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HIGH MASS X-RAY BINARIES IN THE MILKY WAY AND BEYOND: A
MULTIWAVELENGTH TEMPORAL AND SPECTROSCOPIC STUDY

by Elizabeth Shirley Bartlett

High Mass X-ray Binaries (HMXBs) represent an importangstan the evolution
of massive stars and are some of the brightest sources in tfag Xky. In the
first half of this thesis a detailed analysis of X-ray obs&ores of two HMXBs,
the Be/X-ray Binary (BeXRB) Swift J045106.8-694803 and slupergiant/X-ray
Binary XTE J0421+560/Cl Camelopardalis, is presented. Sitrarls of the X-
ray spectrum of Swift J045106.8-694803 show that both tleetsal and timing
properties can be reproduced by a blackbody and power lagsapug~ 1T out of
phase with each other. The pulse profile of the blackbody &l ue determine
the angle between the rotation and magnetic axes of theamestar and the an-
gle between the rotation axis and line of sight. The appfrdémbad iron line of
XTE J0421+560 is decomposed into three intrinsically nariioes, Fe-Ka, Fa-
KB and Fexiv-xxvKa. The light curve extracted in the energy range defined as
the Fe-Ka line from the spectral fits shows marginal evidence for a lagrvcross
correlated with that of the continuum. The lag is interpdeds the light crossing
time of the circumbinary torus and implies a radius of 10 AbleTsecond part of
this thesis considers HMXBs as a population. | describe dagch for XRBs in
the Phoenix dwarf galaxy, a Local Group dwarf irregular gglavhich share many
similarities with the Small Magellanic Cloud (SMC), which has apparent over-
abundance of HMXBs. Finally, | discuss why the BeXRB popalain the SMC
is ideal for population studies and outline the work donegarsh for evidence for
two different neutron star formation channels in their pbgkparameters.
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Introduction

With over 70% of all massive stars being formed in binary eys, X-ray binaries
(XRBs), particularly High Mass X-ray Binaries (HMXBs), negsent an important
step in the evolution of massive stars (Sahal., 2012). XRBs are defined as as
a neutron star or black hole primary accreting matter froneeoadary star (e.g.
Lewin et al. 1997). Whilst the definition is often extended to include wtdivarf
accretors, this thesis adheres to the conventional definiti XRBs outlined above.
XRBs are classified according to the mass of the companionkigh Mass X-
ray Binaries (HMXBSs) typically have donor stars with > 10M., and spectral type
OB whilst Low Mass X-ray Binaries (LMXBs) have donor stargwil < 1M, and
later than type A (Lewiret al,, 1997; Lewin and van der Klis, 2006). In rare cases
the secondary in an LMXB can even be a white dwarf (Rappagiat, 1987). De-
spite this apparently simple categorisation, HMXBs and LB&%ave very different
X-ray and optical properties and accrete via different na@i$ms. This thesis is fo-
cused on the optical and X-ray behaviour of HMXBs with nentstar counterparts,
as such LMXBs are not discussed in any great depth but to astritneir general
properties against those of HMXBs.



2 Chapter 1. Introduction

Poy  age
(a) ZAMS ® o 100 days 0.0 Myr
14.4 8.0
(b) Rochedobe overflow 102 days 13.3 Myr
14.1 8.0
(c) helium star ® 416 days 13.3 Myr
16.5
(d) supernova ® 423 days 15.0 Myr
A 16.5
(e) neutron star o ® 5400 days 15.0 Myr
1.4 16.5 ecc=0.81
i
(f) HMXB 1300 days 24.6 Myr

1.4 15.0

Figure 1.1: Schematic of binary evolution and HMXB formation. Editted from
Lewin and van der Klis (2006)

1.1 X-ray Binary Formation

The type of XRB formed depends on the mass ratio of the prirabkinary, g,
as well as the masses of the individual stars. Figure 1.1lctiethe formation of
an HMXB. Initially (a in Fig 1.1) the binary system consists of two massiye (
8M.,) stars of roughly similar massg| & M1/M; ~ 1.8, whereM; is the mass of the
initially more massive star throughout). More massiveskave to fuse hydrogen at
a greater rate to remain in hydrostatic equilibrium and gt liee luminosityL, and
lifetime, T, of a star are heavily dependent on its mas&i(M3° andT O M~25).
As such the more massive st8¢,evolves off the main sequence first. It expands as
hydrogen fusion is ignited in layers around the helium céh&g its Roche-Lobe
(stepb).

The Roche-Lobe is the hypothetical “sphere” of gravitaglonfluence around
each of the binary components, and depends on the massmdtseai-major axis
of the orbit. There are five points around the system (Lageangoints) at which
the effective potential is zero, three of which lie on the diyyetical line that runs
through the two components and their centre of mass. Thedbches, equipo-
tential contours and Lagrangian points for a binary withiEmproperties to that
in Figure 1.1 are shown in Figure 1.2. The Roche-Lobes of tiragry and sec-
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T T T | T T T T | T T T T | T T T T T T T
i M, = 15.0 Mg a = 100.0 Ry .
ol M, = 7.0 Mg P, = 24.7 days T
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Figure 1.2: Cross-section in the equatorial plane of a HMXB progenitor. The five
Lagrangian points are marked along with the Roche surfaces and edquigbte
contours. Editted from Lewin and van der Klis (2006)

ondary meet at the Lagrangian point between the two starsgnd material from
the companion star can flow through this point into the Rdoblee of the initially
less massive sta®, and thus be accreted.

The transfer of material from one star to the other causeséh&-major axis,
a, and hence the orbital perioB, to alter. The total angular momentud,of the
system (ignoring the spin of the individual components) lsaexpressed as

J=1Q = (M1a3 + M,a3)Q (1.1)
wherel is the moment of inertia of the system a@ds the angular velocity. From
the definition of Centre of Mas$/1a; = M»ay. Using this and Kepler’s third law

_ GM

Q? = — (1.2)
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to substitute in foQ and rearranging foa one obtains

MJ?
GM;M5
whereM is the total mass of the system a@ds the gravitational constant. This
can be logarithmically differentiated to get
a J Mg My M
—=2-—-2—=—-2—°4_ 14
a J M1 M> + M ( )

For conservative mass transfdt,andJ are zero andl, = —M;. This leads to
a _My /M
o202 (—2 - 1) (1.5)

Equation 1.5 shows how the semi-major axis changes with itleettbn of mass
transfer and the evolution of the mass ratio. If the accr@iy) is less massive
than the donor statM, > 0, M/M; < 1) the semi major orbit decreases. If the
accretor is more massive than the dorMQ(> 0, M2/Mj > 1) the semi-major orbit
increases. This means that initially the orbit of the binstnyinks before expanding
as the mass ratio inverts (stepleaving only the helium core d&. Eventually
the helium core goes supernova (sthmlisrupting the binary system considerably.
This leaves a compact object, in this case a neutron staghwdan then accrete
matter off the now more massive star (s@peither via Roche Love overflow or
from the stellar wind.

The formation of an LMXB requires a much greater differenteniass between
the two stars. As with the HMXBs, the massive star evolveshafmain sequence
first and expands. However almost immediately after massteabegins the donor
star engulfsS, and the system undergoes common envelope evolution. Thie sem
major axis of the orbit is greatly reduced as frictional fsaeduce the velocity of
S, causingS, to spiral in towards the donor star. If enough energy is iseaas the
orbit shrinks the envelope is expelled leaving the heliume @’ the donor star and
S in a tight orbit @, < 1 day). The helium core then goes supernova, resulting in
a compact object in a tight orbit around a star with mass coatjpa to that of the
sun.
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1.2 The Neutron Star

By definition, HMXBs are a strong source of X-ray radiationheEe photons are
emitted by the accreted material at or close to the neut@msstrface. The lumi-
nosity of the systent,, is synonymous with the mass accretion fsite

_dE_ GMygv

L_a_ Rns

(1.6)

whereMps andRys are the mass and radius of the neutron star respectively. The
Eddington luminosityl_g 4q, is the luminosity at which the radiation pressure on the
infalling material is equal to the gravitational pull of te&ar. The radiative flux of

the neutron star at a distances:

dE L

dtdA ~ 472 (1.7)

For photonsk = pcwherep is the momentum of the photon. The force exerted on
a electron is:

dp_ or dE
dt ~ c dtdA (1.8)
Lo
- 47TcTr2 (1.9)

where o1 is the Thomson cross section for the electron. Equatingwitis the
gravitational force gives:

GMngMy  Leqdor

r2  4rer? (1.10)
41cG
LEdd= —mOMNs (1.11)
oT
gMns 1
~12x10%—"ergs (1.12)
Mg

wheremp is the mass of a proton. A typical neutron star madgs = 1.4M.,
leads to arLgqq ~ 2 x 10°8 erg s'1. In theory, stable accretion cannot exceed this
luminosity, as the radiation pressure will blow away theallfg material, cutting
off the source of the X-rays.

The neutron stars in HMXBs have some of the strongest magfieltls seen in
the observable universe, with magnetic fieBls 10'° G (Cheng and Dai, 1997).
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This magnetic field interacts with the infalling materialthe Alfvén radius,ra.
This is the radius at which the ram pressure of the infalliragenal is equalled by
the magnetic pressure outwards.

2
8'3—n: Y (1.13)
1 /u 2 ¥

B is the magnetic fieldp andv are the density and velocity of the infalling material
respectively andu is the magnetic moment. The material is assumed to be free

falling radially and sor = vi; = /2GMys/r

2
F_ = 2pCMns (1.15)
8mr ra
which can be rearranged to give:
1
B 12 5
A= (16anMNS> (1.16)
Substituting in forp = M/(4anfr2) andvs leads to:
1
4 7
rh=(———m—m 1.17
A (8GMNSM2) (1-17)

At r < ra material follows the field lines, is funnelled into an ac@etcolumn
and onto the magnetic poles (Basko and Sunyaev, 1976). &adslto X-rays
being emitted from very localised areas on or close to theroewstar surface. If
the magnetic and spin axes of the neutron star are misaliireeda “lighthouse
effect” is observed: the X-rays are modulated as the neudtanrotates. These
neutron stars are called “pulsars”. To observe a pulsar tha)eam must sweep
across our line of sight, as such there will be several highdgnetised, accretion
powered neutron stars that are not observed as pulsars duemtation effects.

Figure 1.3 shows the two possible accretion geometries famyXpulsars, the
“fan” beam and the “pencil” beam. The geometry observed ddp®n the mass
accretion rate (and so luminosity). For small to modeMtemost of the photons
emerging from the accretion mound are emitted parallel éortfagnetic field, as
the photon scattering cross-section is reduced along tlgmetia field lines. This
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Figure 1.3: Accretion Geometries proposed by Basko and Sunyaev (1975, 1976).
Fan beam (left) and pencil beam (right). Figure taken fromb®blerret al. (2007)

results in a pencil beam (Basko and Sunyaev, 1975). Forrlamjaes ofM the
infalling material forms a radiative shock. The accretimwfis decelerated and the
material sinks towards the neutron star surface. The datigjath of the accretion
column is much greater than 1 and so photons cannot escapelerparallel to
the magnetic field. Instead the sinking gas emits these phatiaeways, perpen-
dicular to the magnetic field, forming a fan beam (Basko anay8ev, 1976). The
pulse profiles of these two geometries are expected to h#feeatit shapes, a sim-
ple sinusoid for a pencil beam and a more complex double peagtgre for a fan
beam. The observational properties of the two differenhgetoies are discussed in
Section 1.4.3

Another crucial radius for neutron stars in HMXBs is the datmn radius. This
is the radius at which the angular velocity of the Keplerigstdx (r), equals that
of the neutron staQys. This depends only on the spin period of neutron Hajin.
From Kepler’s third law we have:

2m\?> GMys
Ofis= (P ) =3 (1.18)
spin co
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Figure 1.4: Diagram of the accretion flows onto the neutron star (from Ghosh and
Lamb 1979). The boundary layer spans frogno rcq

which can be rearranged to give:

GMs 1/3
Feo = (4—7T'E'P52pm> (1.19)

The ratio ofQys to the angular velocity of the disc at the Aéfw radiusQk (ra),

is the fastness paramete, (lllarionov and Sunyaev, 1975). The value ofhas
important implications for the spin period of the neutragrstf w < 1 (i.e.ra < r¢o)
then the Keplerian disc is rotating faster than the magpéi® of the neutron star
atra. The material then effectively drags the magnetospherefance the neutron
star) round, transferring angular momentum from the disio dhe star, reducing
Pspin- If @ > 1 (ra > r¢o) then the Keplerian disc is rotating at a slower rate than the
magnetosphere of the neutron staraand angular momentum is transferred from
the neutron star to the disc. This causes the spin periocttease.

In practise, the change @ (r) to Qns does not occur ata but over a short
distance, called the boundary layer (see Fig. 1.4). In #tyisd both of the situations
described above can occur simultaneously and it is the fettedf these torques
that determines whether the pulsar is spun up or down. Theta@e torque de-
pends orM., andB, and so for a given magnetic field and mass accretion rates the
will be a spin period for which the net torque on the star izérhis is the equi-
librium period of the pulsar and the neutron star evolvesatals this value through
out its lifetime. Substitutings = BR3g and Equation 1.6 into Equation 1.17 and
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equating with Equation 1.19 leads to

~i=

Ri"
Poq=C ( AT (1.20)
whereC is a constant. This leads to
1556 \ 7
B
Peg~ 2 (Rez éz) (1.21)
M{L3;

whereRs is the neutron star radius expressed in units &fdf, By, is the magnetic
field in units 132 G, Lz7 is the X-ray luminosity in units of 1¥ erg s'1 andM is
the mass of the neutron star in solar masses. The equililpanod is discussed in
Section 1.5.5

If ra >> r¢o then material is unable to follow the field lines. The centydl
force inhibits the accretion onto the neutron star and nedter ejected from the
system. This is known as the propeller effect. The value @it which the system
enters the propeller regime is not known, however the lingdocity, vk of the
Keplerian disc ata, should exceed the escape velocys Again, Kepler’s third
law gives:

2
VK GM

Qz2— (2} === 1.22

K <rA) ri ( )
M

Vg = cM (1.23)
ra

The right hand side of Equation 1.23 is recognisable asdglfobtained by equat-
ing the kinetic energy and gravitational potential enerfyg particle. This leads to
Vesc= V2Vk andw > v/2.

Neutron stars with magnetic fields greater than the quantitat value Bgit
are termed “magnetars”. AB tends toward®Bi;, the cyclotron energy of the
plasma electrons approaches their rest mass energy. Eguhg Lorentz force
with the centripetal force

eVByit = —— (1.24)

(1.25)
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Figure 1.5: Schematic of an LMXB taken from Lewin and van der Klis (2006).

whereaxyc is the cyclotron frequencyg is the charge on the electron and is the
rest mass of the electron in kg. Multiplying this byand equating with the rest
mass energy of the electron gives

heBit 2
= MeC 1.26
me e (1.26)
Berit = —”fhfz — 4.4 %105 (1.27)

where equations 1.26 and 1.27 are in Sl units. Expressecinghtimetre-gram-
second unit system more commonly used by theoretical pisysicdhe formula
becomes the more familidgiy = (mgc®)/(eh). At values ofB > B classical
physics can no longer be used to describe the motion of tiotrehes.

1.3 LMXBs

Figure 1.6 shows a schematic of an LMXB. LMXBs are classifiszbading to their
compact object and the fraction the X-ray luminosity is & Eddington luminosity,
amongst other things. The X-ray luminosities of LMXBs canga from 1§%° —
10°° ergs st depending on the compact object and the source “state’trdieted
via spectral and timing analysis.

The small semi-major axes of LMXBs means that the Roche sa@dibe radius
of the Roche-Lobe) is always less than the stellar radiush@nde the companion
star always fills its Roche-Lobe. As detailed in Section thé&,material flows from
the companion star vihy, transferring angular momentum from the secondary to
the primary. The specific angular momentum of the infallingtenial (i.e. the
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angular momentum per unit mashk)can be expressed as

J
h= m = Rgich (1.28)

whereRgjrc is the radius at which the material would orbit if it retainadgular
momentum but not energy (Lewin and van der Klis, 2006). Keéptaird law gives

— GMacc

I:">§irc
whereMacc is the mass of the accretor. Substituting Equation 1.29 1n28 and
rearranging foRjc gives

QZ

(1.29)

h2

Reirc = m (1-30)
If Reirc is greater than the effective radius of the compact objeet (ihe radius
of the magnetosphere if the object has a significant maghelit; or the physical
radius of the object if not) then the material cannot be tiemsd directly onto
the compact object, instead it forms a ring orbits the aocrat radiusRjc. The
material in this ring slowly spirals both into and away fronetcompact object as
its energy is dissipated and its angular momentum trarefesutward. The ring
of material is then transformed into a disc, known as an aicerelisc. These are

present in all LMXBs.

The energy in the accretion disc is lost in the form of heasoayithe accretion
disc to emit electromagnetic radiation. It is the accretilist that dominates the
spectral energy distribution of LMXBs with direct emissionthe X-rays and re-
processed X-ray emission at optical wavelengths. It idyqressible to see optical
emission from the companion star itself, instead what i $e@ hot continuum,
with Doppler broadened H and He emission lines from the iaceretion disc.

Unlike HMXBs, LMXBs rarely harbour an X-ray pulsar. This igtause the
magnetic fields of the neutron stars in LMXBs are 16- 10~* times lower than
those in HMXBs, and so the accreted material is not funneted the polar caps.
Instead the material builds up as a layer on the neutron stéace. When the
material at the bottom of the layer reaches a critical dgrsitl temperature nuclear
fusion takes place, raising the temperature and leadingrtaway thermonuclear
burning on the surface of the neutron star. These are ob$aw-ray bursts and
are characterised by a rapid increase in flux (on second tahes) followed by
an approximately exponential decay. A handful of LMXBs haeen discovered
with pulsations during these thermonuclear burst, all wiillisecond spin periods.
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Figure 1.6: Schematic of a BeXRB taken from Lewin and van der Klis (2006).

These are thought to be “recycled” pulsars, i.e. slow rotapulsars which have
been spun up due to long periods of high mass accretion. Rdl di$cussion on
the X-ray and optical properties of LMXBs and accretion d@tnation see Lewin
and van der Klis (2006) and Fraek al. (2002).

1.4 HMXBs

1.4.1 BeXRBs: Overview

Figure 1.6 shows a schematic of a BeXRB. BeXRBs were firstgeised as sep-
arate class of HMXB by Marasclhat al. (1976) and are now the most numerous
subclass of HMXB (Liuet al,, 2006). The compact objects in these systems are ex-
clusively neutron stars in an eccentric orbit around a magusence Be star. There
appears to be an emerging class of Be binary with white dwauhterparts (e.qg.
Kahabkeet al. 2006; Sturmet al. 2012a; Liet al. 2012) suggesting that the HMXB
criteria could be, and indeed regularly is, extended toudelwhite dwarfs. Thus
far, not a single BeXRB binary has been found to host a blad&. hBelczynski
and Ziolkowski (2009) use binary population synthesis ni®teshow that the ex-
pected ratio of BeXRBs with neutron stars to black holes e@alaxy is relatively
high (~ 30— 50), and so broadly in line with observations. Interesimntiie popu-
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lation synthesis of Be/white dwarf binaries by Raguzovad@@redicts that these
sources should outnumber the “classic” BeXRB&:1. They note a large number
of selection effects which could drastically restrict thember of sources observed.

Be stars are rotating rapidly at close to the the criticahkus velocity (Townsend
et al,, 2004), causing an enhancement in the equatorial matehighweplenishes
a circumstellar disc around the star (Lamers and Waters7)198/hether the ro-
tation of the star is sufficient to create this disc is a subgganuch debate and
is an area of active research (Porter and Rivinius, 2003e Aresence of a disc
leads to hydrogen emission lines in the spectrum (and hdrecéet designation,
Collins 11 1987). This is a transient phenomenon and thus asyaBthat has ex-
hibited hydrogen emission lines in its spectrum at some tneoéassed as a Be star.
The transient nature of these discs could be linked to thetwgsised secondary
production mechanism (Porter and Rivinius, 2003).

There are two types of X-ray outburst associated with theayXemission of
BeXRBs: Type | outbursts havey in the range 18 — 10°7 ergs s and occur
periodically around the time of the periastron passage @htutron star (see Fig
1.6). Type Il outbursts reach higher luminosities; 2107 ergs s, last much
longer and show no correlation with orbital phase (Stetlal, 1986). These are
thought to be caused by an enhancement of the circumstedtaaldowing accretion
to occur at any phase of the orbit at a much higher rate. Ldyedal. (2010)
detected quiescent luminosity in some of these systems ¢t = 10°° — 103*
ergsst.

