instabilities. After passing througf the material will form an accre-
tion disk at the radius at which the initial angular momentarried by it is equal
to the angular momentum of material in a Keplerian orbit at tladius. Viscosity
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within the disk will redistribute angular momentum and eyeallowing material

to progress inwards towards the neutron star. At some peintden the disk outer-
edge and the surface of the neutron star, matter will ceagaltov the keplerian
orbit of the disk and begin funnelling down the magnetic figlés of the neutron
star. The radius at which this occurs depends on the strarigtte magnetic field
and is called the magnetospheric or Afvradius, defined as the radius at which
the magnetic pressure balances the thermal and ram pregshesaccreting matter
(e.g. Lamb, Pethick & Pines 1973). This is presented in tesfrthe observable
X-ray luminosity by Shtykovskiy & Gilfanov (2005b)

Rn = L14x10°R.Y'MY/ B L2 em (1.1)

whereRs is the radius of the neutron star in units off1in, My 4 is its mass di-
vided by 1.4 M,, B> is the magnetic field strength at the surface of the neutron
star in units of 16% Gauss andl s is the X-ray luminosity in units of 1% ergs s'*.

The luminosity was introduced assuming it is related to thessnaccretion rate
via Ly = GMnsM/Rns. In practice however, the accretion flow is not spherical and
the material may not be captured by the neutron star througgih&lobe overflow.
Frank, King & Raine (2002) show that the magnetosphericusaftir disk accretion

is usually of the order half that of the spherical magnetesigiradius. Moreover,
those authors show that amount of deviation from spherwaiedion (i.e. the frac-
tion of the neutron star surface that actually accretes)fismation of the ratio of
neutron star radius and magnetospheric radius. This mhaha stronger magnetic
field, which would truncate the Keplerian disk at a largeriuadwould cause the
fraction of the neutron star surface that accretes to reduce

Another factor that will affect the accretion in an X-ray amy is the spin period
of the neutron star, which in turn is changed by the act ofetemmn. The corotation
radius is defined as the radius at which a particle attachadnagnetic field line
would rotate at the Keplerian rate (e.g. Frank, King & Raif82)

Gmp2, \ 2
R, = ( 4n§p'“> =15x10°Pom;°em (1.2)

wherePspin is the spin period of the neutron star in seconds Bids its mass in
solar masses. In the caseRy > Ry, straightforward disk accretion can proceed as
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discussed above. During phases of accretion, the pulsedpefrithe pulsar is often
seen to decrease, suggesting that angular momentum is toensferred from the
accreting material to the neutron star. This is knowis@s-up. This phenomenon
can be seen on both long-term (several years) and short{saweral days) time
scales (e.g. SXP46.6, SXP144; Galache et al. 2008). Langdbanges in spin
period are a complex mixture of spin-up from periods of atoreand spin-down
caused either by accretion coming to a halt or by a changeeimtiernal structure
of the neutron star. Short term changes are most appareset larger accretion
rates and hence, high rates of angular momentum transfes.cabe oRgp < Ry,
signifies the neutron star is rapidly rotating. This can e@ither when the neutron
star is born from a supernova or if it accretes enough angulamentum that it
becomes substantially spun up. In this situation, mattemwalonger be accreted
down the magnetic field lines as the outward force from thation of the neutron
star is greater than the ram pressure of the plasma. The plesexpelled from
the system. This is known as tpeopeller effect. Whilst accretion is inhibited, the
neutron star will spin-down under magnetic braking torquEss acts to bring the
spin of the neutron star into a quasi-equilibrium with thekdiotation R ~ Ry).
The spin period at which this happens can be calculated frgmateons 1.1 and
1.2. If L35 in equation 1.1 is changed tgt(the standard luminosity of an X-ray
outburst from a BeXRB beingx110°%” erg s 1) andM 4 changed tdvl; to conform
with equation 1.2, the equilibrium spin period is approxiethby

_2 _
Pg ~ 2RTM B s (1.3)

from which it can be inferred that either very few of the knoXsray pulsars can
be near their equilibrium periods (e.g. Frank, King & Rai®®2), or the standard
values indicated in equation 1.3 are deviated from sigmfigan many systems,
such that their equilibrium periods are much longer tharvadeconds. The latter
seems most likely as it is a natural explanation for the i@tahip between the spin
and orbital periods of BeXRBs as discussed previously.

Itis not only the surface accretion and propeller regimas éine important to un-
derstand. King & Cominsky (1994) and Campana et al. (1995) poitthat energy
can also be released from accretion onto the magnetosprigeetype of accretion
Is expected to be observed during the propeller regime, ihemccretion flow is
unable to penetrate the magnetospheric boundary. Whilsh miihe material may
be propelled from the system, gravitational energy may leased from matter ro-
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tating at the magnetospheric boundary. The theory of suctetien is summarised
by Corbet (1996) and the X-ray luminosity produced is giverLpy= GMpsM /Rn.
Whilst at the equilibrium period whergg ~ Ry, @ small increase in the accretion
rate will allow material to penetrate the magnetospherigra@ary and accretion to
begin onto the neutron star surface. The opposite is algoftnua small decrease
in the accretion rate (i.e. accretion onto the neutron stease can stop with the
onset of the propeller regime). The difference in the obsgiuminosity and spec-
tral characteristics of these two accretion modes is markad former is observed
as a significant jump (or drop), referred to as the luminogép. This is described
in terms of the ratio between the minimum luminosity prodli®m neutron star
accretion and the maximum luminosity produced from magspteric accretion.
The latter occurs @y, = Rg. The luminosity gap is thus

I—nsmin . GMnsM/Rns

r = = : 14
Lmagmax GMHSM/RQ ( )
which from equation 1.2 becomes
[ = (GMns)Y3(Pspin/2m)% 3R (1.5)
= (GPnS/37T)1/3(PSpin)2/3 (1.6)

wherepps is the density of the neutron star. Thus, the size of the losity gap is
dependent only of the spin period and density of the neutaom Bhe magnetic field
strength will affect the actual luminosity seen in each megyi but will not change
the difference between them. To give the reader a referemaceef for the size of
typical luminosity gaps, a2 s, 40 s and 100 s pulsar will hayamof~ 270,~ 1950
and~ 3600 respectively. This illustrates the necessity of hgu@ither a small spin
period or large luminosity (magnetic field) when trying tosebve the transition
between accretion regimes. So far there has been no corelegdence for such
a luminosity gap in a BeXRB, though several authors claimaeehobserved ac-
cretion onto the magnetospheric boundary (e.g. Corbet 108ifipana et al. 2002;
Doroshenko, Santangelo & Suleimanov 2011).

Finally I will consider the properties of the accretion flolese to the polar caps
of the neutron star. In the ‘slow rotator’ regime describbd\ae in which a neutron
star will accrete freely, the accretion rate is limited gutgy the amount of material
available. Figure 1.15 shows the accretion column geonmetay the surface of the
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Figure 1.15: Left: accretion column geometries (taken from 8Scherr et al.
2007). Right: blow up of the column near the neutron star surface (takem f
Heindl et al. 2004). Fan beam scenario: at very high accretion raglbeck front

is formed and the up-scattered photons are forced out from the accostiomn
perpendicular to the magnetic field. Pencil beam scenario: at low accraties

no shock front is formed and the high energy photons escape in ain@eacil’

beam along the accretion column. The schematic shows the thermal mound on the
surface of the neutron star and identifies the line forming region and caomtinu
production zone.

neutron star and where the X-ray continuum and line feattiv@swe observe are
produced. The left-hand side of the figure shows the two mdreases of the type
of emission we see. In the hig*'fl regime, a collisionless shock front is formed
above the accretion mound which forces the photons thatuscattered to very
high energies at the neutron star surface out the sides aicitretion column. This
is known as ‘fan beam’ emission. At lo, no such shock front is formed and the
plasma can free-fall directly onto the polar cap of the nmustar. The radiation
produced is emitted back up the accretion column in a nareawb This is known
as ‘pencil beam’ emission. These two types of emission cabbervationally dis-
tinguished by features in the folded X-ray light curves (Bum & Kraus 2000).
The right-hand side of Figure 1.15 shows the line and contiméorming regions
near the neutron star surface. The X-rays are produced w&isa comptonisation
of soft seed photons with relativistic electrons in the liirig plasma within the
‘accretion mound’. This consists of the continuum prodgcaone above which
photons must propagate through the line forming region Wwiicharacterised by a
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magnetic field strength, an electron temperature and anaatepth. Sctinherr et
al. (2007) present a concise quantum mechanical treatni¢hé @lectron motion
within the plasma and use this to show that absorption wittenline forming re-
gion produces absorption features in the photon energytrsppea@t quantised ener-
gies. We observe these features as cyclotron lines andihemonics, from which
we can infer properties of the accretion column and magriietid of the neutron
star. Going beyond the fan beam scenario described aboesearhigheM could
halt the accretion process all together. If we, again, assspherically symmetric
accretion, the radiation emitted from the compact objedit exert a force on the
ionised plasma being accreted. If you also assume the plessmade up of fully
ionised hydrogen, the radiation exerts a force mainly oreteetrons in the plasma
through Thompson scattering, due to the electron having ehrtarger scattering
cross-section than a proton. As the radiation pushes electiut, the electrostatic
attraction between electrons and protons in the plasmaesahs electrons to pull
out protons with them. At the point of equilibrium, in whichatter is neither ac-
creted nor expelled, the radiative force acting againsgtiaeitational force of the
plasma are equal. This scenario causes accretion to hals&mbwn as the Ed-
dington limit. The corresponding luminosity at which thiscars is the Eddington
luminosity given by

Leqg = 47'[G|\/|mpC/O'T (1.7)
~ 1.3x10%M/M)ergss? (1.8)

whereG is the gravitational constari¥] is the mass of the compact objew, is the
proton massg is the speed of light andy is the Thompson cross-section (Frank,
King & Raine, 2002). So for a 1M, neutron star, the Eddington luminosity is
approximately 2« 108ergsst.

The photons that result from this accretion process holatieemation we need
to derive the physical properties of any particular systehotons produced in
this way have a wide range of energies. Their X-ray specteaganerally well
characterised by a power-law in the soft (2—15 keV) X-rayimeg Some systems
require the addition of a thermal component at lower ensrggeg. McCray et
al. 1982) or a high-energy break in the power law (e.g. Whitsais & Holt
1983) to be well modelled. The thermal component likely ioidges as thermal
blackbody emission from the neutron star or some other takbemission from the
magnetosphere, or from reprocessed X-rays near the sufdoe neutron star. The
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power law emission is likely generated by Compton up-sdagdrom an accretion
disk or synchrotron emission from close to the polar regigabreak in the energy
spectrum, if needed, would most likely indicate a separkget®n population or
that the energy distribution of the electron populationsioet follow a power-law
model at higher energies. This simple idea of the emissigions in an X-ray
binary will be used when fitting energy spectra in later chegt

1.5 Thesis overview

In this chapter, | have presented an overview of the X-raytyirfamily. In par-
ticular, | have described the optical and X-ray propertiethe BeXRB sub-class
and the relevant accretion and emission characteristatsatie used throughout this
thesis. Chapter 2 gives an introduction to the Magellanic @oproviding the rel-
evant history, structure and observations to put the woes@nted into context. |
include an overview of the ongoin@XTE programme to monitor BeXRB activity
in the Small Magellanic Cloud (Galache et al., 2008), as data this programme
form a major part of the work presented. In Chapter 3 | presenayXobserva-
tions of the second largest outburst seen from a BeXRB in W€ 8nd subsequent
optical and NIR follow-up observations. In Chapter 4 | prés¢may and optical
observations of a newly discovered pulsar in the SMC. Thetealbbwed for the
spectral classification of the counterpart and the calmnatf the orbital parameters
of the system. Chapter 5 furthers the orbital analysis waidoduced in Chapter 4
by looking at outbursts from four other systems in the SMC skdss the derived
parameters for each system before comparing the resuliswhiat is known from
systems in the Milky Way and exploring the spin period, @bgeriod and eccen-
tricity parameter space. In Chapter 6 | describe the restiisnewly implemented
method to locate pulsars discovered WRKTE. This resulted in the discovery and
localisation of one new pulsar and the association of a stisgeew pulsar with
an already known system. The latter informed that this paldr pulsar seemed to
show very high spin-up of the neutron star during appareasph of negligible ac-
cretion. | conclude with a discussion of the possible ingdlmn of this observation.
| conclude this thesis with a summary of key scientific resald future work in
Chapter 7.



Common sense is the collection of prejudices acquired by
age eighteen.

ALBERT EINSTEIN (1879 - 1955)

The Magellanic Clouds andXTE
long-term monitoring programme

For hundreds of years, two fuzzy blobs in the Southern sk lmevided people
with their first look into a world beyond our own galaxy. The §&dlanic Clouds

were nhamed after Ferdinand Magellan whose expedition ledémf the first Euro-

pean documentations of the Clouds. Both the Large and SmajeNsmic Clouds

(LMC, SMC) are dwarf irregular galaxies that resemble tidallgrupted barred

spirals. In fact, the tidal interaction between both Cloudd between the Clouds
and the Milky Way has caused huge streams of material tachtastross much of
the sky. In this chapter, I will discuss the structure, higand observations of the
Magellanic system and will describe the ongoing programomaanitor the SMC;

the data from which has made much of the following work pdssib

2.1 The Magellanic system

The Magellanic Clouds lie within the dark matter halo of thdkyliway at a dis-
tance of around 60 kpc. Their proximity to each other and ¢oMilky Way causes
tidal disruption and stripping of gas from the galaxies. SThas the greatest effect

31
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Figure 2.1: Photograph of the Magellanic Clouds (left), Milky Way (centre) and
the VLT Unit Telescope 1 (right). Image credit ESO/Y. Beletsky.

on the less massive SMC which has experienced substatidbstnation and has
had much of its gas stripped from the bar region by the LMC. Tigterial con-
nects the two galaxies and is known as the Magellanic Briéggures 2.1 and 2.2
demonstrate the proximity of the galaxies and the scale@Mhgellanic system
on the sky. Figure 2.2 also shows the different regions oMhagellanic system in
HI column density. The HI, or 21 cm, emission line is one ofr@st prominent in
the radio regime. This line arises from a forbidden hyper§pm-flip transition of
the electron in neutral hydrogen, resulting in the reledsephoton at 21cm, or 1.4
GHz, from which maps such as that in Figure 2.2 can be produtled hydrogen
gas content of a galaxy is often used as a representatioa phytsical extent and
structure. Neutral hydrogen maps can also be used as lscat@tar formation
regions, as massive, young stars are likely to form in sugiors of dense gas. Ev-
idence of this can also be seen by plotting a galaxy’s HMXBypaijon onto its HI
map (see section 2.1.2). The LMC, SMC and Bridge represent ontise material
in the Magellanic system and span several degrees on th&géy.this large struc-
ture is dwarfed by the plume of material extending out from @louds known as
the Magellanic Stream. Recent observations at the Greek Balascope estimate
the angular size of the Magellanic system to-b200° (Nidever et al., 2010), a 20
increase on previous measurements. Critically, this irsgedhe estimated age of
the Stream te- 2.5 Gyr, which coincides with a burst of star formation in 8C
(Harris & Zaritsky, 2004). A close approach between the LM@ &MC is thus the
favoured scenario to explain the existence of the Stream.

Recent proper motion measurements of the Clouds using thantgd Camera
for Surveys (ACS) aboard theubble Space Telescope (HST) by Kallivayalil et al.
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Figure 2.2: HI column density map of the Magellanic system. The LMC, SMC
and Bridge are labelled, as is the Magellanic Stream (MS) and start of dtbrige
Arm Feature (LAF). The entire system stretches nearly’ E8oss the sky. Taken
from Putman et al. (2003).
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Figure 2.3: Top: The separation history of the SMC, LMC and MW from each
other. Bottom: The tidal force exerted by the Galaxy and LMC on the SMC as a
function of time. The spikes at 1.6 Gyr and 0.25 Gyr are thought to haveeir
the Magellanic Stream and Bridge respectively. Taken from Diaz & BEXL1).

(2006) and Kallivayalil, van der Marel & Alcock (2006) sugg¢hat their estimated
three-dimensional galactocentric velocities are as msch0® km st higher than
previously estimated values (Gardiner & Noguchi, 1996)sIBet al. (2007) use
these velocities to re-examine the orbital history of theudk about the Milky
Way. Their main conclusion is that the LMC and SMC are eitherently on their
first passage about the MW or that their orbital period andjafazticon distance
must be a factor of 2 larger than previously estimated, exireg to 3 Gyr and 200
kpc, respectively. This cast a major doubt over the preoascepted scenario
put forward by Gardiner & Noguchi (1996) that the Clouds hathpteted many
orbits of the MW during a Hubble time. However, Diaz & BekkiO@®1) present
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Table 2.1: HMXB populations in the Galaxy and Magellanic Clouds.
Population  Number of HMXBs Number of pulsars

SMC 9 65
LMC 36! 10
Bridge? 3 1
Milky Way? 114 66

Liu, van Paradijs & van den Heuvel (2003McBride et al. (2010)3Liu, van
Paradijs & van den Heuvel (2006).

a numerical model that is based upon the traditional tidadieh¢e.g. Gardiner &
Noguchi 1996) but with the important inclusion of the prop®ation measurements.
Those authors show that it is in fact possible to reprodueeréisult of a tidally
bound Magellanic-MW system with the newly measured velegjtthough they
admit the model is somewhat idealised at the present tinguré&i2.3 shows some
of the results of their simulations. The top panel shows theg®llanic system
bound to the MW and having an orbit of around 1.6 Gyr. It alssvwshthe SMC and
LMC have been in separate orbits around the Galaxy and hdyeamently become
tidally locked themselves. This has never been suggestedriier work. It does,
however, reproduce the HI structures in the system. The tageqgassages of the
SMC and LMC at around 1.6 and 0.25 Gyr are predicted to hawveddrthe Stream
and Leading Arm and the Bridge respectively, though thisiagew at odds with
that calculated by (Nidever et al., 2010). More modellingras to be necessary in
order to fully understand the dynamical history of the Méayakt system.

2.1.1 The X-ray binary population

The Galactic population of HMXBs includes all of the diffatetypes described
in the previous chapter. This is markedly different to th@uation in the SMC,
which includes only BeXRBs and one SGXB, all of which have atran star ac-
cretor. The number of HMXBs in the SMC is also at odds with wivatknow

from the Galaxy. A simple mass comparison suggests thendcibe only one or
two such systems, and yet there are over 60 now known (Coe, &C4l8; Cor-

bet et al., 2008) and many more good candidates. Populatithesis models by
Dray (2006) predict the low metallicity environment in th®IS could increase the
number of HMXBs by a factor of 3. However, this is still not cient to explain

the SMC population on its own. A recent episode of star foromatpossibly due
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to an increase in the tidal force exerted on the SMC by a clppecach with the
LMC, is the current favoured scenario to explain the numbexRBs seen. This
close approach has not been disputed in the wake of the newlé&lpboper mo-
tion measurements. Recent work by McBride et al. (2010) shibvat such tidal
interaction seems to be inducing binary formation in thedBe itself, as well as
the SMC. Those authors show a population of at least 3 confiand® candidate
HMXBs that must have formeth situ rather than being expelled from the SMC.
This number has recently increased to 5 candidates withdtection of two more
hard X-ray transients in alNTEGRAL observation of the SMC (Drave, 2011, Priv.
Comm.). Table 6.1 summarises the population of HMXBs in theseand Mag-
ellanic system. The data in Liu, van Paradijs & van den He(R@05) and Liu, van
Paradijs & van den Heuvel (2006) are outdated, but are k#linhost recent pub-
lished catalogues of HMXBs. It is certain that the number bPXBs in the LMC,
SMC and Milky Way and the number of pulsars in the Milky Way @éaubstan-
tially increased from these figures in the past five yearsjghgrecise cataloguing
of these systems has not been carried out in this work. ThagBnpopulation is as
described in McBride et al. (2010). The number of pulsarh@tMC and SMC
are correct at the time of writing.

2.1.2 HMXBs in the SMC

The SMC provides an excellent laboratory to study both thmelfumental physics
of individual HMXB systems and the global properties of astahtial population
formed at the same time and at a well defined distance (60 kacids, Hilditch &
Howarth 2003} and absorption column (610°°cm~2; Dickey & Lockman 1990).
The latter can give an insight into the star-forming histofthe galaxy and improve
our understanding of how differences in the local environtife.g. metallicity) af-
fects the formation and evolution of the binary system. Térwenkr allows us to
observe the interaction between a compact object and aweassir and how the
compact object behaves under varying levels of accretioturh, this can provide
information about the fundamental properties of the cormphbject such as the neu-
tron star equation of state or black hole masses. The natyaldiifference between
the SMC and Galaxy~ a factor of 5; Russell & Dopita 1992) is of particular rele-

1This is the most widely accepted distance estimate to the. 3M@re recent study of eclipsing
binary systems in the SMC by North et al. (2010) yields a distsof 664+ 0.9 kpc and a 2 line-
of-sight depth of 7.6 kpc. This means an estimate of a souro@bsity, for example, could carry
up to a 20% error. Despite this, the HMXB population in the SMGtill much more homogeneous
than that of the Milky Way.
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Figure 2.4: The spectral distribution of BeXRBs in the SMC (dot-dashed) and in
the Galaxy (solid). Taken from McBride et al. (2008).

vance throughout this work as it has substantial influentiegrevolution of massive
stars. The line-driven stellar winds in massive stars arakeein low metallicity
environments (e.g. Kudritzki, Pauldrach & Puls 1987), l&sg in lower mass and
angular momentum losses from the binary systems in whighrésde. This could
result in compact object masses different to those seeriG#taxy and could even
affect the evolutionary path of the binary system. The fattay manifest itself as
differences in observable parameters of the populatiat) as spectral distribution,
the distribution of orbital sizes and eccentricities or thstribution of mass func-
tions. This is investigated in Chapter 5. McBride et al. (20€}®w that, despite the
low metallicity in the SMC, the distribution of spectral tygpef the optical coun-
terparts to Be/X-ray binaries (BeXRB) is consistent withttbf Galactic systems
(Figure 2.4).

At the time of writing, there are 65 confirmed pulsars in theGdee Table 6.1).
These are presented in Figure 2.5 as numbers plotted oveiainaage of the HI
distribution in the SMC, where the numbers represent thesgiiod of the neutron
star. The larger circles represd®TE pointed observations and will be discussed in
the following section. The majority of systems lie in the SM& whilst only a few
occupy the Wing. This is not an observational bias, but exidehat the BeXRBs
trace regions of high gas and dust content. Antoniou et @L{Rinvestigate this in
detail by probing the rate of formation of HMXBs in the SMC &rms of the star
formation rate (SFR) in their local environment. Figure 2¥®ws various represen-
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Figure 2.5: HI map of the SMC with the current pulsar population aR{TE
pointing positions overlaid. The numbers represent the spin period of ®ec
tem. Pulsars with unknown position have ‘ep’ following their spin period. The
large and small circles denote the 2 degree full field of view and the 1 eégié
response field of view dRXTE (a circle is an approximation to the actual collima-
tor response which is close to hexagonal).
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tations of the star formation history (SFH) of differenti@gs in the SMC. The SFH
was derived from the average of the SFHs of individual Maged Clouds Photo-
metric Survey (MCPS; Zaritsky, Harris & Thompson 1997) okiagons that fell
within particular regions defined by Antoniou et al. (2010he individual SFHs
were calculated by Harris & Zaritsky (2004) using the MCPSdatmap the SFH
of the entire SMC at various epochs. Antoniou et al. (201@dusis information

to calculate the SFH of regions within various X-ray survepsh with and with-
out a detected XRB to see if local star-formation mapped tiveeat population
of HMXBs. The top-left plot in Figure 2.6 is based on the MCP§aas within 5
Chandra and 4XMM-Newton observations of the SMC bar described in Antoniou et
al. (2010). Two SFHs were calculated: one from the MCPS regjiloat host one or
more BeXRB detected by either X-ray telescope (black sg)amed one from those
regions with no detected BeXRBs (grey stars). Similar datoons were performed
based on whether or not those same MCPS regions hasydahown pulsar or not,
regardless of detection in their X-ray observations (batleft). Both of these plots
show a strong SFR at 42 Myr in regions where BeXRBs are known and a minimal
SFR at this age for regions without BeXRBs. This demonstrateobvious differ-
ence between the fields with and without BeXRBs and suggedeaaconnection
between an episode of star-formation and the observed BeXRBis age is also
consistent with the peak in the age distribution of HMXBshe SMC bar that oc-
curs~ 20-50 Myr after a star-formation event (Shtykovskiy & Giltas, 2007) and
lies at the peak of the age distribution at which Be starstayaght to develop their
circumstellar disks (McSwain & Gies, 2005). This all leadghe conclusion that
this particularly strong SF episode at42 Myr formed the population of BeXRBs
we see in the SMC today. Antoniou et al. (2010) also note weadaks in the SFH
at~ 11 Myr and~ 422 Myr. The latter cannot have contributed to the HMXB pop-
ulation as all OB stars would have ended theirs lives by thiet The former is too
early to produce BeXRB pulsars, but could form a populatitiolack hole binaries
due to the faster evolution of a more massive companion. Tdtarpthe top-right

of Figure 2.6 shows the same analysis as above, but base@ Qfahdra survey

of the SMC Wing (P.I. M.Coe; McGowan et al. 2008b). A peak isxsiee regions
hosting a BeXRB at- 42 Myr, although this is somewhat weaker than in the Bar.
There is no peak at this age for regions without a known BeXiRBthese data do
show a substantial burst at11 Myr. These results suggest that the Wing should
be deficient in BeXRBs in comparison to the Bar (this is indéexdcase) and that
SG or black hole systems should dominate the population e6ivabinaries in the
Wing, due to their shorter evolutionary timescale.
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Figure 2.6: Top-left: average SFH of the MCPS regions (Zaritsky, Harris &
Thompson, 1997) that fall within théhandra or XMM-Newton pointing positions
of the SMC bar described by Antoniou et al. (2010) that host one or BexdRB
(black) and no BeXRBs (grey) detected in those X-ray observatiBotsom-|eft:
SFH of any MCPS region within one of those X-ray pointings in which anyno
X-ray pulsar resides (black) and does not reside (gréypp-right: SFH of the
MCPS regions falling in the pointings of tighandra Wing survey (P.l. M.Coe;
McGowan et al. 2008b) in which a BeXRB was (black) and was not jgiey
tected in that surveyBottom-right: SFH of MCPS regions that hold one or more
candidate (i.e. non-spectroscopically confirmed) BeXRBs from Liu,Ramadijs

& van den Heuvel (2005). Taken from Antoniou et al. (2010).