Temporary accretion discs are thought to be formed at orratdlie periastron
passage of the neutron star, facilitating mass transfeaf@k and Negueruela,
2001). Figure 1.7 shows the two scenarios for the disc faonatin scenario A.
the disc of the Be star exceeds its Roche-Lobe as the neyippoaches periastron
(%‘ < 0). Material is then lost from the disc and is accreted by thgtion star, via
an accretion disc. As the separation of the bodies incre(%f}es 0), the Be star no
longer exceeds its Roche-Lobe, the overflow halts and the®ae disc disappears.
The other scenario requires a precessing density wave iBalstar's circumstellar
disc. If the neutron star and disc precession period areas@toverflow occurs and
an accretion disc is formed. Once again, as the separattogases and the Roche-
Lobe is no longer exceeded, the disc fades. This repeatsafidr erbit until the
precession and orbital periods are no longer in phase. Teeradtional properties
of density waves are discussed in Section 1.4.4.
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A. Overflow Induced by Viscous Decretion
e=p Reqgular Type | Outbursts

(a) (b) (c) (d)

O O © -

B. Overflow Induced by a Density Wave
e=p Temporary Type | Outbursts

(a) (b) (c) (d)
@@ @ © Q@

Figure 1.7: Two possible scenarios for disc formation in BeXRBs, taken from
Okazaki and Negueruela (2001)

1.4.2 sgXRBs: Overview

The orbits of sgXRBs tend to have shorter periods than tho8=X¥RBs (tens of
days vs. hundreds of days, see section 1.5.5) and lower teicttgzs. This is no
coincidence as tidal interactions circularise the orbitdase binaries on astronom-
ically short timescales (North and Zahn, 2003). Consequetht compact objects
in sgXRBs are constantly embedded in the dense, approxumétem stellar wind
of the companion star. Accretion occurs via the Bondi—Heljgtleton mechanism
(Bondi and Hoyle 1944; Bondi 1952 for a recent review see E&@084), the mass
transfer of which can be approximated by:

M 4npG2M{q
V3

rel

(1.31)

whereG is the gravitational constant]ysis the mass of the neutron stay, is the
velocity of the neutron star relative to the circumstellaterial ando is the density
of the material.

The winds of these massive stars are driven by the radiatiesspre on the
atoms in the stellar atmosphere by photons with energieal équabsorption line
transitions (so called “Line driven” winds, Lucy and Solomt®70). In addition to
the strong stellar winds, a number of these stars have atmreospwhich extend out
passed their Roche-Lobe, allowing a substantial amountténal to be transferred
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via “atmospheric Roche-Lobe overflow”. The environments@XRBs make them
persistent sources of X-rays with luminositiés, 10°°-10°® ergs s'1.

1.4.2.1 sgB[e]-XRBs

Supergiant B[e]-XRBs (sgB[e]-XRBs) are a subset of sgXRE&h wgB[e] coun-
terparts. These are post main sequence stars charactbyissdwo component
stellar wind - a hot, fast polar wind and a slow, cool equaloxind. The equatorial
winds of these stars are cool and dense enough for dust tofbirai, in turn, leads
to the formation of a torus around the star (Zickgeafal, 1985, 1986; Zickgraf,
2006). A more in depth discussion of the optical propertieghese sources is in-
cluded in Section 1.4.4 and Chapter 3. These are rare systgmsmy two known
to date: Cl Camelopardalis/XTE J0421+560 (Cl Cam) and IGR J1-8848 (see
Courvoisieret al. 2003, Smithet al. 1998, Chapter 3).

The X-ray spectra of CI Cam and IGR J16318-4848 have extremglylbv-
els of absorption (1824 cm~2). This is consistent with the current model for
Cl Cam: that of a compact object (probably a neutron star) tomgitclose to the
stellar surface, well within the dusty torus. Both systermppear to have similar
quiescent X-ray luminosities (to within a factor of 3),10° erg s'1. However,
the distances to both CI Cam and IGR J16318-4848 are uncendiscaathis is not
secure. Furthermore, both sources have displayed apefitating” behaviour, al-
beit with very different peak luminosities. Two flares haeeh associated with IGR
J16318-4848, separated by9 yrs (1994 and 2003; Courvoisiet al. 2003; Mu-
rakamiet al. 2003) and with peak luminosities 10%%rg s (Filliatre and Chaty,
2004). Cl Cam had one giant outburst in 1998 which reached alpeakosity of
~3x10%8erg s'1 (e.g. Hyne®t al.2002). These systems are discussed in detail in
Chapter 3. A summary of their optical properties is include&ection 1.4.4.

1.4.3 X-ray Properties

The X-ray spectra of NS-HMXBs are characterised by intdally absorbed power
laws with photon indicesl’, in the range 0.6-1.4 (Habeet al., 2008a), accom-
panied by high energy cut-offs (Lutovinat al, 2005). A soft excess has been
reported in some of these sources with blackbody tempesitligg<0.5 keV (e.g.
Sturmet al. 2012b) and are attributed to the inner edge of an accretisen slir-
rounding the neutron star. Hickaet al. (2004) suggest that a soft excess is present
in most, if not all, BeXRB spectra but is not always detectad tb the high levels

of intrinsic absorption or low source flux. Recent obseagi with XMM-Newton
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Figure 1.8: X-ray spectrum of 4U 0115+63 taken from Heiradlal. (1999), along
with best fit model (solid line). This pulsar possesses as many as five BRSF
tures, the most ever seen in an HMXB.

has revealed that a handful of BeXRBs have blackbody commsmweth kTgg in
excess of 1 keV and a derived emitting reglRr. Rys Such a small radius indi-
cates emission from a hot spot on the neutron star, possdaty the magnetic polar
cap. These sources all have low level X-ray emisslgn~ 103435 ergs s1) and
long pulse periods (P100 s).

A number of HMXB spectra have Cyclotron Resonance Scattéraajures (re-
ferred to as CRSFs or cyclotron lines). First observed in Hdr Xrumperet al,,
1978), these appear as broad absorption lines in the speaind are currently the
only feature of HMXBs that allow for direct measurement o thagnetic field of
a neutron star. They arise from electrons close to the newar surface. Their
motion perpendicular to the magnetic field is quantised indaa orbits, corre-
sponding to the discrete energy levels of the electronstdPlsavith these energies
are absorbed and scattered isotropically. The cyclotros dinergiesEcyc can be
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obtained by substituting Equation 1.25 iffo= how:

FeB
Eoye= n% — 1157nBykeV (1.32)

Wherenis the line number (i.en = 1 is the fundamentah > 1 is thenth harmonic).
Emission lines are also occasionally present in the X-ragcsp of HMXBs
and are indicative of X-ray reprocessing by material outhef direct line of sight.
Furstet al. (2011) identify eight fluorescence lines in the spectrum &f &1-2,
the strongest of which is the FedKline due to the high fluorescence yield (0.34,
Bambyneket al. 1972) and abundance of iron. When the data are split into alever
time intervals, the equivalent width (EW) of the Ferks clearly correlated with the
absorbing column density, which confirms that the absorbimgjemitting medium
are in fact the same thing.Toréej et al. (2010) report narrow, time variable FeaK
lines in the 10 HMXBs in their survey. This could be due to thetion of the
neutron star (the source of the X-rays) relative to the diiagrfluorescing material.
In contrast the Fe-HK lines in LMXBs are generally broad as they originate from a
different region: the accretion disc. The rotation of thecdithe thermal motion of
the atoms and the temperature gradient all act to smear eurtfission line. The
ratio of elemental K& and KB (if observed) yields valuable information about the
elemental abundance of the fluorescing material.

An extreme example of an X-ray spectrum of an HMXB is showniguFe 1.8
along with the best fit model spectrum. The spectrum is fit aittabsorbed cutoff
powerlaw, a blackbody with temperatukelgg ~ 0.4 keV and multiple cyclotron
lines. This particular source (4U 0115+63, Heirtlal. 1999) has the highest num-
ber of CRSF features ever observed: the fundamental and &oordnics (=15,
see Equation 1.32). No FeeKline is apparent in the data.

The pulse periods of HMXB pulsars range between 1 and 100@westhan
the accretion powered pulsars in LMXBs. This is thought tdobeause, as these
systems are older, they have had prolong periods of acoretithe past which have
spun them up to millisecond periods. The HMXBs have compbéx s8p and spin
down histories, with short term variations as well as longtérends (see Bildsten
et al. 1997 for several examples).

The pulse profiles of HMXBs come in a variety of shapes, frampde sinusoidal
to triple peaked, asymmetric structures (e.g. Galashal. 2008). This can be
due to the accretion geometry with a sinusoid shape for ailjpjee@am and a more
complex double peak, flat top structure for a fan beam. Thealiluminosity for
a shock formation, derived by Basko and Sunyaev (1978)¢is> 10°” erg s1
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Figure 1.9: An example I-band lightcurve of a BeXRB (taken from Townsend

2012). The regular periodic decrease in magnitude (increase in fluk)imiged to

the periastron passage of the neutron star whilst the underlying apevaréition

is explained by changes in the size of the circumstellar disc
and as such sources have been seen to switch between atgesiinetries as their
luminosities changes (e.g. EXO 2030+375 Parptal. 1989; Sasaket al. 2010).
The pulse profile shape observed is also dependent on theatich of the system,
the angle between the magnetic and rotation axis and eradjye regions emitting
the X-rays become more compact (Lutovinov and Tsyganko®8R0

1.4.4 Optical Properties

Figure 1.9, taken from Townsend (2012), showslti@nd light curve of SXP7.78
and is an example of a typical BeXRB light curve. The optidght curves of
BeXRBs and sgXRBs are often complex with many differentqguid components.
Each of these components has with distinctive timescales@ation, superim-
posed on seemingly random fluctuations, linked to changinircumstellar disc
size. Birdet al. (2012) discuss the optical lightcurves of BeXRBs and theat&in
of orbital periods in detail and identify three periodic qooments:

¢ Radial and non radial pulsations with variations on timéscaf 0.1-2.0 days.

e Disturbances in the circumstellar disc caused by the pesiapassage of the
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neutron star. These correctly identify the binary period eange from tens
to hundreds of days.

e “Superorbital” periods from warped and/or precessinguinstellar discs with
timescales from hundreds to thousands of days.

For an in depth discussion of the superorbital periods inBBX see Rajoelimanana
etal.(2011).

The optical spectra of HMXBs are very similar to those oféded Be and super-
giant stars. The spectra are dominated by the Doppler bneaddydrogen Balmer
series (due to the rotation of the star) and exhibit the mdhiselium and metal lines
typical of hot OB stars, such as HeSilv and Mg1 (Walborn and Fitzpatrick, 1990;
Lennon, 1997; Evanet al, 2004). The circumstellar environment gives rise to the
Balmer emission lines of hydrogen, most notably ,Hs ionised hydrogen recom-
bines in the disc. A strong infrared (IR) excess is also daased with the disc due to
free-free emission - i.e. emission from the acceleratiofned electrons as they are
deflected by the ionised hydrogen in the disc. A strong cati@h exists between
these two features, supporting the hypothesis of a commigmor

The Ha profiles of several binary and isolated Be stars have shomavariable,
asymmetric double peaks. This is quantified by the ratio efstinengths of the two
peaks and is referred to ¥9R (McLaughlin, 1961) variability, wher¥ is the peak
towards the violet end of the spectrum aRdhe peak towards the red end./R
variability has timescales of years to decades - much lothger the orbital periods
of these systems. The double peak can be explained by bluedstifted sides of
the disc and requires the system to be inclined to the linegbit. sThe asymmetry
requires the disc density to be non-uniform. Okazaki (19@hd subsequently
Okazaki 1996; Papaloizoet al. 1992) successfully describe this behaviour with a
one armed density wave in the disc, a model first suggestedaby @ 983). These
are termed global one-armed oscillations. Figure 1.10 sttbeV /R behaviour of
LS 1 +61° 235, monitored by Reigt al. (2000) over the course e$5 years. They
derive aV/Rquasi-period of- 1240+ 30 days.

The emission lines in the supergiant systems often exhilityBni profiles.
These are the result of a blue shifted absorption featurginating in the strong
stellar wind directly in the line of sight, superimposed ba emission feature, seen
at the expected wavelength (e.g. Baktral. 2010). There are too few confirmed
sgB[e]-XRBs to reach a concensus on the “typical” opticactum of these sys-
tems. However, these sources appear to be unaffected byabenge of a binary
counterpart (Hynest al, 2002). The two component winds of isolated sgB[e] stars
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Figure 1.10: V/R variability observed in the Hl line profile of LS1 +61° 235.
Taken from Reiget al. (2000)

lead to complex optical spectra, rich in emission lines.rBadrrow, low excitation
metal lines and broad, high excitation species are presegtnating in the equa-
torial and polar winds respectively (see Section 1.4.Zbybidden emission lines
of heavier elements such as iron, sulphur, oxygen and m@tr@gso feature promi-
nently in the spectra and again originate in the disc. Forlladfscussion of the
optical properties of sgB[e] stars, see Zickgeahl. (1985); Zickgraf (2003, 2006).

1.5 HMXBs as a Population

1.5.1 XRB Environments and the Magellanic Clouds

The lifetimes of XRBs are predominantly determined by ttietiine of the sec-
ondary star. As this is strongly dependent on the stellasr(see Section 1.1) there
Is a large disparity in the lifetimes of LMXBs and HMXBs and evk they are lo-
cated in our Galaxy. HMXBs are short lived (L0° — 10 yr) and are found in star
forming regions and younger stellar populations. In castiraMXBs are found
in older stellar populations such as globular clusters aak Hifetimes of order
(10° — 1@ yr). The short lifetimes of HMXBs make them strong tracerseafent
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Figure 1.11: Hi observations of the Magellanic Clouds. The LMC is shown in
red, the SMC in green. Figure taken and modified from Diaz and BekRil(R0

star formation episodes in a galaxy. One galaxy with an agparver abundance
of HMXBs is the Small Magellanic Cloud.

The Large and Small Magellanic Clouds (LMC and SMC respelgliae satel-
lite galaxies of the Milky Way (MW), located at a distance~o%60 kpc. The two
galaxies have been heavily disrupted due to past interectiith each other and the
MW. When viewed at radio wavelengths (see Fig. 1.11), the SMOLMC appear
to be embedded in an extended neutral hydrogen cloud, ctathbyg the Magel-
lanic Bridge (Irwinet al, 1990) and trailed by the Magellanic Stream (Mathewson
et al, 1974). More recently another region of neutral hydrogesntheen identified:
the leading arm (Putmaat al,, 1998). The leading arm is predicted by tidal models
(e.g. Gardiner and Noguchi 1996) and its detection estaddisidal interactions as
the agent of disruption in the Magellanic Clouds.

As the less massive of the Magellanic Clouds, the SMC has iexped greater
disruption due to these tidal interactions. Figure 1.12xshthe force experienced
by the SMC due to these interactions, modelled by Diaz an&kiB@k11). Har-
ris and Zaritsky (2004; 2009) report that the SMC and LMC hbdrsts” of star
formation at 2.5 and 0.4 Gyr ago (with the SMC experiencingdditional burst
at 0.06 Gyr), approximately coincident with minima in the GNMMC separation.
This suggests that the episodes of star formation were edlby these tidal inter-
actions, giving rise to the present number of HMXBs in the SMC.
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Figure 1.12: Figure taken from Diaz and Bekki (2011). Top panel shows the
Separations between the LMC, SMC and MW over the last 3 Gyr. Bottonl pane
shows the tidal for experienced by the SMC exerted by the MW and LMC.

1.5.2 ThelLx-Star Formation Rate Relation

Grimmet al.(2003) have quantified the relationship between the stardtion rate
(SFR) and the number of sources with X-ray luminosities icess of 182 ergs st
in a galaxy.
(L>2x10%ergs™)
2.9

However BeXRBs do not reach these luminosities. One of theams for choosing
such a high threshold luminosity was to avoid contaminafrom any LMXBs
present in any of the galaxies studied (which have been shogcuale linearly with
the mass of the host galaxy, Gilfanov 2004).

The left panel of Figure 1.13, taken from Gringhal. (2003), shows the X-ray
luminosity functions of several galaxies, including the SM he right panel shows
the same functions normalised to the SFR of the Antennaayaldhilst the rela-

SFR (M, yr 1) = N

(1.33)

tionship is evident, the individual luminosity functionsedsnapshots” of a galaxy
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Figure 1.13: The normalised (right) and unnormalised (left) luminosity functions
of compact X-ray sources in nearby galaxies. The luminosity functionsdn th
normalised panel have been scaled to that of Antennae. Figure takeGiionm

et al. (2003)

and may not be representative of the underlying populatlwough the authors note
that by using the luminosity functions of several galaxtesjr conclusions should
be unaffected by this). Thus predicting the number of HMXBs igalaxy cannot
be done with great accuracy.

A general formula for the number HMXBs given by equation (f7/isomm et al.
(2003)
N(>L) = 5.4 SFRL3 1 — 2107961 (1.34)

This predicts~ 1 HMXB with a luminosity in excess of ¥ 10°8 erg s'1 in the
SMC, which agrees with observations: Only the sgXRB SMC Xdnsistently
reaches these luminosities (Inanhal, 2010). If we assume that the relationship
remains valid down to X-ray luminosities of’510% ergs s (the typical lumi-
nosity of the lower Type | outbursts seen in the SMC, Haleérl. 2008b) then
equation 1.34 predicts 20 HMXBs withx > 5 x 10°° ergs s (adopting the same
value for the SFR as Grimeet al. 2003, 0.15 M, yr—1, taken from Yokogawat al.
2000; Harris and Zaritsky 2004). Using the same SFR and ayMurainosity of
1x 1034 ergs s (the quiescent level of BeXRBs, Laycoek al. 2010) predicts
223 HMXBs. Neither of these values accurately reflects thexiB\population in
the SMC: there are currently60 known HMXBs in the SMC (Liwet al,, 2005),
of which ~55 are X-ray pulsars). In contrast, the HMXB population ¢f ttMC
is similar to that of the MW. There are currently 36 known HMXB the LMC,
including ~ 13 pulsars and several supergiant systems and black holidedes.
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Figure 1.14: Hi image of the SMC (taken from Stanimirovét al. 1999) with
location of HMXBs with known positions marked. The circle marks SMC X-1,
the only known sgXRB in the SMC.

A recentINTEGRALmMonitoring campaign of the SMC and 47 Tuc by McBride
et al. (2010) identified two BeXRBs in the Magellanic Bridge andpweed a fur-
ther three HMXB candidates. Along with the previously kno®aXRB in the
Magellanic Bridge (RX J0209.6-7427, Kahabka and Hilker20®his increases
the potential Magellanic Bridge HMXB population to six soes.

The stellar winds of massive stars are known to be line drfger Section 1.4.2)
and so a lower metallicity will lead to less mass being lostrfthe compact object
progenitor. This in turn is expected to affect the numberystams that survive the
initial supernova explosion and go on to form HMXBs. Dray@@)use simulations
to demonstrate that this is indeed the case but are unal@eltoate the number and
period distribution of the SMC HMXBs with a low metallicityneironment alone.
A possible reason for this discrepancy could be the actoygtes of BeXRBs.

Figure 1.14 shows aniHmage of the SMC along with the locations of the 55
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Figure 1.15: The spectral distribution of isolated Be stars (broken line) and
BeXRB counterparts (solid line) in the Milky Way. Taken from McBrideal.
(2008)

pulsars with known positions. The SMC is divided into twotsats, the “Wing”

and the “Bar”. Most of the pulsars are located in the Bar of3IMC, whilst SMC

X-1 is located in the sparsely populated Wing. Whilst this rbaypartly due to a
selection effect (as most surveys have concentrated onahefBhe SMC, Galache

et al. 2008), McGowaret al. (2008) and Laycoclet al. (2010) have imaged the
Wing of the SMC withthe Chandra X-ray Observatodown to a limiting luminos-

ity ~ 10%2-33 erg 571 and not discovered a large population. Thus we can conclude
that the apparent difference in the SMC Wing and Bar HMXB pation is gen-
uine. Antoniouet al. (2010) argue that this could be due to the donor stars, as the
Be phenomenon peaks at agd0 Myr (McSwain and Gies, 2005). This means
that a HMXB population with main sequence companierd0 Myr old will have

the largest ratio of Be/B stars. HMXBs with main sequence gamons older or
younger than this are less likely to display the Be phenomenvtach is necessary
for the production of X-rays.

1.5.3 Spectral distribution of BeXRBs

The Be phenomenon is difficult to quantify due to its transieature. Zorec and
Briot (1997) find that the frequency of Be stars among Gatdtstars is a function
of spectral type, peaking at 34% for B1 stars and falling tof6#B9 stars. How-

ever, the actual number of Be stars peaks at later specpastyFigure 1.15,taken
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Figure 1.16: The number of Be stars in the Galaxy as a function of spectral type.
(Edited from Zorec and Briot 1997)

from McBrideet al.(2008), shows the spectral distribution of isolated Besstathe
Galaxy along with the spectral distribution of the opticalinterparts in BeXRB.
The isolated Be star data are taken from the work of Slett¢b882) which has a
limiting V-band magnitude of 6.0 mag. McBrideet al. (2008) note that this mag-
nitude will favour the detection of early type Be stars andrsodistribution of the
isolated Be stars may not be complete at the later specpastyFigure 1.16, edited
from Zorec and Briot (1997), shows the number of observedtBes ss a function
of spectral type for all luminosity classes. McBrigé al. (2008) expand on the
work of Negueruela (1998) who use a Kolmogorov-Smirnov (K&} to confirm
that the spectral distribution of the optical counterpartBeXRBs is significantly
different to that of isolated Be stars.

One would naively assume that, as the earlier type stars are massive than
the later typesNlgoy = 17.5Mg, Mggy = 3.8M, Cox 2000), the binaries with
counterparts later than B3 do not survive the supernova.ddew Portegies Zwart
(1995) demonstrated that the kick velocity imparted to ffstesm by the supernova
has very little effect on the spectral distribution of BeXRBunterparts. It is the
angular momentum lost from the system which has the mospirmeced effect on
the mass distribution of secondaries, with a large loss p#moass truncating the
mass distribution at-8 M, or B2V spectral class.
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Figure 1.17: The spectral distribution BeXRB counterparts in the Galaxy (solid
line) and the SMC (broken line). Taken from McBrideal. (2008)

Maederet al. (1999) show that the number ratio of Be to B stars in the spec-
tral range O9-B3 appears to be higher in the LMC and SMC (028 @39 re-
spectively, compared with 0.11 and 0.19 for the interior artkrior of the MW).
McBride et al. (2008) use the same statistical test as Negueruela (1988pipare
the spectral distribution of the Galactic BeXRBs with thatlee SMC, shown in
Figure 1.17. Despite the very different environments, ti&t&st suggests that the
two spectral distributions of optical counterparts arendrdrom the same parent
population. This, along with the results of Dray (2006), gest that although the
number of HMXBs may be effected by the metallicity, the spadistribution of
the counterparts is not.

1.5.4 The Hx — P, Relation

The Ha emission of Be stars is linearly correlated with the effextsurface area
of the disc (e.g. Tycneet al. 2005). For many years it was thought that the cir-
cumstellar envelope of the Be star in BeXRBs was unaffecyeth® neutron star,
however this was challenged by Reagal. (1997) who reported a relationship be-
tween the orbital period of the BeXRP4p) and the Hr equivalent width (EW).
Figure 1.18 shows the most recent version ofgg-EW(Ha) diagram, taken from
Reig (2011). A detailed comparison of thexHemission of BeXRBs compared
to that of isolated Be stars showed that the emission lin&eXRBs are consis-
tently weaker (i.e. have smaller EWs, Zamamal. 2001). Both of these effects
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Figure 1.18: Diagram ofP,,-EW(Ha taken from Reig (2011). Solid line is best
linear fit to the data, broken line represents a power-law fit with exporefiBn

are attributed to the presence of the neutron star whictcat@s the circumstellar
disc. The truncation radius depends on the orbital parasietéhe system and the
viscosity. Qualitatively, BeXRBs with longer orbital peds (i.e. larger semi ma-
jor axes) have larger truncation radii. BeXRBs with loweceatricities also have
larger truncation radii. For a rigorous description of tittancation in BeXRBs,
see Negueruela and Okazaki (2001) and Okazaki and NegadRa@£1).

1.5.5 ThePspin— Porp Relation

The different HMXBs occupy different areas on tRgn— Porp diagram, shown in
Figure 1.19. Corbet (1984, 1985, 1986) first identified a reheship betweetyy
andPspin values of BeXRBs. The spin period observed is assumed tcebeoillib-
rium period mentioned in Section 1.2, at which= r¢,. Equations 1.19 and 1.16
show the relationship betweeg, andPspin andra andp respectively. The density
Is linked to the separation of the system, which in turn i&dith to P,,p. Corbet
(1985) showed that it is in fact the separation of the bodigedastron rather than
the semi-major axis, which adds an eccentricity depende@tservationally, the
relationship is quantified bigspin [ Pozrb. The values oPspin observed are generally
greater than that implied by Equation 1.21, suggesting ttiee is a wide range
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Figure 1.19: ThePspin— Porp diagram, better known as the “Corbet” diagram. Plot
includes systems from the SMC, LMC and MW. Taken from Cogietl. (2006)

of values forRys, Mns andB. Corbet (1986) mention that there appears to be an
anti-correlation in thePy, and Pspin values of the Roche-Lobe overflow sgXRBs,
however they note that it is difficult to draw any conclusievigh only 3 sources.
More recently Kniggeet al. (2011) demonstrated that the BeXRB pulsars in the
SMC can be split into two sub populations based on their ppgseds. This is a
statistically significant result with a KMM test giving a fability that the sources
were drawn from a single Gaussian ok7.0-° for the combined SMC, LMC and
MW samples (Ashmaet al. 1994, see Fig. 1.20). They go on to state that the
result is still significant even when only the spectroscalpycconfirmed BeXRBs
are considered. The authors interpret this bi-modalityvedeace for two formation
channels for BeXRBs. This will be discussed in more detaihamChapter 5.

1.5.6 TheP— PL? Relation

Ghosh and Lamb (1979) consider the contribution of varidresses to the torque
that acts on a neutron star accreting from a Keplerian dibey Terive a relation-
ship between the spin up of the neutron staP, and the quantitP 347, where
P is the spin period of the neutron star (referred toPas, thus far). Whilst this
relationship is far from simple, it does imply that, when tgal logarithmically,
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Figure 1.20: The double Gaussian decomposition of libgR in values of Galac-
tic, SMC and LMC BeXRBs, as suggested by the KMM algorithm implemented
by Kniggeet al. (2011). Figure modified from Knigget al. (2011)
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Figure 1.21: An updatediogio(—P) — Ioglo(PL%) diagram (whereP = Pspipn).
The triangles represent the sgXRBs, squares the BeXRBs. Blue syarkedisr
the Galactic sources, red the SMC and Green the LMC.
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there should be a rough correlation in these two values. réigu2l shows the
—P-P 3/77 plot with the original data set used by Ghosh and Lamb (19it8jga
with any SMC and LMC BeXRBs with kHOWHP, Lx andPspin (taken from Coe
et al. 2010 and Kluset al. 2013). Theoretical curves for given valuesef and

Mns are overplotted and highlight the importance of this wotkattfundamental

properties of the pulsars can be inferred from observatio@asurements.

1.6 Thesis Overview

In this Chapter | have discussed the optical, infra red andyproperties of XRBs,
with particular emphasis on the HMXB systems. | have outlihew these systems
are formed and discussed the nature of the compact objedhardbnor star both
individually and as a system. | have introduced the relesantetion and emission
mechanisms referred to throughout this thesis. Progresmdarstanding HMXBs
can come from studies of individual sources, or of largendefined populations
of sources In the latter case, the Magellanic clouds are key targetseasprovide
populations at known distances and with (fairly) well-kmovormation histories.
In the first half of this thesis, | discuss individual sourc€hapter 2 discusses the
result of anXMM-Newtontarget of opportunity observation of a newly discovered
BeXRB in the LMC as well as the optical follow up from the ongi detection.
In Chapter 3 | present X-ray observations of XTE J0421+560/Gh€lapardalis, a
Galactic sgXRB. In both of these Chapters | use simultanemisag and spectral
analysis to constrain the system geometry. Chapter 4 desdtie work being done
to expand the number of known HMXBs by observing the Phoewartigalaxy, a
Local Group dwarf irregular galaxy which shares many sintikes with the SMC.
In Chapter 5 | discuss why the BeXRB population of the SMC ialfle population
studies and outline the work done to search for evidencenfordifferent neutron
star formation channels.






"Ford!” he said, "there’s an infinite number of monkeys
outside who want to talk to us about this script for Ham-
let they've worked out.”

THE HITCHHIKER'S GUIDE TO THE GALAXY (1979)

XMM-Newtonobservation of the highly
magnetised accreting pulsar
Swift J045106.8-694803: Evidence of a
hot thermal excess

In this Chapter | present recent X-ray and optical obsermataf Swift J045106.8-
694803, a newly discovered HMXB in the LMC. | classify the opticounterpart
of Swift J045106.8-694803 as a BO-1llI-V star, confirminga#& a BeXRB. | de-
termine the spin period to be 16&8.2 s as of MJD = 56125.0. The spectral
analysis reveals for the first time the presence of a blackbeith temperature
kTes = 1.8794 keV and radiusRgg = 0.5+ 0.2 km. The pulsed fraction decreases
with increasing energy and the ratio between the hai2iKeV) and soft £2 keV)
lightcurves is anticorrelated with the pulse profile. Siatidns of the spectrum sug-
gest that this is caused by the pulsations of the blackbouhgbe 7 out of phase
with those of the power law component. Using a simple modeéfoission from
hot spots on the neutron star surface, my collaborator, DMMHo, fit the pulse

profile of the blackbody component and constrain the angievdmn the rotation

33
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and magnetic axes and the angle between the rotation axis and line-of-sgtat
be (a,) ~ (53°,70°) or (70°,53) for M = 1.4AM;, andR = 12 km. The optical
spectroscopy presented here was included in kEtud. (2013).

2.1 Introduction

The number of known HMXBs (and by extension BeXRBs) has meed dramat-
ically since the launch of satellites such ROSATand RXTE particularly in the
Magellanic Clouds (see Chapter 1). Given the large sampledfipbjects now
available, we are able to study the properties of these tshgeta statistically sig-
nificant scale. Many authors have reported the presenceaft axcess in spectra
of some BeXRBs, with blackbody temperatuielgg<0.5 keV (e.g. Sturnet al.
2012Db) attributed to the inner edge of an accretion dis@smaing the neutron star.
Hickox et al. (2004) suggest that a soft excess is present in most, if h@&XRB
spectra but is not always detected due to the high levelstohgic absorption or
low source flux.

Recent observations witkMM-Newtorhave revealed that a handful of BeXRBs
have blackbody components wikiigg in excess of 1 keV and a derived emitting
region R < Rys (see Table 2.1). Such a small radius indicates emission &om
hot spot on the neutron star, possibly from the magneticrpz@p. These sources
all have low level X-ray emissiorLg ~ 103435 erg s'1) and long pulse periods
(P>100 s).

Here | report on X-ray and optical observations of anothessgme member
of this group of BeXRBs: Swift J045106.8-694803. This seuw@s detected in
the LMC by theSwiftBAT hard X-ray survey (Beardmoret al, 2009) and was
followed by a 15.5 ks observation with tt@wift XRT instrument. This confirmed
the position of the source and revealed a periodic signd@asl From the accretion
model of Ghosh and Lamb (1979), Klesal. (2013) derived a magnetic fieBl~
1.2 x 104 G from the spin-up rate, indicating that Swift J045106.8:898 is a
highly magnetised accreting pulsar (i.e., neutron stah Bif> Bgit; see equation
1.27).



Table 2.1: Summary of sources witkiTzgg>1.0 keV.Rgg is the radius of the emitting region implied by andkTgg. D is the assumed distance
to the source in kpc. All errors are 90% confidence level.

Source Period kT Lx Reg D Energy Range Reference
s keV ergs?! m kpc keV
RX J0146.9+6121 1396+0.3 111739 ~1.5x 10% 14039 25 0.3-10.0  La Palombara and Mereghetti (2006)
X Persei 8393+0.3 1354+0.03 ~1.4x10% 361+3 1 0.3-10.0 La Palombara and Mereghetti (2007)
~ 837 145+0.02 ~4.2x 103 130 0.95 3.0-10.0 Coburret al. (2001)
RX J1037.5-5647 858+0.2 126035 ~12x10% 130729 5 0.2-10.0  La Palombagt al.(2009)
RX J0440.9+4431 2086+0.02 134:+0.04 ~ 8 x 10% 270+ 20 3.3 0.3-12.0  La Palombaeaal.(2012)
SXP 1062 ~ 1062 154+0.16  63'25x10%® 900330 6 0.2-12.0  Hnault-Bruneet al.(2012)
4U 2206+54 559310  163+0.03 ~3x 10%® 370+ 40 2.6 0.2-12.0  Reigtal.(2012)

Swift J045106.8-694803

0.2
168402 1892

(9.840.9) x 10®

500£200 506+2.1 0.2-10.0

this work
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2.2 Observations and Data Reduction

2.2.1 Optical

Optical spectra of Swift J045106.8-694803 have been takethiee separate oc-
casions. Blue and Red end spectra were taken with the ES®@®hject Spectro-
graph (EFOSC2) mounted at the Nasmyth B focus of the 3.6m Nehri@ogy
Telescope (NTT), La Silla, Chile on the nights of 2011 Decen&and 10 respec-
tively. The EFOSC2 detector (CCD#40) is a Loral/Lesser, ThilhrfeR coated,
UV flooded, multi-pinned phase chip with 2042048 pixels corresponding to 4.1
arcminx4.1 arcmin on the sky. The instrument was in longslit modénaitslit
width of 1.5 arcsec. Grism 14 has a wavelength rangﬁ/b$095—5085& and a
grating of 600 lines mm' and a dispersion of & pixel~X. Grism 20 is one of
the two new Volume-Phase Holographic grisms recently ado&tFOSC2. It has
a smaller wavelength range, from 6047-7¥out a superior dispersion of 0.55
A pixel~* and 1070 lines pixel'. Filter OG530 was used to block second order
effects. The resulting spectra have spectral resolutiod® A and ~ 6 A respec-
tively. Red end spectra were also taken with the 1.9m Rdaedkiescope at the
South African Astronomical Observatory (SAAO) on 2009 Daber 12 and 2011
September 26. The data were obtained using the unit spegpiogombined with
a 1200 lines mm! grating and the SITe detector at the Cassegrain focus. The re-
sulting spectra have a spectral resolution-a3 A

The data were reduced using the standard packages availabke Image Re-
duction and Analysis FacilitylRAF). Comparison copper neon spectra (SAAO)
and helium argon spectra (ESO) were taken throughout theraibg runs with the
same instrument configuration and used for wavelength redildm. The spectra
were normalised to remove the continuum and a redshift cbore applied corre-
sponding to a recession velocity of -280 kmtgPaturelet al., 2002).

2.2.2 X-ray

A ~7 ksXMM-Newtortarget of opportunity (ToO) observation was performed dur-
ing satellite revolution #2308 on July 17, 2012. Data frora BEuropean Photon
Imaging Cameras (EPIC) were processed usingiié-NewtorScience Analysis
System v11.0 (SAS) along with software packages from FTO@4.$2. Table 2.2
summarises the details of the EPIC observations.

The MOS (Turneet al,, 2001) and pn (Sirderet al,, 2001) observational data
files were processed widmproc andepproc respectively. The data were screened



2.2 Observations and Data Reduction 37

Table 2.2: XMM-NewtonEPIC observations of Swift J045106.8-694803 on 2012
July 17

Camera  Filter Read out Observation Exp.
Mode Date (MJD) Start(UT) End(UT) (ks)
MOS1/2 Med‘lum Full Frame 56125.0 00:39 03:03 8.6
pn Medium Full Frame 01:01 02:59 7.0

for periods of high background flaring activity by examinitige count rate of the
high energy £10 keV) single pixel pattern (PATTERN=0) events. The filesave
examined by eye to confirm that the source does not contrgigteficantly to this
energy range. Flares in these events are indicative of sofop flaring events
caused by magnetic reconnection. The pn and MOS count rass lvelow the
recommended filtering threshold for the duration of the olegon and so no filter
was applied.

The final cleaned pn image included “single” and “double” TPERN<4) pixel
event patterns in the 0.2—10.0 keV energy range. “Singl&juadruple " (PATTERNC12)
pixel events were selected for the cleaned MOS images indime £nergy range.
These pixel patterns are isolated and compact with the piitkithe highest charge
at the centre, as such they are considered good X-ray eventgyénuine X-rays
rather than cosmic rays) and are fully calibrated. Largetepas are thought to be
due to cosmic rays. The default quality flags #XMMBEM (for the MOS) and
#XMMEA _EP (for the pn) were employed. Photon arrival times were eded to
barycentric dynamical time, centred at the solar systemdeguter, using the SAS
taskbarycen.

Images, background maps and exposure maps were creatdtidetextors in
the 0.2-10.0 keV energy range. A box sliding detection wafopaed simulta-
neously on all 3 images twice (the first with a locally estiethbackground the
second using the background map) with the tesidetect, followed by the max-
imum likelihood fitting using the taskmldetect. This process resulted in a list of
sources including their positions, errors and backgrowndracted counts. A much
more in depth account of the steps involved in the detectf@oorces is given in
Section 4.2.1.

Source counts were extracted from a circular region withusaé1l1 arcsec, as
recommended by the SAS tasiegionanalyse which calculates the optimal radius
for the source extraction by maximising the signal to noiBackground counts
were extracted from a region of identical size offset from slource, with a similar
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“RAWY” co-ordinate (i.e. is a similar distance to the readowide as the source
region, as recommended by the “EPIC status of calibrati@hdata analysis” doc-
ument). The is because the detector background variation on bettMiOS and
pn charge coupled devices (CCDs) is larger in this directionnudar background
regions around the source were not used to avoid any “otitre* events (events
registered during the readout of a CCD that are assigned toereot RAWY val-
ues). The background subtraction was performed usinggdhgcorr task which
also corrects for bad pixels, vignetting and quantum eficye

Source and background spectra were extracted from the ssgioms described
above. Again, “single” and “double” pixel events (PATTERK) were accepted
for the pn detector with all bad pixels and columns disregdrFLAG=0). For the
MOS spectra, “single” to “quadruple "(PATTERNL2) pixel events were selected
with quality flag #XMMEA_EM. The area of source and background regions were
calculated using théackscal task. Response matrix files were created for each
source using the tasiknfgen andarfgen.

2.3 Analysis and Results

2.3.1 Spectral Classification

OB stars in the Milky Way are classified using certain metal helium line ratios
(Walborn and Fitzpatrick, 1990) based on the Morgan-Kedhd&, Morgan et al.
1943) system. However, this is unsuitable in lower meti@ienvironments as the
metal lines are either much weaker or not present. As suehgptical spectrum
of Swift J045106.8-694803 was classified using the methedldped by Lennon
(1997) for B-type stars in the SMC and implemented for the SMAIC and Galaxy
by Evanset al. (2004, 2006).

Figure 2.1 shows the unsmoothed optical spectrum of Sw4f5106.8-694803.
The spectrum is dominated by the hydrogen Balmer series aumitat helium lines.
There does appear to be evidence for thel Hel200A line, but it is difficult to
distinguish above the noise level along with thaiHeA 4541 46864 lines. The He
24143 line is clearly stronger than the HeA 42004 line constraining the optical
counterpart of Swift J045106.8-694803 to be later than @peThere also appears
to be evidence for the 8i AA40884116A lines necessary for a B1 classification.
This is supported by the relative strengths of theiS14553 and Mg 244814
suggesting a classification of B2 or earlier.

Lhttp://xmm2.esac.esa.int/docs/documents/CAL-TN-00di8
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The luminosity class of the companion star was determineithéyatios of 8/
A4088/He AA4026— 4121A, Siv A4116/He A4121 and He A4686/He A4713.
The first two ratios strengthen with decreasing luminodi&gs (i.e. with increasing
luminosity) whereas the latter ratio decreases with irgirgaluminosity. The rela-
tive strengths of these lines are contradictory: Thet 1d686/He A4713 and &/
A4116/He A4121 suggest a luminosity class lll, although the proxiroitthe rota-
tionally broadened B A 41024 to the Siv lines makes this more complex. The/S
A4088/He A4026 ratio is more consistent with a star of luminosity clésshe V
band magnitude of this star is reported by several sourcbstasen 14.6 and 14.7
(e.g. Massey 2002; Zaritslat al. 2004). A distance to the LMC of 5042.1 kpc
along with anmy of 14.65+0.05 and an extinctiory=0.45+0.5 (calculated using
the column density towards the sourc&4®B+ 1.03 x 10°° cm~2 and the results of
Giiver andOzel 2009) would correspond to &t of -4.2+0.1. This is consistent
with BO.511l (Wegner, 2006). Less information is availalide the absolute magni-
tude of emission line stars, which will be dependent on tleéniation and size of
the disc. As such | classify the optical counterpart of SWi#5106.8-694803 as a
BO-1 Ill-V star.

Figure 2.2 shows the three red end spectra of Swift JO4516@84803 taken two
years apart. The ESO (top) spectrum is offset by 6 flux unitee Fa equivalent
width, considered an indicator for circumstellar disk simeremarkably similar in
all three spectra increasing from -22 A for the SAAO spectrum taken in 2009 to
-33+1 A and -34.5:0.6 A for the SAAO and ESO spectra taken in 2011. It is not
uncommon to see large variations in the ldquivalent width of these systems on
timescales of months. This apparent consistency in thevalguit width (and hence
the disk size) is almost certainly linked to the X-ray adtivof the source - which
has also been remarkably consistent since its detection.

2.3.2 X-rays
2.3.2.1 Position

The simultaneous source detection performed on the thré€ E&meras deter-
mined the position of Swift J045106.8-694803 as RA(J2008)51™06.7°
Dec(J2000)=69°48'04.2". The 1o systematic uncertainty was assumed to be 1
arcsec in accordance with the findings of KeIM-NewtonSerendipitous Source
catalogue (Watsoet al., 2009). This is an order of magnitude larger than the statis-
tical error derived in the source detection, and as sucheigltminant error on the
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Figure 2.2: ESO and SAAO spectra of Swift J045106.8-694803 in the wavelength
range)\/\6400—670(5\ taken on 2011-12-10, 2011-09-26 and 2009-12-12 respec-
tively. Spectra have been normalized to remove the continuum and shifted by
-280 km st

position. This position is consistent with tBevift positions reported by Beardmore
et al. (2009) and Kluset al. (2013) confirming that these three detections are the
same source. Figure 2.3 show¥d&and image with the location of tHewiftand
XMM-Newtonpositions with radii equal to thedlLerrors.

2.3.2.2 Timing Analysis

Figure 2.4 shows the light curve of Swift J045106.8-694808e bottom panel
shows the Lomb-Scargle periodogram of the 20 s bin lighteulssine wave with
the detected period was fit to the 20 s bin light curve and islaiekfor clarity. A pe-
riod at 168.8 s with a power of 46.1 was detected, rising t@ 8hen the bin size of
the light curve is reduced to 0.1 s. Monte Carlo simulatiortwoth red and white
noise light curves were performed to determine the sigmfieaof this detection.
A bin time of 20 s was also employed for the simulations to oedthe process-
ing time. One million white noise light curves were genedaby “scrambling” the
original light curve (i.e. reassigning the flux values tde&iént time stamps) using
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Swift J045106.8-694803.
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a random number generator. This method makes no assumpibon e underly-

ing distribution of the light curve. Lomb-Scargle analysias performed on each
of these light curves and the highest power recorded. Norleeoi, 000,000 light

curves generated produced a peak in the periodogram gteated7.0. This sug-
gests that the period discovered in the light curve has afgignce>99.9999% or

4.90.