2.2 The SMC monitoring programme with RXTE

TheRoss X-ray Timing Explorer (RXTE) was launched on December 30, 1995 and
is still operational at the time of writing. It is in a low-ehrorbit with a period

of ~93 minutes. The three science instruments are: The PropaftiCounter
Array (PCA), the High Energy X-ray Timing Experiment (HEXT&)d the All Sky
Monitor (ASM). A schematic oRXTE with these instruments labelled is shown in
Figure 2.7. The key features BXTE include:

e a broad spectral range of 2-250 keV
¢ an all-sky monitor

e separate soft and hard X-ray detectors
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Figure 2.7: Schematic ofRXTE (credit http://heasarc.nasa.gov/). The PCA,
HEXTE and the ASM make up the three science instruments (see text for fletails

e very high time resolution of us at low energies

e very large collecting area on pointed detectors

In the following section, | will give a brief overview of theQA instrument and
discuss the data obtained with this instrument that formbh&s of this work. 1
will not present any data from the HEXTE or ASM detectors st mot discuss
them further. For more details on these instruments seet BRathschild & Swank
(1993).

2.2.1 The Proportional Counter Array

The PCA consists of 5 identical proportional counter unitSB) placed side by
side (see Figure 2.7). For the purposes of this discussi@setwill be labelled
0-4. Each PCU has a layer of propane gas on top of xenon/mettedaetors
acting as a veto for particle background below 2 keV. The rémethane detector
is further divided into 3 layers, each of which is dividedaittalves. These 6 xenon
compartments provide the means to discriminate betweet god bad events. The
Event Analysers (EA) on board the spacecraft will recordatjevent’ (an X-ray)
if only one of the 6 xenon detectors is triggered. The EAs canotd to analyse
the incoming events in various different modes. These apsein by the observer,
though 2 EAs are always reserved for the standard modesrénanahanged since
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Table 2.2: PCA instrumental properties

Energy range 2—60 keV
Energy resolution <18% at 6 keV
Time resolution s
Spatial resolution  collimator with?lFWHM, 2° FWZI
Detectors 5 proportional counters
Collecting area 6500 cfn
Sensitivity 0.1 mCrab
Background 2mCrab

the mission beginning and are made available with the uderetemode data for
every observation. The instrumental properties of the P@foatlined in Table 2.2
and a full description of the instrument can be found in Jahetchl. (2006).

2.2.2 Data acquisition and analysis

The work presented in the following chapters has made uskeofarge FOV and
high time resolution of the PCA to search for and monitor X-kayaries in the
SMC. The data used come from a key programme in which twicekkyeeonitor-
ing observations of the SMC bar region are carried out. Gedaat al. (2008) give
details of this programme and present light curves of the §MISar population at
that time. Here | will summarise the key aspects of the pnogne, the data analy-
sis methods and changes made to the reduction and analysisps developed by
Laycock (2002) and Galache (2006).

Many different positions have been observed during thearoagie, though in
recent years we have settled on two slightly overlappingtipos covering most of
the Bar. These positions are depicted in Figure 2.5. Thelargl small circles are
the 2 full width zero intensity (FWZI) and 1FWHM fields of view for the two
positions. The observations are made in the GoodXenon evedé which utilises
the full timing and energy resolutions of the PCAL& and 256 channels). Each
photon is tagged with a time, energy and the PCU configuratidhis mode. The
data are extracted in the 3—-10keV range in order to maxinmsesignal-to-noise
ratio (SNR) for a HMXB. Jahoda et al. (2006) present the quangéfficiency of
each of the layers in PCU2. At the energy range of interestetii@ency of layers
2 and 3 are negligible in comparison to layer 1 and so we onlsaekdata from
this top layer. In addition to this, PCUs 0 and 1 unexpectediyted their propane
veto layers on May 12 2000 and December ¥52006 respectively. Though a new



2.2 The SMC monitoring programme wiBXTE 43

background model was introduced to account for this in PCtU@as decided not
to use data from this PCU after this date. PCUL1 is very rarely tmefaint sources,
though data are also rejected from this PCU on the rare ogt#smactive in our
observations.

A reduction pipeline was written in C-shell script to providdully automated
way of producing a cleaned and barycentre corrected lightectrom rawRXTE
datafiles. The pipeline uses many of the FTOOLS needed fatémelard reduction
of RXTE data and was originally written by Silas Laycock (LaycocB02). Major
revisions were made by Jose Galache during his Ph.D to attmuwhanges in the
observatory conditions and reduction methods (GalacH&g )2 he key points that
are important to the discussion in this thesis are descriloed After light curves
have been extracted from the raw event files they are binn@®as. They are then
background subtracted and barycentre corrected befollg/firaving the count rate
corrected for the number of active PCUs. The final light cuasespassed through
a Lomb-Scargle periodogram to search for pulsations. Thar @ssociated with
any period found is calculated based on the formula for thadsrd deviation of
the frequency given in Horne & Baliunas (1986):

310N
ow = ——— 2.1
2N1/2DA (2.1)

whereoy 2 is the variance of the light curve, N is the number of data {0l is
the length of the data arlis the amplitude of the signal given by:

ZoON?

A =2
N

(2.2)

wherezy is the Lomb-Scargle power. This error analysis is not perfaat the time

and computer power needed to run Monte-Carlo simulationsven D500 power
spectra has meant that a more sophisticated analysis hgstriz#en implemented.
Further minor revisions to the pipeline were made by MattlSskurch during his
Ph.D (Schurch, 2009). Minor revisions made during my Ph duide:

e addition of new AO information and adaptation of the ObslBognition
section to account for the most recent data sets and newlgetkraster ob-
servations to try and locate newly discovered pulsars

e changing the ‘epoch selection’ section as an error in thembson dating
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within the pipeline meanéll data were reduced with the energy channels
chosen for epoch 5 data. Epochs prior to epoch 5 were mearet tednced
using different gains as the PCUs are constantly charging.

e changing the filtering criteria to remove bad data related@ breakdowns.
If an observation, or part of an observation occurs less ft&#hs before or
less than 600 s after a breakdown event (flagged with the TBVNECE BRK
keyword) that observation, or part thereof, will be throwveg. The selection
expression for PCU2 data, for example, is thus (PCUR==0|| (PCU20N
==1&& (TIME _SINCEBRK2 <-150|| TIME_SINCE BRK2 >600))). This
expression has been added to the more general selectienacdescribed in
Galache (2006).

Due to the quickly expanding data archive, Galache (200@¢ldped two fur-
ther analysis packages designed to automate the periogsenaf the light curves.
The first program, PUMA (PUIsar Monitoring Algorithm), prodes a Lomb-Scargle
power spectrum for each light curve and searches it for gdegitbes from known
pulsars. The typical length of an observation is around Ifi&aning periods of up
to ~ 3000s can be searched for. If it finds a known pulsar, it wilbswee the pulsed
amplitude at that frequency. It will also record bright mtlens from previously
unknown systems. The second program, ORCA (ORbital Calonl@tpplication),
reads in the pulsed amplitude histories of each pulsar asumed by PUMA and
makes a long-term light curve for each one. It then seardieebght curves for pe-
riodic signatures indicative of orbital modulation. Fugtldetails on both programs
can be found in Galache (2006) or Galache et al. (2008).

2.2.3 Example light curves and programme results

Galache et al. (2008) summarise the results oRKEE monitoring programme be-
tween 1999-2008. In total they suggest 14 systems amorgkhtwn population
were either newly discovered BeXRB pulsars or were firstidied as pulsars by
our programme. In addition, they present the long term lagivves of every known
pulsar at that time which, in many cases, led to a newly detexdhorbital period

from timing analysis of the light curves. In this section,illwriefly summarise the

results of the programme between 2008 and the present dagrasdnt the light

2See http://heasarc.nasa.gov/docs/xtefabte.html for the energy conversion table at different
epochs.
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Figure 2.8: Long-termRXTE/PCA light curve of SXP18.3 in the 3—10 keV band.
The panels are described in the text.
curves of some selected systems that show recent X-raytgciihere are 3 main
results coming from the programme in the last 3 years:

¢ the discovery of 4 new pulsars (SXP7.92, SXP11.5, SXP175 &&28) and
determination of a small number of binary periods of knowisgars.

¢ the determination of an accurate spin period of the first kmpwisar in the
Magellanic Bridge.

¢ the detection and rapid monitoring of Type Il outbursts ke spin period
evolution in these outbursts for several systems.

The discovery of new pulsars is an important result for maeagal studies of the
SMC population. When a new pulsation is discoveredRIE, the source needs
locating before more detailed studies can be carried outptéh& discusses what
| believe to be the most effective and efficient way of doing.tifhe latter of these
points has proved hugely successful in producing well sathpltbursts to which
orbital and spin-up models can be fit. This model fitting to &ypoutbursts is the
basis on which much of the work presented in this thesis wadymed. As | will
describe in the following chapters, this adaptation of caditional observing pro-
gramme to target large outbursts has for the first time altbthe determination of
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Figure 2.9: Long-termRXTE/PCA light curve of SXP25.5 in the 3—10 keV band.
The panels are described in the text.

the orbital parameters of several BeXRB systems in anothlaxy. Before present-
ing the results of this analysis, | will introduce exampléshe data and highlight
some specific systems that are currently very active andusissthis in terms of

the outburst types seen in BeXRB. The simplistic view of atborst either being

Type | or Il as described in Chapter 1, seems to no longer bsfaetidry in cate-

gorising outbursts in BeXRBs. The light curves presentefigures 2.8 — 2.12 are
used to emphasise some of the more subtle difference in tiharsts we observe.
These differences are seen in Galactic systems, but | ledl®y can only be char-
acterised by looking at a large population that have the sayegdistance and local
environment for a long time. Our SMC dataset offers such godpnity.

The layout of Figures 2.8 — 2.12 is generic and is producechbyGQRCA rou-
tine. It is described here so as not to be repeated in eacleficaption or the
following chapters. The top panel shows the amplitude ofpthised emission in
counts/PCU/s, where each point is a single observation. €heal blue dashed
lines show the most likely X-ray ephemeris based on an drpé&dod search of
the light curve. The second panel shows the source posititnirvthe RXTE FOV.
A source at the very centre has a collimator of 1 and a sourteeatery edge O.
The collimator response is approximately linear with cisefrom the centre. The
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Figure 2.10: Long-termRXTE/PCA light curve of SXP46.6 in the 3—10 keV band.
The panels are described in the text.

third panel shows the pulse period measurements in sec@hddinal panel shows
the significance of the detection where the significance ofig given frequency is
related to its Lomb-Scargle power, P, by the following foteau

sig=100x (1—e )" (2.3)

where M is the number of independent frequencies and isajlpi@ x 10° in our
analysis pipeline. As such, a LS power7 is a detection above 99% significance.
Only detections above a significance of 99% are plotted initing panel for clarity
reasons. This 99% limit is denoted in the other panels by o&ttg. Blue points are
detections below this threshold. The x-axis is in MJD anchspapproximately 14
years. Figures 2.8 — 2.10 are the light curves of SXP18.3,25X8%and SXP46.6
respectively. All three pulsars have been extremely addinee their light curves
were last published by Galache et al. (2008) and they all stiierent behaviour.
SXP18.3 underwent a massive Type Il outburst around MJDB46€e Schurch et
al. 2009 for details) and then turned off. It then switchecdkdan around MJD55000
with a much shorter Type Il outburst that was over double tinghosity of the first.
This Type Il did not end abruptly as before, but reduced intang series of Type |
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Figure 2.11: Long-termRXTE/PCA light curve of SXP59.0 in the 3—10 keV band.
The panels are described in the text.

outbursts that peak at around 20% of the Type Il luminosiimiiig analysis of this
section of the light curve reveals the orbital period of thystem at 17.73 This
light curve alone is evidence that the traditional Type Hnusts show differences
in length and intensity and must be caused by differenceseartircumstellar disk
at the two epochs. SXP25.5 was rarely detected until M3B000 when it began
showing evidence of low luminosity Type | outbursts. Thesikjy evolved into a
more persistent outburst of higher luminosity, though iswéll not seen in every
observation as a traditional Type Il outburst would be. Bhiggests an intermediate
outbursting stage, where a system may be accreting for nidstarbit, but not all
of it. This transition also causes the neutron star to stgosgin-up, in contrast to
SXP18.3 in which a much more luminous outburst of similaration has caused
almost no spin-up of the neutron star. This implies the tergquparted by the
accreted material is different in the two systems. SXP46tGe most constant and
predictable source in the SMC. Whenever we have had good gweve have
seen regular Type | outbursts modulated at the binary pefibeére is a small and
constant spin-up and little change in the X-ray luminosityis is the archetypal
Type | outburst as described in the previous chapter.

3The orbital period had already been derived from opticditligurves (Schurch et al., 2009).
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Figure 2.12: Long-termRXTE/PCA light curve of SXP144 in the 3—-10 keV band.
The panels are described in the text.

Figures 2.11 — 2.12 show SXP59.0 and SXP144. These systarasshawn
little X-ray activity since Galache et al. (2008) preseriteeir light curves, but they
show more diversity in the type of outburst in their histsrieSXP59.0 has under-
gone two similar outbursts around MJD51000 and MJD52700eyTlesemble a
persistent (Type Il) low luminosity outburst with sharp lieases in luminosity at
the time of periastron passage (Type I). This shows pergiateretion, but with an
increase in accretion rate during periastron. This is véifer@nt from SXP18.3 in
which the Type Il preceded the Type | in a very clear changeaiés The spin-up
also clearly changes from high to low during the second asttas the luminosity
drops from 5.5 to 2 cts/PCU/s. Finally SXP144 was active fargltime, under-
going regular Type | outbursts, similar to SXP46.6. Howevethis case there is
very definite spindown of the neutron star whilst accretion is occurring. This iedu
either to the neutron star spinning in the opposite directothe accretion flow or
the magnetic braking torque of the neutron star is strorfggan the torque provided
by the accretion flow. Whilst these 5 light curves were chosesome of the clean-
est we have, they demonstrate that care is needed when slisgusitburst type.
Many factors can affect what type of outburst we see, not lbasneutron star spin
and its phase in the orbit, the state of the CS disk and the mdeasthat describe
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the binary orbit. Outbursts discussed throughout the resti® work will often be

described in terms of Type | and Type Il for ease of understayydhough more
specific details will be given when necessary. In the longhteowever, | believe
the nomenclature used in the field should move away from tinaditional descrip-
tions. In Chapter 7 | will discuss future plans to try and qifgrihese differences
and produce an more thorough classification regime thamiotiyrexists.

2.3 Optical monitoring of SMC BeXRBs

To fully understand the X-ray behaviour we see from BeXRBss vital to have
information about the optical counterpart. In Chapter 1 tadticed the OGLE
monitoring programme of stars in the Magellanic Clouds. Wlsitsllar variability
was not a key science goal of the project itself, the data tbgramme has taken
since 1997 has been an invaluable tool in understandingptieabcounterparts to
the SMC BeXRB population and in many cases the role that thategparts have
in the X-ray activity. The light curve shown in Figure 1.10s\éhosen to emphasise
the two types of variability seen in the data, though it isesgntative of all the light
curves in the database.

The OGLE project has been steadily monitoring millions airstn the Magel-
lanic Clouds for the past 12 years (see Udalski, Kubiak & Szska(1997) and
Szymanski (2005) for more details on the OGLE instrumentation aathlogue).
Photometric images in the I-band are taken almost everyt migpiist the SMC is
visible; these images now make up a decade long databasedhates most of the
HMXB systems in the SMC. Throughout the following chaptergjll often refer
to the OGLE light curves of various BeXRB systems in the cxinté the optical
flux coming from the circumstellar disk or the variability the system caused by
the Be star or the neutron star. The light curves are redudaidie OGLE real time
data analysis system (Udalski, 2003), meaning calibraggd turves are provided
direct to the user for immediate scientific exploitation.

As a secondary means to optically monitor BeXRBs, my groupleen using
the 1.4m Infrared Survey Facility (IRSF) telescope at$heth African Astronom-
ical Observatory (SAAO) for the last 7 years, taking photometry and polarimetry
at near-IR wavelengths. This monitoring is not regular,imton the telescope is
awarded via competitive proposals and observations caaig by visitors to the
telescope. However, the few observations made of eachnsyster the years have
proved a very useful probe of the cooler parts of the circeltestdisks in these sys-
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tems, which nicely compliment the OGLE monitoring. The IRSE Japanese built
telescope designed specifically to take photometric dateeid, H &Ks bands. The
SIRIUS (Simultaneous three-colour InfraRed Imager for idabd Survey) camera
attached consists of three 10241024 pixel HAWAII arrays which take simultane-
ous images in the three bands (Nagashima et al., 1999). Xbksgiale of the chip
is 0.45 arcsec per pixel, yielding &7 x 7'.7 field of view.

Data reduction was performed using the dedicated SIRIUSlipipbased on the
National Optical Astronomy Observatory’s (NOAO) IRAF sweéire package. The
pipeline was provided by Yasushi Nakajima at Nagoya Uniterdapan. This per-
forms the necessary dark subtraction, flat fielding, skyrsgtibn and recombines
the dithered images. It has only been during the past codpleass that the IRSF
has really been noticed by the astronomical community datsf Japan and South
Africa. As such, huge advances have been made improvingpleéne for external
use. A moderate amount of time was spent during my Ph.Dngetitiis pipeline
up on the university computer system and testing it for bugbkearors, in conjunc-
tion with the Japanese, to produce a pipeline that is s@taibdl easy to install and
run. With the advancement in the understanding of the tefesand the reduction
packages, the Japanese astronomers recommended varsaugiiod strategies to
maximise the data. During my groups early observing rungpecal setup of 15
dithers of 25s each was generally used for each target. ©tas éxposure time
of between 350 and 400s was sufficient to detect sources doWgrll7 and was
used for all but the faintest sources. As my observing egpeg on the telescope
grew, these exposure times were fine-tuned to fit each sonctéha conditions. |
found that shorter exposure times and more dither cyclescestithe background
noise significantly (particularly on hot nights) and theate@xposure times of bright
sources could be reduced slightly. For the readers infoamahroughout the fol-
lowing chapters, systems with a J magnitude of 14-15 werergbd with 4 sets of
10 dithers of 10s exposures, totalling 400s. Magnitude @5tars were typically
observed for 6 sets of 10 10s exposures, totalling 600. Anything fainter than this
needed longer individual exposure times else sources waatlde visible above
the noise. Typical exposures were 6 sets of105s exposures, totalling 900s.

Photometry on the reduced data was originally done usinh@&O/DAOPHOT
package in IRAF to extract the J, H Ks band magnitudes. The catalogue by Kato
et al. (2007) was used to calibrate the data by finding theageemagnitude offset
of all the stars in my field from those in the same field in th@lgue. This usually
incorporated 100s of stars, meaning potential effects ahlike stars in the field
could be ignored. The error on this fit was added in quadrdtutke instrumental
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error from the photometry to get the final errors. This meth@s used until 2010
when a new version of the pipeline included an aperture phetry stage, meaning
the whole process could be carried out in one go. As a finabefsire implement-
ing this new version into my analysis, | reduced a selectigoreviously analysed
images which resulted in the same flux values for the stargtefest via both meth-
ods. Thus, the data presented throughout this work are stensiwith each other
independent of pipeline version or type of photometry penked.



Two things are infinite: the universe and human stupidity;
and I'm not sure about the the universe.

ALBERT EINSTEIN (1879 - 1955)

Be/X-ray binary SXP6.85 undergoes
large Type Il outburst in the Small
Magellanic Cloud

The Small Magellanic Cloud Be/X-ray binary pulsar SXP6.85 FEXJ0103-728
underwent a large Type Il outburst beginning on 2008 AugUstThe source was
consistently seen for the following 20 weeks (MJD = 5468&83). | present X-
ray timing and spectroscopic analysis of the source as paleoongoingRXTE
monitoring campaign described in Chapter 2 and MREGRAL key programme
monitoring the SMC and 47 Tuc. A comparison with the OGLE ighk curve of
the Be counterpart shows the X-ray outbursts from this soaoincide with times
of optical maximum. This is attributed to the circumsteliiigk increasing in size,
causing mass accretion onto the neutron star. Ground bRsglddtometry and d
spectroscopy obtained during the outburst are used as aunaafsthe size of the
circumstellar disk and lend support to this picture. In #&ddi foldedRXTE light
curves seem to indicate complex changes in the geometryedadbretion regions
on the surface of the neutron star, which may be indicativaroinhomogeneous
density distribution in the circumstellar material cagsen variable accretion rate
onto the neutron star. The work presented in this chaptebbas published as a
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paper, for which Dr. Vanessa McBride performed tNEEGRAL data analysis.

3.1 Introduction

The BeXRB that is the subject of this chapter is the SMC pub&P6.85 = XTE
J0103-728. It was first detected in 2003 RYTE as a 6.848 second pulsed X-ray
source (Corbet et al., 2003). Lomb-Scargle periodogrambeXtray data reveal
a 112.5 day period (Galache et al., 2008), although it is aiceas to whether
this modulation is the orbital period of the system or if idisven by the interval
between X-ray outbursts. The system was later detected 006 2MM-Newton
observation at the position Ba2"535.1, —72°4433".0 (J2000.0). This detection
led to the identification of a V=14.6 optical counterpart fiegd & Pietsch, 2008a).
Follow-up work by McBride et al. (2008) classified the couptat as an 09.5V-
BOV emission line star.

Previous analysis of MACHO red and blue data by McGowan ek80D8a) re-
veals a 62@-18 d optical modulation in which the source brightens§.5 magni-
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Figure 3.1: SXP6.85 X-ray and optical light curves. The top and middle panels
show the pulsed flux and collimator response to SXP6.85 as describedie€Cha
2. The final panel shows the combined MACHO (red), OGLE Il (blue) @GLE

[l (black) light curves in the B (MACHO) and | (OGLE) photometric band$e
MACHO data have been arbitrarily normalised for viewing purposes.



3.2 X-ray Data 55

tudes. Those authors also show that the source gets redidgessbrighter, mean-
ing the plane of the disk is likely at a low inclination to thbserver. Schmidtke
& Cowley (2007) analysed MACHO and OGLE Il data of the sourceifig an
optical variation of~ 658 days. This is similar to the value found by McGowan
et al. (2008a), providing evidence for a quasi-periodiongloand decay of a cir-
cumstellar disk. Schmidtke & Cowley (2007) also find a possji@riod of 24.82
days in the OGLE Il data. This period is closer to the expectdytal period of
the system based on the Corbet diagram (Corbet, 1986) than-thg dodulation
found in Galache et al. (2008). In this chapter | present IXAgy and optical
lightcurves of SXP6.85 and analysis of X-ray timing and $pescopic data taken
by RXTE andINTEGRAL. Near-IR photometric data taken during the most recent
outburst are presented and compared to near-IR data takergdjuiescence to
show the connection between optical and X-ray activity is #ystem. In Chapter
5 I will return to this source, as a subsequent bright (akiledatrter) outburst allowed

a detailed orbital analysis to be performed.

3.2 X-ray Data

Between the start of thRXTE monitoring programme of the SMC and the end of
2009 when this work was published, SXP6.85 had been detabme the 99.99%
significance level on four separate occasions. TheRMIE light curve to this date
is shown in Figure 3.1. The PCA collimator response duringntiost recent out-
burst was 0.33, except for a period f10 days in November 2008 in which an
intense set of observations were carried out pointing tyex the source. These
observations were in addition to weekly monitoring and wekeen due to the un-
precedented longevity of the outburst, which lasted4d20 weeks. The X-ray
outbursts are shown in Figure 3.1 between MJD 52700 and M3D&GA4with the
detected spin period and detection significance plottedgarE 3.2. Data reduction
was performed using Heasoft v.6.6.2 analysis tools. Thedatinct detections of
this system previously mentioned refer to the time pericaigred at MJDs 52800,
53450, 54300 and 54750. These are believed to be four Typebuocsts that have
resulted from an enlarged circumstellar disk, as indicatethe OGLE light curve.
The three data points lying furthest away from the horizbred line in Figure 3.2
are likely unrelated to SXP6.85 and just happen to fall alibeesignificance limit
of 99% in the statistics of the power spectra. As these figarexreated from an
automated pipeline, they often include some ‘significanthps that are not related
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Figure 3.2: X-ray pulse period history of SXP6.85 and the significance of each
detection. Only periodicities above the 99% significance level have be#rglo
(red points in bottom panel). The pulse period detecteXN-Newton in 2006

has been plotted alongside tRXTE detections (blue point in upper panel; MJD
54011).

to the pulsar of interest. These are usually noise spikagahavithin the desig-

nated frequency search width of any given pulsar. They caallysbe identified by
eye as points that do not fall at a time of optical maxima, dofolbow the general

spin-up trends of other outbursts or have a significance juslyabove the cutoff.
At least two, sometimes all three, of these points can beexgpfd the three points
highlighted in the figure.

The timing and spectral analysis presented below is a re$URXTE and IN-
TEGRAL data taken during the most recent epoch of pulsed X-ray &nisRXTE
observations were made approximately weekly between 2Q@figt 10 and 2008
December 30. According to the ephemeris in Galache et ad8R@he maximum
in X-ray luminosity of the system is expected to occur on 2B@8ember 23 (MJID
54793). Although this date coincides with the detectionms ttlear that the length
and brightness indicate a Type Il outburst that likely spaasy neutron star orbits.
Figure 3.3 show&XTE pulse profiles in the 3-10 keV energy band for 10 observa-
tions throughout the outburst. The light curves were foldethe pulse period and
arbitrarily phase shifted to align the point of minimum armple. There is clear
variability in the accretion mode and pulsed fraction hereich are discussed later
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Figure 3.3: Pulse profiles of SXP6.85 during the most recent X-ray outburst (MJD
=54688 - 54830). The profiles are 3-10 keV light curves folded apthee period

and have been smoothed and arbitrarily shifted in phase to align the minima in
amplitude. Thus, they are included as a visual representation of theeshamipe
X-ray emission regions on the surface of the neutron star and do nticany
absolute information regarding the neutron star phase.
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Figure 3.4: CombinedRXTE andINTEGRAL light curve of SXP6.85. The black
data points are the 3-10 keV pulsed flux detected WXAE, while the blue data
points are the 15-35 keV total flux detected WiNiTEGRAL. The pulse period in
the lower panel is from timing analysis BXTE data. The dashed line corresponds
to zero flux as detected by IBIS.

in the chapter.

The IBIS telescope aboattITEGRAL, which is optimised for an energy range
of 15-200 keV and has a field of view of 3@ 307, is uniquely suited to observing
large sky areas for point sources. As part of a key programom@taring campaign
on the SMC and 47 TUUNTEGRAL observed the SMC and Magellanic Bridge
for approximately 80 ks per satellite revolution from 2008Member 11 to 2008
December 21. Individual pointings (science windows) wergcgssed using the
INTEGRAL Offline Science Analysis v.7.0 (OSA) (Goldwurm et al., 2088y were
mosaiced into revolution sky maps using the weighted meaheoflux in the 15-
35keV energy range. Figure 3.4 shows the IBIS detectionsX#?6385 plotted
over a section of th&XTE pulsed flux light curve from Figure 3.1. These data
represent the hard X-ray flux measured from SXP6.85. Thehtwgj detection at
0.63 cts/s corresponds to a peak luminosity ofL0*” ergs s. The significance
of the detection of the source once all science windows fioen33 d of coverage
had been taken into account was 6.4 sigma. We used the fgintést detections
to make an X-ray spectrum to compare with the SORETE spectrum. Th&XTE
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Figure 3.5: Typical X-ray spectrum of SXP6.85 extracted from an observation
in which no other pulsating sources were in emission to minimise contamination
effects. The harder IBIS spectrum (red) was fit simultaneously withRKEE
spectrum (black) with a freely variable offset. The spectrum has bedmned
above 15keV due to low counts. See text for discussion of model fitted.

spectrum was taken on MJD 54772, approximately 4 weeks édfiet NTEGRAL
data. Although this is not ideal for comparison, we are ledito the brightest
detections with both satellites and to detections WXTE in which no other source
was active.

The RXTE andINTEGRAL spectra were fitted with an absorbed cutoff powerlaw
model using XSPEC version 11.3.2 (Arnaud, 1998). The altieorpvas frozen at
6 x 10°°cm~2 (Dickey & Lockman, 1990). The power law had a photon index of
0.8+0.2 with a cutoff at 14.69.6 keV. The two spectra were fit with this model
simultaneously with an offset allowed to vary during theAityx2 of 0.75 (33 d.o.f)
indicates a good fit to the data (see Figure 3.5). This arsaigseals a peak X-ray
luminosity of ~ 7x10% ergs s in the 3-10 keV band, assuming a distance to the
SMC of 60 kpc. OnlyRXTE spectra in which there was no other detected pulsed
X-ray emission were used to calculdtg. | find that this value varies by a factor
of two during the outburst. Analysis dfMM-Newton data by Haberl & Pietsch
(2008a) show the source at a higher luminodify= 2 x 103’ ergs s in the 0.2-10
keV band, and showing variations of a factor of two in intgnsin time scales of
ten minutes.
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Table 3.1: IR data of the counterpart to SXP6.85.
Catalogue Date (MJD) J H Ks
2MASS 51034.784 183+0.04 1471+0.05 1478+0.11
SIRIUS 52894.036 182+0.02 1474+0.02 1457+0.02
Telescope Date (MJD) J H K
IRSF 54453 1844+0.02 14774+0.02 1467+0.03
54809 1453+0.02 1446+0.02 1436+0.04

ISkrutskie et al. (2006¥Kato et al. (2007).

3.3 Optical and IR Data

The bottom panel in Figure 3.1 shows the OGLE Il, OGLE Il andGHO blue
light curves of SXP6.85 (blue, black and red points respelst). The MACHO
data have been arbitrarily normalised for viewing purposeis clear that the long
period oscillations described in McGowan et al. (2008a) als® present in the
OGLE data, indicating a quasi-periodic brightening thahtsinsic to the Be star;
most likely the growth and decay of the circumstellar diskhdugh the OGLE Il
light curve does not extend up to the most red@KTE detection (this particular
source falls on an OGLE chip-gap, thereby needing a diftexsgtuction process to
the normal pipeline), it is apparent that the most luminousX outbursts seem to
coincide with the epochs of maximum optical brightness.sTdgain suggests that
the X-ray detections are similar to classical Type Il ousltsir being independent
of binary phase. The few detections which fall at times ofagdtminima (Figure
3.1 & 3.2) are likely spurious as the spin periods are sigaifily different from the
other detections and they are of lower significance. It sthaldo be noted that the
XMM-Newton detection is consistent with an optical maximum.

Table 3.1 shows the J, H & magnitudes of the counterpart to SXP6.85 from
both the 2MASS and SIRIUS catalogues (Skrutskie et al., 286 et al., 2007).
The IR position of the source is agreed by both catalogueset0102m535.3,
—72°4435".1 (J2000.0). Below the catalogue values are the data fromotwo
serving runs at the IRSF observatory during December 20@7D@tember 2008.
Immediately obvious is the increase in near-IR brightndsth® source between
these two dates, suggesting an increase in the size of thewstellar disk building
up to the most recent X-ray outburst.

In order to more fully understand the circumstellar disklod system, ¢ spec-
troscopy was obtained simultaneously with the near-IR grinetry using the 1.9-m
telescope, Sutherland Observatory, South Africa. Thetspgraph was used with
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Table 3.2: Ha Weq measurements of SXP6.85.

Telescope Date Exposure time (s) aMVeq (A)
ESO 3.6-m  2007-09-17 1000 3.530.08
SAAO 1.9-m 2008-12-03 1000 5.350.76
2008-12-06 1000 5.310.98
2008-12-07 1000 8.112.62
2008-12-10 1500 4.620.43
2008-12-13 1500 6.210.66
2008-12-14 1500 4.860.21
2008-12-15 1500 5.180.27
2008-12-16 1500 5.960.49
2008-12-16 1500 5.060.41

the SITe detector and a 1200 I/mm grating. The dispersion W@&/pixel and
the SNR~10. A total of 9 spectra were taken throughout the two weekgnbe
ning 2008 December 3. This was to check for any short-ternatrans in the Hr
Equivalent Width (W) during the ongoing Type Il X-ray outburst. Details of the
observations made and the measureg @e shown in Table 3.2. Data reduction
was performed using standard IRAF routines. In additioratlaer Hx spectrum
was taken in 2007 September 17 by the European Southernvabsgr(ESO) 3.6-
m telescope, La Silla, Chile, shortly after the optical ceupart had been verified.
The EFOSC2 faint object spectrograph mounted at the Cassdgrais was used
with grism no:18 with lines ruled at 600/mm and which covetlkd wavelength
range 4770-6778. Using a slit width of 1 resulted in spectra at a resolution of
5A. The data reduction was performed using standard IRARmest The 3.6-m
spectrum and one of the 1.9-m spectra are shown in the top att@hb panels of
Figure 3.6 respectively. All of the spectra described hasenbsmoothed with a
boxcar average of either 5 oY

It is clear that there is H in emission at both epochs, showing the existence

of a circumstellar disk. The higher SNR spectrum in the topgbaf Figure 3.6
shows a single peaked emission line structure. Using thelatd rotation model

put forward by Struve (1930), | suggest this system is of loalination, with the
disk near face-on to our line-of-sight. dvmeasurements suggest that the lihe

flux has grown in the time since the 2007 observation by overesent. This along
with the IR photometry provides strong evidence that th& diss grown. Figure

3.7 shows the 9 \) measurements from the data taken with the 1.9-m telescope
in December 2008. The first three data points have large adsdcerrors due

to the shorter exposure times used (1000s as opposed to i&0de remaining
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Figure 3.6: Top panel: Hr spectrum of SXP6.85 taken with the ESO 3.6-m tele-
scope on 2007 September 17. Bottom panet: dpectrum of SXP6.85 taken with
the SAAO 1.9-m telescope on 2008 December 16.

exposures). Even so, itis clear that, within these errbesgtis little or no evidence
for any variation in Hr emission during the two weeks. If only the 1500s exposures
are considered (these having the smallest errors), a Imtti@ amount of variability
can be estimated from the minimum and maximum possible salueng this 7
day period. These values are 4.19 and ﬂ%spectively. Given the errors, | can
conclude that the line cannot have changed by more thaf duwsing this period
and that the actual change, if any, is likely much smallen tthés.

3.4 Discussion

The optical light curve of SXP6.85 displays long-term, quysiodic variations
which are most likely associated with the growth and decah@Be star’s circum-
stellar disk. Changes in the (B-R) colour support this ideac@mparison with the
X-ray light curve | find that at least two of the X-ray outbugstre consistent with
optical maximum. This has also been observed in other sygstench as SXP18.3
(see Figure 2 of Schurch et al. 2009).

The X-ray light curve shows no periodic behaviour that caratigbuted to a



3.4 Discussion 63

Equivalent Width A

4800 4805 4810 4815 4820
MJD — 50000

Figure 3.7: Ha Weq measurements of SXP6.85 taken at the SAAO 1.9-m tele-
scope during December 2008. The large error bars associated withsthiafee
values are due to a lower SNR from shorter observations. The horiztaghed
line represents the é1 Weq of the source during the September 2007 observation.
The associated error in this case is much lower due to the higher SNR thiagé can
obtained at the ESO 3.6-m telescope.

binary period. All the detected outbursts seem to be driwethé intrinsic behaviour
of the Be star. | note that only small fluctuations in the pylseod are observed
and that these show no correlation with time. Of greaterasteis the pulse period
history of the most recent Type Il outburst (MJD 54688 - MJB3d), which shows
no general spin-up trend. This is an unusual observationast KHIMXB systems
show spin up of the neutron star during Type Il outbursts duie high accretion
torques present.

The X-ray pulse profiles presented in Figure 3.3 show verymerdouble and
triple peaked structures, that reveal much about the gegroéthe system and of
the beam emission regions: We see both poles from the pwéarthe emission
from the poles asymmetrical and, except for the profilesesponding to MJD =
54725 and 54744 in Figure 3.3, always favouring one pole.s Tinplies accre-
tion onto the poles is asymmetric. The variability in the @and width of the
most prominent peak suggests we are seeing both fan and peaan emission.
However, it has been observed that pulse profiles are vergyredow energies,
with the possibility that the absorption is varying with e star spin phase, so
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it is difficult to confirm that we are indeed seeing both fan geahcil beams in

these energy ranges. Basko & Sunyaev (1975) theorise thatl jieams should

be dominant under low accretion rates (hence low lumiresjitand that fan beams
should dominate at high accretion rates, as the radiatiagtramgly absorbed by
the infalling material and can largely only be emitted sidg®: However, from the

profiles presented here there seems to be no clear depenofetheeprofile shape

on flux.

The pulsed fraction calculated from the folded light cungeshown in Figure
3.8. The formula used in these calculations is given in HEqona.1. | show that
there is considerable variation in the measured pulsedidrathroughout the out-
burst, with the source appearing to increase and then resilgome base level.

(e = Fin) (3.1)
(Fmax + Fmin)

Itis important to note that the pulsed fraction is only coti€SXP6.85 was the only
source detected in that observation. If other sources wetresathen the base emis-
sion includes emission from those objects and as such tkegbéraction is only the

PulsedFractior=

lower limit of the actual value. | find a marginal correlatibatween source inten-
sity and pulsed fraction, which could be attributed to trecfional change in the
ratio of the source flux and the contribution of quiescentsesiin the field. There-
fore, although I can be sure there was no bright pulsed eomidsbm any source
in the field of view, | cannot be certain that there was no cargus emission af-
fecting the pulsed fraction measurements. The values pesen Figure 3.8 are
a factor of three lower than the value presented in Haberl &deh (2008a), hav-
ing taken the method of calculating the pulsed fraction adoount. This implies
either a significant contribution from background sour@egeRXTE spectrum or
that there has been a dramatic change of pulsed emissiordretive two obser-
vations, which may not be suprising given the observatioasaparated by more
than 2 years. Those authors also find that SXP6.85 has one batlest spectra of
known HMXB systems with a photon index ef0.4. This also suggests that there
is contamination from other sources in tRETE spectrum, softening the powerlaw
photon index to the value of 0.8 found in this study. This dosion is not certain,
however, as a slightly different energy range (0.2—10 ke¥@sosed to 3—10 keV)
and spectral model may also be the cause of this difference.

It has been observed in other Be/X-ray binary systems tlea(3#K) colour of-
ten remains constant for long periods of time despite drenchtanges in near-IR
magnitude (e.g. Coe et al. 2006). SXP6.85 also exhibits #isviour as can be
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Figure 3.8: Pulsed fraction as a function of time in the 3-10 keV band for the most
recent SXP6.85 outburst. The data show variations of a factor of twolgegu
fraction on the timescale of days. The definition of pulsed fraction used in this
work is given in Equation 3.1.

seen in Table 3.1. The brightness of the system has incrégsafinost one third
of a magnitude in the year between the two IRSF observatidogever, the (J-K)
colour has remained unchanged at 0.17. This is indicatitkeofemperature of the
circumstellar disk remaining constant, whilst the inceshbrightness indicates the
surface area of the disk has increased. It is possible to makagh guess at the
size of the circumstellar disk using theaHWeq measurements and making some
assumptions on inclination and optical depth. Using the eteodf Grundstrom et
al. (2007b), | estimate the disk half-width at half-maxim@AwWHM) radius to
be approximately 3Ron 2008 December 16 and approximately 2,7dR 2007
September 17, an increase of over 11 percent in the yeamigagh to the recent
Type Il outburst. In this calculation | do not take into acnbany truncation caused
by the neutron star and | make some approximations regatimginary system:
the effective temperature of the star is 30000 K, the intlomeis 10, the optically
thin outer boundary of the disk is at 5Q Rnd the disk continuum dilution factor
is 0.0033 (Dachs et al., 1988). See Grundstrom & Gies (2008)Grundstrom
et al. (2007b) for more details on the model input paramet@ise key thing to
note is that varying the disk outer boundary by factors of@x&8nges the calculated
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HWHM radius by approximately 10% as the model assumes a simatiiloution
to the Hx flux from the optically thin part of the disk. Thus, the relatigrowth of
the disk is set by the model despite the uncertainty in the@ahcadius. | also note
that the 2008 measurement was made after SXP6.85 had beetbursi for more
than 16 weeks, and as such the disk may have been signifitargér at the start
of the outburst than the value estimated here. If | consiuetR magnitudes taken
in December 2007 and December 2008, this yields a fractiocatase in bright-
ness of 1.33; a factor of three higher than the predictionengsing the equivalent
widths. The OGLE light curve shows variations on the ordefaf magnitudes
over the entire epoch of coverage, corresponding to a faftdr9 in brightness
(here | assume that the change in flux is proportional to tlaagé in surface area
of the disk, which is reasonable for an optically thick diskj) | assume that the
recent X-ray activity occured during an optical maximum &mat the disk HWHM
at this time was- 3 R, this implies the minimum, or quiescent, level of the disk is
at~1.5R.. Clearly these are rough estimates based on some simpfigprox@dama-
tions which would benefit from more detailed modelling, batdo they compare
to the theoretical and measured values discussed in thsgsthe\s mentioned in
Chapter 1, Carciofi (2010) present models of isolated Be dtatssuggest the &
flux falls to about half of its maximum value at around 10 RVhilst the introduc-
tion of a neutron star will reduce this value somewhat, thegeestimates are not
quite consistent with each other. In Chapter 5 | present thatizatlow an estimate
of the semi-major axis of the orbit of SXP6.85 to be made. Hsailt of this work
suggests the optical counterpart sits around &&mn the neutron star at its closest
point in the orbit. This implies the disk must be at least #ime because of the
persistent interaction of the neutron star with the circigttesr material, and is con-
sistent with the predictions of Carciofi (2010). Unforturgtéhis too is inconsistent
with the size estimates made above using tleefldx. In Chapter 4 | will repeat
this calculation for another SMC pulsar, SXP11.5, for whackemi-major axis is
also derived. Should the same result be observed, it wogjgesi that the models
of Grundstrom et al. (2007b) are systematically underesimy the disk size of Be
stars, at least in the SMC BeXRB population. The relatign&l@tween the orbit
and disk sizes in BeXRB systems is important to understaridcas explain why
we observe the activity we do and could even be used as a pvedimol for future
outbursts. These ideas are discussed further throughisuwnk.
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3.5 Conclusions

The X-ray and optical data presented here are evidence XR6.85 is indeed a
Be/X-ray binary system. The X-ray light curve shows the siant nature of the
source, whilst the optical and near-IR data suggest therguaasi-periodic modula-
tions that are intrinsic to the Be star that are likely to bsoagated with the extended
envelope of matter in the equatorial plane of the compartiznflux measurements
show that an extended disk is indeed present in this systétm tlre shape of the
emission line suggesting low inclination to the observdre $mall variation in the
spin period is also evidence of a low inclination systemuaseg the circumstellar
disk and the neutron star orbit lie in the same plangg Weasurements of theH
line reveal a growth in the emission ofoHphotons from the system which is most
likely a result of an increase in the size of the circumstaliak; an argument that
is supported by the increase in optical luminosity that ¢oated in the most recent
epoch of pulsed X-ray emission from the neutron star. Foldedy light curves
reveal the geometry of the emission region on the surfaceeheutron star and
show the highly variable nature of the accretion region.alyna simple estimate
of the radius of the circumstellar disk was made, quantgine size of the disk
during periods of X-ray activity and during quiescence utlo the values obtained
seem to be slight underestimates of what other observagiotisheory suggest.
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The Orbital Solution and Spectral

Classification of the High-Mass X-Ray

Binary IGR J01054-7253 in the Small
Magellanic Cloud

The system that is the subject of this chapter, IGR JO10%8,ARas discovered as
a new X-ray source in the direction of the wing of the SMC ined@009 (Bozzo
et al., 2009). It was later confirmed as a BeXRB system thraugdlysis of the
optical and X-ray data presented here. | derive the spin abithbperiods of the
neutron star and discuss the spectral properties of bothebtron star and optical
counterpart. The latter of which resulted in the spectratsification of the star.
Dense observations of a moderate Type Il outburst RXME allowed for an orbital
solution to be calculated, making it only the second BeXRBide of the Milky
Way to have a well defined orbit. This work has been publisisei@aper, for which
Dr. Adam Hill made significant contributions to the orbitdtifig code described
here, whilst Dr. Frank Haberl performed tik#M data analysis and wrote most
of the corresponding text. Students Brian van Soelen anaiika/Pathak obtained
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Table 4.1: INTEGRAL observations of the SMC and 47 Tuc in which IGR J01054-

7253 was detected
Revolution MJDRkat Exposure Time (ks) Count Rate (cts$

812 54989.2 63.3 0.4927
813 54992.2 53.1 1.1790
814 54995.2 60.8 1.1149
815 54998.2 58.8 0.9149
816 55001.2 62.1 0.8718
817 55004.2 63.1 1.31728
818 55007.2 40.2 1.35568

the optical photometry from the SAAO 1.9 m and Faulkes telpss respectively
and reduced the data.

4.1 Introduction

In this chapter, | present X-ray and optical data on the BeiXbinary pulsar IGR
J01054-7253 = SXP11.5 in the Small Magellanic Cloud (SMC)tiSee!.2 gives
details of the X-ray observations made and presents X-r&y dathe outburst.
Section 4.3 describes the orbital model fitting to severadkseof RXTE data and
presents the orbital solution for the system. Section 4esgmts optical and IR
data of the companion star. In section 4.5 | use Science &atibn (SV) data from
the new broadband spectrograph X-shooter on the Very Laetgsgope (VLT) to
spectrally classify the optical counterpart. | review thmplications of the accretion
properties and orbital solution in a broader context andudis what might be hap-
pening to the circumstellar disk in this system in Sectidgh #end with conclusions
in section 4.7.

4.2 X-Ray Data

As part of a key programme monitoring campaign of the SMC anddc, INTE-
GRAL observed the SMC for approximately 90 ks per satellite tevoh (~3 days)
between 2008 November 11 and 2009 June 25 (see Coe et al. 2000reodetails).
IGR J01054-7253 was detected bylATEGRAL/IBIS observation on MJD 54989
as a new X-ray source (Bozzo et al., 2009). Table 4.1 givesliservation dates
and exposures relating to the detection of this object. Wafately, these were the
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Figure 4.1: CombinedINTEGRAL and RXTE light curve of IGR J01054-7253.
The JEM-X flux (top panel) anBXTE pulsed flux (bottom panel) are both in the
3-10 keV band, whilst the IBIS flux (middle panel) is in the 15-35 keV bdite

two RXTE points marked with a cross rather than a diamond are the observations
used to extract spectra - see text and Figure 4.6 for details. The veltished

and dot-dashed lines represent the timeaift and XMM-Newton observations
respectively.

last seven observations of the key programme and Rev. 81thedisst observation
of the SMC for nearly 45 days. As such | cannot be certain hawg lihe source
had been in outburst for befolBITEGRAL discovered it; it was in th&XTE field
of view, but only at a collimator response of approximatel§3) making detec-
tion difficult. Likewise, the source was only detected WiINTEGRAL up to Rev.
818 which, as discussed below, was nearly two months befilersdurce switched
off. Data were reduced as described in Chapter 3. Light curvélse 3—10 keV
(JEM-X) and 15-35keV (IBIS) energy bands were generatedc@nse window
(~2000 s) and revolution time-scales. Figure 4.1 shows the-3Ekp panel) and
IBIS (middle panel) revolution light curves of IGR J0105258. The JEM-X light
curve appears to be mostly constant within errors, whereagsvariation in the
hard X-ray flux is apparent from the IBIS light curve. By eyaiso appears that
the hard and soft X-ray flux are anticorrelated with one aaothlowever, plotting
the hardness of the outburst in the ratio (15-35)/(3—10)&g&inst time showed no
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real evidence for a change in the hardness of the X-ray eomisdiiming analysis
on theINTEGRAL light curves was not possible due to low count rates.

A Swift/XRT follow up observation of the source took place on MJD %28
aimed at refining th&NTEGRAL position and searching for pulsed X-ray emission.
The observation revealed a precise position for this soafdeA = 01:04:41.41,
Dec=-72:54:04.6 (J2000.0) with a 3.6 arcsec error circle (Cod.e809). This
position lies within 3.5 arcsec of the V=14.8 star [M2002] GN9977 which is
now thought to be the optical counterpart. Further data erctiunterpart are pre-
sented later in the chapter. Timing analysis performed enXRT data is reported
in Coe et al. (2009). Those authors suggest that the mosfisayttiperiodicity was
17.49s, although this is now known to be incorrect. The @iri4.48s period was
not found in the XRT data until aftd®XTE had found the correct period (Corbet et
al. 2009; IGR J01054-7253 will here-on be referred to as SXBP)1RXTE observa-
tions began three days after tBeift observation, once the source location had been
refined, and lasted for just over two months. The PCA made &dbis8 exposures
in Good Xenon mode during this time. The average exposure was~6ks per
observation. These data were then binned at 0.01s befang beckground sub-
tracted to produce cleaned light curves in the 3—-10 keV bairite cleaned light
curves were then barycentre corrected and normalised touhder of PCU’s on
at each time interval during the observation. TRXTE pulsed flux detections are
presented in the lower panel of Figure 4.1. As can be seemuiised flux peaked
at around MJD55020 and steadily declined until droppingwehe RXTE sensi-
tivity level (about 1x 10%0ergss? at the SMC). The peak detected luminosity of
the source was % 10%’ergss ! in the 3—10 keV band, using the average of several
pulsed fraction measurements of 0.16. Although the pulsedidn was only mea-
sured using a simpl% method, and as such does not take into account the
complex shape of the pulse profile, it is in good agreemerit thie XMM-Newton
measurement calculated later in this section and the ptksgesdoes not change
much during the outburst, suggesting that these measutsmenquite robust.

More information can be gained about the pulsed componethisnsystem by
looking at the power spectra and folded light curves. An gxanpower spectrum
that is representative of most of the observations is shovigure 4.2. The dom-
inant periodicity detected was the third harmonic, with finedamental period and
the fourth and fifth harmonics detected at lesser powerss Bbhhaviour is also
seen in the phase-folded light curves. Figure 4.3 shows rameles of the 3-10
keV light curves folded at the spin period observedR¥TE. The profile in the
upper panel shows how the third harmonic dominates the eniss MJD 55019
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Figure 4.2: Power spectrum of IGR J01054-7253 showing the 11.5s spin period
and the third, fourth and fifth harmonics. The second harmonic is not &M@
X-1is also detected at higher frequencies.

with an unusual triple structure; this shape is represmetaf all of the other pro-
files until the last few observations of the outburst. Thefigon the lower panel
shows how the emission geometry had changed into a profilendgded by the fun-
damental frequency by the end of the outburst, as shown bych mMmore single
peak dominated profile. | also note here that a search ovegrthee 14 years of
monitoring data fronRXTE reveals no previous detections of this source, although
this may be due to a consistently low collimator responsess than 0.2. Another
way of exploring the emission on the neutron star surface givide an observa-
tion up into several energy bands and fold each light curvéherdetected period,
giving energy dependent phase-folded light curves. Figuteshows the 3-10 keV
(soft) and 10-30 keV (hard®XTE folded light curves from the observation made
on MJD 55023. The soft profile is very similar to that shownha top panel of Fig-
ure 4.3, demonstrating that there was little variation & &mission in this energy
range. Comparing the soft and hard profiles however, shovdeege for a change
in structure; the 3rd peak in the profile changes from beingllenthan the other
two to a comparable height. This is possible evidence tleag¢thission mechanism
is different at different energies. This will be discussedtier in section 4.6.

SXP11.5 was serendipitously detected during one obsernvatitheXMM-Newton
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Figure 4.3: RXTE 3—-10 keV light curves folded at the observed spin period during
the peak of the outburst (top panel: MJD 55019) and just before thefetick
outburst (bottom panel: MJD55056). The pulse profiles have beenteetand
arbitrarily shifted in phase for viewing purposes.
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Figure 4.4: RXTE pulse profiles in the soft (3—10 keV) and hard (10-30 keV)
energy bands from the observation on MJD 55023.
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(Jansen et al., 2001) large programme SMC survey (Haberlefs&h, 2008b) on
MJD 55011.24-55011.59 (ObsID 0601212601). The source \veisles only in
CCD7 of EPIC-MOS1 (Turner et al., 2001) at the very rim of the diete where a
light path outside the nominal FOV exists due to a gap in tk&rument structure
(cf. Turner et al. 2001, Figure 11). The calibration for tregion might not be as
advanced as for the rest of the detector.