One million light curves were generated with a power law slop-2.0 and the
same statistical properties (mean, standard deviatiorbantime) as the EPIC-pn
light curve, using the method of Timmer and Koenig (1$99he light curves were
initially simulated with a duration ten times longer thaatlof the actual data and
were then cut down to the observed duration to minimise tfecebf red noise
leakage. Gaussian noise was added to each point of this gletxclirve by drawing
arandom deviate from a Gaussian distribution with mean anidnce equal to each
data point following the method detailed by Uttleyal. (2003). Any bins with a
negative count rate were set to zero. Lomb-Scargle analasgerformed on each
of the simulated time series. Unlike the white noise simaiet, the significance of
a peak depends on the frequency. The broken line in Fig 2wstte 99.9999%
significance contour. Both the white and red noise simutatimdicate that this
period is significant.

The error in the period was estimated by varying the origiigdit curve within
the errors on each data point, using a Gaussian random nugeherator, 10,000
times. As with the simulations to determine the significapidthe detection, Lomb-
Scargle analysis was performed on each of these light cur¥esspeed up the
processing time of the simulation, the light curve was ordgrshed for periods
between 50 s and 2000 s. The resulting histogram is well fit Baassian with
mean 168.5 s and a standard deviation of 0.16 s. As such hdetthe period of
Swift J045106.8-694803 to be 168:8.2 as of MJD = 56125.0.

Light curves were generated for four energy ranges, 0.Zé\) 1.0-2.0 keV,
2.0-4.5 keV and 4.5-10.0 keV with approximately equal cowatées (0.12, 0.18,
0.17 and 0.13 counts~$ respectively). Figure 2.5 shows the pulse profiles for each
of these light curves and the entire 0.2-10.0 keV light cueaeh normalised to the
average count rate in the energy range. The zero phase paghetermined from
the phase shift found from the sine wave fit to the 0.2-10.0 kgkt curve (see
above). Lomb-Scargle analysis was performed on each oighedurves.

The strongest detection of the period in a single band isaritB-2.0 keV energy

2rndpwrlc.pro
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Figure 2.5: Left panels show the background subtracted pulse profiles from the
EPIC-pn detector, folded on the 168.5 s period detected. Right parmistbk
Lomb-Scargle periodogram in the same energy range.

range, with a Lomb-Scargle power of 56.7. This does not apfmehe an issue
relating to photon counting statistics, as the period ilyadetected in the 2.0-
4.5 keV energy range (Lomb-Scargle power of 15.2) which mealaost identical

average count rate. The strongest period identified in e @.0 keV energy range
was at 11.3 s with a Lomb-Scargle power of 7.8, this is likelipé noise rather than
the detection of a second period.

| investigated whether the fall off in the detection stréngbuld be due to a
change in the shape of the pulse profile, as Lomb-Scarglgsiad more sensitive
to sinusoidal variations. | checked for periods using thechpfolding methods of
Leahy (1987). The lightcurve is folded on each trial period ¢éested to see if it is
consistent with a constant count rate witlyatest. This reinforces the results from
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Table 2.3: Summary of timing results

Energy Lomb-Scargle Pulsed Fraction
Range (keV) Power P=168.5s P=84.3s
0.2-10.0 82.7 0.480.03 -
0.2-1.0 36.1 0.420.07 -
1.0-2.0 56.7 0.4F0.05 -
2.0-4.5 15.2 0.340.05 0.13-0.06
4.5-10.0 - 0.080.06 0.14-0.06

the Lomb-Scargle analysis, with the strongest detectiothénl.0-2.0 keV range
and no detection in the 4.5-10.0 keV range. The first harmohtbe period was
the strongest period identified in the 2.0-4.5 keV light @Jrsuggesting the pulsed
profile may become double peaked at higher energies.

The pulsed fraction of each light curve was calculated bin{jta sine wave with
the period fixed at the value found in the full 0.2-10.0 keVrggeange. The phase,
amplitude and the average value of the light curve were &tbte vary and the ratio
of the amplitude and average value were taken. This is elgmi/to taking the ratio
of the difference of the maximum and minimum value of the siave with the
sum of these values. This parameter can vary between 1 (etehppulsed) and 0
(constant rate). The values range from Q0705 for the 1.0-2.0 keV energy range
down to 0.08-0.06 for the 4.5-10.0 keV range. As the epoch folding sugobsit
the profile becomes double peaked at higher energies, thaditalso performed
with the period fixed at the second harmonic for the last twergy bands. The
results are summarised in Table 2.3.

I split the light curves into two energy ranges, 0.2-2.0 keld 2.0-10.0 keV, with
equal count rates (293+0.007 and 0805+ 0.007 respectively). The hardness ratio
(HR) between the “soft” 2 keV) and “hard” (2 keV) light curves was calculated
using the formula:

. C:hard - Csoft
~ Chard+ Csoft
whereCharg andCspft are the count rates in the hard and soft bands respectively.
The hardness ratio can vary between -1.0 (zero counts in.G:&®0 keV band)
and 1.0 (zero counts in the 0.2-2.0 keV band). Figure 2.6 shww the hardness
ratio varies with pulse phase. From a comparison with thiegahels of Fig. 2.5,

a clear anti-correlation between the hardness ratio angulse profile is evident,
with the source getting harder with decreasing luminosity.

HR (2.1)
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Figure 2.6: Hardness ratioa:[j;gzzﬁ, as a function of pulse phas€gy+; is the

0.2-2.0 keV count rate anth4q is the 2.0-10.0 keV count rate. The phase shown
is the same as that of the pulse profiles shown in Fig 2.5.

2.3.2.3 Spectral Analysis

The spectral analysis discussed here was performed XSR§C (Arnaud, 1996)
version 12.7.0. The three spectra from the different EPi€aters were fit simulta-
neously with the models reported here plus an additionastemr factor to account
for the variations in the different detectors. The modebpagters were constrained
to be identical across the three instruments. The photeledsorption was split
into two components. Oné\y a1, to account for the Galactic foreground extinc-
tion, fixed to 84 x 107° cm~2 (Dickey and Lockman, 1990) with abundances from
Wilms et al. (2000), and a separate column densiy,;, intrinsic to the LMC with
abundances set to 0.5 for elements heavier than helium éRassl Dopita, 1992)
and allowed to vary. All errors stated in this section are30&6 confidence range.

The spectra obtained from the three instruments were ligifi& with a simple
absorbed power law modegblfabs*vphabs*powerlawn XSPEC, wherevphabsis
the photoelectric absorption with variable metal abundanset by the user). This
lead to an acceptable fit with ¢ of 270.5 for 236 degrees of freedom (dof) with
a photon index of’ = 0.97+0.05 and intrinsic absorptioh j = (1.3+0.4) x
10?tcm2,



Table 2.4: Best fit parameters for the spectral fits. In all three modelptiEbscomponent is fixed at.8 x 10°° cm~2 (Dickey and Lockman,
1990). Errors, where reported, are the 90% confidence level.

. a (b)
Model [102T':;’r'n—2] ] [::RB] [10-12 Z'rléxérirz s [1036Lérg gy Xrldof
phabs*vphabs*powerlaw 1.3+04  0.970.05 - 34101 1.03+0.09  1.15/236
phabs*vphabs*(bbody+powerlaw) 1.6753 14753 1.870% 3.2792 0.98+0.09  1.08/234
phabs*vphabs*(diskbb+powerlaw) ~ 5'3 443 42732 3.0+0.1 092+0.06 1.09/234

8y

Notes. (@ Observed flux in the 0.2-10.0 keV rand®. Source intrinsic luminosity in the 0.2-10.0 keV range, eoted for absorption and
assuming a distance to the LMC of 50.6 kpc.

€08769-8'90TSOr HIMS JO SUOIAISSqO ININX'Z 491deyD
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Figure 2.7: The 0.2-10.0 keV EPIC-pn (black), EPIC-MOS1 (red), EPIC-MOS2
(green) spectra of Swift J045106.8-694803. Top panel displaysablegbound
subtracted spectrum with bestfithabs*vphabs(powerlaw+bbodg)odel, bottom
panel shows the residuals.

The photon index is typical for those seen in other Be/X-ranabes, particularly
in the SMC (Haberkt al., 2008a).

The possibility of a thermal component was also exploredrandelled by ei-
ther a blackbody or diskbb model. Including these parametaproved the fit
marginally (x2 of 252.8 and 255.7 for 234 dof respectively) but F-tests sagthat
these are significant at 99.96% and 99.86% respectively{Be ). Fig. 2.7 shows
the 0.2—10.0 keV spectrum along with the best fit modeaps*vphabs(powerlaw+bbody)
The parameters of all the models discussed here are inclndedble 2.4. The best
fit parameters for th@habs*vphabs*(diskbb+powerlavgre both unphysical and
poorly constrained (e.d. = 4:11 is incredibly soft ankT = 4.21%:2 is too hot for a
disc, which hav&T ~ 0.1), as such, only the results of thkabs*vphabs*(bbody+powerlaw)
model are discussed in detail. The total unabsorbed flux tharblackbody com-
ponentis 13+ 0.8 x 1012 erg cnm? s~1, accounting for approximately 40% of the
total emission of the source.

An intrinsically narrow Gaussian was added to the model4kéV to see if any
evidence for an Fe-# line exists. The upper limit on the equivalent width of this
component was derived as 0.3 keV. Allowing the energy or hwaftthis feature to
vary does not alter this result, as such | conclude that isere evidence for Fe-&
emission in the X-ray spectrum of Swift J045106.8-694803.
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2.3.3 Modelling the Phase Resolved Spectra and Pulse Profiles

The anticorrelation seen between the hardness ratio asd ptbfile has previously
been reported for another persistent BeXRB, RX J0146.9t@&12l a Palombara
and Mereghetti (2006). Pulsed phased spectroscopy revéade the change in
spectra could be explained with a static blackbody and bkripower law (among
other solutions). This possibility was explored by genagi 0,000 EPIC-pn spec-
tra with the same absorption, photon index and blackbodypézature as the best fit
model using thespec commandrAKEIT. These parameters were fixed as they are
linked to the physical properties of the system and/or tleallenvironment and so
are unlikely to change on a timescale of seconds. The valtreegformalisation for
the power law and blackbody varied from zero t60 & 10~“ in steps of 50 x 10°°.
The total number of counts as well as the hardness ratio vedcelated for each of
the simulated spectra. The results of the simulation weaecked for the normali-
sation values which produced the same count rate and hardxtesas the different
phase bins in Fig. 2.6 within errors.

The results of the simulations, along with the pulse profild aardness ratio,
are shown in Fig. 2.8. Interestingly, a constant blackbaalyl@ not reproduce the
range of hardness ratios seen. A modulation of the blackbothponent- T out of
phase with that of the power law is required to reproduce #ta.d=igure 2.9 shows
the simulated spectrum and model components of Swift J@&LB1694803 at the
hardness ratio maximum (hardest) and minimum (softestp fgiised fraction of
the power law and blackbody components are consistenéat 0.2 and 07 +0.3
respectively.

Since the blackbody component varies with the rotation efrtbutron star and
can be inferred to have a small {Ryg) emitting size fromLx andKTgp, it is
possible that this region is a hot, magnetic polar cap on ¢huran star surface. By
adopting a model for the hot spot emission and fitting this ehtwlthe pulse profile,
the geometry of the system can be constrained, in partidhlaangle between the
rotation and magnetic axig and the angle between the rotation axis and line-of-
sight(.

Proper modelling requires detailed knowledge of the magrietd and temper-
ature distributions over the neutron star surface and isth@yhe scope of this work
(see, e.g., Ho 2007). Nevertheless useful insights cdrbstigasily obtained using
a simple model: two antipodal hot spots that emit as a bladtklamd have a beam
pattern (i.e., angular dependence) which is isotropic asthio energy-dependence.
For each(a, {), the pulse profile is calculated using the analytic appratiom of
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Figure 2.8: Panels from top to bottom show (1) 0.2-10.0 keV pulse profile (2)
Hardness ratio (3) The normalisation of the blackbody (BB) required adyre
the hardness ratio and count rate of the given phase bin and (4) Timalisation
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Figure 2.9: Figure shows the "hardest” (red) and "softest” (blue) states of the
spectrum, according to the simulations, and the model components.

Beloborodov (2002) to the exact relation given in Pechemickl. (1983) which
accounts for gravitational light-bending. The pulse pesfiare degenerate in the
two angles, i.e.(a,{) and(Z,a) produce the same profile. A neutron star mass
Mns = 1.4M., and radiufkys = 12 km are assumed. These model pulse profiles are
then fit to the blackbody pulse profile (see panel (3) of Fig),allowing the phase
and amplitude to vary. Shaded regions fgr(for 8 degrees of freedom) values are
shown in Fig. 2.10, the crosses indicate the best-fit values.

For this emission model, the — { parameter space can be divided into four
regions which correspond to four classes defined in Belatmwr¢2002) (see Figure
2.11): Class is where one pole is visible all the time, the second pole nelessii
Is where one pole is visible all the time and the second pateesof the time, class
Il is where both spots are seen some of the time and olasswhere both spots
are always seen. A geometry in class IV is immediately rulgidas it requires the
blackbody flux to be constant. Similarly, the out of phasesatibns of the power
law (interpreted as the accretion column) and the blacklmdygests | can also
rule rule out a geometry in class |, if the accretion colummosated just above
the neutron star surface since it will always be eclipsedhgyrtieutron star. The
results from the fitting suggest that both of the neutron stées are visible during
a rotation of the neutron star, with best-fit values for thgles of 53 and 70.
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Figure 2.10: x? contours of the fit to the blackbody pulse profile for the angle
between rotation and magnetic axes,and angle between rotation axis and line-
of-sight,. Crosses indicate the best-fit values. The four classes)(are defined

in the text.

2.4 Discussion

A soft excess is a common feature in the X-ray spectra of HMXBss hypothe-
sised that a soft excess is in fact present in all HMXB speti@ugh not always
detected due to the high intrinsic absorption and flux of sem#ces. For sys-
tems withLy > 10°® erg s%, this excess is thought to originate from the inner
radius of an accretion disc surrounding the neutron starldss luminous sources
(Lx < 10% erg s'1), the soft excess is attributed to other processes, e.gméie
emission from the neutron star’s surface (Hiclebal,, 2004).

The temperature and flux of the blackbody component detectdus observa-
tion of Swift J045106.8-69480%{zs = 1.87 03 keV, fx gpg=1.3+0.8x 10 2ergcnm?2s71)
along with a distance to the LMC of 384+ 2.1 kpc (Bonanost al,, 2011) implies an
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Figure 2.11: Blackbody pulse profiles for classesv. (Taken from Beloborodov
(2002))

X-ray luminosity 98-+0.9 x 10°® erg s 1 and blackbody radius d#sg=0.5+0.2 km.
This is calculated using the formuRsg = \/Lx /(4110 T#) with all errors repre-
senting the 90%onfidencelimits. The radius is substantially less than that of a
neutron star and, along with the low luminosity aB& 0.9 x 10%° erg s'1, rules
out emission from the accretion disc as the origin of the sxce

In the last 10 years a subset of BeXRBs have been discoveriet afe reported
to have a “hot” kTgg > 1 keV) thermal excess (see Table 2.1). These all have
Rse <1 km, suggesting emission from the neutron star polar cagsé&lsystems
are characterised by long pulse periods-{®0 s) and persistent, low level X-ray
emission, much like Swift J045106.8-694803. Could this belecsion effect? The
ability to detect pulsations in a given observation de@eagith increasing pulse
period. This could lead to pulsars with longer pulse peribdsg observed for
longer and thus having greater number of counts in the source spectrum. This in
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turn would allow fainter spectral components to be detectddwever, there are
several pulsars with both short and long periods that haen lobserved with a
similar or greater number of total counts than seen herewhéwve not shown any
evidence for this spectral component (see Habedl. 2008a, Sturnet al. 2012b
and Townsencet al. 2011, for recent examples witikMM-Newton. As such |
conclude that this cannot be an observational bias.

Thermal emission is often assumed to have the greatesilmatiin to the soft
band - the simulations show that this is not the case here. bldekbody com-
ponent contributes the greatest proportion of the flux atggae> 4.0 keV. If the
thermal excess originates from the polar cap, then intlifione would expect it
to be pulsed. The results of the simulations performed seesuggest that this
is indeed the case. Despite similar levels of variation ithbmzomponents in the
hardness ratio minimum and maximum spectra (see Fig. 2@pverall spectrum
varies very little above- 3 keV. This reflects the results of the Lomb-Scargle anal-
ysis of the higher energy light curves, which lack stronglewice for pulsations. It
also explains the reduction in the pulsed fraction at higivergies, which is usu-
ally observed to increase with both increasing energy acdedsing source flux as
the regions emitting the X-rays become more compact (Latmwvand Tsygankov,
2008). Above 10 keV, the dominant component in the X-ray 8patis once again
the power law component. If the blackbody component is tpugsent then pulsa-
tions should once more be detectable at higher energies.

The decomposition of the spectral components has alloneedeébmetry of the
neutron star to be constrained. The constraints are appaigisince | assumed a
simple blackbody emission model. More sophisticated mioggis not warranted
at this time given the relatively large uncertainties on piése profile. Detailed
modelling of deeper observations, with better signal-gse, could provide an in-
dependent measurement of the magnetic field; furthermatre polarization stud-
ies could even break the degeneracy betweeamd(.

Klus et al. (2013) use the pulse period determined in this work alond déta
from Swiftand RXTEto show that Swift J045106.8-694803 has a magnetic field
above the quantum critical value. Two other “accreting nedgri candidates (i.e.
accreting neutrons stars witB > Bgit) are currently known, 4U2206+54 (Reig
etal, 2012) and SXP 1062 (Popov and Turolla, 2012nHult-Bruneet al,, 2012).
Intriguingly, both of these sources are members of the lestitlal excess population
(see Table 2.1) which suggests a possible link between pifesgomena (although
SXP 1062 is also surrounded by a supernova remnantki¥gh= 0.23+ 0.05 keV
possibly adding to the thermal excess, Haleedl. 2012b). However, not all of the
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sources listed in Table 2.1 have the lafgéndicative of a strong magnetic field,
indicating that the hot thermal excess could be necessarydbsufficient evidence
for a strong magnetic field.

2.5 Conclusion

| have presented detailed analysis of a recé@viM-NewtonToO observation of the
HMXB Swift J045106.8-694803. | have classified the opticaliterpart to this
system as a BO-1llI-V star, establishing this source as aREXThe period was
determined to be 16845.2 s as of MJD = 56125.0. The detection strength of the
pulsations decreases with increasing energy, with no tleteof the period at en-
ergies>4.5 keV. The X-ray spectrum is adequately represented byntdels, a
single component continuum model (an absorbed powerlad/ pawo component
continuum model (an absorbed powerlaw and blackbody). & dlackbody
component, though just formally significant, is not neces$ar an acceptable fit
to the spectrum and the parameters ofgthabs*vphabs*powerlawnodel are con-
sistent with those reported for other BeXRBs. However, diffcult to explain the
dramatic decrease in the pulsations with increasing eneitliya single component
model. A two component model, with anticorrelated pulsaiaan account for this
behaviour and the anticorrelation of the hardness ratigoask profile and implies
a and{ values of 53 and 70.

The high temperature of the blackbodyTgs = 1.8752 keV) implies a radius
of blackbody radius oRgg = 0.5+ 0.2 km, and is attributed to emission from the
polar cap of the neutron star. This is not the first detectioa koot thermal excess
in the X-ray spectra of HMXBs (see Table 2.1 for recent exasphnd interest-
ingly Swift J045106.8-694803 shares common charactesistith these sources
including persistent low level X-ray emission and a longseyperiod (B100 s). If
confirmed to be the latest member of this emerging class, ullavibe the brightest
and shortest period source.

Two of the other sources listed in Table 2.1 also have Rglalues, indicating
a strong magnetic field. Whilst based on a small sample, thugdcsuggest that
there is a link between a hot thermal excess and the magredtistrength. Further
monitoring of the pulse periods of these sources as wellatetinperatures of their
thermal components could reveal if this is causal or comege. If our analysis is
correct, | predict that above 10 keV the pulse period shootteanore be detectable
as the power law becomes the dominant component in the Xpegtisim once
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again.

Most of the known X-ray pulsars in the Small and Large Magetle<Clouds
have been detected wiBXTEduring a~10 yr monitoring campain (Galacle al,,
2008).RXTEhas a limited response below 2 keV and this particular pieidin its
soft pulses and low level emission, would not have been thtemless it went into
outburst. Detailed analysis of théMM-Newtonsurvey of the SMC (Habest al.,,
2012a) could reveal a further population of these softlysatihg HMXBSs.






that quite definitely is the answer. | think the problem, to be
quite honest with you, is that you've never actually known
what the question is.

THE HITCHHIKER'S GUIDE TO THE GALAXY (1979)

Timing and Spectral Analysis of the
Unusual X-Ray Transient
XTE J0421+560/Cl Camelopardalis

In this chapter | present a detailed X-ray study of the 2808M-Newtonobser-
vation of the sgB[e]-XRB CI Cam. This system consists of a carhphject pri-
mary and supergiant B[e] secondary within a dusty torustredron the supergiant
star. | decompose the apparently broad iron line into 3 sgparomponents: e
Ka, Fa-Kf and FexIv-xxvKa. Itis unclear how both neutral and almost fully
ionised iron can exist simultaneously, however | suggesst ¢buld be evidence
that the compact object is embedded in the circumstellaenahiof the secondary
star. This does not appear to be consistent with the X-rayahdkspectrum of the
source, which has remained essentially unchanged singatiéoutburst in 1998,
which lead to this source’s discovery. The iron abundangdied by the ratio of
the neutral Fe-l¢ and Fe-K3 is compatible with solar. | find marginal evidence
for an~10 ks lag in the neutral FedKlight curve with respect to the continuum.
| interpret this as the light crossing time of the torus whvebuld suggest that the
neutral iron is located at a radius of 10 AU. | discuss the matf this system in
light of the results and place it in context with other bin&fg] stars. The discus-
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sion in this Chapter was written in collaboration with Dr. ®mClark. Dr. Phil
Uttley contributed the discussion on the use of the F-tastiéermining emission
or absorption line significance.

3.1 Introduction

The X-ray transient XTE J0421+560 was discovered by theSkl-Monitor on-
board RXTE during a strong outburst in 1998 by Snatfal. It brightened to a peak
flux of ~2 Crab within a few hours before rapidly decaying, reachingesgence
in under two weeks. Observations at different wavelengtimediately after the
outburst revealed similar behaviour in the optical andodsinds with a peak flux
density of almost 1 Jy at 8.30 GHz (e.g. Clatkal.2000). Initial radio observations
suggested that there might be a superluminal expansionlirtig et al,, 1998),
but subsequent analysis showed that the radio emittingmegas expanding with
a velocity of only~12,000 km st (Mioduszewski and Rupen, 2004). The X-ray
spectra seen bAX(Fronteraet al., 1998),RXTE(Belloni et al,, 1999) and, more
recently, XMM-Newton(Boirin et al, 2002) are dominated by an emission feature
at 6-7 keV attributed to the Fe«fluorescence line.

The optical counterpart of XTE J0421+560 is CI Cam, a BO-2 syipet Be]
star as classified by Clanit al. (1999), Hyneset al. (2002) and Robinsoet al.
(2002), establishing this system as a High Mass X-ray Bir(aty1XB). Com-
mon properties of stars exhibiting the B[e] phenomenon heepresence of for-
bidden emission lines in their optical spectra and a strorfigaired (IR) excess.
This IR excess is attributed to a hot circumstellar dustlgatkgraf et al,, 1986).
Until the launch of I NTEGRALCI Cam was the only known sgB[e] companion
star in a HMXB.INTEGRALhas since identified another sgB[e]-XRB candidate,
IGR J16318-4848 (Courvoisiet al,, 2003).

The circumstellar gaseous environment of CI Cam has been umatgr scrutiny
since the 1998 outburst. Robinsenal. (2002) propose a two-component wind
from the sgB[e] star to explain their observations; a cam Velocity “iron” wind
and a hot, high velocity wind. The low velocity wind is denseuyghly spherical
and extends to a radius of 13 to 50 AU. They note it is uncle&r asw these winds
with very different densities and velocities co-exist. |Baing a series of spectro-
scopic observations, Hynes al. (2002) also conclude that the emission lines must
originate from several physically separate regions. UniKobinsoret al. (2002),
they associate the H Balmer lines, Hand Fell lines with the same region; a disk,
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Figure 3.1: Proposed schematic of R126 - the archetypal sgBJ[e] star, taken from
Zickgrafet al. (1985)

or equatorial outflow region, viewed nearly pole on. Thisagsistent with the two
component stellar wind model for supergiant B[e] stars pegal by Zickgrakt al.
(1985, 1986) (see Fig. 3.1).

Analysis of high resolution optical spectra by Miroshninkeet al.(2002), ob-
served almost 3 years after the outburst, revealed cleadglved emission line
profiles, displaying a triple peak structure. They suggest this implies an inter-
mediate inclination angle of the circumstellar disk witlspect to the line of sight.
Recent interferometric work in the near infrared over arheigear period from the
outburst by Thureaat al. (2009) resolves the emitting region. They model this as a
skewed elliptical Gaussian ring with semi-major axis 19.0+ 1.2 AU (assuming
a distance of 5 kpc) with an inclination angleiaf 67° (see Fig. 3.2). Barsukova
et al. (2006) report a 19.440.02 day orbit period in the optical light curve of ClI
Cam, along with Doppler shifts in the He4686A line on the same time scale. The
proposed period would put the semi-major axis of the binakytdetween 100-
130R.: close to the surface of the star (based on mass and radiunesasnts of
sgB|e] stars by Zickgraét al. 1986).
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Figure 3.2: The best-fitting Gaussian skewed ring model to the infra-red interfer-
ometry data, taken from Thureat al. (2009)

Unfortunately, distance estimates to XTE J0421+560 aremaia with a wide
range of values being adopted in the literature. This is arilydue to the lack of
reliable spectral diagnostics available to determine tin@mosity class of the mass
donor. Consequently, estimates range from 1-17 kpc. Thigrimmeans that the
X-ray luminosity of the outburst is not well constrained aawla result the nature
of the compact object of this binary system is still unclé&@e critically discuss the
distance and nature of the system in Section 3.5.

3.2 Observations and Data Reduction

The X-ray observation discussed in this Chapter was takeimglgatellite revo-
lution #588 on February 24, 2003. The observational dats, flight curves and
spectra were processed and produced following the proeedkrtailed in Section
2.2.2. Table 3.1 summarises the details of the EPIC obsengat The data were
processed using th€MM-NewtonSAS v9.0 along with software packages from
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Table 3.1: XMM-NewtorEPIC observations of XTE J0421+560 on 2003 February
24

Camera  Filter Read out Observation Exp.
Mode MJD Start End(UT) (ks)
MOS1/2 Medium Full Frame 526945 12:34 05:50 59.5
pn Thinl  Full Frame 12556 05550 60.3
FTOOLSV6.8.

Source counts were extracted from a 24 arcsec radius regoreCcommended
by the SAS taskregionanalyse) centered on XTE J0421+560 and were compared
with those from statistically identical background regamith extraction radii 60
arcsec. Whilst several periods of high background activiey@esent in the data,
the source is brighter than the background for all but thd i3 ks of the obser-
vation. Hence we have not included this final section in tgbktlcurves reported
here. The closest of the statistically identical backgbragion (located on a neigh-
bouring CCD as the source in the case of the pn and the same CCDeft@is
detectors) was used as the final background region for theédigrves presented in
this Chapter. For the spectra, periods of high backgroundiyotvere screened by
removing any times when the single pattern count rate abOue¥ was>0.8 cts
s~1 for the MOS detectors and1.5 cts st for the pn detector.

3.3 Spectral Analysis

The spectral analysis discussed in this work was perfornsetyXSPEC (Arnaud,
1996) version 12.7.0. The spectra from the three EPIC dateetere fit simul-
taneously with the model parameters constrained to beiadrdacross the three
instruments. All models have an additional constant fatct@ccount for the instru-
mental differences. All elemental abundances are set tuahes of Wilmset al.
(2000) unless otherwise stated.

Figure 3.3 shows the spectrum of XTE J0421+560 both befodeafter back-
ground subtraction along with the background spectrum .usktie spectrum of
XTE J0421+560 is characterised by heavy absorption andya Emission feature
at~6.5 keV. Boirinet al. (2002) report a soft{2 keV) excess in their 2001 obser-
vation. Whilst there does appear to be evidence for a softssxoethe background
subtracted spectrum, when the uncorrected source speroampared with the
background spectrum, the shape of the spectrum and valhe dfitta points below
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Figure 3.3: The 0.2-12.0 keV spectrum of XTE J0421+560. Top panel shows the
background subtracted spectrum, bottom panel shows the sourd¢euspéefore
background subtraction (in black) along with the spectrum of the baakgkr(red).

All spectra are normalised.

3 keV are almost identical. A visual inspection of the X-rayaige shows no detec-
tion of the source below 3 keV. Whilst the existence of a sofess in the spectrum
of XTE J0421+560 cannot be ruled out, | believe that this ddea an artifact of the

background subtraction and so do not include4i3ekeV data points in the model
fits.

The continuum of the spectrum was first fit by excluding theadabund the
iron line region (6.2-6.9 keV). The absorption was modelathwiwo elements,
a Galactic foreground componemty ga fixed to 45 x 10t cm~2 (Dickey and
Lockman, 1990) and a separate column denblty;, intrinsic to the source which
was allowed to vary. A simple absorbed power-law mogebps*phabs*powerlaw
in XSPEC) yielded a respectable fit with @? value of 135.6 for 128 degrees of
freedom (dof;x? = 1.06). A partially covered power law model was also fit to
the data phabs*pcfabs*powerlaun XSPEC). In this model the underlying power
law is fractionally covered by an absorbing material witke tmcovered emission
absorbed by the interstellar medium. This did not improwe¢bntinuum fit with
a x? value of 144.4 for 127 dofy? = 1.14). | also fit the continuum with a power
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law partially covered by an ionised absorbphébs*zxipcf*poin XSPEC). This
produces a statistically better fit than the partial cowgerimodel alone with &2 of
138.4 for 133 dof x? = 1.04), but with unfeasible model parametefs 3.4ﬂjg).
Again, the covering fraction and ionisation parameter [®itfjgest that an ionised
partial covering model is unnecessary.

The region around the iron line was then included in the médeA single (un-
absorbed), intrinsically narrow, Gaussian was added totheel with the energy of
the line allowed to vary. The resulting fit has arKine at 643+ 0.02 keV. The fit
has ax? of 196.7 (x? of 1.17 for 168 dof). A better fit is produced by allowing the
Gaussian width to varyy( of 167.3;x2 of 1.00 for 167 dof), with a broad iron line
at 6.48-0.04 keV witho = 0.23"73:38 keV. Figure 3.4 shows the EPIC-pn spectrum
of the iron line region along with the best fit narrow and bra@ah lines. Whilst
statistically better than a single, narrow Gaussian, thisds significant residuals
and appears to be fitting the iron edge at 7.1 keV within thesSian. | do not
believe this fit is physical.

A second intrinsically narrow Gaussian was added to the haide67 keV, con-
sistent with ionised Fe-&. This further reduced thg? to 171.0 {?=1.03 for 166
dof). Finally, a KB line was added to the model fixed at 7.06 keV. The normalisa-
tion was initially constrained to be 0.13 of that of therKine (Kaastra and Mewe,
1993). This reduced thg? to 164.7 §°=0.98 for 168 dof). When the normali-
sation and energy are unconstrained the line energy reneasential unchanged
(Exp = 7.05'39%) and the ratio between Kand Ka rises to 0.3:0.2, consistent
with the theoretical value.

Determining the significance of the iron lines in the speautrsitricky. Protassov
et al. (2002) in particular warn against using the F-test to deiteerthe significance
of an emission line. One of the main criteria for using thetistical tool is that
the two models in question must be nested, i.e. the parawvatezs of one model
must be a subset of the second model. Allowing the line enterdpe free (as in
the fitting) means that the models are no-longer nested aticesnergy of the line
cannot be incorporated as a free-parameter in the F-testedd, | need to allow
for the fact that | have conducted a number of tridds,over the energy range of
the line. Conservatively, | estimate that the chance detegrobability is at most
~1—(1-P)N, whereP is the probability value returned by the F-test (see Porquet
et al. 2004 for a full discussion). Since the line energies are iwithe instrument
resolution of the expected values of 6.4 keV and 6.7 keV arigimaply at some
arbitrary redshift, the number of independent trials thave effectively searched
over is small. Here | adopt a value of 3 fr
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Figure 3.4: The EPIC-pn spectrum of XTE J0421+560 around the iron line. Top
panel shows the single broad FerHine fit to the data, second panel shows the
intrinsically narrow neutral Fe-K and ionised Fe-i line (see text), bottom panel
shows the intrinsically narrow neutral Feakand Fe-KB line and ionised Fe-K

line.



Table 3.2: Best fit parameters for the absorbed power law model fits to the full 304V spectrum. The abbreviations for the differ-
ent model components arpff’ for phabs “po’ for powerlawand “G” for Gaussian The widths of all Gaussians are fixed at 0 keV, i.e.

intrinsically narrow. Errors, where reported, are the 90% confidéses.

Fea Ka Fexxiv-xxv Ka Fa K3
Model NH i r Energy Flux Energy Flux Energy Flux X2/dof
(x10%%cm2) (keV) (phstcm™2) (keV) (phstcm™2) (keV) (phstcm2)
ph*ph*po 56+06  14+02 - - - - - - 280.1/170
ph*((ph*po)+G) 48758 1.2+02 64373% (6+1)x10° - - - - 196.7/168
ph*((ph*po)+G+G) 45+£05  11+02 642739 (6£1)x10° 6677003 (3+£1)x10° - - 171.0/166

ph*((ph*po)+G+G+G)  4.4+05  10+£02 641795 (6+1)x10° 6677593 (33799 <106 7.0575%8 (20+£0.9) x10® 161.0/164

SIsAjeuy enoads g

/9
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Table 3.3: Estimates of the significance of the iron lines based on the two methods
described in the text. Errors, where reported, are the 90% confidevele

F-Test FeKa Fexxiv-xxv Ka Fea KB
F statistic 79.3 304 10.1

Chance detection 29 10-15 3.8% 107 5.2x%x 103

probability

Equivalent width FeKa Fexxiv-xxv Ka  Fa K
Eqwidth (eV) 22039 10039 90+ 50
Significance 7.26 4110 2.960

The data were fit with the simple absorbed power law model aadarrow iron
lines added incrementally, as described above. They were ftozen at the best
fit energy from thephabs*((phabs*po)+Gaus+Gaus+Gausyodel and an F-test
was performed after the addition of each line. As such eactieins compared
with the previous, simpler model. The significances were atimated using the
equivalent widths of the lines and their errors. The resuflisoth of these methods
are listed in Table 3.3. Both the neutral and ionised lihes appear to be clearly
significant. There appears to be only a marginal detectidghe&xpected R line,
nonetheless the flux of the line is consistent with Solar iiets. A considerable
iron abundance would be required for a strong detectionisflithe with the signal
to noise reported here.

The continuum and line parameters for the best fit model arediin Table 3.2.
Figure 3.5 shows the best fit model to the spectrum. The findetfd has a photon
index of I = 1.0+0.2 and an intrinsic absorption df; = 4.4+ 0.5 x 10?3 cm ™2,
with a x2 of 161.6 ((?=0.98 for 164 dof).

| also attempted to fit the thermal model of Ishetaal. (2004), derived from an
ASCAobservation, to the data. In this model emission from twaarsg) of hot dif-
fuse gas are photoelectrically absorbed independepltigt{s*mekal+phabs*mekal
in XSPEC) with the elemental abundances of Anders and Grevesse ).19B8 pa-
rameters were frozen to the best fit values of Istatlal. (2004), with only the nor-
malisation allowed to vary, and fit to the 0.5-10.0 keV spauir This is the energy
range investigated by Ishids al. (2004) and allowed for a direct comparison. The
resulting fit was poor with &2 of 1023.6 §°=5.62 for 182 dof), rising to 1040.6 (
X?2=6.09 for 171 dof) when only the 3.0-12.0 keV energy range caasidered. Al-
lowing the absorption and plasma temperature to vary imguidhe fit f°=308.2;
Xx?=1.7 for 178 dof) but with unfeasible model parameters (&lg.~ 10?° cm~2,
kT~80 keV).
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Figure 3.5: EPIC-pn (black), EPIC-MOSL1 (red) and EPIC-MOS2 (green) spec
along with best phabs*((phabs*po)+Gaus+Gaus+Gaus)odel to the data (solid
line). Broken line shows the absorbed power law component.

3.4 Timing Analysis

Figure 3.6 shows the background subtracted 3.0-12.0 kdWdigrve for XTE J0421+560,
with a bin time of 500 s, from the EPIC-pn detector. The total cmunts for

the light curve, after background subtraction and exclgdiiple and quadruple
pixel events, is~5000 counts. This corresponds to an average net count rate of
0.107:0.002 counts s!, substantially brighter than the 2001 observation which
found 0.024-0.002 counts st (Boirin et al, 2002). The light curve has a frac-
tional root-mean-squared variability amplitude of 0.3@l¢tlated using equation
(10) of Vaugharet al.2003).

Figure 3.7 shows the source light curve split into threeedéht energy bands.
The top panel shows the light curve for the lower energy canim (4.5-6.0 keV),
the middle panel shows the light curve in the range definebdeag¢-Ka line from
the spectral fits (6.20-6.55 keV) and the bottom panel shbedight curve for the
higher energy continuum (7.5-9.0 keV). The Fer-HKine spans a much narrower
range of energies than the continuum light curves. This svtmd contamination
from the hypothesised ionisedoKline and the K8 line, as well as to minimise any
contribution of the underlying continuum to the cross clatien function (CCF).
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Figure 3.6: Background subtracted 3.0-12.0 keV light curve of XTE J0421+560
from the EPIC-pn detector.
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Figure 3.7: light curves of the background subtracted low energy continuum (4.5-
6.0 keV), the Fe-l¢ line (6.2-6.55 keV) and the high energy continuum (7.5-
9.0 keV).
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Above ~9.0 keV the signal to noise of the system reduces and so tlaaack not
included in the analysis.

Cross-correlation analysis was performed on the three bightes mentioned
above and an additional low and high energy continuum liginves with energy
ranges 3.0-4.5 keV and 9.0-10.5 keV respectively. The IDltin@ c_correlate.pro
from the IDL Astronomy User’s Librarywas used throughout. The continuum
light curves were correlated with the sum of the other 3 ¢antim light curves (i.e.
the rest of the spectrum without the iron line complex). Tlekér line light curve
was correlated with the sum of all the continuum light curvésgure 3.8 shows
the CCFs of the light curves with respect to the continua. Thiel &tack lines
are the same CCFs, smoothed using a moving average method witidlaw size
of 3500 s (7 time bins) in an attempt to minimise the noise. Aifpe time delay
corresponds to a lag in the variation of the light curve wéference to the continua.
The Fe-Ko CCF appears to be more asymmetric than its continuum coumtgrpa
More explicitly, the minimum present in the continua CCFs abt+10 ks does not
seem to be present.

Whilst the energy range of the FeeKline has been deliberately defined to keep
continuum contamination at a minimum, inevitably therel \véd some contamina-
tion as there is no way to separate the line emission fromah&rmuum emission at
these energies. As such | expect to see some correlatiom difjtit curves at zero
lag. However, an asymmetry in the CCF is often interpreted aeace for a lag
(e.g. Petersont al. 1998) and so | explore the possibility that the shape of the CCF
could be due a transfer function which includes some powpositive lags.

| define the “asymmetry factorAsym of the CCFs to be the ratio of the differ-
ence of the half widths of the peak at tenth maximum, to the aitme half widths.
This gives a number between -1 and 1, with zero being peyfegtihmetrical. A
positive value ofAsymindicates that the gradient of the peak is steeper on the neg-
ative lag side and vice versa for a negative value. Alg values of the continua
CCFs are all very similar, ranging from -0.04 to -0.08, suggesthey are essen-
tially symmetrical. However, thAsymvalue for the Fe-i& CCF is 0.39, indicating
a moderate level of asymmetry.

The method of Zhang (2002) was then used to see if the asymsesn in
the Fe-Ka CCF could be caused by Poisson noise. Monte-Carlo simulatiens w
performed to assess the significance of this asymmetry.hersand red-noise light
curves were generated with a power law slope of -2.0 usingntsiiod of Timmer

Ihttp://idlastro.gsfc.nasa.gov/
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Figure 3.8: The cross-correlation functions of the light curves. The continua light
curves (3.0-4.5 keV, 4.5-6.0 keV and 7.5-9.0 keV) were cross-ledew with the
sum of the remaining continua light curves whilst the Fe-(6.2-6.55 keV) light
curve was cross-correlated with the sum of all the continua light cuives solid
black line is smoothed CCF.
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and Koenig (1995) and the IDL routimedpwrlc.pro. The light curves were initially
simulated with a duration ten times longer than that of thiaalcata and were then
cut down to the observed duration to account for red-noigkdge. The simulated
light curve was then used to create four light curves withdtaistical properties
of the observed light curves, resulting in four identicghli curves distinguishable
only by their mean and standard deviation. Noise was theadtieach data point
of the simulated light curves by adding a Gaussian deviatith a mean of zero
and a variance equal to that of the corresponding data poithtei real light curve
(similar to the method of Uttlegt al. 2003). Any negative data points were then set
to zero. The three continuum light curves were then combaretcross-correlated
with the fake Fe-K line light curve in the exact same manner as the observed data
The asymmetry factor and peak value of the smoothed CCFs wamecticulated.