XMM-Newton SAS10.0.8 was used for data processing. Sources were identified
in the FOV for astrometric boresight correctiahRA = -3.49”, ADec= 0.63") and
obtained for SXP11.5 a revise¢MM-Newton position of RA= 01:04:41.60, Dec
= -72:54:04.5, which agrees very well with the position detieed bySwift. A
systematic error of- 4 arcsec was estimated, since the source lies at a largeieff-a
angle of~ 17 arcmin. For data reduction, events were selected PATITERN<12
in an elliptical extraction region, placed on the source amox, lying on the point
source free part of the light-leak region, respectivel§teffing of periods with high
background was not necessary, since soft proton flares wexegaiescent level,
yielding a net deadtime corrected exposure of 24.3 ks. Fectsgl analysis, only
events withf lag = Oxfffeffff (Similar toflag=0, but including events outside
the nominal FoV) were used. The spectrum was binned to cont&0 counts
bin~! and response matrices and ancillary files were created tisn§AS tasks
rmfgen andarfgen.

The power density spectrum of this observation exhibits @k the period
found by RXTE at 0.087 Hz. Using a Bayesian periodic signal detection oteth
(Gregory & Loredo, 1996) yields a pulse period (@f1.483+ 0.003) s (1o error).
The XMM-Newton detection independently confirms both the position of thigse
and its spin period. The folded pulse profile in differentrgiyebands is plotted in
Figure 4.5. The shape of the 0.2-10.0 keV profile is relagisshusoidal and a
calculated pulsed fraction of 0.16 agrees WRKTE measurements. Although the
third harmonic is not seen in théVIM-Newton data, probably because it is close
to the detector timing resolution of 2.6s, the profiles shbat there is very little
variation in the X-ray emission amongst these energy bands.

Figure 4.6 presents the simultaneous fit to XWM-Newton (black) andRXTE
spectra (red and green taken 10 days before and 12 daysresddvitvi-Newton de-
tection respectively - see Figure 4.1). The tRTE spectra were chosen as they are
the ones taken closest in time to tkMIM-Newton spectrum that contain no other
active pulsar in the field of view, based on fRETE power spectrum for that obser-

1Science Analysis Software (SAS), http://xmm.esac.egsas/
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Figure 4.5: XMM-Newton pulse profile of SXP11.5 derived from MOS 1 data in
different energy bands. The profiles are background subtraogkthan plotted as
a ratio to the mean count rate. The mean count rates for the energy lsatiare
(from top to bottom): (1.24, 3.44, 2.88, 1.18 and 8.75) x26ts/s.
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Figure 4.6: RXTE & XMM-Newton spectra recorded during the outburst. The
XMM-Newton spectrum was taken on MJD 55011 and is shown in black. The
RXTE spectra were taken on MJD 55001 & 55023 (red and green resgggtive
All three spectra were fit simultaneously with an absorbed power-law with-hig
energy cutoff allowing only a constant normalisation factor between the Hmec-

tra under the assumption that the spectral shape does not change. délditis
presented in the text.

!

Channel Energy (keV)

’ W JH
I

vation. The spectra were modelled with an absorbed powewdigh a high-energy
cutoff allowing only a constant normalisation factor beénehe three spectra with
the assumption of no change in the spectral shape (onlysityazhanges). The flux
during theXMM-Newton observation was apparently significantly lower (although
there is some uncertainty due to the far-offaxis sourcetipogi The Galactic pho-
toelectric absorption was fixed af\N= 6x10°%cm~2 (Dickey & Lockman, 1990),
whereas the SMC column density with abundances at 0.2 faaleweis a free fit
parameter. A best-fit was obtained wjf/dof = 184/179 with the best-fit param-
eters: Nyswc = 2.307583 x 10%Tem 2, I = 1.06' 552, cutoff energy = @4758!
keV, folding energy = 2073 keV and a detected flux ¢7.81+0.57) x 10~ 2 ergs
cm 2s~1in the 3-10.0 keV band. Assuming a distance of 60 kpc, thisssponds
to an unabsorbe¥MM-Newton luminosity ofLs_190 = (3.354 0.25) x 10%° ergs
s~1. The luminosity of the twdRXTE observations found using the normalisation fit
areL3_100 = (1.7940.07) x 10°” ergs st andL3_1090 = (2.54+0.11) x 10*” ergs
s~ for the red and green spectra respectively. These agrely miith the value ob-
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tained using the pulsed flux light curve and the pulsed foactirfheXMM-Newton
value is much lower than the values found in RTE observations. It is unclear
how much of this difference is due to source variability amgvimuch is due to the
unusually far off-axis position of the source on the MOS d&te For comparison,
this model was also fit to the spectrum from Beift observation. The luminosity
was found to bz 100 = (9.5140.48) x 10°® ergs s1. This value is a factor of 2
smaller than théXTE value measured just 3 days later, but could be explained by
variability within the source at the start of the outburst.

SXP11.5 was also in the FOV of a previoXisIM-Newton observation on MJD
54010.99-54011.26 (ObsID 0402000101), when no signifisaraty emission at
this position was detected. Analysis of the EPIC-pn dataaledea & upper limit
of 0.002 cts st for the 0.2-12.0 keV energy band, which, assuming the same
spectrum as above, corresponds to an unabsorbed lumitiosityof Loo 100 <
6.4x 1033 ergs s1.

4.3 Orbital Solution to IGR J01054-7253

It became apparent after the first f@XTE observations that there were both spin-
up and spin-down trends in the pulse period of SXP11.5, aitlie of Doppler
shifted X-rays caused by the orbital motion of the neutram atound the compan-
ion star. Figure 4.7 shows the detections of the third harmohthe pulse period
during the outburst and the associated errors. Overplastélde model fit to the
data as discussed later. The third harmonic was used to fintiake| because it was
several times more powerful in the power spectrum than thddmental frequency
(Figure 4.2) and so the associated errors are smaller. Toelars increase in size
towards the end of the outburst as the pulsed emission becartie weaker as the
pulsar switched off. The final two data points are one thirthef detected funda-
mental period as the third harmonic had disappeared by tirg fsee discussion)
and the first data point is tH&wift detection, which is also one third of the detected
period as, like the MOS-1 detector &iMM-Newton, it was not possible to detect
the third harmonic due to longer binning needed with suclwadount rate source.
Due to the length of the gaps between observations, it wapaossible to match
phase between them and do more accurate pulse arrival tiahgsas

As mentioned, the oscillatory nature of the spin period isteasily explained
by the Doppler shifting of the X-ray light from the neutromasby the binary orbital
motion in the system. In the simplest example of the orbitahe being perpen-



4.3 Orbital Solution to IGR J01054-7253 79

dicular to our line-of-sight (inclination, = 0), any change seen in the spin period
of the neutron star should be due to torque produced by aacrehto the neutron
star surface. The most common result of this is for the spiioge¢o decrease over
the length of the outburst. This is known as spin-up. Howewvesome cases it
is seen that the spin periodcreases during phases of accretion. This is known as
spin-down. Spin-down also occurs during phases in whictetlseno accretion due
to torques exerted by the magnetic field of the neutron stahd more generic case
of the orbital plane being at some angle to our line-of-sigle see more compli-
cated spin period variations. Convolved with the standamd-gp of the neutron
star, there will be a shifting of the X-ray pulse arrival tirmaused by the orbital
motion of the neutron star around its counterpart. It is beeaof this that the orbit
fitting code simultaneously fits a simple spin-up model anaidgal velocity model

v(t
wherePyps is the detected spin period of the pulsais the speed of light andt) is
the binary radial velocityv(t) is calculated using the IDL routir®@NRADVEL .PRO
from the AITLIB 2 which uses the procedure of Hilditch (2001) and employs the
method of Mikkola (1987) to solve Kepler's equation. Thenspf the pulsar is

given byP(t) which incorporates the spin-up component and is definedabelo

P(t —tg)?

P(t) = P(to)+P(t—to) - ——

(4.2)
whereP andP are the spin-up and change in spin-up of the neutron staragtle
squares fit is performed on the data which then returns thiefittesy parameters.
The full spin-up component shown in equation 4.2 was fit todbtburst. Stan-
dard values for other HMXB systems were used for initial paeters that were
unknown. After first running a simplified version of this médeat assumed a cir-
cular orbit, it was clear that an acceptable fit could only blei@ved by including

an eccentricity component and excludif@s the data were not sufficient to fit the
second derivative. The final fit gave an orbital period of 36.8.4d and & of
(4.7+ 0.3) x10 10ss°1 (see also Townsend et al. 2009). The model fit to the data

’Developed at the Institutif Astronomie und Astrophysik, Abteilung Astronomie, of
the University of Tbingen and at the University of Warwick, UK; see http:fasini-
tuebingen.de/software/idl/
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Figure 4.7: Period of the third harmonic of SXP11.5 as detectedRKYE during

the two months of pointed observations. The final two data points are one third
of the detected fundamental period as the third harmonic had disappsatieid b
point and the first data point is one third of the period detecte8ift (see text).
Overplotted is the model fit to the data as described in the text.

Table 4.2: The orbital parameters for IGR J01054-7253 from the analysis of 3—10
keV RXTE/PCA data.

Parameter Orbital Solution
Orbital period Porbital (d) 363+0.4
Projected semimajor axis aysini (light-s) 167+7

Longitude of periastron w (°) 224410
Eccentricity e 0.284+0.03

Orbital epoch Tperiagron (MJD) 550343+1.0

Spin period P (s) 1148143+ 0.00001
First derivative ofP P10 1%s1) —47+03

Goodness of it X2 0.82
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is shown in Figure 4.7 and the various parameter values aptagied in Table 4.2
along with the reduced chi-squared value.

4.4 Optical and IR Data

In this section, | present spectroscopic and photomettig itiethe optical and NIR
wavebands from a variety of ground-based telescopes. The ai this were to
spectrally classify the optical counterpart and to exptbeechanges in the circum-
stellar disk leading up to, during and after the X-ray ousibur

4.4.1 Observatories and Instrumentation
e OGLE Il & IRSF - see Chapter 2 for details.

e Faulkes Telescope - FT South, located at Siding Spring, rAlistis a 2m,
fully autonomous, robotic Cassegrain-type reflector whitiplys a Robotic
Control System (RCS) (Tsapras et al., 2009). The telescopeseasboth in
Real Time Interface (RTI) mode and Offline mode for the obsgons of
SXP11.5. All the observations were pipeline-processeaiwhbbes the flat-
fielding and de-biasing of the images.

¢ 1.9m Radcliffe telescope at the South African Astronomi@aservatory (SAAO)
- Photometry was done using the SAAO CCD at the Cassegrain fades.
spectra were obtained using the unit spectrograph comiwitac 1200 I/mm
grating and the SITe detector at the Cassegrain focus. Dduiatten was per-
formed using standard IRAF packages.

e X-shooter - The first of the second generation VLT instruragi-shooter
(D’Odorico et al., 2006), is a three arm, single object elesbectrograph for
the Cassegrain focus of one of the VLT UT’s. The instrumenusiameously
covers the wavelength range 300-2400 nm at resolving pdﬂ/erﬁx =5100,
8800 and 5600 in the UVBAA = 300-550 nm), VISAA = 550-1015 nm),
and NIR arms A = 1025-2400 nm) respectively. However, the resolution
obtained is dependent on the slit width and seeing condition

4.4.2 Photometry

Figure 4.8 shows the full 12yr optical light curve of SXP1irt&m OGLE moni-
toring (open black triangles) and coverage from FaulkessSpe (FT; closed red
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Figure 4.8: Combined OGLE III, Faulkes Telescope (FT) south and SAAO 1.9m
I-band light curve of the optical counterpart in SXP11.5 (open blackgtes,
closed red squares and open blue square respectively). The &idldata have
been transformed into the OGLE I-band for direct comparison of the madf
the star. The vertical dashed lines indicate the start and end of the Typ=il
outburst as seen INTEGRAL and RXTE; this time period spans approximately
two orbital cycles, illustrating the scale of the optical variability.

squares) south and the 1.9m, SAAO telescope (open blueggquidre FT I-band
data were calibrated onto the OGLE I-band using 18 field dtara the OGLE
database that show no variability over the set of measuresméihe OGLE data
are sparse compared to the normal coverage of the SMC bettasisgstem occa-
sionally falls onto a gap in the detector chip which is demaman its orientation
angle. Despite this, the data presented were detrendedhbrastion of a 50 day
moving mean model to remove large amplitude variabilitjpwaing timing anal-
ysis to be performed. A Lomb-Scargle periodogram of theeswted light curve
shows the presence of a 36.#00.03d periodicity above the 99.9% significance
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Figure 4.9: Lomb-Scargle periodogram of the detrended section of the OGLE Il
light curve between MJD 53400 and MJD 54200 (top). A peak at 36.7003d

is seen above the 99.9% significance level, verifying the orbital pericdigiesl

by the X-ray data. This period was only detected in this section of the lighiecur
when the disk was seemingly at its lowest flux level. Analysis of other indatidu
sections and the light curve as a whole did not reveal any significaiutserThe
phase-folded light curve (bottom) is folded such that a phase of 1.0 ingheefi
corresponds to periastron of the neutron star based on the resultX{rthefit.
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Table 4.3: IR and optical data of the counterpart to SXP11.5.
Catalogue Date (MJD) J H Ks

2MASS 51035 1416+0.03 1370+0.04 1352+0.04
SIRIUS 52894 1421+0.08 1375+0.06 1374+0.04
Telescope Date (MJD) J H K
IRSF 55196 1#23+0.04 1375+0.03 1361+0.04
Telescope Date (MJD) B \% I
1.9m 55200 19/1+0.31 1491+0.11 1459+0.10

1Skrutskie et al. (2006¥Kato et al. (2007).

level, as shown in Figure 4.9. This periodicity was only d&gd in certain sections
of the light curve, but confirms the orbital period predicfenin the X-ray data.
Figure 4.9 also shows the phase-folded light curve foldedeatietected period and
phase aligned to the ephemeris given in Table 4.2. The prséiens to be quite
sinusoidal, being brightest just after periastron andtésnjust after apastron, sug-
gestive of a slight lag between the periodic brighteninghef disk with the phase
of the neutron star. The narrow peak and trough at phasegpobdmately 0.4 and
0.9 respectively are somewhat more peculiar; they may siggenething is hap-
pening half way between the optical minimum and maximum. ek@w, on folding
the light curve at various phases or with different bin sitese features come and
go, suggesting that they may not be a real physical featutheofystem. There
are no MACHO or OGLE Il data of this source. The OGLE, FT and SAddla
were taken before, during and after the X-ray outburst retsypedy (see discussion
section for interpretation). The orbital period found hes&s also used as a frozen
parameter in a second orbital model fit to the X-ray data. @ildgmprove slightly
the errors on the parameters presented in Table 4.2 but onlgeoorder of a few
percent.

Photometric data taken on the IRSF and the SAAO 1.9m telesaop shown
in Table 4.3, along with measurements previously publisinedatalogues. The
IRSF Magellanic Clouds Point Source catalogue by Kato eRaDT) was used to
calibrate the IRSF data. The Magellanic Clouds Photometriwey (MCPS) cat-
alogue by Zaritsky et al. (2002) was used to calibrate thenlotical data. The
optical photometry is not as good as the IR as can be seen frerassociated er-
rors. This is due to the poor seeing at optical wavelengthsduhe observations,
and variability in the conditions during the long integaatitimes required because
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of a full moon. Also, the smaller field of view of the SAAO CCD coanpd with
the SIRIUS CCD meant there were fewer stars which could be wspeérform the
calibration. A pipeline provided by SAAO was used to caltelkhe PSF magnitude
of the optical images after performing flat fielding. The eisocalculated by taking
the average of the square of the magnitude errors from the M&R8Bogue, for
the stars used for calibration, and the standard deviafidimeostars from the fitted
line. The final error is\/aaf\,gCataloguenL o%. Data from the IRSF Magellanic Clouds
Point Source catalogue and 2MASS catalogue (Skrutskie, &046) are presented
as reference to past IR observations of this source. Unfataly, the IR data are
not directly comparable to the I-band data in the OGLE liginve as both mea-
surements fall into gaps in the data and as such | cannot #aMIR bands follow
what is happening in the I-band. However, | can make two oastbbservations;
firstly, that there is little variation in the J, H & K band valsl presented in Table
4.3 and, secondly, that at the time of the SIRIUS cataloguesorement the I-band
seems to be much fainter than at the time of the IRSF measutgassuming the
I-band at MJD 53000 is around 15.2 magnitudes in comparistimet present value
of 14.6). This suggests that there may be a change in the¢bldr in this system.
This could signify that a change in the size of the circuntstalisk has caused a
flux contribution that is dependent on wavelength, contitgumore to the | band
than the K band. However, the most frequent observation fstmer BeXRBs is
that the flux in all the bands varies by about the same amoeanjrig the colour
unchanged. This has always been thought to mean that wielstisk is growing,
its surface temperature is approximately constant. Thakaage in the colour such
as what is observed here could be indicative of a temperahaege on the surface
of the optically thick circumstellar disk.

4.4.3 Spectroscopy

SXP11.5 was observed during the X-shooter Science VeititdEV1) phase in
August 2009 (MJD 550555-10d before the X-ray outburst ended), with a total in-
tegration time of 12005 The spectra were reduced with a beta version of the ESO
X-shooter pipeline (Goldoni et al., 2006), which uses satiton of the sky lines
based on the procedures developed by Kelson (2003). Thengpeduction used
calibration spectra taken during the commissioning rurofoler location and trac-
ing, flat fielding and wavelength calibration. The final protlfrom the pipeline

is an extracted 2D, wavelength calibrated, rectified specivith orders combined

3Program ID 60.A-9439(A)
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using a weighting scheme. For further data processing aalysia | used a combi-
nation of IDL programs and standard IRAF tools. The speceewhen smoothed
with a boxcar average of 7, normalised to remove the contmand then shifted
by 150 km st (Allen, 1973) to account roughly for the recession velodifythe
SMC and hence to place spectral features at approximatelyairect wavelengths.
These spectra are presented in Figs. 4.10 and 4.12. The UWWBactrum is used

in the next section to spectrally classify SXP11.5, white VIS arm spectrum is
used to measure thecHequivalent width just before the outburst came to an end.
This is discussed and compared to a SAA@ Measurement taken months later in
section 4.6.

4.5 Spectral Classification

The classification of SXP11.5 has been made using the X-shtdB arm spec-
trum presented in Figure 4.10. Immediately obvious is tlese@nce of ionised He-
lium in the spectrum: He INA4686, 4541 are present, meaning the spectral type
must be BO or earlier (Lennon 1997; Evans et al. 2004). He4R00 is weak, and
much weaker than HeA4143, meaning itis later in type than O9. There may be ev-
idence of some Si lines in the spectrum which could stretelctassification to B1,
although these are very difficult to confirm above the gern®8iNIR of the spectrum.
Given the presence of He N4686 it would seem that, even if the metal lines are
suppressed by the low metallicity of the SMC or masked bytiatal broadening

of the Balmer and helium lines, a spectral type as late as Bdilikely. Walborn &
Fitzpatrick (1990) also present spectra with apparentrféisliand classify them as
BO, indicating that a classification of BO would be correcthis case if the Si lines
are present. Given that the metal lines in the spectrum arsmobvious, | was
limited to using the He A4121/He 1A 4143 ratio to determine the luminosity class
(Walborn & Fitzpatrick, 1990). This line ratio strengthensvards more luminous
stars, suggesting that this star has a luminosity class-& Nhave also performed

a check on this luminosity classification by comparing theaddite magnitude of
the source in the V-band with a distance modulus for the SMQ89® (Harries,
Hilditch & Howarth, 2003), to determine whether the abselatagnitude of the
source is consistent with the estimated luminosity clasthie spectral type (using
absolute magnitudes for OeBe stars from Wegner 2006). Andbaagnitude of
14.9 (Table 6.2) confirms a luminosity class of IV-V for a sgpalktype of 09.5-B0,

as a star of higher luminosity class would need to be of a ltectral type. This
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Figure 4.10: Spectrum of SXP11.5 taken with the UVB arm of the X-shooter
spectrograph in the wavelength range 300-550nm. The spectrum basnbe
malised to remove the continuum and the data have been redshift corrgcted b
-150 km st to account for the recession of the SMC. Overplotted are various
atomic transitions that are significant in the spectral classification of an eggy ty
star at their rest wavelengths; He I, He | and metal transitions are imgred

and blue respectively.

spectral classification agrees with recent work done by Missteal. (2010) on the
SAAO 1.9m telescope, although those authors give a luntyokass of 111 which
may be too early based on the available line ratios in thetspac

4.6 Discussion

4.6.1 X-ray behaviour

Strong triple peaked structure is visible in the X-ray puyisefile when the 3rd har-
monic was strongest (top panel Figure 4.3). This triplecttrte remained constant
for several observations whilst the outburst was at its nmaethse. Only once the
flux had significantly dropped did the pulse shape begin tbvevato a more famil-
iar single peaked structure (bottom panel Figure 4.3). &tplint the 3rd harmonic
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fades and the fundamental begins to dominate the pulsegiemis he energy de-
pendent pulse profiles plotted in Figures 4.4 and 4.5 denmatesd possible change
in the X-ray emission at higher energies. TXM-Newton profile seems to show
the shape of the folded light curves are very similar witlia 0.2—10 keV energy
range (although it is noted that some information is beirsg lheere due to the none-
detection of the 3rd harmonic). This was also the case foRXEE observations
in which the 3-10 keV light curve was split into smaller eneb@ands (these have
not been presented here). However, moving to higher erseirgitheRXTE profiles
a change is seen occurring around 10 keV. Below this endrgypulse profile sug-
gests a combination of a pencil beam from one pole and a fam frean the other
pole, with an orientation that places two sides of the fambaad the pencil beam
approximately one third of a phase apart. The smaller of hineet peaks is likely
the pencil beam in this picture, being a phase of 0.5 apart fre centre of the fan
beam 'double’ peak. The hard energy profile shows evidenca famber of possi-
bilities; the pencil beam has increased in strength, becgrmomparable to the fan
beam. The pencil beam may be narrower, although it remathpttase away from
the centre of the other 2 peaks. The fan beam may have a naropering angle
at higher energies given the apparent infilling of the gagvbenh the two peaks. At
the moment, these are all speculations based on obseraatibtihhus more detailed
modelling is required to take this discussion further.

The orbital parameters in Table 4.2 are typical of those $eaiher BeXRB
systems (Okazaki & Negueruela, 2001). Most Be systems haye-FL0-100d and
orbital eccentricities of between 0.3-0.5 (Bildsten et 8897). These parameters
also place SXP11.5 firmly in the BeXRB regime of the Corbet diag(Corbet,
1986), lending support to the optical determination thet $ource is a BeXRB and
not a supergiant system.

Ghosh & Lamb (1979) show that there is a relationship for byimaulsars such
that P a PL7 for a given neutron star mass and magnetic moment, wRésahe
spin-up in sec/yrP is the spin period in seconds ahds the X-ray luminosity in
units of 167 ergs/s. This relationship has since been verified by Coe, MeB&
Corbet (2010) using a much larger database of SMC binary pulgdne spin pe-
riod andP from the orbital fit above were used along with the highestihasity
recorded byRXTE during the outburst to place this new system onto the ploMES
pulsars presented in Coe, McBride & Corbet (2010). The reswhown in Figure
4.11. The position of this source on the plot seems to folleewgeneral distribution
of SMC pulsars and thus agrees with the theoretical lawsrarigiaccretion. Plot-
ted on this figure are some lines showing the expected rakdtip between the two
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Figure 4.11: The distribution of SMC BeXRB pulsars on thievs PL? plane
adapted from Coe, McBride & Corbet (2010), whétés the spin-up in seclyP

is the spin period in seconds ahds the X-ray luminosity in units of 1¥ ergs/s.
SXP11.5 is shown to sit in the low period end of the distribution, confirming that
the luminosity, pulse period and spin-up calculated in this analysis agree with the
equations originally presented in Ghosh & Lamb (1979) and that this sayrice

this sense, normal with respect to the general distribution of SMC pulsars.

parameters for a particular neutron star mass (0.5, 1.3 éml1). The only as-
sumption in producing these relationships is a magnetic emof 4.8<10?° Gauss
cm® (see Ghosh & Lamb 1979 for further details on the theory bhiese rela-
tionships). From the position of SXP11.5 on the figure, itssneould be around
1.2 M. This value is lower than most other SMC pulsars based on thr& of
Coe, McBride & Corbet (2010), though not inconsistent withnthdn Chapter 5,
| consider the orbital solution of SXP11.5 further and whreg &xact value of the
neutron star mass means for the inclination and orbitaliziee system.
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4.6.2 Optical behaviour

Due to the lower temperatures believed to be present in ticarostellar environ-
ment, the photometric I-band data presented in Figure £&atirect measure of
the circumstellar emission. These data show that this sykges a highly variable
circumstellar disk and that the X-ray outburst was triggelog the disk being in
an exceptionally large state, relative to its base levele Wértical dashed lines in
Figure 4.8 show the start and end points of the X-ray outbanslation to the op-
tical activity. A single observation at SAAO in January 20QMJD 55200) shows
that the disk has started to decrease in size, although ttesy Xutburst had fin-
ished before the disk had returned to the level at which threyXemission began.
This could be evidence of a lag between the X-ray and opticgdgon in this sys-
tem. Another puzzle that these data introduce is why theaairiviodulation in the
light curve is only seen at the very lowest flux level. This Wbsuggest that the
variability is coming from the stellar atmosphere as th& asuld seem to be at a
minimum. In contrast Schurch et al. (2011) only detect thmetal modulation from
SXP18.3 at the very brightest part of the detrended optight curve, suggesting
that in this system, the variability is coming from the cinestellar disk and not the
stellar atmosphere.