Of the 1¢* CCFs generated in the Monte Carlo simulation, 303 were obs¢oved
haveAsym> 0.39 suggesting a significance©B7% or 2.1o. This result remains at
a similar significance (2@) when a red noise power law index of -1.0 is considered.
The asymmetry factors and peak values of the continuum CCHallaNithin the
central 50% of the distribution. Whilst this result is notrfwally significant, the low
signal to noise of the data makes a convincing result urglikel

3.5 Discussion

The continuum parameters of the best fit model are consistigmtthose reported
by Boirin et al. (2002). The total 3.0-10.0 keV flux of the model(36"95¢) x
10 *2erg cn 2 s~* corresponding to an X-ray luminosity bf 3 _jokev) = (4.1793) x
1033 erg s'1 at a distance of 5 kpc. This is a slight increase on that setireipre-
vious XMM observation I(x o 5_10kev) = 3.5 x 10°® erg s71; Boirin et al. 2002),
however as there are no errors quoted on this value | cangowkather this in-
crease is significant. Whilst these luminosities do not ctiveisame energy range,
as the system is undetected below 3 keV in KKMM observation it is unlikely
that thel.x o5_10kev) Will vary much from the luminosity reported above. The flux
values used to calculate the luminosities are derived filoenspectral fits and so
are also model dependant. The light curve seems to conttheicesults from the
spectral fits to the data, suggesting a factor of £@®9 increase in the average
count rate over the two year period between data seBeppoSAXobservation in
2000 put an upper limit on the X-ray luminosity b 1_1okev)<2.5x 10*3erg s
(Parmaret al,, 2000). As such, the X-ray emission from the source doesafpe
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have shown a moderate level of variability over the last fearg.

The improved signal to noise has allowed the apparentlydfaussian, re-
ported by Boirinet al. (2002), to be decomposed into three intrinsically narrow
components, neutral FeeKand KB and helium like Fgxv Ka. Itis unclear how
both neutral and almost fully ionised iron can co-exist anty seems possible if
the ionised line emission arises from a physically sepaeg®n from the neutral
emission, possibly local to the compact object. This woelguire the compact
object to be in the same plane as the equatorial outflows afdhganion star and
seems inconsistent with the X-ray activity of the systeme rbn abundance im-
plied by the ratio of the neutral é& and K line fluxes is just consistent with solar
within errors.

Figure 3.9 shows the current hypothesised geometry for CI Caqpoged by
Thureauet al. (2009), consisting of a binary system well within the toruisit is
assumed that the high column density originates from thaingg(i.e. closest) edge
of the surrounding torus (see Fig. 3.9) then the inclingtien67°, and semi-major
axis, a=19% 1.2 AU (Thureauet al., 2009), give a lower limit to the height of the
torus of 8.1#0.5 AU. This is highly dependent on both distance and intilbma
angle, neither of which are secure.

The Ka fluorescence line of iron is already considered a powerfagdostic tool
for probing the central regions of both Galactic black hadadidate systems and
active galactic nuclei (Reynolds and Nowak, 2003). A teghaiknown as rever-
beration mapping involves searching for time dependenmigésin the continuum,
emitted by the primary X-ray source, and then looking for ¢labo, or “reverbera-
tion”, in the emission lines located further out. The relaship between the con-
tinuum light curve and the emission line light curve is clcéedsed by a geometry
dependent “transfer function”. Some idea of the spatiaxof the emission line
region can be achieved by cross-correlating the light cunfethe emission line,
L(t+ A1), and the continuunC(t). The function produced will be maximised at
the lag,At1, between the emission line and the X-ray continuum. If | assthat all
the neutral iron is located in the torus at radiyshat the compact object is in the
centre of the torus (i.e. that the semi-major axis of thetasanegligible compared
to the semi-major axis of the torus) and that the X-ray eraisss isotropic, then
the range of lags seen is simply

AT = E(l—cose) (3.1)

where@ is the angle, between the line of sight and the X-rays indidarthe torus
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Viewed from Side:

N
7

Viewed down Pole:

Figure 3.9: Sketch of the proposed geometry for CI Cam. The top figure shows
the cross-section of the torus, whist the bottom figure shows the systeiewnad
down the pole. The thicker black ring at radiusjs the assumed location of the
neutral iron. The central object in this case is the sgB[e] star. The posifithe
compact object is believed to be close to the surface of the optical star asd th
lying well within the torus (Barsukovat al., 2006).

(see Fig 3.9). A more in depth description along with the aameéntal principles
and assumptions of reverberation mapping is given by Blanddind McKee (1982)
and Peterson (1993).

There appears to be evidence for an asymmetry in the CCF of ibehergy
range with the continuum, however much higher signal toadista is needed to
confirm this. If | consider the light curve of the Feaenergy rangel.(t + A1),
as the sum of two lightcurves; (t + At) representing the line emission abg(t)
representing the continuum “underneath” the iron line ie #ame energy range,
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Figure 3.10: The CCF produced when the un-normalised 7.5-9.0 keV CCF is
subtracted from the un-normalised FexkCCF.

then the CCF produced can be expressed as the sum of two CCFs:

Fecr(T) = /_0; L(t+AT)C(t)dt
:/Z(Ll(t+Ar)+L2(t))C(t)dt

:/‘: Ll(t+Ar)C(t)dt+/

00

Lo(t)C(t) dit )
The first component of equation 2 representauhormalisedCCF of the pure line
emission (i.e. the CCF is not normalised by the root mean sapfdhe light curve

in each band) and the second componenti@ormalisedCCF of the underlying
continuum. If this asymmetry is real and the continuum beéhavis simple and
well represented by the CCF of the 7.5-9.0 keV light curve witd tontinuum

(chosen as it is these photons which will be directly promgpthe K-shell electrons
into the L-shell), then subtracting the un-normalised 9.6keV CCF from the un-
normalised Fe-l& CCF will leave the CCF of the pure FeeKemission with the
continuum.

Figure 3.10 shows the result of subtracting the un-norredlis5-9.0 keV CCF
from the un-normalised Fe-4K CCF (consistent with the mathematical proof above).
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The poor signal to noise is in part a result of the 0.34 fluaFase yield of iron
(Bambynelet al,, 1972); only~1 in 3 of the incident photons with energie$.4 keV
will result in a Ka photon. However, there does appear to be a distinct peak at 5-
10 ks.

The most likely values of from equation 3.1 are- 0 and~ 2r, wherer is the
radius of the torus. If the peak is interpreted as the lag #tén this would indicate
that the neutral iron is located at a radius~aft0 AU from the centre of the torus.
This result relies on several assumptions and parametahvalne by no means
secure. The derived semi-major axis of the orbit (from thioakof Barsukovaet al.
2006) depends on the cubed root of total mass of the systesudkslarge changes
in the total mass of the system only produce small alteratiothe semi-major axis.
Consider a companion star of mass#$80 M., and a compact object with a mass
545 Mg, (consistent with observed neutron star and stellar magk iblale mass
estimates), then the semi-major axis i5€ 0.1 AU. This is a small fraction of the
semi-major axis of the torus and so the approximation thatthmpact object is at
the centre of torus seems valid. However, in reality the rairon is unlikely to
be located in an infinitesimally thin ring in the torus, it seemore likely that there
exists an inner radius at which neutral iron can form. In tidase a lag would also
have a more complex density dependence than the one thaitsisleced here. Both
these factors will serve to broaden the peak seem,ar#d so the derived radius is
likely the radius where the neutral iron density is at a maxim

3.5.1 The nature of CI Cam

A significant obstacle to understanding the nature and betiawef Cl Cam is the
uncertainty in the distance, with estimates ranging froth 1 kpc (Barsukovat al,,
2006) to>10 kpc (Robinsoret al, 2002). The consequential uncertainty in the
luminosity impacts on the nature of both the mass donor aa@dticretor, with the
former authors favouring a B4lllI-V + white dwarf model ancethatter a sgB[e]
star + relativistic accretor (neutron star or black hole. support of the former
interpretation, Ishidat al. (2004) infer the presence of a white dwarf from analysis
of the ASCAX-ray spectrum. This was fit with an optically thin, thermalrd X-
ray model, characteristic of cataclysmic variables whightain a white dwarf. Our
analysis (Section 3) clearly favours the power law modethwimilar parameters
to those reported for the other known sgB[e] HMXB, IGR J163888 (Matt and
Guainazzi, 2003; Barram et al, 2009), which Filliatre and Chaty (2004) claim
hosts a neutron star based on the ratio of the X-ray and raaio(though they
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note that the unique environment means they are cautioust aipplying such a
relationship). The photon index reported is also consistath those found in
neutron star Be/X-ray binaries by Habetlal. (0.6-1.4; 2008).

Additionally, Ishidaet al. (2004) favour a rather large distance of 5-17 kpc for
Cl Cam, based on the relationship between the peak flux and tay dienescale
of novae. This is significantly in excess of that suggesteddch an accretor by
Barsukovaet al. (1.1-1.9 kpc; 2006), a range derived assuming a main sequenc
donor star which in turn has been inferred from the widthsha wings of the
photospheric profiles of the high Balmer series. Howeveg, dabthors note that
the stellar mass implied by their analysis of the orbitaliguis in excess of that
expected for such a classification. Hymgsl. (2002) caution against this approach
due to significant contamination by the emission spectruthetircumstellar disk.
Support for a larger distance is also provided by an anabfdise optical N@ lines
by Hyneset al.(2002), who infer aninimumdistance ot 4 kpc to Cl Cam; noting
that this would be inconsistent with the spectral clasdificeof the mass donor by
Barsukoveet al. (2006).

An alternative approach is to employ the (uncontaminated)sgectrum ob-
tained during quiescence (Robinsehal. 2002; Hyneset al. 2002). In particular,
the P Cygni profiles observed in then®i1394, 1402 and Qv 1549, 1554 dou-
blets serve as powerful luminosity (and temperature) diagos for OB stars (e.qg.
Walbornet al. 1995). Specifically strong P Cygni emission in thevSidoublet is
unambiguously indicative of ar05-B1 supergiant, rather than a lower luminosity
star.

3.5.2 Comparison to other B[e] supergiants

To date only two other supergiant B[e] stars have been dmtess X-ray sources;
the sgB[e]-XRB IGR J16318-4848 (e.g. Filliatre and Chaty£00Dhaty and Ra-
houi 2012) and the cluster member Wd1-9 (Skinekeal. 2006; Clarket al. 2008).
IGR J16318-4848 shows a striking similarity to CI Cam, with aeguent X-ray
spectra best fitted with an absorbed, truncated power lavaastbng Fe-K line.
There is no evidence for the ionised iron line in the highaohation Suzakwata
of IGR J16318-4848 (Barram et al, 2009) suggesting that this could be unique
to Cl Cam. The X-ray spectrum of Wd1-9 instead demonstrates @trepe con-
sistent with emission from an optically thin thermal plastk@ ~ 2.3keV; Clark
et al. 2008). This is suggestive of emission from a colliding winddoy rather an
accreting binary, consequently this source is not disclfsther.
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As discussed in Section 1.4.2.1, uncertainties in the s to both CI Cam
and IGR J16318-4848 mean that it is difficult to compare quaatluminosities.
However, results suggest that they appear broadly comigafebwithin a factor
of a few) under the assumption that Cl Cam is located@kpc and IGR J16318-
4848 is within the 1.6-4 kpc range favoured by Chaty and Ra(#fli?) (Matt and
Guainazzi 2003, Section 3.3) implying that the quiescenteiuin both CI Cam
and IGR J16318-4848 arise via a similar mechanism. Bothcesurave undergone
X-ray “flares” with current temporal sampling suggestingttthese events are rare
and aperiodic; only two flares separatedb yrs have been associated with IGR
J16318-4848 (1994 and 2003; Courvoisimal. 2003; Murakameet al. 2003) and
just the one event in 1998 with ClI Cam (noting that photometoisepvations be-
tween 1989-92 also show no evidence for flaring in this per@ldrk et al. 2000).
Moreover the peak luminosity also differs between the sgstewith Filliatre and
Chaty suggestingix ~ 2.6 x 10%%rg st for IGR J163818-4848 (assuming a dis-
tance of 4 kpc) compared lox ~ 3 x 10%8erg s71 for CI Cam (e.g. Hynest al.
2002).

Both CI Cam and IGR J16318-4848 appear to be rather luminowesrgiapts,
with comparable bolometric luminosities. Both source® algpport a mid-IR ex-
cess attributed to circumstellar gas, although differeatleling assumptions (opti-
cally thin/thick emission, spherical or disc geometry anchposition) make direct
comparison of the physical properties (e.g. inner radiust dnass) of the dusty
components difficult. The dust temperature at the innemusadf the envelope ap-
pears rather high in both cases 767K for IGR J16318-4848 (Chaty and Rahoui,
2012) and~ 1550K for CI Cam (Thureaat al,, 2009)). The geometry of the dusty
envelope has been unambiguously determined for CI Cam by @hatel. (2009),
who showed that it resides in a ring or torus with inner radiu AU (at 5 kpc). No
conclusions as to the dust geometry in IGR J16318-4848 wavetby Mooret al.
(2007), although by analogy to other B[e] stars Chaty and Ria{&®12) adopt a
disc like geometry with inner radius 1 AU/kpc. If the~19.3 day orbital period
Barsukoveet al. (2006) propose for Cl Cam is confirmed, the binary would also lie
interior to the dusty disc mapped by Thuresgtal. (2009). Unfortunately no orbital
period is known for IGR J16318-4848.
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3.6 Conclusions

We have presented a detailed analysis of the spectral amtjtpnoperties of

XTE J0421+560/ClI Cam. The continuum of the spectrum is weltulesd by
a heavily absorbed\ly = (4.4+0.5) x 10?°cm~2) power law with photon index
consistent with those seen in neutron star BeXRBs=(1.0+0.2). We also at-
tempted to fit the white dwarf model of Ishidd al. (2004) but could not achieve
an acceptable fit or sensible model parameters. The appabzoad iron line has
been decomposed into three, intrinsically narrow linesitrad Fe-Ka and KB and
almost completely ionised k&v Ka, suggesting multiple emitting regions. The
guiescent spectrum seems to point to a neutron star or blalekatcretor, how-
ever this is inconsistent with the X-ray activity of the s/st | cannot suggest a
mechanism for the large X-ray flare seen in 1998.

Further observations of XTE J0421+560/Cl Cam of increasedtuur are re-
quired to confirm or refute the presence of the lag suggestéds Chapter. Better
quality data could be used to solve the transfer equationcanttl be used to ex-
plore the possibility of a lag between the neutral and iahise-Kao emission, both
of which are beyond the scope of this work. Better constsaon other system
parameters, such as distance, inclination and system mag&] also help to con-
strain the geometry of this unusual system using this method



“Have you any idea how much damage that bulldozer would
suffer if | just let it roll straight over you?”

"How much?”

"None at all,”

THE HITCHHIKER'S GUIDE TO THE GALAXY (1979)

The Search for High Mass X-ray
Binaries in the Phoenix Dwarf Galaxy

In this Chapter | report on the first X-ray images of the Phoenwvarf galaxy, taken
with XMM-Newtonin July 2009. This local group dwarf galaxy shares similari-
ties with the Small Magellanic Cloud (SMC) including a burststdr formation
~50 Myr ago. | investigated the possibility of an HMXB popudet in Phoenix
with the intention of furthering the understanding of the MBtstar formation rate
relation. The data from the combined European Photon IngaGemeras (EPIC)
were used to distinguish between different source clageesgfound stars, back-
ground galaxies, AGN and supernova remnants) using EPI@nkas ratios and
correlations with optical and radio catalogues. Of the 8da)Xsources in the field
of view, six are foreground stars, four are galaxies and sr@miAGN. The remain-
ing sources with optical counterparts have Ié?go consistent with AGN in the local
universe. There is nothing to suggest the presence of an Higb{Rilation at this
time. The existence of any persistent XRB (i.e. an sgXRB)&aruled out, while
the transient nature of the BeXRBs mean that a possible populof these sources
cannot be discounted, but | conclude that it cannot be eixt=ns

81
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4.1 Introduction

The Phoenix dwarf galaxy was discovered in 1976 by SchusigVgest who de-
scribed it as a very distant(L00 kpc) globular cluster. It was later identified as
a dwarf irregular galaxy (dirr) by Canterna and Flower (1977hese galaxies
are H rich and show obvious signs of recent star formation. Desthits clas-
sification, Phoenix has characteristics of a dwarf sphegaidxy (dSph) and it
has been suggested that it belongs to an intermediate dlgsdaxy between the
dwarf spheroidal and dwarf irregular, along with three ottiearf galaxies (Pega-
sus, Pisces (LGS3) and Antila). The distance to Phoenix éas determined to be
~420 kpc using a variety of different methods and data seteffample see van de
Rydtet al. 1991; Marinez-Delgadcet al. 1999 and, more recently, Menziesal.
2008) placing Phoenix well within the Local Group.

The H gas surrounding Phoenix was mapped by Young et al. (19977)200
using the VLA. They identified several regions in the immégligicinity with a
variety of shapes and velocities. One such cloud, locate@rcmin south west of
the main stellar body, has been unequivocally associatédRtioenix based on the
excellent agreement of the radial velocities of the stagioed from stellar spectra
(Irwin and Tolstoy, 2002) from the VLT, and the velocity ofetfi cloud. Young
et al. (2007) recognise that this offset suggests that Phoenildater a unique
opportunity to study the possible mechanisms responsiblgas removal in dwarf
galaxies, transforming a gas-rich dlrr into a gas-poor dSph

Extensive optical data of the central region of Phoenix algst: the Wide Field
Planetary Camera (WFPC2) onbo#t8Thas imaged the central field of the galaxy
with both F814W and F555W filters (for example see Holtzneaml. 2000 and
Hidalgo et al. 2009, hereafter H09). Younet al. (2007) use both of these data
sets to derive separate star formation histories for theegaand western sides of
Phoenix. They report an asymmetry in the star formation aat®ss the face of
the galaxy, in agreement with Manez-Delgadat al. (1999). The western side of
Phoenix displays evidence for strong episodes of star foomat 180 and 40 Myr
ago whilst the eastern side shows evidence for more contstaaformation from
250 to 50 Myr ago. They note that this is consistent with th&kation, offset to the
west of the galaxy’s optical emission. These epochs of standtion are similar
to those for another dirr galaxy: the SMC (Section 1.5.1).fdct, the Phoenix
dwarf galaxy shares many other common features with the Sklyding its low
metallicity (Z=0.004 for the SMC, Russell and Dopita 1992043015 for Phoenix,
HO09).
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Table 4.1: XMM-NewtorEPIC observations of the Phoenix galaxy on July 7, 2009

Camera  Filter Read out Observation EXxp.
Mode MJD Start End(UT) (ks)
MOS1/2 Me(.:ilum Full Frame 55019 4 08:13 21:11 46.6
pn Thinl  Full Frame 08:36 21:06 45.0

The relationship between the number of LMXBs and the hosbgamass was
briefly mentioned in Chapter 1. The low mass Local Group dwatbxgjes like
Phoenix (33 x 10’ M, Mateo 1998), which are not massive enough to harbour
LMXBs, are ideal for probing the HMXB - star formation relati in the low lumi-
nosity limit. The most recent epoch of star formation in Riieéad a SFR of 5+
1.8 x 10~° M, yr—tarcmin 2 (Younget al. 2007 compared with .8 + 1.4 x 105
to 1.5+ 0.6 x 10> M., yr—tarcmin? depending on the area of the SMC, Antoniou
et al. 2010). It is only by probing galaxies across a broad spectrimass, star
formation history, and chemical composition that astroamsican establish both
trends in the HMXB populations of these galaxies and undedsthe significance
of these objects as tracers of star formation.

4.2 Observations and Data Reduction

The first X-ray images of the Phoenix dwarf galaxy were takéh WMM-Newton
during the satellite revolution #1754 on July 7, 2009. Tahble summarises the
details of the EPIC observations. The data were processeg te XMM-Newton
SAS v9.0 along with software packages from FTOOLS v6.8.

As in the previous Chapters, the MOS and pn observationalftiesavere pro-
cessed following the procedure detailed in Section 2.2.@rioBs of high back-
ground activity were screened by removing any times whersitngle pixel pattern
count rate above 10 keV was0.8 cts s for the MOS detectors and2.0 cts s*
for the pn detector. The filtered event files were then sptd five energy bands:
(0.2-0.5), (0.5-1.0), (1.0-2.0), (2.0-4.5) and (4.5-1Ra¥ to identify and dis-
criminate between hard and soft sources in the field of vieor. the pn detector,
only the single (PATTERN=0) pixel event patterns were gel@in the range 0.2—
0.5 keV, for all the other bands single and double (PATTERINpixel events were
accepted. For the MOS, single to quadruple (PATTERIQ) pixel events were
selected.

Four of the X-ray brightest sources (for exact details onotsources, see Sec-
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tion 4.4) were identified with>500 counts in the full energy range (0.2-12.0 keV)
across all three detectors and were subject to further gdectalysis Eregionanal-

yse suggested extraction regions with radiu®0 arcsec for all 4 sources, thus this
value was adopted for all sources extraction regions. Léghtes and spectra were
extracted from several background regions (with radiusré8ex) and examined to
confirm that they were statistically identical. The samekigasund region was used
for all the MOS spectra, as all the sources fell on the ce@@D. For the pn detec-
tor, regions on neighbouring chips which contained no sesiwere identified and
again were confirmed to be statistically identical. The spec from the closest
region to a source was then used as the background spectrum.

4.2.1 Source Detection withKMM-Newton

Detecting sources in akMM-Newtondata set involves several stages as detailed
below:

1. Exposure map creation with eexpmap.. Exposure maps contain all the
information on the spatial efficiency of the instrumentsjshtreduces with
increasing off axis angle. This is energy dependent and sani®n all 15
images (3 detectors, 5 energy bands).

2. Detection mask creation withemask. Detection masks identify the areas
where the source detection need not be performed (e.g. epp gnd bad
pixels).