It is currently believed that the amount of red and IR emisdiom the cir-
cumstellar disk is directly related to the strength of emisdines in this regime
(see Chapter 1). Figure 4.12 shows two spectra of thed¢gjion taken during and
many months after the X-ray outburst. The top panel is a VEShooter VIS arm
spectrum showing clearly éd being in emission. This corresponds to the peak of
the I-band light curve shown in Figure 4.8. Equivalent widteasurements of the
line profile give a value of -8:80.5A. The bottom panel is a spectrum taken on
the SAAO, 1.9m telescope 4 months after the outburst hadderides observation
was near-simultaneous to the SAAO I-band measuremeneglottFigure 4.8. The
poor SNR in this spectrum made it difficult to make a precisévedent width mea-
surement, the best estimate beingt2, so | cannot say by how much the disk has
reduced in size. However, | can conclude that both tbreaidd I-band measurements
suggest the disk is shrinking. Comparison ta kheasurements of other BeXRBs
shows that, even during a long Type-Il X-ray outburst, thekdn this system was
quite small compared to other BeXRBs (see Chapter 1, Figurg).1.Although
SXP11.5 lies below the best fit line of this trend, it is not anpdete outlier and
may just lie within the distribution. Unfortunately a moreantitative handle on the
IR excess seen in the photometry is needed to help verifyrtigesize of the disk
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Figure 4.12: Spectra of SXP11.5 taken in the wavelength range af &i the
VLT (top) and SAAO,1.9m (bottom). The VLT spectrum was taken on 2089-0
12 (MJD 55055), just before SXP11.5 fell below the detection thresHdRKDE,
therefore showing the disk during an X-ray active phase. The SAAOtsM was
taken on 2009-12-12 (MJD 55177), four months after the X-ray ostleimded.

relative to other systems in the SMC. So given only a smalluonstellar disk to
accrete from, how does accretion continue for over two m®mtlthis system? The
most plausible explanation seems to be that an accretikmdsformed around the
neutron star, allowing accretion to continue after the reustar has moved away
from the circumstellar disk which may not, in this case, bénfi, or be near to
filling the orbit of the neutron star. However, it is not easydietect the presence
of an accretion disk in HMXBs and so an unusual orbit or othehsgeometries
cannot be ruled out as an explanation of what is seen, alththig)seems unlikely
based on the fairly standard parameters obtained in th&abfibiof the X-ray data.
It is also worth noting that the narrow, single peaked Bind H3 emission lines
seen in the spectra presented here suggest the disk hasreclmation angle to the
observer (Struve, 1930). Comparing this to the valueysinapresented in Table
4.2 suggests that the semimajor axis of the disk could be 28@iight-s (fori <
30°), approximately 18 Rassuming a BO star of radius equal to 7.R

In order to explore the extent of the emission from the cirstettar disk, the
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Figure 4.13: The optical & IR photometry (open squares) from MJD 55196-55200
de-reddened and compared to a Kurucz model atmosphere for a BQ\mtdnu-

ous line). The filled triangle indicates the lowest OGLE Il I-band point wihiak
been used to normalise the Kurucz model - see text for details. This deatesstr
the extent of the continuum emission from the circumstellar disk in this system.

contemporaneous optical & IR photometric data from MJD %9200 shown in
Table 6.2 were used to compare with the predicted stellasgon. The photomet-
ric data were first de-reddened by the established valueet8 hC of E(B-V)=0.08
(Schwering & Israel, 1991). These were then compared to atamodel atmo-
sphere (Kurucz, 1979) for a BOV stalef 1=30,000K and log g=4.0). To make the
comparison, the model atmosphere was normalised to thestdviband point in the
OGLE lll data (taken around MJD 54000) on the assumptiontthatepresents the
occasion on which any contribution from the circumstelliskds at its lowest. The
results are shown in Figure 4.13 from which it is immediatghparent that at the
time the optical and IR photometry were taken there was a disé contribution
across the whole of the optical and IR regime. Even the B andimtg clearly con-
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tain some element of such a component. In trying to quarttiexcess, the Kurucz
model was normalised to the distance estimate of the SMC §6Pwhich proved
to be very close to the I-band normalised model. Working ftbis, | converted the
I-band flux at this base level into a distance estimate, asguthat all the flux is
coming from the star. | find a distance to SXP11.5 of:Bblkpc. The error comes
from calculating the maximum and minimum distance based i@mge of E(B-V)
values. Of course, this value is very dependant on obsourkicalised to the SMC
itself and should be treated with some caution. What thisuwation shows is that
it is very likely that the I-band measurement used in the radisation represents
very closely the base level of the disk emission in this systé& Ha spectrum is
needed to confirm this prediction should the I-band mageitexkr return to this
level. Assuming this base flux level contains light only frtime star, a simple cal-
culation can be performed to estimate the amount the diskibates to the flux
observed at each wavelength. | estimate that the disk boteds to around 32% of
the B-band flux, 43% to the V-band, 67% to the I-band, 83% tdthand and 90%
to the H-band at the time the photometry presented here Wes.td his agrees with
current ideas that the disk dominates the emission in thelRegegime. However,
it is more interesting to note that the apparent contributmoptical wavebands is
rather significant, with around half the red light comingrfréhe disk and around a
third of the blue light.

Modelling the disk continuum emission took a significanpléarward with the
development of the viscous decretion disk model (see Chajpté&Whilst | was not
able to use this model during this work, the density and sfzeedisk can be es-
timated from the disk contributions calculated above arsdilts published in the
literature. Touhami, Gies & Schaefer (2011) used such a mogbeoduce tables of
flux excess and disk size as functions of disk density and agéh. The set of pa-
rameters that are most similar to those of SXP11.5 publiSlydtiose authors were
used to estimate the disk size and excess. The model pararaetd 1 =30,000K,
Rear=10 R., Mg4=15.5 M., inclination=45, radial density exponent=3, outer disk
radius=21.4 R and disk-to-star temperature ratio %).f The model does not con-
sider wavelengths shorter than the H-band, so | will consiidy this band here.
One assumption in their calculations was that there is gidgi flux coming from
the disk in the V-band. This has been proved a bad assumpti@) and indeed
those authors also state that the disk can contribute as agibb% in the largest
and densest disks. Thus, it is more precise in this case tohaesiux predicted
by the normalised stellar atmosphere model than the obddiwe In magnitude
space, this excess is of the form
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The result of which is E(V-H)=1.9. Comparing this value witle tables of Touhami,
Gies & Schaefer (2011) suggest the disk is very dense, astdeadsband excess,
at around %10 °gcm 3. Those authors list a table of Be stars for which they
have calculated the IR excesses, most if not all of which laaesver density than
SXP11.5. However, the associated disk radius- @ 6Rg5 seems quite small and
so the estimates made here should be treated as such, urtital€ulation can be
done based on the exact parameters of SXP11.5. Using themsathed for calcu-
lating the disk size as in Chapter 3 produces a somewhat ldigjeiof ~ 3.5Rg 4

(for an Har Weq of -8.0+0.5A). As was the case for SXP6.85, this is a factor of 3 to
4 smaller than what is suggested by the size of the semi-ragjsrand the neutron
stars persistent interaction with the disk. The ideas ddmsze and in Chapter 3 will
be drawn together in Chapter 7.

4.7 Conclusions

| have presented the complete orbital solution to a newlgadisred high-mass bi-
nary system in the SMC, making it one of the few well describggtesns known
outside the Galaxy. These parameters are similar to otmampisystems in the
Galaxy and Magellanic Clouds and place SXP11.5 firmly in th¥mB® region of
the Corbet diagram. Under huge accretion torques, it is stibatrthe neutron star
Is being spun up and that this satisfies current theoretrealigtions of the relation-
ship between spin-up, spin period and luminosity in bingstems. However, it is
clear that there is still much to learn about the accreti@tess itself as shown by
the complex triple peaked structure and evolution of thesguirofiles, which are
still poorly understood.

Spectral analysis of the companion has allowed a classdicat 09.5-B0 V-V
to be made. Timing analysis of the optical light curve conéirtine orbital period
detected in the X-ray data. Contemporaneous $pectra show, along with the
optical light curve, that the circumstellar disk is shringiin the time since the X-
ray outburst. Although there is evidence that the disk issually small compared
to other BeXRBs, making the extended period of accretiom seehis outburst
difficult to explain. We show that the lowest flux seen in théiag light curve is
likely to be from a period in which the Be star has entirelytlibs disk and make
estimates of the flux contributions from the disk at each Wemgth. This lead to
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an estimate of the disk density and size using a viscous tilmettisk model with
some default parameters. A distance estimate to the sowsealso made based
on the ‘diskless’ assumption, thoughatspectroscopy is necessary to confirm this
prediction should the I-band flux ever return to this level.

SXP11.5 has proved to be a very interesting addition to th€ ®Mary popula-
tion; on one hand, it seems to be a very normal system showbitabparameters
and a spectral type that match very well with previously Edadystems. However,
it also shows peculiarities, such as showing a small é¢juivalent width relative
to other systems with similar orbital periods. Should thistsm go into another
X-ray outburst in the future, further simultaneous optiaatl X-ray measurements
are essential to uncovering where this system lies in theathopulation of SMC
BeXRB systems.






Education is what remains after one has forgotten what one
has learned in school.

ALBERT EINSTEIN (1879 - 1955)

On the orbital parameters of Be/X-ray
binaries in the Small Magellanic Cloud

The orbital motion of a neutron star about its optical compampresents a window
through which to study the orbital parameters of that birsystem. This has been
used extensively in the Milky Way to calculate these paransefior several high-
mass X-ray binaries. This chapter describes the use ofaewears ofRXTE/PCA
data to derive the orbital parameters of four Be/X-ray byrsystems in the SMC,
increasing the number of systems with orbital solutions ligctor of three. These
solutions include one new orbital period, the confirmatibrasecond and allow
for a comparison to the parameters of Galactic systems. ii2efe low metallicity
in the SMC, these binary systems sit amongst the Galactighiison of orbital
periods and eccentricities, suggesting that metallicigymot play an important
role in the evolution of high-mass X-ray binary systems. Atpf orbital period
against eccentricity shows that the supergiant, Be and taer@ricity OB transient
systems occupy separate regions of the parameter spaoetoakie separated re-
gions on the Corbet diagram. Using a Spearman’s rank caoelgst, a potential
correlation between the two parameters is suggested. Tlss fnactions, incli-
nations and orbital semimajor axes are derived for the SM&Tesys based on the
binary parameters and the spectral classification of theaptounterpart. As a
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Table 5.1: Outburst date (d), duration and peak X-ray luminosity of the four
systems investigated in this study.
Source B (MJD) Duration (days) Peakd(10°’ergss?)

SXP2.37 51573 84 21.0
SXP6.85 55435 59 3.3
SXP8.80 55080 39 7.3
SXP74.7 55232 42 3.5

by-product of this work, | present a catalogue of the orhjiatameters for every
high-mass X-ray binary in the Galaxy and Magellanic Cloudswbich they are

known. This work has been published as a paper for which Dardill made

significant contributions to the orbital fitting code.

5.1 Introduction

The aim of this investigation was to uncover the first sizaample of orbital pa-
rameters of HMXBs in the SMC, using the data taken as part oRKEE mon-
itoring programme described in Chapter 2. This idea was érigd by the orbital
fitting of the new pulsar SXP11.5 described in the previowsptér. TheRXTE data
archive was searched for outbursts occurring at any poititerpast 14 years that
satisfied the following three criteria:

1. The outburst must not be a classical Type | outburst drlwenthe orbital
period of the system (for example, SXP46.6; Chapter 2).

2. The outburst should last for longer than one orbit of thetroa star, where
the orbital period is known, or have at least 10 detectionsiduhe outburst
when the orbital period is not known. This was to ensure ehalaga was
available in the fitting process.

3. Adjacent detections must not have a large gap between(thene than 5 or 6
days) as this would allow for too much ambiguity during therfg procedure.

This search revealed 12 systems that showed evidence fooromere extended
outbursts. Of these, 10 satisfied, or were very close tofgeiis the above criteria.
Two of which (SXP11.5 and SXP18.3), had already had theit®osdoblved. The
remaining 8 systems were fit using the method and code intextlin Chapter 4.
Half of the systems converged to a satisfactory fit, whildt dial not. It is worth
noting here that all 12 systems that could be clearly idextifis experiencing an
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extended outburst unrelated to the orbital phase of theowatar have spin periods
of less that 100 s. If this can be proven not to be an obsenaltlmas, then it may
demonstrate a fundamental link between the orbital pragsedf the binary system
and the outbursts seen from them. This idea is discussdwefurt Chapter 7. Table
5.1 gives a summary of the start time, duration and peak Xiraynosity in the
3-10keV band, of the studied outburst for each system thaffittad successfully.
The results of the successful fits are presented in the netibee In order to ob-
tain a meaningful fit, the period measurements used in thegfifirocedure were
restricted to detections greater than a particular sicamite. This threshold was not
kept constant for every source because the luminosity aratido of each outburst
was different, meaning fits improved or worsened by inclgdiata above different
thresholds. As such, a significance threshold was chosernionise the () er-
rors in the binary parameters for each fit. The chosen valgtatgd in the relevant
section. To insure that the errors found on each parameter mgg¢ underestimated
in the cases ok2 > 1, the error bars on each light curve were scaled such that the
fit resulted in a2 of unity. The result of this is a small increase in the erroeath
binary parameter. Where this method has been employed,|ib&/inade clear in
the relevant table and the origing§ quoted. In section 5.3 | discuss the orbits de-
rived in the context of the Galactic population and investiggoossible relationships
between the binary parameters in BeXRBs. The results arensuised in section
5.4.

5.2 Results

5.2.1 SXP6.85=XTE J0103728

A detailed history of SXP6.85 is given in Chapter 3 and so valiloe repeated here.
I mearly remind the reader that, in an analysis of MACHO ligimves, McGowan
et al. (2008a) find that the source gets redder as it getstbrighhich is suggestive
of a low inclination system. Those authors also propose aloventricity based on
comparison to other systems. There are also four main pettied associated with
the source from the literature: 114+ 0.6d, 248+ 0.1d and~ 620-660d from
optical analyses and 112d from X-ray analysis (see ChapteifBYs until now,
neither the orbital period or eccentricity of this systenrevienown for certain.

To try and resolve this issue, the two longest X-ray outlsuvgtre fit with the
orbital model. The outburst occurring around MJD 54800s(tkithe main outburst
discussed in Chapter 3) turned out to be too sparsely covereahing | was unable
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Figure 5.1: The spin period of SXP6.85 as measured®{E during 2 months of
pointed observations. Both the orbital motion of the neutron star and thetiaccr
driven spin-up are visible. Overplotted is the model fit to the data as shown in
Table 5.2.

Table 5.2: The orbital parameters for SXP6.85 from the analysis of 3—10 keV

RXTE/PCA data.
Parameter Orbital Solutién
Orbital period Porbital (d) 219+0.2
Projected semimajor axis agsini (light-s) 15147
Longitude of periastron w (°) 125+ 8
Eccentricity e 0.26+0.03
Orbital epoch Tperiagtron (MJID)  554791+0.5
Spin period P (s) 6.8508+ 0.0001
First derivative ofP P10 109ss1) _80+0.6
Goodness of fit X2 1.79

*This solution is the result of a fit with spin period errorslsedasuch thay? = 1.
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to get an acceptable fit. However, since the work of Chaptee® &so Townsend
et al. 2010) another luminous, extended outburst occuagproximately coincid-
ing with the expected time of optical maximum. This outbubstginning on MJD
55435 (Table 5.1), was sampled very well thanks to dedicabéatings at the po-
sition of the source in addition to the regular monitorindheTperiod evolution is
shown in Figure 5.1 with the best model fit overplotted. Th&adsased in the fit
were cut at the 99.99 % @) significance level. The very clear changes in the spin
period allowed the radial velocity of the neutron star to twerid quite simply. Un-
fortunately, an attempt to fit both outbursts simultanepusis unsuccessful as the
amount of spin-down happening between the outbursts isawknmaking the fit
hard to constrain. The solution is presented in Table 5.2stite best fit to date in
the sample of systems presented here. Thus tt#420.1 d period is proposed to
be the true orbital period of this system, placing it niceiythe BeXRB region of
the Corbet diagram. The other orbital parameters and theeafithe 25d, 112 d
and 114 d periods are discussed in section 5.3.

5.2.2 SXP2.37=SMC X-2

SXP2.37 was discovered by SAS 3 observations in 1977 (Lnigan & Clark,
1977) as a highly variable X-ray source. Corbet et al. (2004¢avered 2.372s
pulsations from the source during the Type Il outburst framuhry 2000 to May
2000. The proposed optical counterpart to this X-ray souvas shown to be a
close north-south double (Murdin, Morton & Thomas, 1979% sAich, it has been
difficult to tell which of the two stars is the true optical caarpart due to large X-
ray error circles and the lack of any significant periodiéityDGLE Il and the first
5 years of OGLE Ill data (Schmidtke, Cowley & Udalski, 2006k)was not until
a further 2 years of OGLE Il data became available that theecd counterpart
revealed itself. Schurch et al. (2011) show there is a cl8&2t- 0.02 d periodicity
in the final 2 years of the light curve of the northern star, mgkt very probable
that this star is the true counterpart and that the peritdethe orbital period of the
binary system. Schmidtke, Cowley & Udalski (2009) suggest tihe 18.6 d period,
along with the apparent 9 and 6 d harmonics are caused by adiahpulsations
seen around 0.86s and 0.9s. Schurch et al. (2011) arguedbatite the 18.6d
modulation is visible in the light curve and the folded lighirve at this period is
typical of other binary systems, the modulation must betaflm nature. McBride
et al. (2008) classify the counterpart as an 09.5 11I-V eroisBne star.

The outburst that led to the discovery of pulsations from 338 (Corbet et al.,
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Figure 5.2: The spin period of SXP2.37 as measured®TE. The orbital modu-
lation is not as obvious as in the case of SXP6.85, but the period deviatmmsa
the general spin-up trend suggests we are seeing orbital modulatioespl@ted

is the model fit to the data as shown in Table 5.3.

Table 5.3: The orbital parameters for SXP2.37 from the analysis of 3—10 keV
RXTE/PCA data.

Parameter Orbital Solutién
Orbital period Porbital (d) 1838+0.03
Projected semimajor axis agsini (light-s) 737+1.7
Longitude of periastron w (°) 226+ 16
Eccentricity e 0.07+0.03
Orbital epoch Tperiagtron (MJD) 516168+ 0.8
Spin period P (s) 237194+ 0.00001
First derivative ofP P (10 19ss 1)  _0.720+0.029
Goodness of fit X2 3.58

*This solution is the result of a fit with spin period errorslsedasuch thay? = 1.
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2001) is the only timdRXTE has detected the source with any high significance or
for any great period of time. Thus, the period measuremeaits this outburst were
fitted with the orbital model. Fits were tried both with théial period free to vary
and fixed at the value reported in Schurch et al. (2011). Btdlyfelded the same
parameters to within their errors and very similar goodraé#gis, verifying that the
18.6 d periodicity is the orbital period of the system. Fmgd2 shows the pulse
period evolution of the source. The data are cut at the 99%9& o) significance
level. Overplotted is the best model fit to the data in whiah dnbital period was
free to vary. The orbital period measurement is refined t888 0.02 d. | also note
here that the fit is more likely providing an upper limit on thecentricity of 0.1,
as a fit with the eccentricity frozen at zero does not resudt gtatistically worse fit
according to an f-test. Thus, | cannot be certain that thergdcity is non-zero.
The other parameters are shown in Table 5.3 and are discladsed

5.2.3 SXP8.80 = RX J0051-87231 = 2E 0050.37247

SXP8.80 was discovered linstein IPC observations in 1980 (Bruhweiler et al.,
1987) as a new X-ray source in the SMC wing. The original echale from these
observations led to a tentative association with the obpsiza AzV 111. Wang &
Wu (1992) showed that this source was highly variable, hadderate X-ray flux
and a hard spectrum, suggesting a BeXRB classificat®PSAT PSPC observa-
tions in May 1993 discovered a periodicity of 8.88163.00001 s in the direction
of SXP8.80 (Israel et al., 1995). Those authors also showedrénsient nature
of the source which, along with the spin period, confirmed #s8 a new BeXRB
in the SMC. A refined X-ray position published by Kahabka & Ba#t (1996) cast
doubt over the true optical counterpart, with more than dae Isoking possible.
It was not until Haberl & Sasaki (2000) improved tROSAT error circle that the
star MA93 506 was identified as the most probable counterppae orbital period
of SXP8.80 was found to be 28:00.3d (Corbet et al., 2004) durirl@XTE moni-
toring of the SMC. Subsequent analysis of MACHO and OGLE datdA®3 506
revealed periodicities of 185d and 33d respectively (Cod.2G0D5; Schmidtke
& Cowley 2006a), casting doubt over the orbital period anddptcal counterpart
determination. McBride et al. (2008) classify MA93 506 as@%-B0 IV-V emis-
sion line star. Only recently has this star been verified asctiunterpart with the
detection of a 28.5% 0.01 d periodicity in the combined OGLE Il & IlI light curve
(Rajoelimanana, Charles & Udalski, 2010), in agreement with X-ray derived
period.
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Figure 5.3: The spin period of SXP8.80 as measuredR¥TE. The orbital mod-
ulation is apparent, though the data are sparse over some of the orbitrbita¢ o
period had to be frozen at 28.51 d to produce an acceptable fit. This ¥i¢iplot-
ted and is shown in Table 5.4.

Table 5.4: The orbital parameters for SXP8.80 from the analysis of 3—10 keV
RXTE/PCA data.

Parameter Orbital Solutién
Orbital period Porbital (0) 28.51(frozen)!
Projected semimajor axis agsini (light-s) 112+6
Longitude of periastron w (%) 178+6
Eccentricity e 0.41+0.07
Orbital epoch Tperiagtron (MJD) 551067 +0.4
Spin period P(s) 89038+ 0.0002
First derivative ofP P10 10ss1) _69+0.9
Goodness of fit X2 2.60

*This solution is the result of a fit with spin period errorslsdasuch thay? = 1.
LOrbital period frozen at the period found by Rajoelimana®laarles & Udalski
(2010)
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SXP8.80 had been X-ray quiet since a long period of Type lurstb that began
around MJD 52700. The Type Il outburst to which | have fit thbitat model
began on MJD 55080 and is one of the most luminous outburstsisgthe SMC
(see Table 5.1); 6 or more harmonics of the neutron star sgingwere often seen
in the power spectra. Unfortunately, the coverage during alatburst was sparse
and so there are large gaps throughout the outburst. Theadathown in Figure
5.3 and are cut at the 90 % significance level to try and inceslenuch data as
possible. This means that some of the data toward the eneé otitourst have large
associated errors. To aid fitting further, the orbital pérwas frozen to 28.51d
(Rajoelimanana, Charles & Udalski, 2010). The best fit istptbbver the data in
Figure 5.3. The results are given in Table 5.4 and are disclisssection 5.3.

5.2.4 SXP74.7=RXJ0049:17250 = AX JO049-729

RX J0049.1-7250 was discovered duringROSAT PSPC observation of the SMC
in October 1991 (Kahabka & Pietsch, 1996). It appeared bkriy more than a
factor of 10 and was highly absorbed. Kahabka & Pietsch (1&&6cluded that the
source was an XRB on the far side of the SMC, but could not rul@ time variable
AGN. A new pulsar was discovered IRXKTE during pointed observations of SMC
X-3, with a periodicity of 74.8+ 0.4 s (Corbet et al., 1998). This was confirmed
by the detection of a 74.67 0.006 s period during aASCA observation on 1997
November 13 (Yokogawa & Koyama, 1998). Kahabka & Pietsc®8)@ssociated
the ASCA source with the highly variablROSAT source (Kahabka & Pietsch, 1996)
and suggested this as a Be type transient. Optical follow anx Wy Stevens, Coe
& Buckley (1999) deduced one probable and one possible equant to the X-ray
source (which they refer to as objects 1 & 2). Object 1 hasesireen confirmed
as the correct counterpart from the detection of a 33@.4 d period in the optical
light curve (Schmidtke & Cowley, 2005), assumed to be thetatiperiod of the
system. McBride et al. (2008) classify the counterpart a8 & Bmission line star.
There have been sporadic detections of SXP74.7 RKRE since its discovery,
although no major outburst was seen until MJD 55232. ThiseTyutburst was
observed regularly biRXTE, to try and follow the period evolution. Unfortunately,
the outburst lasted for less than one orbit, making fittirffyadilt. The period history
is plotted in Figure 5.4, with the data cut at the 99.9999%)(Significance level.
Besides a small kink at around MJD 55247, there is very litithery motion visible
making fitting more challenging. This could be caused by adoital inclination
with respect to our line-of-sight or the modulation couldgsdting swamped by an
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Figure 5.4: The spin period of SXP74.7 as measuredR{TE. Very little orbital
modulation is apparent, though the outburst is sampled well. To aid fitting, the
orbital period was frozen to 33.38d. The fit is overplotted and is showraieT
5.5.

Table 5.5: The orbital parameters for SXP74.7 from the analysis of 3—10 keV
RXTE/PCA data.

Parameter Orbital Solution
Orbital period Porbital (0) 33.38(frozen)*
Projected semimajor axis  aysini (light-s) 147+ 15
Longitude of periastron w (%) 186+ 18
Eccentricity e 0.40+0.23
Orbital epoch Tperiagtron (MJID) 552809+ 1.5
Spin period (MJD 55247.2) P(s) 74867+ 0.002
First derivative ofP P (10 10ss 1)  _635+37
Goodness of fit X2 0.33

1 Orbital period frozen at the period found by Rajoelimana®lzarles & Udalski
(2010)
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exceptionally large spin-up component. The orbital pen@s frozen to the value
found by Rajoelimanana, Charles & Udalski (2010) to help tdlata. The best fit
Is plotted over the data and the parameters are given in Babld-rom the reduced
chi-square value it is clear that the model is over-fitting data. This is reflected in
the larger errors on many of the parameters. Again, theteant discussed in the
next section.

5.3 Discussion

The 4 systems presented above bring the total number of BeXRi reliably
measured orbital parameters in the SMC to 6. As such, it iditstetime in which
there is a large enough sample of SMC systems to compare hd@tparameters of
Galactic HMXBs. In this section | derive mass functions,limation angles and
orbital semimajor axes for the SMC sample and compare thehthenother binary
parameters to parameters calculated from studying Gelggstems.

5.3.1 The Binary Mass Functions

The masses of the two stars can be described by the X-ray divdlapass func-
tions of the binary system:

K3P(1—€%)%2  Mcsindi

tx(M) = 211G " (1+q)?

(5.1)

and

KSP(1-€%)%2  Mysindi
2nG "~ (1+1/g)?

fe(M) = (5.2)
respectively. My and M. are the masses of the neutron star and the optical coun-
terpart,i is the inclination of the orbital plane to the line of sigRtjs the orbital
period,eis the eccentricity and is the mass ratio (Myx/Mc). The semiamplitudes

of the radial velocity curves are given by

21 sini
Kn = —P(l—e2)1/2 (5.3)
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Table 5.6: The derived X-ray mass function, orbital inclination and semimajor
axis for the 4 systems studied in this chapter and the 2 previously studied SMC
BeXRBs.M; is estimated from the spectral classification of the authors referenced
here using the table of luminosity and spectral type from de Jager & Nieuwen
huijzen (1987), along with the standard mass-luminosity relationship for main se
quence stars (L M39). fyx (M) is calculated using results from the orbital fits and

is shown in solar masses. The inclination and semimajor axis are estimated using
equation 5.1M; andMy = 1.4M...

Source  Mc/Mo) (fx(M)/Mo) (%) ax(R)
SXP2.3% 1826  1.270.05 2472 9

SXP6.8% 13-26  7.710.92 5073° 12
SXP8.83 13-23  1.86£0.25 30§ 13

SXP74.% 6-9 3.06+0.94 55729 16
SXP11.5 13-26  3.79:0.48 377;' 16
SxP18.3 8-13 1.43£0.17 36> 10

Note. References for the spectral classification are givéfcBride et al. (2008),
2Chapter 4 of this work and Townsend et al. (2088¢hurch et al. (2009). The
spectral type of SXP18.3 in Schurch et al. (2009) is estichassed on optical and
NIR photometry as no spectrum allowing for classificatioavailable.

whereay anda; are the semimajor axes of the ellipse travelled by the naigtar
and the optical counterpart about the centre of mass of thesy Thus, if the
radial velocity curves for both stars are known, along wiik tnclination angle,
one can calculate the masses of the two stars to high precisiowever, due to
the non-eclipsing nature of these SMC binary systems, | aaiblerto make precise
measurements of the neutron star masses as the inclinatmmt well constrained.
Instead, the X-ray mass function for each system can bele#dcliusing their or-
bital solutions. From this, estimates of the inclinatiowl anbital size ¢ ay) can be
made using masses estimated from the spectral classificititbe counterpart and
the standard mass of a neutron star of 1.4.Mhese results are shown in Table 5.6
for the 6 SMC BeXRBs with orbital solutions. The range in tiaéue of each incli-
nation is based mostly on an uncertainty in the spectrasifieation of one spectral
type either side of the published value. The uncertaintyherhass function also
contributes to the range in inclination, albeit less sigaifitly. The semimajor axes
are estimated based on the most probable mass and radiespfrtiary star.

The orbital inclinations seen in this sample are as expegitesh the method of
detection. Very low inclinations would mean the delays itspuarrival times would



5.3 Discussion 109

not be detected, whilst very high inclinations would mea@ ¥iray source gets
eclipsed by the primary star. More specifically, one can camaphe inclinations
to Ha profiles of the Be star to investigate the (mis-)alignmenthef orbital plane
and the circumstellar disk. | find that SXP6.85 and SXP74 vk guite narrow,
single peaked H emission (see Chapter 3), despite having the highest estimat
inclinations. Conversely, SXP18.3 has a lower inclinatiah §hows prominent
double peaked B emission in its optical spectrum. However, | note that thesrad
SXP18.3 has been estimated photometrically, not specipasaly. Although this
may provide some qualitative evidence of orbit-disk mggatnent in these systems,
more quantitative evidence may only be obtained from dedagblarimetric studies
of the disk itself.

The estimated semimajor axes in Table 5.6 are quite sinmidrange from 9 to
16 stellar radii, but are these values what one might exp&ti& use of complex
models that describe the dynamics and thermal structureeotircumstellar disk
around the primary star helps explain what is observed l@kazaki (2007) shows
that the density of the disk is several orders of magnitudetdeyond 10 Rthan
it is closer to the star, whilst Carciofi (2010) shows most @& tptical and NIR
flux and polarisation is emitted from within 1Q.Rnd nearly all FIR and H flux
Is produced inside 20,R(see Chapter 1). Thus, these models are predicting that
a very large fraction of the matter in the disk is within approately 10 R. This
prediction goes some way to explaining the nature of the YXenatbursts that are
seen in the SMC binary systems. SXP74.7 and SXP11.5 havartiest predicted
orbital size (relative to the radius of the counterpart) arelobservationally the least
active of the sample, rarely undergoing a Type | outburstarygonce being seenin
a Type Il outburst. SXP6.85, SXP8.80 and SXP18.3 have snpakelicted orbital
sizes and are much more active, often being detected in Tygp&yipe Il outbursts,
or outbursts in-between these classical types as discus€édpter 2. This is likely
due to the neutron star passing closer to, or further inw@® ctlcumstellar material
than those in larger orbits. The exception to this seems &X#2.37 which has the
smallest predicted orbital size, but is very rarely detééteX-ray outburst. This
can be explained when considering the low eccentricity efdrbit. Okazaki &
Negueruela (2001) predict that for low eccentricity HMXBse circumstellar disk
will get truncated at the 3:1 resonance radius, in cont@sttermediate and high
eccentricity systems in which truncation is much less effitiand occurs at larger
distances near the Roche lobe radius of the star. Thus, $kardS5XP2.37 could
be truncated at a much smaller radius than those of the otetaras in the sample,
explaining the small number of X-ray outbursts seen.
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Figure 5.5: Corbet Diagram for all the HMXBs in Table 5.7 that have a known
spin period (excluding the PSR systems). The red diamonds represe8Gthe
systems, the blue triangles are the Galactic BeXRBs and the green starg are th
SMC BeXRBs.

5.3.2 Comparison with the Galactic population

In order to properly compare this new sample to those founthenGalaxy, a
thorough review of the literature was made and a databaseitzmof all known
HMXB systems for which the orbital period and the eccentyieire known. This
listis intended to be exhaustive, although this cannot laeanieed. In total | find 24
HMXB systems with a Be companion and 17 with a giant or sup@tgtompanion
in addition to the 6 systems discussed so far in this chapadies 5.7 & 5.8 present
the orbital parameters of all 47 HMXBs. Table 5.7 shows thatal periods and
eccentricities, as well as spin periods and longitudes aageon where known.
Table 5.8 shows the spectral types, mass functions andgpedjsemimajor axes
where known. This source list is based mostly, but not sptalytables presented
in Bildsten et al. (1997), Pfahl et al. (2002) and Martin, T&uPringle (2009). |
also used the updated database of BeXRBs of Raguzova & P8p0%&) and the

online database dNTEGRAL sources maintained by Jerome Rodriguez and Arash

Bodagheé. Figure 5.5 shows the orbital and spin periods of these HM§&ss 8

Lhttp://irfu.cea.fr/Sap/IGR-Sources/



eccentricity measurement.

Table 5.7: Spin period, orbital period, eccentricity anddude of periastron for all high-mass X-ray binaries vatreliable

Source name Pspin (S)  Porbital (d) e w (°)
Be/X-ray binaries

PSR J00457319 0.93 51.169 0.808 11836+ 0.002
RXJ0049.1-7250 (SXP74.7) 74.9 338+0.01 040+0.23  186+18

2E 0050.1-7247 (SXP8.80) 8.89 2B1+0.01 041+0.04  178+4

MX 0053+604 {/ Cas¥ 20359+0.29 0260+0.035 479+8.0
XTE JO055-727 (SXP18.3) 18.4 17794001  043+0.03  15+6

SMC X—2 (SXP2.37) 2.37 1884+0.02 007+0.02  226+8

XTE J0103-728 (SXP6.85) 6.85 29+0.1 0.264+0.03  125+6

IGR J01054-7253 (SXP11.5) 11.5 363+0.4 028+0.03  224+10

4U 0115+63 3.61 24.317 (B42+0.004 485+0.9
LS1+6130% 26.496+0.003 0537+0.034 405+5.7
V0332+53 (BQ Can) 4.38 3650+0.29  0417+0.007 28349+0.91
4U 0352+32 (X Pef) 837.7  250+0.6 0.111+0.018 288+9
A0535+26 103.5  1103+0.3 0474002  130+5

A 0538-66'° 0.07 16.646 B2+0.04 222421
SAX J0635.2+053% 0.03 112+0.5 0.29+0.09  356+24

GS 0834-430'2 12.3 1058+ 0.4 0.144+0.04  140+44
PSR 1259-63!3 0.05 1236.724 0.87 138.665
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Table 5.7: (continued)

Source name Pspin (S)  Porbital (d) e w (°)

GRO J1008-57% 93.5 2478+ 0.4 0.68+0.02

1A 1118-616'° 407.7  240+04 <0.16 310+ 30
2S1417-62416 17.5 4212+0.03  0417+0.003 29885+ 0.68
XTE J1543-568'7 27.1 7556+0.25 < 0.03

2S1553-54218 9.27 306422 < 0.09

SWIFT J1626.6-5156° 15.4 13289+0.03 008+0.01  340+9

GRO J1750-27%0 4.45 29806+ 0.001 Q0360+0.002 2063+0.3
2S1845-0241 94.3 242184+ 0.01 0879+0.005 2522+9.4
4U 1901+032 2.76 22.583 0.036 26812+ 0.003
GRO J1944+2% 15.8 1692+ 0.9 0.33+0.05 269+ 23
GRO J1948+3% 18.7 40415+ 0.010 0Q033+0.013 33+3

EXO 2030+375° 42 46.021 ®124+0.001 2113+0.3
SAXJ2103.5+454% 358.6  12.665 @06+ 0.004 2443+6.0
Giant & Supergiant X-ray binaries

SMC X—127 0.72 3.892 0.0002 3179
2S0114+658° 11.598 018+0.05  51+17

LMC X —429 13.5 1.408 06+ 0.002

Vela X—130 2835  8.964 M90+0.001 15259+0.92
Cenx-331 4.8 2.087 < 0.0001
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Table 5.7: (continued)

Source name Pspin (S)  Porbital (d) e w (°)

1E 1145.1-6141%2 297 14365+ 0.002 020+0.03  308+8
GX 301233 685 41498+ 0.002 0462+0.014 3104+1.4
4U 1538-5234 526.8  3.723 (74+0.015 64+9

IGR J16393-464F° 9104  3.688 5+ 0.05

IGR J16493-434&6 6.7824+0.002 < 0.15

OAO 1657-415*" 38.2 10444+ 0.004 Q104+0.005 93+5
EXO 1722-3638 414.8  9.740 <0.19

PSR J17403052° 0.57 231.030 0.579 178.646
IGR J18027-2016' 139.6  4.570 <0.2

LS 5039 3.906 0337+0.036 2360+5.8
XTE J1855-026% 361.0 6.072 M4+0.02  226+15
4U 1907+093 4375  8.375 ®8+0.04  330+7

Note. Included are all HMXBs in the Galaxy and Magellanic Cloudst tthave been able to find reference to in the literature factvh
the orbital period and eccentricity are reliably known.hétparameter is known to better than 3 decimal places, icated and the
error is smaller than 0.001. References for quantitiesauresi in the table are given here for each individual systétaspi et al.
(1994);2Harmanec et al. (2000¥Schurch et al. (2009fChapter 4 of this work and Townsend et al. (20PRaichur & Paul (2010b);
6Aragona et al. (2009Y'Raichur & Paul (2010bfDelgado-Mart et al. (2001) Finger, Wilson & Hagedon (19943°Hutchings et al.
(1985); 1K aaret, Cusumano & Sacco (20083wilson et al. (1997)3Wang, Johnston & Manchester (2004)Coe et al. (2007):
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15Staubert et al. (2011%Raichur & Paul (2010b)t’in’'t Zand, Corbet & Marshall (2001):8Kelley, Rappaport & Ayasli (1983);
19Baykal et al. (2010)2°Scott et al. (1997), Shaw et al. (2008)Finger et al. (1999Y°Galloway, Wang & Morgan (2005¥3Wilson et
al. (2003):2*Galloway, Morgan & Levine (2004¥°Wilson, Finger & Camero-Arranz (20083°Baykal et al. (2007)2’Raichur & Paul
(2010a);?8Grundstrom et al. (2007a3°Levine (1991), van der Meer et al. (200?§Kreykenbohm et al. (2008¥!Raichur & Paul
(2010a):*?Ray & Chakrabarty (200273Koh et al. (1997)23*Clark (2000):3*Thompson et al. (2006{°Cusumano et al. (2010);
3’Chakrabarty (1993)8Thompson et al. (2007§°Stairs et al. (2001)°Hill et al. (2005);*!Aragona et al. (2009f*°Corbet & Mukai
(2002);*3Baykal et al. (2006).
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Table 5.8: Spectral type, projected semi-major axis andsnfiasction for all high-mass X-ray binaries with a reliable

eccentricity measurement. See Table 5.7 for references.

Source name Spectral type axsini (light-s) fx(M) (My)
Be/X-ray binaries

PSR J00457319 B1V 174235+ 0.002 2.169

RX J0049.1-7250 (SXP74.7) B3V 14F 15 306+ 0.94
2E 0050.1-7247 (SXP8.80) 09.5-BOIV-V 1125 1.86+0.25
MX 0053+604 {/ Cas¥ BO.5IV

XTE JO055-727 (SXP18.3) B1-B3V 75+ 3 143+0.17
SMC X—2 (SXP2.37) 09.5111-V 77 +0.9 1.27+0.05
XTE J0103-728 (SXP6.85) 09.5-BOIV-V 1516 7.714+0.92
IGR J01054-7253 (SXP11.5) 09.5-BOIV-V 167+7 3.79+0.48
4U 0115+63 B0.2V 14069+0.72  506+0.08
LS1+6130% BOV

V0332+53 (BQ Cam) 08.5V 8249+ 0.94 045-+0.02
4U 0352+32 (X Pef) 09.511I-BOV 454+4 160+ 0.04
A 0535+26 BOIII-V 267+13 168+ 0.25
A 0538-66%° B21Il

SAX J0635.2+053% B1Ill-B2V  83+11 49+2.0
GS 0834-430'2 BO-211I-V 128+ 43 02+0.2
PSR 1259-63'3 B2
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Table 5.8: (continued)

Source name Spectral type axsini (light-s) fx(M) (My)
GRO J1008-57%4 B1-B2V 530+ 60 26+0.9

1A 1118-616'° 09.51V-V 549+1.4 0.31+0.03
2S 1417-62416 B1V 207.1+1.0 5.37+0.08
XTE J1543-568'7 Be 353+8 8.27+0.56
2S 1553-54218 Be 164+ 22 51422
SWIFT J1626.6-5156° Be 401+5 392+0.15
GRO J17506-272° 1018+0.5 1.27+0.02
2S1845-0241 Be 689+ 38 60+1.0

4U 1901+032 OB 106989+ 0.015 2578-+0.001
GRO J1944+2¢ BO-11V-V 640+ 120 98+5.5
GRO J1948+3% BOV 137+3 1.69+0.11
EXO 2030+375° BOV 24442 7.36+0.18
SAXJ2103.5+454% BOV 74.07+0.86 272+0.09
Giant & Supergiant X-ray binaries

SMC X—127 BOIb 53.577 10.897
2S0114+656° Blla

LMC X —429 oslil 26.343+0.002 9893-+0.002
Vela X—130 B0O.5la 11389+0.13  1973+0.07
CenX—3°1 06-81II 39.661 15373+ 0.001
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Table 5.8: (continued)

Source name Spectral type axsini (light-s) fx(M) (Mg)
1E 1145.1-6141%2 B2la 994+1.8 511+0.28
GX301-233 Blla" 3683+3.7 3114+0.94
4U 1538-52%4 BO lab 566+ 0.7 1404+0.52
IGR J16393-464F° 55+ 2 131+15
IGR J16493-4348 B0O.51b <128 < 49

OAO 1657-415*7 Ofpe/WN9h  10680+0.5 1172+0.17
EXO 1722-3638 BO-1la 101+ 3 117+1.0
PSR J174030529 B 756.909 8.721

IGR J18027-2016% Bllb 68+ 1 1616+0.71
LS 5039 ONG6.5 V()

XTE J1855-026% BO laep 805+ 1.4 1519+0.79
4U 1907+09° 08.5lab 832 8.75+0.63
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systems with unknown spin periods or PSR designations).r@theliamonds rep-
resent the supergiant (SG) systems, the blue triangleba@alactic BeXRBs and
the green stars are the SMC BeXRBs. As expected, the SG angsiEens occupy
separate parts of the plot (Corbet, 1986) and the SMC BeXRiBansbngst the
Galactic Be systems. This sample will be used to comparetivtinesults from my
analysis throughout this discussion.

An observation that emerges from this work, is that thereoften many differ-
ent periodicities found in the optical and X-ray light cusvef individual sources
and that these periods do not always agree. As such, greatest be taken when
deciding which periodicity is the orbital period and whidmdoe attributed to stellar
pulsations, disk oscillations, superorbital periods aresliasing between different
periodicities. Figure 5.5 supports my interpretation af 1.9 d orbital period in
SXP6.85 as a longer 114 d period would see it sit towards tige etfithe BeXRB
region. The 112 d period reported by Galache et al. (2008daom timing anal-
ysis of the long ternRXTE light curve. A periodogram of the updated light curve
(including over 4 years of new data) refines this period to £17d. The X-ray pe-
riod seems to be driven by the time between outbursts, aithoansidered with the
114 d optically derived period and the620 d disk relaxation timescale (McGowan
et al., 2008a), a superorbital period cannot be ruled out.additional argument
for the 21.9d period being orbital in nature is the relatlipsetween the orbital
and superorbital periods found by Rajoelimanana, Charlesd&lski (2010) (see
Figure 1.10, Chapter 1). The strong correlation betweeretpasameters, if phys-
ical, suggests that for a superorbital period~0620 d, the expected orbital period
is around 15-20d. SXP8.80 also shows evidence for manyreliftgoeriodicities
in its optical and X-ray light curves. The possible periodl86 d reported in Coe
et al. (2005) was only found in the MACHO red data. Those astbtomment that
they could not find the same period in the early OGLE data implyhat the result
should be taken with some caution. It is also very close tbehgear — a period that
always needs to be treated with care in such data sets. Tioel @33 d reported
by Schmidtke & Cowley (2006a) is described as ‘weak’ by thashars and pos-
sibly only seen in some early OGLE data. They accept thatcibugd actually be
the same as the 28d reported by Corbet et al. (2004). Althcuegetperiodicities
could be real, possibly a signature of stellar pulsatiorte@Be star, it is likely that
they are non-orbital in nature. Indeed, as the optical dets Isave grown in size
over the years, so has the confidence in what is found. Heme®ptical period of
28 d found by Rajoelimanana, Charles & Udalski (2010) is mucientikely to be
real as it was found in a much longer data set. In this caseyaéry likely to be the
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orbital period of SXP8.80 as it also agrees with the X-raywaer period of Corbet
et al. (2004).

As mentioned previously, the low metallicity environmemthe SMC may have
a significant impact on the evolution of HMXBs which may masifitself as ob-
servable differences in the population from that of the Mikay. Figure 5.5 sug-
gests that there is little difference in the relationshipa®en spin and orbital peri-
ods of SMC and Galactic systems. McBride et al. (2008) alsavghere to be no
difference in the distribution of spectral types. In thdduling section | investigate
if there is evidence of such a difference in the distributddreccentricities and, by
inference, supernova kick during the formation of the neustar.

5.3.3 The relationship between orbital period and eccentricity

The orbital solutions presented here mean that, for thetfiret, one can inves-
tigate the relationship between the orbital period and miciwéty for a sample of
SMC BeXRBs and compare this to what is seen in the Galaxy.duarEi5.6 | plot
these two parameters for the 6 SMC sources and the GalaotiglsaFor clarity |
have removed the PSR designated systems from the compagdbase are almost
certainly not ‘normal’ HMXBs. | have also excluded the ngflicond binary pul-
sars A0538-66 and SAX J0635.2+0533 from the comparisoneasspin periods
suggest that they have not evolved through the same patrsvapst HMXBs that
result in quasi-equilibrium spin periods between 1-1008 disacussed in Chapter
1. A0538-66 has also been seen at extremely high (supengiddi luminosities,
which is highly unusual for ‘normal’ HMXBs. There are sevdrangs of note here.
Firstly, there seems to be little difference between theupater space occupied by
SMC and Galactic systems. This may suggest that the métalligcference be-
tween the galaxies is not a large factor in binary evolutathough many more
orbits of SMC systems need to be solved before a firm conclusam be drawn.
Secondly, the Be and SG systems occupy separate regions pitothmuch like on
the Corbet diagram. This is what might be expected consigéhie tight, circular
orbits in SG systems and the wide, eccentric orbits in Beesyst The upper-right
most red diamond (GX 301-2) has shown evidence of behavkegdiBe system
despite its B1 14 classification (Koh et al., 1997), and so may be an exception t
this relationship. Thirdly, there is a possible correlatlmetween the two parame-
ters, particularly when the small class of low eccentridityig orbit OB transients
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Figure 5.6: Orbital period against eccentricity for all the systems presented in
Table 5.7, excluding the millisecond pulsars. The red diamond, blue triandle an
green star symbols represent SG, Galactic Be and SMC Be systemstiredpec

as in Figure 5.5. The red and blue arrows are upper limits for the eccentuicity
SG and Galactic Be systems respectively. Tleelrrors are not plotted here for
clarity, but are approximately the size of the data point or smaller. The 8magste
within the shaded region belong to the new class of low eccentricity, long orbit
HMXB (Pfahl et al., 2002).

(Pfahl et al., 2002) in the shaded region are exclddddhe size and shape of this
region was chosen purely to included only the systems dooteden the litera-
ture with this low eccentricity, long orbital period natused was not chosen in a
subjective way or to lead the eye of the reader.

To try and quantify any possible relationship between the parameters, a
Spearman rank correlation coefficient was derived. Thispraterred over a linear
Pearson correlation as the relationship seems to be llngas opposed to simply
linear. The rank correlation coefficient for the whole datasas computed to be
0.412 with a p-value of 0.007 (significant at the Bevel). A second correlation test
was performed excluding the 8 sources proposed to belorwettotv eccentricity

2Pfahl et al. (2002) argue that these objects make up a new gfddMXB that received a much
smaller kick from the supernova explosion that created thrayxbinary. This work was originally
based on 6 systems, though now there are currently 8 membthis group. See Galloway, Wang
& Morgan (2005) and Baykal et al. (2010) for details on theeotfvo systems.
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group of OB transients, resulting in a coefficient of 0.79 aadalue of 26 x 108
(significant at the @ level). The more significant correlation resulting from the
removal of this small group of systems may reinforce the plgforward by Pfahl
et al. (2002) that these are a separate population of Besgshat receive a smaller
supernova kick compared to ‘classical’ Be systems. It mag aliggest that orbital
period and eccentricity in HMXBs are somehow intrinsicayated. However, fit-
ting any function to the current data is difficult given theesgd of values and the
unknown contribution to the trend from factors such as madstal size and tidal
circularisation timescales. Whilst the correlation seeigsiicant, there is an ob-
vious alternative to this scenario. Separate correlagsiston the SG systems and
Be systems yield lower correlation coefficients of 0.54 e of 0.03) and 0.49
(p-value of 0.04) respectively. This means much of the diveaarelation could
be a result of the two groups occupying different paramgpacs. With the low
eccentricity transients included in the Be group, this elation coefficient drops to
0.08 (p-value 0.69). Again this favours the interpretatioat we are seeing 3 dif-
ferent populations with different evolutionary historieather than one continuous
population.

Conversely, we can think of the weak correlations shown i lgobups as evi-
dence for a relationship between the parameters, whichlysesthanced when the
two groups are combined. This could be telling us somethigigificant about the
pre-supernova phase of the binary evolutionary path. RDielddart et al. (2001)
simulate binary periods and eccentricities resulting fréh kicks imparted onto
the neutron star with varying initial orbital separatior®mewhat intuitively, the
results show that as the initial separation is increasedgleehfraction of systems
are found to have larger orbital periods and larger ecosdtigs. If we consider
each binary system to have the same evolutionary path, thelaion in Figure
5.6 may be telling us that SG systems generally have tightesppernova orbits
than Be systems. As for the question of whether there is ardifice between SMC
and galactic systems in this parameter space, any poteoti@lation in these data
can only be confirmed by including more binary systems in thegarison, par-
ticularly more long orbital period Galactic systems andidong and short orbital
period SMC systems. However, this will be difficult given tiegure of the analysis
method. Finally, | note the location of SXP2.37, immedhatelit of the shaded
region in Figure 5.6. | postulate that this source is theskateember of this growing
class of low eccentricity OB transient HMXB and the first memfsom outside the
Galaxy.
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5.4 Conclusions

The orbital parameters of four BeXRB systems in the SMC haenlderived, tak-
ing the total number of extra-Galactic BeXRBs with orbitalwgions to six. | find
one new orbital period and confirm a second. Two further fitseweade possible
by freezing the orbital period parameter to known valuesifiamnalysis of optical
light curves. | find that one system (SXP2.37 = SMC X-2) is ¢stesit with being
part of the small class of HMXBs with low eccentricities awad orbital periods
proposed by Pfahl et al. (2002), or at least lies betweenctass and the ‘normal’
population. On comparing the SMC sample to Galactic systeiingl there to be
little difference in their binary parameters, suggestingtthe low metallicity envi-
ronment in the SMC does not contribute strongly to the evatudf the binary. The
different types of HMXB are found to occupy different regsonn a plot of orbital
period and eccentricity, similar to what is seen in the Codiagiram. A possible
correlation between the two parameters is noted, althauighunclear whether this
Is an effect of the position of the groups on the plot or if ihdestrates a physical
connection between the parameters in HMXB systems. Thectidy suffer from
selection effects, in particular the lack of many long abjgeriod systems that will
ultimately determine the answers to the questions posesl i#es a by-product of
this work, | present a catalogue of the orbital parameterge¥ery HMXB in the
Galaxy and Magellanic Clouds for which they are known.



Sorry Meg. Daddy loves ya, but Daddy also loves Star Trek,
and in all fairness, Star Trek was here first.

PETER GRIFFIN, FAMILY GuUY

Using XMM-Newton andINTEGRAL to
locate new pulsars found BXTE

In this chapter, | present two newly detected pulsationsiegrirom the direction

of the SMC. On detection witRXTE, both pulsations were considered to originate
from new BeXRB pulsars with unknown locations. Using folloyy INTEGRAL
andXMM-Newton observations, | show the first pulsar to be coincident witlaa-c
didate HMXB in the northern bar region of the SMC. The secondagius shown
not to be a new pulsar at all, but is consistent with being tisedver pulsar detected
by the RXTE monitoring programme. This source shows large spin-up efidu-
tron star during apparent phases of quiescence that is diauebintify. This work is
currently unpublished. A PhD student at Southampton, SelpelSrave, performed
all of theINTEGRAL analysis presented here.