3. Sliding box source detection in local mode witheboxdetect. This is run
on all 15 images simultaneously. A<33 pixel box is moved across the image
and the total number of counts within the box is calculateae Background
Is then taken from a ¥ 7 box centred on the same pixel, excluding the central
3 x 3 region. If the net counts are greater than zero, then trectien like-
lihood, L, is given byL = —Inp wherep is the probability that the observed
counts were caused by Poissonian fluctuations. Locatiotis avdetection
likelihood over a user defined threshold value (in this cd€9,are consid-
ered sources.

4. Background map creation with espline. This task removes the preliminary
sources located in the previous step from the images. THegbaend map is
then created by fitting spline functions to the image (mirugces).
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5. Sliding box source detection in map mode withreboxdetect. As in Step
3, source counts are calculated from & 3 (or 5x 5) pixel window. How-
ever, rather than calculating the background from the sundong pixels, it
is now determined from the background map. This improvesdttection
sensitivity.

6. Maximum likelihood fitting with emldetect. This takes the source location
list, created in the previous step, and fits the detectortmpread function
(PSF) to the source count distribution, optimising the sewentering. The
source position is constrained to be the same for all 15 isage

Examples of an exposure map, detection mask and backgroapdrom this ob-
servation are shown in Figure 4.1.

The maximum likelihood fitting yielded 90 sources in the fieldview, each
with a total detection likelihood larger than 10. This cepends to a probability of
a source being a spurious detectiomo8 x 10° in a single image, and 8108
for the case of simultaneously using 15 images. The PSF opthdetector is
comparable to the angular size of the pixels (6.6” versu® 4Qversampling the
PSF allows for better discrimination between real sourcesany remaining bad
pixels or columns as real sources increase in size with meeesampling. As
such, the data were screened by eye to remove obvious faksetidas caused by
instrumental effects, resulting in a final list of 81 sources

To convert source count rates into flux values, the energyersion factors
(ECFs) from thexMM-NewtorSerendipitous Source catalogue (Watsbal., 2009)
were used. Whilst these ECFs do assume a spectrum typical faGanwith low
absorption, Pietscht al. (2004, hereafter PO4) show that the ECFs calculated for
a typical supernova remnant (an absorbed 1 keV thin therpsadtaum) and super-
soft source (absorbed 30 eV black body spectrum) in M33 oaly ¥rom those
calculated for a typical hard source by about 20% for both=dRétectors. The flux
values calculated using the ECFs are used in source classifi¢aee Section 4.3)
over a broad energy range (0.2-4.5 keV, bands 1-4) to bestensiwith the find-
ings of Maccacaret al. (1988) and the method of PO4. A large deviation from a
power law spectrum would be required for these results tonbdequate over such
a range. The flux values for band 5 are calculated, but are seat in the source
classification.
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Figure 4.2: The top panel shows the cumulative number of matches as a func-
tion of search radius between the LGGS catalogue and the positions ofrdae X-
sources (diamonds). The number of matches between the X-ray positidrisea
simulated optical catalogue are also plotted (triangles). The solid red line igthe d
ference between these two values. The bottom panel shows the nunnfgicbies
between the LGGS catalogue and the boresight corrected X-ray posilumsn

for comparison (squares).

4.3 Source Classification

The positions of the 81 X-ray sources in Phoenix were crasgetated with the
Local Group Galaxy Survey (LGGS, Masseyal. 2007) catalogue and the sepa-
ration to the nearest optical match calculated. This waspesed with the number
of matches found with a simulated catalogue. The simulatsitipns were gen-
erated by independently reassigning both the right asoessind declinations of
all the optical sources. Figure 4.2 shows the results of treelations as a func-
tion of search radius. The solid line shows the differencevben the number of
X-ray sources matched with the real catalogue and the numbérhed with the
simulated catalogue. The radius at which the number of redtines increases at
the same rate as the number of simulated matches, i.e. thes i@dvhich the solid
line plateaus, can be considered as the maximum searchsradiuradii greater
than this value, all matches with the real catalogue are tdsociations. The figure
indicates that this occurs at about 6 arcsec.
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The source classification described in this section wapedd in two stages.
The SIMBAD and NED archives and the LGGS and United StatesiNalservatory-
B1.0 (USNO B1.0, Monett al. 2003) catalogues were searched for correlations
around the X-ray source positions. The preliminary classifon used a search ra-
dius of up to 6 arcsec for all sources. This was primarily tenidfy galaxies and
AGN for an astrometric boresight correction. Foregrouradstvere purposely not
used when performing the boresight correction due to theipibisy of proper mo-
tion. The four galaxies and possible AGN listed in sectiofh2 identified from
the SIMBAD and NED databases were used along with the SASetaskorr to
obtain accurate positions for all the sources. The final $igh¢ correction was
4.7+1.5 arcsec. The bottom panel of Figure 4.2 shows the numberadthes
between the corrected X-ray positions and the LGGS cataldgucomparison.
The gradient of the curve decreases dramatically after earmndicating that the
boresight correction has been successful and that the @mrtive X-ray source po-
sitions are dominated by the error the required co-ordishik. This error is added
quadratically to the statistical error derived in the seudetection. The classifica-
tion was then performed for a second time, using the indali@a error circles as
the search radius for each source. Figure 4.3 shows the ceahliPIC image in
the 0.2-4.5 keV energy range withi ldontours from Younget al. (2007) superim-
posed. Also shown in this figure is the combiriRdBband optical image from the
Local Group Galaxy Survey (LGGS) image (Masstyal, 2007). The positions
of the sources detected by the analysis are also displalged{tresight corrected
positions on the optical image, the uncorrected positionthe X-ray image) along
with a unique identification number for each source.

In order to locate any candidate HMXBs in Phoenix, it is neaeg to iden-
tify as many of the foreground stars and background sourcéise field of view
as possible. Following the method of P04 | attempt to idgndif classify all the
X-ray sources in the field of view as either foreground stigstars), AGN, galax-
les (GAL), Super-soft Sources (SSS), Supernova RemnaNtR)8r hard sources
(which could be HMXBs or unidentified AGN).

P04 use the hardness ratios (HRs) of the sources (both knod/mrzknown)
in M33 to create X-ray colour plots and identify areas cquegling to specific
source classes. The limitations of this method of sourcestiaation are dis-
cussed in detail in P04, the main drawback being that sowritdssimilar spec-
tra (e.g. foreground stars and supernova remnants; HMXBsA&N) cannot be
differentiated when the statistics are low. An alternativeHR classification is
the quantile analysis technique of Hoeg al. (2004), however this is not suit-
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able for XMM-Newtondata due to the high background. The HRs were defined
asHR = (Bi+1—Bi)/(Bi+1+ Bij) whereB; is the count rate in energy bandThe
bands are the same as those used in the source detectier).§),Z0.5-1.0), (1.0—
2.0), (2.0-4.5) and (4.5-12.0) keV. To improve the staf$stthe counts from all
three EPIC instruments were combined before HRs are caécula’he hydrogen
column density in the direction of M33 is a factor of 4 gredkem towards Phoenix
(1.5 x 10?1 cm~2 for Phoenix and 6 10?1 cm~2 for M33, Dickey and Lockman
1990). Phoenix does not have the considerable X-ray cogerbly133 and so | did
not attempt to derive new HR criteria. Instead | simulatedittodel spectra used by
P04 to derive their HR criteria, using tiSPEC command-AKEIT, to confirm that
they are valid for this work despite the different column siéias. Modifications
were made where appropriate.

The modified and original P04 criteria used for source cfasgion are sum-
marised in Table 4.2. Where only one set of criteria are ptesemo changes have
been made to the original criteria. Where two sets of critergpresented, the orig-
inal criteria from P04 are listed underneath the modifietega in italics. Figure
4.4 shows the X-ray hardness ratio plots for all the X-rayrses in Phoenix.

For sources such as foreground stars, galaxies and AGNthieiadditional in-
formation at other wavelengths that drives the classificesind not the X-ray HRs.
Foreground stars are classified based on the ratio of X-raptioal flux, calculated
using their magnitudes given by I(}éﬁ) =log(fx) + (my/2.5) + 5.37 following
Maccacarcet al. (1988). If V-band magnitude information was not available, the
average of theng andmg values were used in place of thg . The distances to all
but a handful of stars in our own Galaxy are unknown, makirdifiicult to assess
the level of extinction for an individual foreground staggardless of the pointing
direction. As such, no modifications were made to the HR maiter foreground
stars.

The HR2<0 criterion for a galaxy classification is a constraint ap@livhen an
association was made between a galaxy and one of the X-ragesout is primarily
to distinguish between a galaxy without an active nucleussamnAGN with a much
harder spectrum. There is a smooth transition between tbheclassifications de-
pending on the relative contributions of star formation #relactivity of the central
black hole.

The HR criteria are more important for hard sources, supgrmemnants and
super-soft sources, where no other information is usedarcthssification. Super-
soft sources are generally accepted to be white dwarf systbeirming hydrogen on
their surface. Any super-soft sources in Phoenix will residthe bottom left-hand
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Figure 4.3: Top panel shows the optical Local Group Galaxy Survey (LGGS) im-
age, the bottom panel shows the combined 0.2-4.5 keV EPIC dataorttours

from Younget al. (2007) are overlaid on both images. The contour levels corre-
spond to column densiti€®.5, 1, 2,3,4,5) x 10'° cm~2. The circles are the posi-
tions of the sources detected by the box sliding and maximum likelihood detection
analysis, they are not indicative of the size of the error circles and astrdhive

only.



Table 4.2: Summary of criteria, identifications and classifications, for more details seeEER?2 is the error on HR2.

Source Type Selection Criteria Identified Classified

fg star Iog%)< -1.0 and HR2:0.3 and HR&:-0.4 or not defined 5 1

SNR HR>>0.1 and HR2:-0.4 and not a fg star

AGN Radio source and classified hard 1

GAL optical id with a galaxy and HR20.0 1 3

SSS HRX-0.2, HR2-EHR2:-0.99 or HR2 not defined, HR3 and HR4 not defined

hard HR2-EHR2--0.3 or only HR3 and HR4 defined and no other classification 50
HR2-EHR2--0.2 or only HR3 and HR4 defined and no other classification 48

uonealjisse|n) aa2inos v

16
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corner of the top panel of the HR plots (see Figure 4.4). HR®walculated for
typical super-soft sources (absorbed 30 eV and 50 eV blat&bpover a range of
column densities (#8-10°1 cm~2) to see how the difference in the column density
to M33 and Phoenix affects the HR values. All the HRs caledatere well within
the original HR limits and so the criteria were left unchasge

The spectra of supernova remnants are very similar to thblseeground stars.
Following P04, | assumed that all foreground stars have ldemtified from the
correlation with optical data leaving any remaining sosrtigt fit the HR criteria
as supernova remnant candidates. Again, HRs were calddtatgypical supernova
remnant spectra (absorbed thermal plasma models with tamopes of 0.5 keV and
1.0 keV) over the same range of column densities as befol¢h@dHRs calculated
were within the original criteria and so the criteria were ndified.

The hard classification is arguably the most important fog tlork. Sources
classified as hard are believed to be either unidentified AGNMXBs, both of
which have absorbed power law spectra. HRs were calculatedrf absorbed
power law spectrum over a range of column densitie$®d00*! cm~2) and photon
indices (0.6—3.0). Only the very steepest photon indicegs&) with low absorption
(< 2% 10?° cm~2) did not fit the hard criterion. Such spectra would imply anMG
with very low intrinsic absorption. The criterion for hardwwces were adjusted so
that all photon indices with galactic absorption or greaterclassified hard.

4.4 Source List

The X-ray hardness ratios of all sources in the field of vieevdisplayed in Figure
4.4. The red squares are the 5 sources that are identifiecctro64.5 for further
analysis. The black diamonds are the other 76 sources indltedf view. The
hardness ratio criteria are also displayed. Only two X-tayrses have a SIMBAD
object within their error circle, five matches were foundhintthe NED database,
35 matches in the LGGS catalogue and a further 3 sources id$iNO-B1 cata-
logue. The criteria used for source classification are sunsexdin Table 4.2. It is
Important to note that the source classifications suggéstesishould be regarded
as the proposed nature of the source. The original criteeeewlerived using the
overall properties of large sample populations and notviddial sources, conse-
quently some characteristics of subclasses and source®taecounted for, such
as the X-ray soft, narrow line Seyfert | galaxies, and raengv like stellar flares. A
source is'identified” if it meets all the criteria for a particular group and‘@as-
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Figure 4.4: X-ray hardness ratios for all sources in the field of view. The regions
marked on the plots show the hardness ratio criteria for the differenttsbjeor
objects such as galaxies and foreground stars, it is the information gatilétaer
wavelengths that drives the classification. The errors are not stmvetefity. The

red squares are the five sources discussed in Section 4.5.
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sified” if it meets the majority of the criteria. Nineteen sourcasamn unclassified.
The source classifications of all the sources in the field efwtcan be found in
Appendix A.

4.4.1 Foreground stars

Foreground stars are expected to lie in the lower left coafieghe HR3/HR2 plot
(middle panel of Figure 4.4). Of the 38 X-ray sources in thifa view with an
LGGS or USNO counterpart, one source (#14) was positivedyntified as a star
from the SIMBAD database and another source (#56) from th&®D catalogue
(Zachariagt al., 2004). A further two sources (#27 and #99) were identifiestas
based on the optical information available in the LGGS antlO%atalogues.

Sources #78 and #84 both have Iéﬁo indicating a stellar classification, but
only source #78 fits the hardness ratio criteria within ereo is also identified
as a foreground star. Source #84’s HR3 value is greater tter0t4 required for
classification. The optical counterpart is listed in the N@Mcatalogue as being a
14th magnitude star with colours consistent with being a Kfearly M type star.
The ratio of X-ray to optical flux is also consistent with a KMrtype star. | have
already stressed in Section 4.3 that for foreground stiassthie information at other
wavelengths that drives the classification. Despite thetfat the HR3 value does
not fit the criterion, | feel that the strong agreement of thea)} to optical flux
value and the optical colours warrants a stellar classifinatAs such source #84 is
classified as a foreground star.

4.4.2 Galaxies and AGN

The X-ray spectrum of a galaxy without an active nucleus fesdhan that of

a galaxy with an AGN, and so will reside in the lower and lefhtiaside of the
HR1/HR2 and HR2/HR3 plots in Figure 4.4. Cross correlatiotihwhe SIMBAD
database identified one source, #39, with a known galaxyarfighd of view just
outside the Hcloud. This corresponds to SUMSSJ015027.5-442537 at 3=0.1
Four more X-ray sources (#10, #31, #43 and #60) have NED tbjec¢heir error
circles. #10, #31, and #60 all fit the X-ray HR criteria for gpdks. #43 is not a
galaxy, but listed as an unclassified extragalactic camelidéahin NED, detected in
the radio band. The X-ray source just fits the criteria for edtsurce and as such,
#43 is classified as an AGN.
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4.4.3 Super-soft Sources and Supernova Remnants

The area of Figure 4.4 where the super-soft sources shasitieréottom left-hand
corner of the top panel) is remarkably empty. | do not idgntf classify any
sources as super-soft sources in the field of view. Supenmmaants are expected
to fall in the area of the same plot marked SNR. Only two saufdethese HR
criteria. They are #14 and #27, two identified foregroundsstéas | am confident
in the assessment of these sources, | don'’t find evidenceyoBBR in the data.

4.4.4 Extended sources

Five sources were found to have some measurable exters, weze #36, #41, #81,
#91 and #101. With the exception of source #41, these soareeall found on
the edge of the field of view and close to a pn chip border. It ®erikely that
the elongation of the off-axis point spread function (PS$H)at well accounted for
at these locations. #41 is in very close proximity to #39, dahtaxy identified in
the SIMBAD database and discussed in Section 4.4.2. Theasdwas an extent
of 5.7+0.2 pixels, which corresponds to 23.4 arcsec on the skyteréiaan the
separation of #41 and #39 (arourd.9 arcsec). Along with #39, #41 appears to be
embedded within a single extended source in the X-ray imkggelikely that these
two sources are in fact part of one extended source.

4.5 HMXB candidates

Of the 81 sources in the field of view, only one source, #48piaadent with the
optical emission of the galaxy. Interestingly some of thigltest sources in the
field of view are offset from the optical emission and spétiabincident with the
Hi region. Eleven sources (#34, #35, #48, #52, #54, #56, #5B,#&2, #66 and
#68) lie within the lowest Hcontour shown in Figure 4.3. The recent bursts of star
formation in the western side of the galaxy means that thatioe of these sources
is compatible with a possible HMXB population. Source #5thes only identified
source in this list. Five sources (#34, #35, #52, #61 and K883 appreciable X-ray
emission above 2 keV (with flux values8 x 10~1° erg cm? s~1) and occupy an
area of<40 square arcminutes. Their HRs are shown by red squaregume.4.
Synthesis models of the cosmic X-ray background by TreeterUrry (2006) and
Gilli etal.(2007) suggest that 2.31“%:3 background sources will be detected in this
energy range and in an area this size. The errors statedea@®¥% confidence lim-
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its. Whilst five is not an obvious excess over the predictedkdauind numbers, |
feel these sources warrant further investigation, pddityias the expected number
of HMXBs in Phoenix is small.

Temporal and further spectral analysis are required tandjstsh between HMXBs
and as yet unidentified AGN. No other X-ray data are availdbiePhoenix, so
| cannot draw comparisons between my results and past @igers, but power
spectra created from the entire (non GTI filtered) light @srvor all five of these
sources showed no evidence for pulsations.One thousaedpialkar lightcurves
were generated by adding a sinusoid with a period of 100 s wnatant equal to
the background subtracted count rate of the brightest soditee light curves have
an amplitude corresponding to a pulsed fraction of 0.3 (gpeal value quoted for
HMXBs in the SMC, Coeet al. 2010). Random noise was added to every point
in the light curve using the IDL programoidev?, ensuring that the total number
of counts in the light curve was conserved. The simulatelt layirves were then
binned with the same bin time as the real light curves. Whenli-@uargle analysis
was performed, only 46 of the 1000 light curves resulted ifgaiicant detection
(a 50 detection according to the formula of Horne and Baliunass)98n unreal-
istically high pulsed fraction of 0.6 is required to consigly produce a significant
result at 100s with a count rate equal to that of the brightid4KB candidate. Thus
it can be concluded that these observations do not have tiséigiy to detect pul-
sations from a typical pulsar in Phoenix using this method.

EPIC spectra were extracted between 200 eV and 10 keV forvbeséurces
listed above and were fit with an absorbed powerlgvaps*vphabs*powerlayw
model. Thephabscomponent is fixed at 1:510°° cm~2 (Dickey and Lockman,
1990) for galactic foreground absorption with elementalratances from Wilms
et al. (2000). Thevphabscomponent accounts for absorption in Phoenix and is
a free parameter with metal abundances reduced to 0.0%%ylatdd from values
given in HO9. Throughout the investigation XSPEC versior6X2was used. Table
4.3 contains the best fit parameters with 90% confidenceserror

As discussed in Section 1.5.3, the spectral distributioB@XRBs in the SMC
is consistent with that of the Milky Way, despite the veryfeiént environment.
Thus it seems reasonable to assume that any BeXRB in Phodhifallvin the
same range of spectral classes (O9V-B2V). TakingNkemagnitudes from the
stellar flux library of Pickles (1998) and scaling them wilie tdistance to Phoenix
predictsV-band magnitudes in the range 18.7-21.2. These valuesde@unAy

Lhttp://idlastro.gsfc.nasa.gov/ftp/pro/math/poides.p
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extinction value of 0.062 mags (H09). The distance modwRHhoenix, 23.1, has
an error of+0.1 (H09) which leads to the same error on the magnitudesiledéa
for BeXRBs in Phoenix. Similarly, if itis assumed that an)X&B present will also
fall into the same range of spectral classes as those aldiadyvered in our own
galaxy and beyond (O8.51-B3lI; Liet al.2006) and scale to the distance of Phoenix,
they will haveV-band magnitudes in the range 16.1-160.1. When searching for
HMXB candidates in the SMC, Shtykovskiy and Gilfanov (200&quired that the
optical colours of the companion star wdse- V<0.20. | adopt the same criteria
for this work, but take into account the different levels atiection between the
SMC and Phoenix (Rieke and Lebofsky, 1985). This leads tatimstraint that
B —V<0.14 for any optical counterparts.

Black hole X-ray binaries can exist in several states, tlgh/spft state, the
low/hard state and the quiescent state (which can be coeside be a special
case of the low/hard state; Kored al. 2002). The mass of Phoenix is too low
for an LMXB population, but no such restriction applies t@ thigh mass black
hole systems. The observations are not deep enough to seguasgent black
hole binaries in Phoenix, which would have a flux of abeus x 1017 erg cnm 2
s 1(Lewin and van der Klis, 2006). The luminosity of the higltsstate is typ-
ically seen around 10% of the Eddington luminosity (Nowa899), for a 6M,
black hole at the distance of Phoenix, this\is8 x 1037 erg s1 corresponding to
a flux of ~ 4 x 1072 erg cm2 s~1. This is an order of magnitude brighter than
even the brightest source in the field of view. Consquently,ldack hole binaries
present in the data set must be in the low/hard state, whitieisactised by a power
law spectrum with a photon index1.7 and a luminosity aroungd2% Eddington or
less (Lewin and van der Klis, 2006; Maccarone, 2003). In thayXband, BeXRBs
typically have photon indices af1.4 (see Section 1.4.3).