6.1 Introduction

The major drawback of the SMC monitoring programme WRXTE is that newly
discovered pulsars are positionally very poorly consedin In the past my col-
leagues and | have tried various raster monitoring obsenstwith RXTE to try
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and locate a pulsar, failing on almost all occasions. A muohensuccessful route
is to apply for observing time on imaging X-ray instrumenkar two new pulsa-
tions detected in the last 18 months, this is the route | wastaliake. When these
periodicities were confirmed by a second succesBX€E detection,INTEGRAL
Target of Opportunity (ToO) observations were triggeredliserve the entire SMC
and locate the source of the X-ray emission. When a positiafaand withIN-
TEGRAL, anXMM-Newton ToO was triggered to improve on the position allowing
for optical identification of the counterpart. Two unidéieiil pulsations detected in
August 2010 and March 2011 have allowed this tactic to be eyaol. The X-ray
and subsequent optical observations made are presentectiorns 6.2 and 6.3 re-
spectively. The results are discussed in section 6.4 ard donclusions given in
section 6.5.

6.2 X-ray observations

6.2.1 SXP175=RXJ0101.8-7223

The RXTE/PCA detected 178+ 0.1 s pulsations coming from the direction of the
SMC on 2011 March 19 (MJD 55639). This period was confirmed lsgeond
detection at 173 +0.1s on 2011 March 26 (MJD 55646). It does not coincide
with the spin period of any known pulsar in tfRXTE field of view, and so was
concluded to be a new HMXB pulsar in the SMC. The enR¥€TE data archive
was subsequently searched in order to build up an activéjohy of the pulsar
(herein SXP175 under the naming convention of Coe et al. 2008jortunately,
this source has shown very little X-ray activity despite geoverage with the PCA
over approximately 9 of the last 13 years. Only a handful of &ignificance de-
tections are seen in the long-term light curve. These detectre sporadic and no
orbital information could be drawn from the data.

An INTEGRAL (Winkler, 2003) ToO follow up observation was performed on
2011 April 2 (MJD 55653) to localise any X-ray sources witkiie RXTE field of
view. The observation consisted of 50 individual Sciencadivs (ScW) summing
to a total good time exposure 6f89.5 ks, nominally a ScW represents-a8000 s
exposure. Both the hard IBIS/ISGRI (Ubertini et al. 2003btuen et al. 2003) and
soft JEM-X (Lund et al., 2003) X-ray data were analysed usimdNTEGRAL Of-
fline Science Analysis software (OSA v9.0, Goldwrum et al PO0mages were
generated at ScW level in the-30 keV and 15-60 keV energy bands for JEM-X
and IBIS respectively and combined into mosaics of the tolbslervation. These
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Figure 6.1: Top: JEM-X 3-10keV significance map showing a non-detection
at the location of the IBIS source. Bottom: IBIS/ISGRI-&0 keV significance
map. A single source is detected within the PCA FOV at a significance of. 6.2
The circles indicate th&XTE/PCA half and zero response of the pointing used
whilst the contours are those of the HI column density of Putman et al. 2003.
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Figure 6.2: XMM-Newton EPIC spectra of SXP175. EPIC-PN is shown in black
and EPIC-MOS in red (MOS1) and green (MOS2). The three spectma fitied
simultaneously with an absorbed power law allowing only a constant normatisatio
factor between the three spectra under the assumption that the spempaldsies
not change. The model fit is presented in Table 6.1.

mosaics are shown in Figure 6.1 with tREXTE/PCA pulsation detection pointing
overlaid. A single source is detected within the PCA field awiwith a signifi-
cance of 6.2 in the IBIS revolution map, with a 90% error circle on its gasn
of radius 3.9 arcmin (Scaringi et al., 2010). The other flattans visible in the
significance maps were not identified as real sources by the $08rce detection
algorithms either because they are beneath the new souteetida limit or their
PSF is inconsistent with the known IBIS PSF which is well elcterised at all po-
sitions within the FOV of the instrument. The detection tinsi set at 4 for a
source at a position coincident with a known X-ray source @éodor a potential
new source that is not coincident with a known X-ray sourcéese values are
higher than those of a normal focusing X-ray telescope asdlded mask design
used byINTEGRAL creates random fluctuations and artefacts within singleyeaa
to occur at higher significance levels than normal, espgaalthe extremes of the
FOV. Combining single images into a mosaic acts to averagehese artefacts,
however within a single revolution there is insufficient egpre to remove them
completely, hence more conservative detection limits ageiired to prevent false
source identification. The reader should also note that ¢ueds are plotted in log-
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Table 6.1: Results of absorbed power-law fits to EPIC spectra of SXP175 and

SXP91.1.

Spectral Parameter SXP175 SXP91.1
Date 2011/04/08| 2009/09/27
SMCNy (1072 cm2) 0.474+0.03 | 6.55:+0.44
Photon index 0.96+0.02 | 0.95+0.06
X2/degrees of freedom 1.08/391 1.13/158
Model flux (10 2ergcn2s1)@ | 8,50 (M2) | 1.92 (M2)
Luminosity (13%erg s 1)(® 3.65 0.82

(@ The median 0.2-10keV flux from the three detectors is presemtith the

detector indicated in brackets. M2=MOSY?. The 0.2—10keV luminosity at a
distance to the SMC of 60 kpc (Hilditch, Howarth & Harries030). Errors signify

the 90% confidence level.

arithmic space. As such, fluctuations that appear by eye o bienilar magnitude
may be quite different. The source was not detected in thE0keV energy band
in the corresponding JEM-X map. The detection permittesiM-Newton ToO
observation to identify the nature of the source.
An XMM-Newton observation was carried out on 2011 April 8 (MJD 55659)
with the EPIC cameras in full frame, imaging mode. For dathuotion | selected
events withPATTERN<12 in a circular extraction region, placed on the source. Fil-
tering of periods with high background was not necessamngessoft proton flares
were at a quiescent level, yielding a net exposure time d H8. A background
region was chosen from a source free region of the chip in the source was
seen, such that the RAWY positions were the same to minimsd#tkground
variation across each chip. Source detection and lightecextraction were carried
out using standard SASools. A single bright X-ray source was found within the
IBIS error circle at the position RA = 01:01:52.53, dec = Z234.98 (J2000.0)
with a 1-sigma error circle of radius 1.1 arcsec. A Lomb-8taperiodogram of
the 0.2-10 keV light curve revealed a period of I7/8 0.1s, confirming thérRXTE,
INTEGRAL andXMM-Newton detections are of the same source.
For spectral analysis | used only events WANTTERN<4. The response matrices
and ancillary files were created using the SAS taskfgen andarfgen. The
X-ray spectrum was fit with an absorbed power law with Gataptiotoelectric
absorption, N, fixed at 6x 10?9cm 2 (Dickey & Lockman, 1990) and the SMC

1Science Analysis Software (SAS), http://xmm.esac.egsas/
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column density with abundances at 0.2 for metals a free farpater (Figure 6.2).
This resulted in a photon index of3B+ 0.02 and intrinsic SMC absorption of
(4.740.3) x 10?1 cm~2. The full list of model parameters are presented in Table
6.1. The 0.2-10 keV flux from the fitisBx 10~ 12 ergs cm2s 1, corresponding to
3.7x 10°%ergs s! at the distance of the SMC (60 kpc; Hilditch, Howarth & Hasrie
2005). These spectral parameters are fairly standard f@&XRB and suggest that
the non-detection with JEM-X is more likely due to a low SNRhe less sensitive

of the twoINTEGRAL instruments, rather than the hardness of the emission. The
pulsar is coincident with the HMXB candidate RX J0101.8-F32daberl & Sasaki
2000, Yokogawa et al. 2003) and is believed to be the sametofjjee counterpart

is likely the emission line star [MA93] 1288. Optical and IRtd of this star are
explored in the next section.

6.2.2 SXP91.1 =AXJ0051-722 = RXJO0051.3-7216

SXP91.1 was the first pulsar to be discovered inRX&8E monitoring programme
at a period of 92 1.5s (Marshall et al. 1997, Galache et al. 2008). The source was
regularly seen during the first 2 years of the programme aadhdwgiefly during the
fifth year of the programme. It was not detected again with@mainty for several
years.

RXTE observations made on 2010 August 16 and 2010 August 21 shihwed
presence of pulsations with a period of.85-0.1s in their power spectra (Corbet
et al., 2010). On seeing this pulsation, it was believed adid consistent with
any known pulsar in the SMC. The period is close to the secontdmaic of the
known pulsars SXP169 and SXP172, but neither appeared lidde the source of
the 85.4 s pulsations. Recent measurements of SXP169 hawa shspin-up trend
that has produced a period significantly different from 885.4 s (e.g. Galache et
al. 2008) and the detection times are not consistent witkilog/n orbital period or
ephemeris of SXP169. The collimator response to SXP172eiptinted observa-
tion is only about 5%, making this source unlikely to be thigiorof the pulsations
unless it was accreting close to the Eddington limit for a4 neutron star. In
addition, we see no evidence for modulation near twice 8h4ke power spec-
tra of the light curves, but the second harmonic of this mersopresent at 42.7 s.
This pulsation was thus concluded to be from a new HMXB whiels wesignated
SXP85.4.

Subsequent observations of the field showed the pulsar wiesgwing several
small outbursts at regular intervals. From the peak of maxmilux, a rough or-
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Figure 6.3: Top: JEM-X 3-10keV significance map. The JEM-X source loca-
tor tool (j_ima_srclocator) identified a single source within tRXTE/PCA FOV
detected at a significance of 6 Bottom: IBIS/ISGRI 15-60 keV significance
map. No significant sources are detected withinRX@E/PCA FOV. Again, the
circles indicate th&RXTE/PCA half and zero response of the pointing used whilst
the contours are those of the HI column density of Putman et al. 2003.



Chapter 6. UsingMM-Newton andINTEGRAL to locate new pulsars found by
130 RXTE

0.01
T

Counts st keV!

103
T

Energy (keV)

Figure 6.4: XMM-Newton EPIC spectra of SXP91.1. EPIC-PN is shown in black
and EPIC-MOS2. The two spectra were fitted simultaneously with an almsorbe
power law allowing only a constant normalisation factor between the thretrape
under the assumption that the spectral shape does not change. Thiefitnede
presented in Table 6.1.

bital period was seen at around 88 days. After several grditsomb-Scargle pe-
riodogram of the light curve allowed an ephemeris of maximamplitude to be
calculated. An orbital period of 882+ 0.14d is the best estimate derived from
the X-ray data. From this ephemeris, the time of the nexturstiwas predicted to
allow scheduling of ahNTEGRAL follow-up observation. AANTEGRAL ToO ob-
servation was carried out on 2011 May 20. The data were psedassing the same
methods and energy bands as the SXP175 observations. Ntesauere detected
within the RXTE/PCA FOV by IBIS (Figure 6.3, bottom). However the JEM-X
source locator tool (jma_src locator) identified a clear source in the JEM-X com-
bined mosaic at RA,Dec (2000)=(12.753,-72.239) with aifigance of 5.& and
an uncertainty of 3 arcminutes (Figure 6.3, top). This positurned out to be
consistent with that of SXP91.1. Along with SMC-4, SXP91.1 was the only
source identified by the source locator tool within the imag@@mparison of the
pulse period history of the two sources confirmed that thesewiee same source,
assuming a constant spin-up over the 13 y@&TE monitoring campaign. This
result is discussed in detail later in the chapter.

Since theNTEGRAL position and spin period history show conclusively that
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SXP85.4isinfact SXP91.1, 4MM-Newton follow-up observation was not needed.
A search through th&XMM-Newton archive showed two observations were pre-
viously made containing the position of SXP91.1 (obseoveti0301170201 and
0601210701), taken on MJD 53817.3 and 55101.7 respectivelimilar search
of the Chandra, ROSAT and Swift archives did not return any useful observations.
The latter of the twaXMM-Newton observations was taken just befdRXTE de-
tected the 85.4 s pulsations, though no periodicities wawead in the data. A spec-
trum was extracted for the PN and MOS2 detectors as desciibbesXP175 (the
source was not inside the MOS1 detector FoV). These speetra fi¢ simultane-
ously with parameters fixed as described earlier. This teduh a photon index of
0.95+0.06 and intrinsic SMC absorption ¢6.55+ 0.44) x 10°2cm~2. The full

list of model parameters are presented in Table 6.1. Thel0.ReV flux from the
fitis 1.9 x 10~ 2ergscm?s1, corresponding to.2 x 10°° ergs s* at the distance
of the SMC. The source was not observed to be active in the oid4-Newton
observation. An upper limit for the flux was derived, corresging to a limiting
luminosity of~ 4 x 1033ergs s (Haberl 2011, priv. comm.).

6.3 Optical observations

In this section | present an optical light curve, near-IR éspand optical spectra
of SXP175 with the aim of understanding more fully the cirateflar disk and
its role in the X-ray outburst. | spectrally classify the iopt counterpart from the
absorptions lines in its spectrum. | also present an opliglat curve and spectra
of SXP91.1 to try and understand the large variations in Xfiax seen during the
last 14 years.

6.3.1 SXP175

Figure 6.5 shows the OGLE I light curve of SXP£75t shows very little periodic

or long-term variability, besides a small increase in biigiss just before the end
of the light curve by~ 0.05 magnitudes. At this time, there was good coverage of
the source position witRRXTE, though no X-ray activity was seen. This suggests
the circumstellar disk must have grown in the time betweenethd of the OGLE

[l light curve and the X-ray outburst. On three occasiongl&®a of the counterpart

2Light curves of objects associated with variable X-ray sesr can be found
in the OGLE real time monitoring of X-ray variables (XROM) ggramme. See
http://ogle.astrouw.edu.pl/ogle3/xrom/xrom.html andalski (2008) for details.
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Figure 6.5: OGLE lll light curve of SXP175.

Table 6.2: IRSF IR photometry of the counterpart to SXP175.
Date (MJD) J H K

18-12-2007 (54452) 183+0.01 1467+0.02 1450+0.03
08-12-2008 (54808) 182+0.01 1465+0.01 1447+0.02
14-12-2009 (55179) 183+0.02 1465+0.02 1445+0.05

were obtained to get a better idea of the disk activity. Thiega are presented in
Table 6.2 and confirm the very stable nature of the disk oveng period of time.
Unfortunately, no data for this source are available clésghe X-ray outburst to
confirm or not whether the disk has grown.

A red and blue spectrum of this source were taken from the E6@3elescope
at La Silla, Chile on 2007 September 18 and 2007 Septembenl@elfollowing
section | will used the blue spectrum to classify the staetdas its absorption lines
and their ratios. The red end spectrum is presented in Figgrdrom which some
important information can be gained. Firstly, the presesiceda and H3 lines in
emission confirm the identification of this system as a BeXRii&e shape of both
lines is very narrow and single peaked, suggesting the daskahlow inclination
to our line-of-sight. Secondly, the equivalent widths of ttnes can be measured.
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Figure 6.6: Optical spectrum of SXP175 taken with the ESO Faint Object Spec-
trograph and Camera (EFOSC) on the 3.6 m telescope at La Silla, Clalend
Hp are observed to be in emission.

| estimate the equivalent width of theaHand H3 lines to be -25.& and -1.%
respectively. This value places the system nicely amorgsBeXRB region in
Figure 1.13 and suggests the system should have an orhitadl g approximately
90-100d (see Figure 1.12). This number is also implied froenGorbet diagram.
To this end, the light curve in Figure 6.5 was detrended aadcbed for periodici-
ties. The power spectrum is shown in Figure 6.7. A peak 280.2d is found at
greater than the 99.9999% confidence level. This seemy ligdde the orbital pe-
riod of the system though, as | have already discussed, cgeatnust be taken with
optically derived periods. Until there is evidence of thexipd in the X-ray light
curve, it cannot be certain that it is orbital in nature. Theadary peak at 91.3d
is probably due to beating of the actual period with the gaméen observations
or the annual sampling, or created in the detrending prod@ssending was done
with a simple third order polynomial, though a more preciss/wo do this would
be with a rolling mean or boxcar average. The main peak mayeraownd slightly
with a different detrending method, though it is safe to dode the presence of a
significant peak in the power spectrum~aB0 d that is likely the orbital period of
the binary.
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Figure 6.7: Power spectrum of the optical light curve of SXP175. Horizontal lines
are 99%, 99.99% and 99.9999% confidence levels. The peak perio@it872 d.

A secondary peak is visible at 91.3d. This is most likely due to beating of the
actual period with the gap between observations or the annual samplergated
from the simplistic detrending method used.

6.3.1.1 Spectral classification

The normalised and redshift corrected spectrum used tdrgfigclassify SXP175
is presented in Figure 6.8. The classification method aredeates are the same as
described in Chapters 1 and 4. The spectrum shows evidence BfA+1686 ab-
sorption, albeit fairly weak, meaning the star must be oétgprlier the B 1 (Lennon
1997; Evans et al. 2004). Other ionised helium lines (HeA#200, 4541) may be
present, but at a very weak level. This rules out a spectpa garlier than O 9.5.
Given all of the He Il lines are weak, | would suggest a B 0.5slddowever, if He

I AA4200, 4541 are present, the spectral type is more likely BDit A difficult

to confirm this above the noise in the continuum, | suggest aB®5 classifica-
tion. As stated in Chapter 4, the lack of strong metal linesenake luminosity
classification difficult. The He A4121/He 1A 4143 ratio strengthens towards more
luminous stars and is the only ratio that can be used hererafiwan this spectrum
is reasonably high, suggesting the luminosity class mayldsecto Il than V. A
V-band magnitude of 14.6 (Haberl, Eger & Pietsch, 2008)vadl@ check of this
classification by comparing the absolute magnitude of thecsowith a distance
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Figure 6.8: Spectrum of SXP175 taken with the EFOSC spectrograph on the 3.6 m
telescope at La Silla, Chile. The spectrum has been normalised to remowmthe ¢
tinuum and the data have been redshift corrected by -150 Knasaccount for

the recession of the SMC. Overplotted are various atomic transitions thsigare
nificant in the spectral classification of an early type star at their resthagths;

He Il, He | and metal transitions are in green, red and blue respectively.

modulus for the SMC of 18.9 (Harries, Hilditch & Howarth, Z)0 Thus, an ab-
solute magnitude of -4.3 suggests (using absolute magstiod OeBe stars from
Wegner 2006) a luminosity class of Ill, as a V-IV classifioatwould suggest a
spectral type as early as O 9. The reader can see from thesdisouthat a certain
amount of personal interpretation is required in estingagpectral types of stars
from spectral lines, but | suggest a classification of B 0-8lDe is the most likely
for this system given the information available. This is sistent with that of other
BeXRBs in the SMC and in the Galaxy (for example McBride e2@D8; Antoniou
et al. 2009).

6.3.2 SXP91l.1

Figure 6.9 shows the OGLE IIl light curve of SXP91.1. It shahesar periodic vari-
ability, brightening by~0.06 magnitudes every 90 days, which is undoubtedly due
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Figure 6.9: OGLE Il light curve of SXP91.1.

to the orbital motion of the neutron star. A Lomb-Scarglelgsia of the light curve
reveals an extremely significant periodicity at 88+ 0.03d. The power spectrum
is shown in Figure 6.10. This period is consistent with tloatfd from analysis of
the X-ray light curve and the period originally reported ich&idtke et al. (2004)
and is thus confirmed as the orbital period. There is vetg litthg-term variability,
besides a small increase in brightness between MJD 5280628@D by~ 0.05
magnitudes. Unfortunately, the light curve finishes jusblbethe current series of
Type | X-ray outbursts began, so it is impossible to conclirsestate of the disk
during this phase of X-ray activity. What is very interestiognote here, however,
is that at the time of maximum optical flux in the light curve J®53000-53500)
there is no X-ray emission detected from this source. Howavéhe years preced-
ing this small increase in optical flux, when the system appeabe in a constant
low state, there were three consecutive Type | X-ray outbuexorded in th&XTE
monitoring data (MJD 52300-52600). This suggests X-rayssion only occurs,
or at least only reaches the observer, at times of opticaiman Even in the low
state, X-ray emission is not always seen as is evident frenettk of X-ray activity
between MJD 54000-55000. NIR photometry taken around MADBGSuggest the
diskisin a similar state to the last 3 years of the OGLE llhtigurve, which implies
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Figure 6.10: Power spectrum of the optical light curve of SXP91.1. Horizon-
tal lines are 99%, 99.99% and 99.9999% confidence levels. The peiakl [r
88.37+0.03d. The second harmonic is visible at 44.2d.

that no dramatic change in the circumstellar environmettiéed the current long
series of X-ray outbursts. Severabtspectra were also taken during this time pe-
riod and are shown in Figure 6.11. Five of the seven spect#ade show almost
constant equivalent widths (M) of the Ha line, with an average of -21A and
range between -20.2 and 24 Errors on these measurements are between 0.7
and 1.1A. These spectra cover the time period of the OGLE light curgaforc-
ing the idea of a very stable disk. The sixth and seventh gpacthowever, show
equivalent widths of -1721.6 and -27.3-1.2A respectively. Both were taken after
the end of the OGLE light curve, suggesting there may hava beme variability

in the disk emission after this time. The f&RKTE light curve for this source is pre-
sented in the next section where the discussion of thesevaitiess is continued.

6.4 Discussion

The utilisation o NTEGRAL andXMM-Newton to follow up on unidentifiedRXTE
pulsars has proven to be very successful. In this chaptes tiacussed the discov-
ery and localisation of a new SMC pulsar to the HMXB candidel0101.8-7223
and the association of a suspected new pulsar with an alieamyn one, that may
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Figure 6.12: Long-termRXTE/PCA light curve of SXP91.1 in the 3—10 keV band.
The vertical blue lines denote the orbital ephemeris which was calculated fro
data taken after MJD 55000, as indicated by the vertical red lines. Theesbad
good coverage WitlRXTE between MJD 52300-55000, though very few X-ray
outbursts were detected. A constant spin-up can be fit to the entire sjoa pe
history, despite this apparent lack of accretion. This is discussed itegistail

in the text.

otherwise not have been so easy. The cause of the X-ray stfioom SXP175,
which is the largest known from this HMXB, is not clear as tkegtes of the disk at
the time of the outburst is not known. Itis likely that theldiscreased in size, caus-
ing a small outburst. Previous observations of the regioXM-Newton resulted
in a positive detection of the source on 5 occasions, eaah liemg at a flux level
approximately 10% of that detected in the ToO observati@sgmnted here (Haberl,
2011, private communication). This not only explains whizgas never been seen
with RXTE at a significant level before, but reinforces the idea thatdisk may
have grown and induced an outburst. The most recent of therantionec KMM-
Newton detections was analysed by Haberl, Eger & Pietsch (2008)y present a
power law fit to the spectrum that yields a photon index angnsic SMC absorp-
tion that are almost identical to those values presenteel loeispite the flux being
< 11% of the flux measured in outburst. This shows that therenoahange in the
accretion column or surrounding material during the traosiinto outburst.

The analysis of data on SXP91.1 has shown that this pantiB@ARB is quite
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abnormal from the rest of the population. Figure 6.12 shdwesfull spin period
history of SXP91.1 along with the pulsed amplitude detexgio the same format as
was used in previous chapters. The following accounts & shommary of the key
observations made before potential explanations are frehe peculiar behaviour
of the pulsar:

e it has a high intrinsic absorption column @55+ 0.44) x 10°?cm 2

e it was shown to be emitting unpulsed X-ray emission at a lasiily compa-
rable to a Type | outburst (8 x 10°ergs s'1) only one or two orbits before
the first detection of pulsations WitRXTE.

e it must have become much softer between XhM-Newton detection and
theINTEGRAL detection to be seen in JEM-X and not IBIS. This could mean
it is softer in outburst (pulsed emission) but harder jugbleean outburst or
at a slightly lower flux level (unpulsed emission)

¢ the long-term light curve suggests a constant spin-up upbases of out-
burst and quiescence. Real quiescence is verified b}Mie-Newton non-
detection with limiting luminosity of- 4 x 103ergs s*

e its outbursting state seems not to be dependent on a chatigedircumstel-
lar disk. X-ray emission is detected, and not, when the disknchanged. If
anything, the X-ray outbursts are seen at the lowest officallevel. If the
state of the disk does not change and the orbital parametenstdchange,
then there is nothing to cause accretion to start or stops iflaly mean there
Is always X-ray emission but, for some reason, this doesln@tys reach the
observer.

The first point on the spin period plot after MJD 55000 is natlr@s a huge
outburst from another pulsar caused multiple spurious péakhis observations
power spectrum. The second point around MJD 55175 is a veakwletection
and, if real, is likely to have underestimated error bars mme&athe set of outbursts
here probably did not start with a small spin-down beforertiee obvious spin-
up. The detection is probably real, however, as it falls \®@oge to periastron. The
XMM-Newton observation on MJD 55101 falls 0.2 of an orbital phase aftsias-
tron. Comparing this to th&®XTE folded light curve suggests this lies very close
to the point at which pulsed emission ceases to be detect&XDl. This limit is
known to be around 8ergs st in the SMC, which makes sense when ¥iM-
Newton derived luminosity is considered. THRXTE observation near MJD 55240
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is the first confirmed detection of the source at a luminosftg o 10°¢ergss*.
Thus it seems that pulsed X-ray emission in this pulsar méy lmegin between lu-
minosities of (0.8—6k 10%®ergs s. From the theory of magnetospheric accretion
(e.g. Corbet 1996), it is highly unlikely that this lack of pations at such a high
luminosity is due to material not making its way to the nentstar surface. More
likely, it is due to changes in the absorbing material arotimedsystem or changes
in the hardness of the X-ray emission. Spectral fits to theRMVE observations
in which no other pulsar was active seem to suggest a softgemplaw than the
XMM-Newton observatioR. This makes the latdNTEGRAL detection with JEM-
X more understandable as the source may have softened beyatds detectable
with IBIS, but it still does not explain wh}{MM-Newton did not see pulsations with
sufficient counts and a normal value for the photon index. tAeoexplanation is
an energy dependence of the pulsed profile. SinceRKEE and XMM-Newton
light curves were extracted in almost the same energy rarigegpulsed fraction
must have increased at softer energies betweeKRNMd-Newton andRXTE detec-
tions. However, since energies much above 10 keV cannotdizgrwith XMM,
this possibility is not testable. There was marginal evatefor variability in the
HI column density between théVM-Newton andRXTE observations, though this
parameter was much less well constrained in the fits thanhbeop index and so
drawing conclusions from this is not desirable.

The RXTE pulsed profiles were studied to investigate variability hie pulsed
fraction and shape throughout the series of outbursts. Tofdgshown in Figure
6.13 is representative of most of the profiles available. piised shape is always
double or triple peaked due to the presence of multiple harosoin the power
spectrum, with lots of variability in the relative strengtaf the peaks. The pulsed
emission seems to occur over almost all phases of the nestiaos spin, with the
folded light curve looking more like an eclipse than profifesm other pulsars.
The pulsed fraction is approximately constant betweenwstb, between 0.1-0.2,
but shows a strong correlation with pulsed flux (and hence)tiduring individual
outbursts. This may suggest an almost constant unpulsedaient and that the
pulsed component is much more variable under changing tamecnates. Again, it
is hard to quantify the level of background emissionRKTE data, so these pulsed
fractions are lower limits. As well as showing broad pulsedfites, SXP91.1 has
a broad orbital profile not in keeping with the fast-rise, expntial decay shape
that is usually present in eccentric accreting binariegufas 6.14 & 6.15 show

3These spectral fits are never fully believable as it is imipdsgo quantify the background
contribution from unpulsed point source emission when nlisg with RXTE.
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Figure 6.13: Example pulsed profile of SXP91.1 in the 3-10keV band, folded
at the detected spin period. The profile has been arbitrarily shifted irefbas
viewing purposes.

the folded orbital X-ray and optical light curves respeelyv Both show a broad
emission region spanning around half an orbital period.sThiindirect evidence
of a low eccentricity in this system as the neutron star igetoty well beyond
periastron, putting it into a minority group amongst BeXRBsars. This may help
to explain the unusual spin-up that is observed through gzha$ quiescence in
this system. If the orbit is near-circular, it could be aticrg at a very low level
all the time, spinning the neutron star up, whilst only besaan X-ray pulsar
when the accretion rate increases. However, as mentioréidreghe cause of
such an increase is hard to understand given the stabilityeofircumstellar disk.
The optically and X-ray derived ephemerides agree welhwaisuggestion that the
peak in optical flux may lag the X-ray peak by no more than 6 daise errors
are large, however, so this value could be much less. Shbeldag be real (5—
10% of an orbital period), it reinforces what is currentiptight to occur during
periastron passage; that the disk only begins to be diduakier the neutron star
passes periastron.

The constant state of the circumstellar disk is unusualndusuch a dramatic
change in X-ray activity. NIR fluxes suggest that the corsteture of the disk
seen in the OGLE light curve has continued well into the autrkeray active phase



6.4 Discussion 143

30

20

Lomb—Scargle Power

. . . N
40 60 80 100 120 140 160
Period (d)

0.8

0.6

0.4

Amplitude (counts PCU™" s7")

. .

0.0 0.5 1.0 1.5 2.0
Orbital Phase

Ephemeris of maximum amplitude: 55516.43+2.64

Figure 6.14: Top: orbital power spectrum of the long-term X-ray light curve of
SXP91.1. The peak at 88.1d signifies the orbital period of the systemgradsa
well with the optically derived period. The horizontal lines are 99%, 99.2@%b
99.9999% significances. Bottom: the X-ray light curve folded on the orpéal
riod. Increased flux is apparent over a phase space of 0.4, higlremibst other
BeXRBs.

as discussed above attpectra taken before and during the X-ray active phase (see

Figure 6.11) shed some light on the problem, but also raiseedarther issues. The
Ha equivalent width measurement on MJD 55175 suggests a se@akaise in the
disk emission at the onset of the X-ray outburst, whilst thik¥ing measurement
is evidence of a significant increase in the disk emissionfirét, this may appear
as evidence for the growth of the disk many hundreds of daystie series of X-

ray outbursts. However, on closer inspection this obsemdalls nearly 2 weeks
before periastron and so could just have been induced byntkeatcting neutron

star rather than being an intrinsic change in the disk. A tauargument to this
though, is that four of the other spectra were taken as closéoser to periastron
than this one and show no sign of an increase in flux. If the figrkgase is intrinsic
to the disk, it could indicate a significant lag between tlagtsif the X-ray outburst

and increased optical activity. Beyond this variabilityg$e Hr spectra show some
far more intriguing features. Firstly, they show evidené®éath single peaked and
double peaked profiles that may correlate with flux. The twsenbations with the
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Figure 6.15: Folded optical light curve of SXP91.1. As with the X-ray light curve,
a broad peak is observed suggesting the disturbance in the disk ladtadst balf
an orbit.

largest measured My show evidence of a double peaked line profile, whilst the 5
smallest W, are all single peaked. Secondly, the flux and shape of thdgsofiay
correlate with orbital phase. The 3 profiles with the smaMgg, (all single peaked)
were taken within a few days of periastron, whilst the 3 with targest W, (2 of
which are double peaked) were taken at least 2 weeks befaaéiesrperiastron.
This could be evidence of the neutron star truncating thie glightly (see the dis-
cussion on disk modelling in Chapter 1), though the reasothfachanging profile
shapes and their orbital phase distribution is very hardneustand with the data
available.

6.5 Conclusions

This chapter has presented the discovery of a new 175 s poldae SMC and its
association with the HMXB candidate RX J0101.8-7223. Tiédesn seems to be
a very standard BeXRB system that has shown low levels ofyXadivity fairly
regularly and a rare larger outburst that allowed the pués#od to be found. The
large outburst is likely caused by an increase in the sizé@fcircumstellar disk
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around the counterpart that, until now, has been very st@blelysis of the optical
light curve allowed an estimate of the orbital period of tlgetem of 872+ 0.2 d.
An archival spectrum has allowed the counterpart to be fledss a B0-B 0.5 llle
star, similar to most other known BeXRBs.

SXP91.1 has proven to be very different to SXP175, with ity vegular out-
bursts, large modulation in its optical light curve and gecuspin-up and X-ray
emission characteristics. | have endeavoured to explasethspects by combining
all available X-ray, optical and IR data. It seems clear thatneutron star has al-
ways, and is continuing to, interact with the circumstetleak at every periastron
passage from the periodic variations in the OGLE light cuth®ugh this inter-
action does not always lead to X-ray emission, pulsed orraike, reaching the
observer. The idea of constant accretion in this systenpitdethe lack of X-ray
emission is backed up by the relatively constant spin-up@feutron star through-
out the entireRXTE monitoring campaign. Since the lack of pulsations at such a
high flux is improbable for this spin period, the most likelyp&anation from the
data presented here is that either a nearby absorbing alatemetimes acts to pre-
vent the X-ray emission reaching the observer, or a changfeeigeometry of the
emission column or magnetic field of the neutron star dirgeésemission away
from us at certain times. The other possible scenario isdahatar-circular orbit
brings the neutron star into contact with the disk, causimgeak interaction every
periastron passage. This could spin the neutron star uparst@ spike in the opti-
cal light curve without resulting in an X-ray outburst. Aetimes when an outburst
Is seen, the accretion rate is likely to have increased ghaovith a very stable disk
it is unclear what could cause the system to outburst. Sglthe orbit of this sys-
tem would provide a huge step to understanding its strangavieur, though this
would have to be done through optical radial velocity workilae X-ray outbursts
are not suitable for such an analysis.






We are all in the gutter, but some of us are looking at the
stars.
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Conclusions & Future work

In this chapter, | give a brief overview of the main resultglo$ thesis and discuss
the implications in a broader context. This is closely lidke work | hope to
continue with and embark upon in the near future.

7.1 Impact of this work

Throughout this work | have tried to emphasise the imporarf@ multi-wavelength
approach to understanding high-mass X-ray binaries, apléthora of different
X-ray outbursts seen can only be understood by considen@d&haviour of the
optical counterpart in the system. This approach can alseepiruitful in reverse,
as the HMXB family are ideal to study the effects a compacecdbhas on main
sequence and supergiant stars. The second main concepatbeen addressed
in this work is the importance of the SMC population of HMXBEhese systems
are the most homogeneous group known and offer our best opytyrto study the
statistical properties of X-ray binary systems. The thindl &nal idea put forward
is the opportunities the SMC population provides for stadyihe affects the lo-
cal environment has on the formation, evolution and agtigitthese systems by
comparison to the Galactic population. Though not as homeges as the SMC
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population, largely due to uncertainties in distance arsbgiiion to many systems,
the Galactic population is of similar size and has alreattynadd similarities and

differences to be discovered through statistical analgéélse populations. Many
of these have been discussed throughout the precedingechautd will be sum-

marised in this section, along with the general conclustbascan be drawn from
this work. The reader is also referred to the more detaileatlesion sections at the
end of each chapter for more information.

The main aims of this thesis were to further our understamdinthe outburst
properties and orbital dynamics of BeXRBs in the SMC and tprowe the statis-
tical properties of the SMC population by finding and follogiup new systems.
The calculation of the orbital parameters of some of theesgstin the SMC forms
probably the most significant result in this work and is desad later.

It will forever be important to find and understand new BeXRBtems as some
of the most fundamental knowledge of these systems comestfreir global prop-
erties. The more properties that are known, the better diesstal analysis will
be. In Chapter 2 | touch on the new systems found during the RX0Eitoring
programme and describe the two most recent attempts tadeaaid follow-up new
systems in detail in Chapter 6. The details presented in tivesehapters signify
a significant increase in the number of spin periods, oripgaiods, spectral types,
emission line strengths, positions, spectral hardnessesl, absorptions and out-
bursts known in the SMC thanks to this monitoring programme e follow-up
of many optical and X-ray telescopes. In total, RXTE has idied 18 new pul-
sars in the SMC and 1 in the Magellanic Bridge as part of thiggamme. When
added to the other known systems in the SMC, the populatioh ésgnod size
to investigate their global properties. The spectral d@sdions have been used
by McBride et al. (2008) and subsequently by Antoniou et2000) to show that
the low metallicity in the SMC does not result in a differemgtdbution to that of
Galactic counterparts (see Chapter 1). The positions hase bged by Antoniou
et al. (2010) to show that regions of higher SFR in the SMC @dmwith regions
containing HMXBs (see Chapter 2). The ever-increasing numbspin and orbital
periods known have been used to make a more complete Corlgeaiathough
this extra information has started to blur the distincti@ivieen Be systems and
supergiant systems, rather than result in an empiricaliogiship between the two
parameters. These two parameters have also very recemtiynsévidence for a
bimodal distribution, which may be evidence for two distifiermation channels
in BeXRBs (Knigge, Coe & Podsiadlowski, 2011). This is disagsfurther in the
next section. It is clear that new systems presented inegantiapters, and those
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presented in Galache et al. (2008), are small but importappsg stones in under-
standing BeXRBs as an entire population and have alreagetdind similarities

between the SMC and Galactic populations and shed light@futidamental for-

mation processes.

Chapters 2, 3 & 4 present many of the different types of X-rajporst observed
in BeXRBs and try to emphasise that these are closely linkeld activity of the
optical counterpart and to the orbital motion of the neusstar. As such, | suggest
that each outburst needs to be described differently andasatinto groups of sim-
ply Type | or Type Il. The 5 light curves in Chapter 2 really demtrate the range
of outbursts possible: Long, bright outbursts can be fodldvioy fainter, orbitally
induced outbursts; systems can be active over many yea;cdm have a brief,
bright outburst and then switch off again; or they can be tisador many years
then in outburst for many years; periastron outbursts casdss superimposed
over continual non-orbital outbursts; neutron stars cam gp, down or stay almost
constant during outburst, or shift sharply from one statartother. Future plans to
provide a more quantitative view of these ideas is somettiapis discussed in the
next section. In Chapter 3 itis shown that the X-ray outburs®XP6.85 are related
to the disk-loss timescale of the counterpart and not theabqeriod. Optical and
IR light curves and emission line strengths are used to shewlisk increases in
size before every X-ray outburst and an estimate is madeeddittk size at the time
of outburst. However, this value may be underestimated yctof of ~ 3 when
the calculations made in Chapter 5 regarding the size of thigagbsemi-major axis
of the system are considered. The result is very similar %P EL.5, with the size
predicted from the emission line profiles and from a viscoisk dhodel a factor
3—-4 smaller than that estimated from the size of the semomnejis. The radius
calculated in the former is considered to be approximatetyldioundary radius of
the disk, after which it becomes optically thin and so cdniies negligibly to the
line flux. If this value really represents the size of the disks hard to understand
how the extended X-ray outbursts occur when the closesbapprof the neutron
star is 3 or 4 times further away. On the other hand, thesecsadio agree with
recent interferometric measurements of the disk sizes aifynie stars, as stated
in Grundstrom & Gies (2006), so it may be that the neutron amtigracts with the
optically thin part of the disk out at many stellar radii. Gfwrse, the calculation
of the semi-major axes in Chapter 5 relies heavily on assureidrsmasses and
radii and so it is entirely possible that the inconsistemcthese two measurements
arises from uncertainties in the stellar parameters. Uac#res may also exist in
the input parameters to the models of Grundstrom et al. @00 particular the
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effective temperature of the star and the disk continuumection factor. Grund-
strom & Gies (2006) correct all their radius estimates byréaie factor to account
for the continuum contribution of the disk in the V-band. Jhese an average value
found by Dachs et al. (1988) as they lacked knowledge of theevar individual
systems. However for SXP11.5, this information is avagahks the correction fac-
tor to the Wy is just (1+Egt—i:). From the values found in Chapter 4, this~Ngl.75,
which corresponds to an increase~0.0% in the disk radius from that found using
the value in Dachs et al. (1988). Similar increases-df0% are apparent when
changing the inclination and effective temperature sligtfor a BOV star, the ef-
fective temperature should not be lower than 25000 K andrtbination should
be less thanv 30° for SXP11.5 given the shape of its line profiles. Using these
limits, | estimate a disk size- 2 times smaller than the radius of the semi-major
axis. This is an improvement on the factor of 3—4 from eaudi@iculations, but it
certainly seems to suggest that the neutron star is notwiitie densist parts of the
disk, even at periastron. The question remains whethertathisis the case for all
BeXRB systems, if indeed it is the correct interpretationhaf data in this system.
Whilst one can observe the various properties of the X-rayssimi in these sys-
tems and put forward explanations based on the activitye@€tunterpart or on the
orbital path, very little is still understood about the pitgsof the emission regions
very close to the neutron star surface. In particular, vitig lis understood about
the X-ray pulsed profiles. In Chapters 3 & 4 | present some @®bHf outbursts of
SXP6.85 and SXP11.5, but venture very little in the way of argitative explana-
tion. This is because detailed modelling or a systematicaggh to explain what
is observed has as yet not been undertaken by the commuh#ybhasic concept of
a fan or pencil beam is the only way to explain what is obseatdtiis time. The
profiles of SXP11.5 show very strong triple peaked profileg fade into a single
peak as the luminosity drops. More regularly, a double peakefile can be ex-
plained by both poles being visible to the observer. A thiedlpis much harder
to quantify. In this case, a combination of a pencil beam fraora pole and a fan
beam from the other pole was suggested as the dip betweewahddsest peaks
is half of an orbit away from the third peak. Thus, it could battwe observe
both poles and both edges of a fan beam as the neutron star 3jhis idea could
also explain some of the (albeit less apparent) triple peakeicture in the profiles
of SXP6.85. However, the rapid changes observed in thediggsron timescales
of days is much harder to understand and demonstrates tradbNisy that is oc-
curring around the accretion columns in some systems thatatde explained at
this time. Discussion of the pulsed component in these Bystis shape, strength
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and variability, also highlights the peculiar nature of 4P found in the previ-

ous chapter. As discussed, the amount of material avaitaldbe accreted in this
system seems unchanged, even though the X-ray flux detdwedes by at least 4
orders of magnitude. Whilst this could be explained by a \deiabsorber around
the system, it could also be caused by a change in the actmteEmission regions
around the magnetic poles of the neutron star. With theavigldata it is very hard
to say what the actual cause of this is, but SXP91.1 undolybtdiers itself as a

very intriguing candidate for future multi-wavelength gaamgns.

The orbital analysis presented in part in Chapter 4 and madkgifuChapter 5
is perhaps the most significant result of this thesis. ThebBairsolutions found in
these chapters mark a significant increase in the numberrkoatgide of the Milky
Way. Prior to this work there were only 3 BeXRBs with orbitaligions outside
of the Galaxy (SXP18.3, PSR J0045-7319 & A 0538-66, only tisedf which is
considered a ‘normal’ BeXRB), compared to the 23 known in@adaxy. Whilst
the knowledge of the Galactic systems has produced someexeriing science,
this is now the first time the orbital parameters of anotheugrof systems can be
compared to them. In general, the parameters of the SMCragsteem to be sim-
ilar to the Galactic parameters, suggesting the effect anti@tallicity environment
has on massive stars is not so important in the formation@ugwen of the massive
binaries. The position of one of the SMC systems in the drpisiod against ec-
centricity parameter space highlights yet a other sintijfahiese systems have with
their Galactic cousins. SXP2.37 lies very near the muchudised low eccentricity
BeXRBs that are theorised to have received a smaller kick tiee natal supernova
(Pfahl et al., 2002). The existence of this group impliesradamentally different
formation channel, the details of which are more closeligdohto my future work
and so is discussed in the next section. The important pena is that, along with
spectral type, spin period, orbital period and MVeq, the eccentricity distribution
seems to be consistent with the Galactic distribution aodslevidence of the same
low and high eccentricity sub-groups. The other potenti@tiportant result of this
work is the apparent relationship between eccentricity amital period amongst
the entire HMXB population. As discussed in Chapter 5, thig juat be due to Be
systems being at a different evolutionary stage than thergiant systems, rather
than there being a fundamental link between the two parasetedeed, if this
were the case, the relationship should hold for just the Betesys which, at the
moment, the data are not sufficient to prove. Improving treelable data to try and
solve this puzzle is, again, something that is discussdueiméxt section.



152 Chapter 7. Conclusions & Future work

7.2 Future work

Previous discussion of the binary parameters of HMXBs hgklighted the orbital
period and eccentricity as the most important, as they givmsight into the birth
of the X-ray binary from the natal supernova explosion arso éhe pre-supernova
phase of the binary. Unfortunately, the smallness of the SMgulation and some
more general observational biases affecting the entire BNd¥pulation mean that
the conclusions drawn are currently not certain. In ordesv@rcome this problem
and be able to say something statistically significant ablmeiformation of these
systems in other galaxies, many more orbits need to be neatald the biases
resolved. This is an area of investigation that | would ligecontinue with in the
future, through the following avenues:

1. Improved analysis oRXTE SMC monitoring data, either by improving the
orbital fitting code described in Chapter 4 or by using an aliéve method,
such as pulse arrival time analysis. There are outbursta #wsystems in
these data that are long enough and well sampled enoughrézetkte orbital
information from, which would be a good starting place fastwork.

2. Optical radial velocity work with 8m class telescopestsas SALT, GTC
or the VLT. Solving the orbits of binary systems from X-rayta@aequires a
large outburst of significant duration. These are quite nan@any systems
and tend to be less numerous in longer orbital period systé&his is a major
bias in the data set, which may only be resolved by opticdlyaisa

The necessity to understand these ideas and to find as maitgl sddutions as
possible has never been more apparent, since the pubtiaaitia recent paper in
Nature announcing the discovery of a bi-modal populatiolBeXRBs (Knigge,
Coe & Podsiadlowski, 2011). The data leading to the discozeryshown in Figure
7.1. The authors conclude that the group of pulsars with arlewtron star spin
period are likely to have formed through electron-capturpesnovae (ECS; less
massive core) and those with high spin period through colequse supernovae
(CCS; more massive core). This could be analogous to the BeXi®i&le and out-
side of the shaded region in Figure 5.6 as an ECS is thoughtpgarina smaller
kick to the neutron star than the CCS, resulting in a lower eciogly. However,
the authors also state that the bi-modal distribution istrs@mmificant in the spin
period and that they could find no statistically significaglationship between the
orbital period and eccentricity. Thus, it is vital that asnya@f these systems have
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Figure 7.1: Orbital period against spin period for all the HMXBs for which these
two parameters are known. Filled circles correspond to spectroscopixaily
firmed BeXRBs, small dots to confirmed supergiant X-ray binary systerds an
open circles to candidate BeXRBs. Blue corresponds to Milky Way systeus,
to SMC and black to LMC. The dashed green lines mark a selection box that co
servatively includes all confirmed BeXRBs for which orbital and spiriquer have
been measured. The values within this box have been projected onto thaétplet
top and right of the main plot respectively. Taken from Knigge, Coe &SRt
lowski, (2011).

their orbits calculated as possible to test this theory eibdality, investigating
whether it extends to the orbital period against eccemyriistribution and to ex-
plore whether different extra-Galactic environments hawveffect on these results.
Not only would these results help understand the formatieshanisms of one of
the largest class of X-ray binary, but they will also helpgadimits on the neutron
star mass. The neutron star mass can only be determinedglsefar eclipsing sys-
tems as it is important to know the orbital inclination. Hawe knowing the orbital
dynamics, mass function and spectral type of the opticalpaomon can lead to a
somewhat more constrained neutron star mass. It is poskdtleven limits such as
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these would be important in areas such as understandingetiieon star equation
of state or whether neutron stars formed in other galaxiaesaoa particular super-
nova channel have statistically different masses. Thedomould help understand
how matter behaves in hyper-dense environments whilstatier ltwo points have
been predicted by star formation theory and so this avengéudiy would provide

a means of testing this theory.

Throughout this work | have spoken about the need for a belti@racterisation
of the outbursts seen in BeXRBs and that this should be litixéake orbital param-
eters of the system and the activity of the optical countérpghis need became
apparent during discussion sessions at a recent confemn&=XRBs, where |
learnt that many systems show behaviour that is intermed@athe classical Type
| and Il outbursts and cannot easily be placed into one ofetlte@® groups. It
could be that the exact nature of each outburst is differesubtle ways and that
these differences are intrinsically related to the orhjitatiod and eccentricity of
the system as well as the variability produced by the optoahterpart. The large
database oRXTE SMC observations is an obvious starting point for such aystud
with the RXTE/ASM monitoring of Galactic systems a natural extensiomtdude
many Galactic systems in the analysis. | would also like tdgoen an archival
search oXMM, INTEGRAL, Swift andChandra observations of known BeXRBs to
enhance the data set. Such a categorisation would invobumiexng the outburst
intensity, duration, phase, spectral features, and tleagtn, shape and variability
of the pulsed component. My initial aim would be to devise siday which this
information can be used to categorise each outburst moreughbly than is pos-
sible at this time. Once a categorisation scheme has beeuseny secondary
aim is to link the observed types of outburst with the orbéad spin periods and
eccentricities (where known) of each system. If this is eebd, it may be possible
to use as a predictive tool for when an outburst may occur amdlarge it will be,
though the aperiodic variability of the Be star counterpuailt likely make some
outbursts impossible to predict. Conversely, it may allowdyanformed estimates
of the orbital parameters of a system based on the chamstaterof its outbursts.
This project could be concluded by searching the fundanhgatameters (orbital
period, eccentricity, semi-major axis, disk size etc) forrelations, like that done
in Chapter 5, to investigate links that may provide inforraatabout the formation
or activity in these systems. One such correlation that nr@ady exist in the data
is the much higher frequency with which short spin periodeys seem to show
extended outbursts over long spin period systems. This wastiggested in Chap-
ter 5, but the RXTE dataset shows that all of the 12 systemiserSMC showing
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huge, extended outbursts in the past 14 years have a spodperder 100 s, even
though the number of systems with spin period above and b&@s is almost
split evenly. Though not all the orbital periods are knowrthis sample, it should
map directly to onto orbital period space using the Corbegrdian. If correct, this
may be analogous to the findings of Okazaki & Negueruela (RDO&hich higher
eccentricity systems tend to only show smaller, periastiattbursts, whereas low
eccentricity systems show more luminous, extended outhur§hough Knigge,
Coe & Podsiadlowski (2011) found no statistical correlati@tween orbital period
and eccentricity, the outburst behaviour of the BeXRBs stesuggest there may
be a qualitative relationship between the parameters wstichuld be looked into
further.

A third project that | will work on in the near future is a pogtibn study of the
Magellanic Bridge. As touched on earlier, work done by Mcleret al. (2010) has
started to uncover a new HMXB population in the Bridge thielly formed sepa-
rately from the SMC and LMC populations. Knowledge of thisseging population
is important for our understanding of how the environmeng.(docal metallicity,
gas content) affects star formation and evolution in tuehtiintergalactic environ-
ments. However, to date there have only been shallow olis@mgaof the region
with RXTE and INTEGRAL, probing only the outbursting systenAs such, my
colleagues and | have proposed the first deep survey of itseviesiost region
with XMM. Two 35 ks observations were carried out at the stdrdanuary 2012,
that are deep enough to probe the quiescent population afy>sinaries. These
observations are important as they have the potential to Bopopulation of sys-
tems different from that of the Milky Way and SMC, which may ke first step
in expanding the extra-Galactic comparisons outlineduyhmut this thesis for yet
another population of XRBs. The two regions observed haea besll studied op-
tically, which will allow rapid characterisation of sousdetected and make further
optical follow-up easier. The proposal has also been regtdmirfor the upcom-
ing XMM observing round and has been given priority C time.cdiried out, a
variability study would be possible, further helping in $®urce characterisation.

Finally, | have several active and future projects in minadging the optical
counterparts of the SMC systems, that have not yet beensdiedun this work. My
collaborators and | are working on the analysis of near-1Bcsija of 12 sources,
with the aim of better understanding the structure of thé&gdiseyond the I re-
gion. These are the first such observations made in the SMCdataehave been
reduced, but have not yet been properly calibrated to alktvgfaictory analysis of
the Bry line or any other lines that may be present. There also esiistgltaneous
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Ha spectra of these sources to allow the prominent optical @&g-HR emission
lines to be compared. On top of this, | wish to more fully exptbe wealth of
data my group and | have obtained from the IRSF telescope ACSX/hilst these
data have been useful in conjuncture with the OGLE light esrin understanding
certain systems, the amount of data accrued warrents atdistscal study of the
flux and colour changes in around 50 systems over the pastré.yElais has been
done for some systems in the past, but never with this much aathis number
of systems. | would also like to continue trying to understéme flux contribution
of the disk across the optical and IR regime as was tried fadPEBIX5 in Chapter
4. Although this relies on there being some near-simultas@ptical photometry,
the disk in several systems should be able to be probed invtys A final project
that | think would be very interesting is a disk polarisatgindy. Using the IRSF
in polarimetry mode, | have data that will allow the Stokesgpaeters to be calcu-
lated for several systems in the SMC. Whilst these data havie Yo exploited, it
could potentially give an idea of the disk size and oriepntatd the observer, as the
amount of polarised flux that is observed likely depends rheavily on these two
parameters. Many of the results from such studies of theteopart are likely to
link in with work done and work that will be done in the X-raygiene, allowing a
more complete understanding of the BeXRB population.
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