451 Source#34

Source #34 is one of the two spectra with lower signal and els the parameters
for the model fit are not well constrained. The photon indeg .6 53 rules out the
possibility that #34 is a BeXRB but is consistent with a blacke XRB in Phoenix.
The large uncertainty in the parameters and the relativeby it means that this
should be treated with caution. The optical counterparbasfaint and red for an

early type starrfy=21.5,B—V=0.23). Source #34 is most likely an AGN.
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Figure 4.5: X-ray spectra of four of the sources in the t¢gion and their best fit
models.

4.5.2 Source #35

The X-ray spectrum of source #35 suffers from the same lowadigroblems as
#34. The photon index (11@:3) is just consistent with that of a neutron star in a
BeXRB but comfortably within the range of indices seen f@di hole binaries and
AGN. The optical counterpart has, consistent with a B-type star in Phoenix, but
is well outside the acceptable colour range. as with #34 i#BBobably an AGN.

453 Source #52

The photon index of #52 (2:10.1) is too soft for even a black hole XRB, and so
source #52 is almost certainly an AGN. The optical informafior this source sup-
ports this as again, itis far too red for an early type statioéhix 8 —V=0.214+-0.01).

45.4 Source #61

Source #61 has the greatest X-ray to optical luminosityratithe sample and the
second greatest in the entire field of view (source #28 haglatlsl greater Iog%t)
value, but is located further from the optical centre of Rfiw@nd on the eastern



Table 4.3: Properties of the sources detected in therégion. Fluxes are from the model fits in the 0.2-10 keV energy range #6&
this information isn’t available and so the 0.2-12.0 keV flux from the souetection is reported. Ratio of X-ray to optical value has been
calculated following the method of Maccacatal. (1988) using the flux values from the model fit where possible.

RA Dec Erfig
D J2000 J2000 arcsec HR1 HR2 HR3 HR4
35 01:50:41.0 -44:24:32.9 1.5 040.06 0.02:0.06 -0.17:0.06 -0.30:0.09
68 01:50:45.2 -44:30:34.7 1.6 @®0.1 0.120.09 -0.3:0.1 0.46:0.09
52 01:50:47.2 -44:27:44.2 1.5 0£80.03 0.08:0.03 -0.43:0.03 -0.34:0.06
61 01:50:51.8 -44:29:38.4 1.5 0£0.05 0.130.04 -0.220.05 -0.20.1
34 01:51:00.5 -44:24:29.7 1.6 0£0.09 0.020.08 -0.4:0.1  0.2£0.2
Ny Flux 5 ) fx
10°% cmi 2 ergem2sl X fd.of il B-V log(755:)
35 082 1.6703 1.9x107 0.84/15  19.930.01 0.44:0.01 -0.38
68 6.3:0.7x10 1 21.22£0.02  0.28:0.02 -0.12
52 5.237 2.14£0.1 6.5¢<10 14 1.21/54  19.490.01 0.210.01 -0.14
61 5.225 1.8+0.2 3.8<10° 14 0.63/28  21.63:0.02 0.510.04 0.42
34 o3 1.9°5% 1.2x10°14 1.58/16 ~ 21.4%0.02 0.23:0.04 -0.12

sajepipued gXNWH G'v
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side of the galaxy). The photon index (£8.2) is consistent with a black hole XRB
in Phoenix (though also consistent with an AGN). Its optaainterpart is too faint
and red for an early type stam(=21.6,B—V=0.51). Source #61 is again probably
an AGN.

45.5 Source #68

Source #68 is an unfortunately placed X-ray source, falbnga bad column on
the EPIC-pn detector and near a chip border in both MOS detectbhe total
number of counts for this source was not sufficient to ex@asgiectrum and so few
conclusions can be drawn. The optical counterpart has tm@gis, but not colours,
consistent with an HMXB in Phoenixry=21.2,B—V=0.28) and the 0.2-12.0 keV
flux value derived from the source detection (61014 erg cm? s~1) suggests a
luminosity of 1x10°® erg s'* (assuming #68 is associated with Phoenix). However
this flux value should be interpreted with care as detectge@ffects may introduce
an additional uncertainty that cannot be accounted forrc&o#68 is also probably
an AGN.

4.6 Other sources associated with Phoenix

Interestingly, only one source in our field, #48, is coinaideith the most obvious
optical emission of the Phoenix dwarf galaxy. Massive blacles have been dis-
covered in nearby dwarf galaxies (for example see van Wasseet al.2010) and
the location of the source, close to what appears to be theecehthe galaxy, led
me to consider the source as a possible massive black haledede Although ra-
dial velocities have been measured for a handful of starhoeRix (Gallartet al,,
2001; Irwin and Tolstoy, 2002) no information on the locatiof the dynamical
centre is available.

An estimate of the position of the galaxy centre has beenmdddy maximising
the number of LGGS sources within a circular region when tetre and size of
the region is varied, following the method of Diebetlal. (2010). The uncertain-
ties are estimated via a bootstrapping method. One thousdifidial catalogues
were created by sampling with replacement from the origi@aGS catalogue. The
centre was then estimated for each of these artificial cgi@® using the same
method detailed above. The error on our position is takeretthle standard de-
viation of these centre estimates. The final result was obétausing a circular
region with a 150 pixel (40.5 arcsec) radius, but experimanth other region sizes
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produced consistent results. The galaxy centre was put a0R)51M8.25+6.1”,
Dec=-4426'55.9"t+7.6". This position should be treated with caution as the ISGG
catalogue is by no means complete.

Source #48 is situated 40 arcsec away from the centre positith a position
error of 1.7 arcsec. This mis-match in positions suggesissburce #48 is unlikely
to be a massive black hole located at the centre of the Phgataxy. The source
hardness ratios are also not consistent with a black holl/wG@hoenix. However,
the errors on all these values are large and better X-ray ptidab data are needed
before drawing any firm conclusions about this source.

4.7 Discussion

Of the 81 X-ray sources detected in tiIM-Newtonfield of view, six have been
categorised as foreground stars, four as background galaxid one as a possible
AGN. The majority of the remaining sources in the field of viefith optical coun-
terparts have qu%) values between -1 and 1, typical of local AGNs and high star
forming galaxies (Hornschemeietal,, 2001). Source #96 has the greatest#?‘-pgx
value at 1.13, putting it at the very X-ray brightest end &4 objects and a possi-
ble BL Lac candidate. Further analysis of 5 potential HMXBdiaates in the field
of view suggests they are all AGN.

There is no evidence for any black hole binaries in Phoenie Mass of Phoenix
is too low for us to expect any LMXBs, so any black hole binageesent would
be expected to be high mass black hole X-ray binaries, indiwéhiard state. The
expected ratio of BeXRBs with neutron stars to black holethenGalaxy is rela-
tively high (see Section 1.4.1). Thus far, not a single BeXiRiB been found to
host a black hole. This leaves only black hole supergiartesys. These systems
are a small fraction of the total HMXB population in our ownlé&ey and are not
found at all in the SMC (e.g. Coet al. 2009). If the population of HMXBs is as
small as predicted, the presence of a black hole supergiddB-in Phoenix seems
unlikely.

If these sources are spectroscopically confirmed to be A, position behind
the gas cloud and their magnitude will make them an exceigeto further probe
the metallicity of this region using the Naand CauK lines (for e.g. see van Loon
et al. 2009). Accurate measurements of the Na and Ca column decsitysathese
sources could tell us more about the gas cloud and may evealiehomogeneities
in the chemical composition across the region.
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BeXRBs in the SMC are found in regions where a burst of stanétion oc-
curred ~25-60 Myr ago. As such the five X-ray sources identified ofteethe
west main stellar body, where a strong episode of star foomabok place around
~40 Myr ago, were good BeXRB candidates. However, none oktkesrces dis-
play all the X-ray and optical characteristics of a BeXRBeTtrongest evidence
for a neutron star is periodic modulation of the X-ray flux. \dfe not have the
required sensitivity to detect this in the data but this ¢t is sufficient, not nec-
essary, for proof of a neutron star’s existence.

In general, BeXRBs are by far the most numerous subclass ofBH{Section
1.4.1) and so have the greatest likelihood of existence weRilx. However, as
sgXRBs hosting neutron stars are persistent sources oyX-v&e may have a better
chance of seeing them in a single epoch. The lack of evidesrcanly supergiant
binaries, with either a black hole or a neutron star seconeaiuld strongly suggest
that they do not exist in Phoenix. This is in line with currgnédictions based on
star formation rate (Section 1.5.2) and is further evidensipport of this relation.
The transient nature of BeXRBs means there is a possithiitya greater population
exists than is hinted at here. From our regular observatbttse SMC over a 10 yr
interval, we find that BeXRBs are in outburst for arountil0% of an orbital period
and are active, on average, 1920% of the time (Galachet al., 2008; McGowan
et al, 2008). It follows that the probability of seeing a part@uBeXRB active
at any one moment is about2%. Should the number of BeXRBs in Phoenix be
limited to just 1-2 systems, then the probability of seeumsg pne system active at
any moment in time is<10%. Further observations of the Phoenix dwarf galaxy
could yet reveal a HMXB population.



Since every piece of matter in the Universe is in some way
affected by every other piece of matter in the Universe, it
is in theory possible to extrapolate the whole of creation
every sun, every planet, their orbits, their composition and
their economic and social history from, say, one small piece
of fairy cake.

THE HITCHHIKER'S GUIDE TO THE GALAXY (1979)

The SMC BeXRBs as probes of
Neutron Star Formation Channels

In this Chapter | will discuss another project, started as giamy PhD, as a follow

up paper to Knigget al. (2011). The authors of this paper demonstrated that the
SMC BeXRBs can be split into two sub populations based om thédse periods.
This bi-modality is even more significant when we consider 8MC, LMC and
MW BeXRB systems together. They interpret these two popmriatas evidence
for the two main formation channels of neutron star, irorecoollapse supernovae
and electron capture supernovae which, until now, have bsmight to produce
almost indistinguishable compact objects. Here we reporur attempts to find
further evidence for the two channels of neutron star foromatMuch of the work
has been done in consultation with Prof. Christian Knigge.

5.1 Introduction

When studying HMXBs in detail, one has to look to the galactipydation or those
of our closest neighbours, the LMC and SMC. The HMXBs in the SM€ideal
for population studies: they do not suffer from the largdahise uncertainties that
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-15 -10 -5 0 5 10 15

Figure 5.1: Galactic distribution of HMXBs with known distances (filled trian-
gles) and the locations of OB associations. HMXBs whose distancestdagaven
have been placed at 7.6 kpc (empty triangles). The shaded histogreaseeis
the number of HMXBs in each *%in of galactic longitude as viewed from the
Sun. Taken from Bodaghest al. (2012)

plague the galactic population, are all believed to be fatimmeone star formation
episode, and so are all roughly the same age, and exist irsiraifar environments
within the SMC. With the exception of SMC X-1, all the HMXBs ine SMC are
BeXRBs. The low mass of the SMC means that the predicted nuafdeMXBs
is small (0-1). As mentioned in Section 1.4.1, the ratio oftlck hole binaries
to Be/neutron star binaries is such that we would expedtsystem in the SMC.
As such the sample of neutron stars has very little risk otammation, this is dis-
cussed further in Section 5.1.1. The small angular sizeeoSHMC (~ 2 x 2 degree)
means that this large, homogeneous population of BeXRBdearbserved with
relative ease.

It has long been thought that most neutron stars in the wevare formed by
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two particular types of core-collapse supernovae, irore@ollapse supernovae or
electron-capture supernovae. In the first case, a high-stass iron core exceeds
the Chandrasekhar limit. In the second case, a lower mas&oxygon-magnesium
core collapses due to a loss of pressure support caused lolglarsaapture of elec-
trons by the neon and/or magnesium nuclei in the core. Howthe neutron stars
produced by these two different channels are practicatlisimguishable. The neu-
tron stars produced by electron capture supernovae sheutightly less massive
(<1.3 My, compared with~1.4 M, for iron core collapse supernovae, Nomoto
1984) and will receive a smaller supernova kick velocityct ~ 50 km st versus
Viick =~ 200 km s1). The aim of this project was to investigate if there was any f
ther evidence for these two different formation channelhephysical parameters
in any of the SMC BeXRBs.

5.1.1 The Data Set

Table 5.1 gives the positions of the the SMC X-ray PulsardR§Xised in this work.
Only pulsars with secure pulse periods were selected talaamy contamination
with potential Be/White Dwarf systems and to guarantee thabarces are indeed
neutron stars. These are the same sources used by Ketigdg2011), compiled
by Prof. Malcolm Coe. The sources are either spectroscdpiocaphotometrically
confirmed, i.e. have an emission line star in their X-ray eaiccle with colours
consistent with those of an early type star. This includesstiimple used by Coe
et al. (2005) with the exception of SXP0.92 and SXP8.02 which are thought to
be spurious.

5.2 BeXRB-Cluster separation

Early type main sequence stars are not uniformly distrithotethe sky, instead they
are loosely concentrated in groups, known as “associdti@iaauw, 1964). The
clustering between HMXBs and OB associations has been wtlbkshed (e.g.
Bodagheeet al. 2012, see Figure 5.1). Caa al. (2005) assume that the closest
stellar cluster to a BeXRB in the SMC is the natal cluster. @l birthplace of the
BeXRB) and use the BeXRB-cluster separations to constharkick velocity. If
this assumption is correct and the distribution of kick e#ies is indeed bimodal,
then this should be reflected in the separation of the BeXRBs the closest clus-
ter. The positions of the BeXRBs in Table 5.1 were compareti tiose of the
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Table 5.1: Summary of SXPs used in this work and Kniggeal. (2011)
SXP ID RA Dec Pspin  Porb  Spectroscopically
S days confirmed?
SXP2.37 00:54:34 -73:41:03 2.37 18.62 YES
SXP2.76 00:59:12.8 -71:38:44 276 82.1
SXP3.34 01:05:02 -72:11:00 3.34 10.72 YES
SXP4.78 00:52:19 -72:19:48 4.78
SXP6.62 00:54:46 -72:25:23 6.62
SXP6.85 01:01:24 -72:43:30 6.85 22 YES
SXP6.88 00:54:46.2  -72:25:23 6.88 271
SXP7.78 00:52:07.7 -72:25:43.70 7.78 44.8 YES
SXP7.92 01:01:56 -72:32:36 7.92 36
SXP8.80 00:51:52 -72:31:52 89 334 YES
SXP9.13 00:49:13.6  -73:11:39 9.13 40.1 YES
SXP11.5 01:04:41.4 -72:54:.04.60 11.48 36.3 YES
SXP11.9 00:48:13.9 -73:22:03.50 11.89
SXP15.3 00:52:15.3 -73:19:14 153 751 YES
SXP18.3 00:49:11.4 -72:49:39 18.37 17.2
SXP22.1 01:17:40.5 -73:30:52 22.07 YES
SXP25.5 00:48:14.1 -73:10:04 25.55 YES
SXP31.0 01:11:09 -73:16:46 31 90.4 YES
SXP46.6 00:53:53.8 -72:26:35 46.6 137.4 YES
SXP59.0 00:54:57.4 -72:26:40.30 58.95 122 YES
SXP65.8 01:07:12.6 -72:35:33.80 65.8 111 YES
SXP74.7 00:49:04.6 -72:50:53 74.8 33.3 YES
SXP82.4 00:52:09 -72:38:03 82.4 362 YES
SXP85.4 00:57:12 -72:18:00 85.4
SXP91.1 00:50:55 -72:13:38 91.1 88 YES
SXP138 00:53:23.8 -72:27:15 138 125 YES
SXP140  00:56:05.2 -72:22:00 140.1 197 YES
SXP152  00:57:50.3 -72:07:56 152.1 YES
SXP169 00:52:54 -71:58:08 169.3 68.6 YES
SXP172 00:51:50 -73:10:40 1724 704 YES
SXP202A 00:59:20.8 -72:23:17 202 YES
SXP202B 00:59:29 -72:37:03 202 229.9
SXP214 00:50:11 -73:00:26 214 YES
SXP264  00:47:23.7 -73:12:27 263.6 49.2 YES
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SXP RA Dec Pspin ~ Porb  Spectroscopically
ID S days confirmed?
SXP280 00:57:48 -72:02:40 2804 127.3 YES
SXP293 00:58:12.64  -72:30:48 293 59.7 YES
SXP304 01:01:01.70 -72:07:02 304.5 520 YES
SXP323  00:50:44.8 -73:16:06  323.2 YES
SXP327  00:52:52.5 -72:17:14.90 327 45.99 YES
SXP342  00:54:03.8 -72:26:32 342

SXP348 01:03:13 -72:09:18 349.9 939 YES
SXP455  01:01:20.5 -72:11:18 452 75 YES
SXP504  00:54:55.6 -72:45:10 503 269 YES
SXP565  00:57:36.2 -72:19:34 564.8 95

SXP645  00:55:35.2 -72:29:06 645

SXP701  00:55:17.9 -72:38:53 702 412 YES
SXP726  01:05:55.3 -72:03:50.20 726

SXP756  00:49:42.1 -73:23:14.10 755.5 394 YES
SXP892  00:49:29.7 -73:10:58 892.8 YES
SXP967  01:02:06.7 -71:41:15.80 967 YES
SXP1323 01:03:37.5 -72:01:33 1323 YES

Declination

IIIIIIIII|IIIIIIIII|IIII]I[II|IIIIIIIII|IIII

Bica & Dutra star clusters ¢
SMC pulsars +

IIIIIIIII|IIIIIIIIIIIlII]I[II|I]III[III|IIII

16

14

Right Ascension

Figure 5.2: Position of the SXPs and star clusters from Bica and Dutra (2000).
The envelope indicates the area defined for the random points.
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Figure 5.3: From top to bottom, histograms of the BeXRB-closest cluster separa-
tion and the random points-cluster separation respectively. The bliolesmarks
the mean of each distribution

~600 star clusters in the SMC from Bica and Dutra (2000) andotiogected dis-
tance to the nearest cluster calculated.

Approximately 500,000 random points were generated withefSMC by defin-
ing an area centred on, but larger than, the SMC(Q ded) and then restricting the
maximum distance a point could be from a star clusterlté arcmin. This not
only allows the whole of the SMC to be evenly sampled but afeatty reduces the
chance of any artificial result due to the coverage of thelogte (i.e. because a
significant fraction on the random points are generateddeithe coverage of the
survey). Figure 5.2 shows the positions of the star clustdr@XPs along with the
region that the random points occupy (enclosed by the stdickdine).

Figure 5.3 shows the distribution of the separations fohlibe real and simu-
lated sources. The average separation between a BeXRB dadduster is 2.6’
compared with 5.9’ for the random points. A KS test perforroadhe separations
of the two samples calculated that the probability that lsetis of sources are drawn
from the same distribution is 22410~°%. This is just less than ag6significance.

However this test may over emphasise the significance ofltlstecing, as the
random positions may not fairly reflect the spatial disttibn of the BeXRBs in
the SMC. To confirm the result, we shifted the BeXRBs by an amByp in the
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Figure 5.4: Two theoretical distributions of neutron star kick velocities from Pfahl
et al. (2002) and Arzoumaniaet al. (2002). Top panel shows the probability dis-
tribution function (PDF), bottom panel shows the cumulative distributiontfanc
(CDF). Broken lines shows the velocities at which the CDFs equal 0.9973.

negative right ascension (RA), positive right ascensi@gative declination (dec)
and positive dec in turn, calculated the distance to theeslodusters and compared
these results to those of the real data set. The choiBggfis non trivial: the shift
needs to be big enough to destroy any real associations fait snough to keep
the SXPs in their local environment. A shift of 2 degrees wiazdrtainly satisfy the
first criteria, but would shift most of the SXPs out of the SM@n#arly, a shift of

2 arcmins would keep the SXPs in their local environmentjsunlikely to destroy
all the real associations.

To defineDgit | estimated the maximum distance a BeXRB in the SMC could

travel from its natal cluster. To do this | used the bimodakkielocity distributions

of Pfahlet al. (2002) and Arzoumaniaat al. (2002), shown in Figure 5.4 and the
spectral distribution of BeXRBs in the SMC from McBriég¢al. (2008). | took the
value ofvic to be that which is greater than 99.73% of the cumulativeidigion
function (CDF). This would suggest that only 3 in 1000 BeXRBstdd experience

a kick greater than this value, since the sample containg Bhlsources, | am
confident that no BeXRB in the SMC should have experiencedladieater than
this. This gavevic values of 732 km st and 1807 km s for the Pfahlet al.
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Figure 5.5: Mass distribution of the optical counterpart to the SXPs. Points show
the data from McBridet al. (2008). The solid line shows the Gaussian distribution
fit to the data. The broken line marks the maximum mass of an optical couriterpar
in the simulation (see Section 5.2.1).

(2002) and Arzoumaniaet al. (2002) distributions respectively.

Using the qu% values of main sequence stars from de Jager and Nieuwenhui-
jzen (1987), the relationship

L: <M>s.5 51
Lo Mo

and the spectral distribution of SXPs reported by McBedlal. (2008), | produced
a mass distribution for the spectral counterparts, showsigare 5.5 . This was fit
with a Gaussian using the IDL routirgaussfit.pro® with a mean value 166 M,
and standard deviation3b M. Adopting an average counterpart mass oM.,
a neutron star mass4lM., and conserving momentum gives system velocitigs,
of 55.7 km s and 137.5 km st for the two distributions respectively.

The most massive optical counterparts of the SXPs haverapggie 09.5V and
S0 a mass- 23 M. The nuclear timescale of a star, defined as the time it would

Lhttp://www.solar.ifa.hawaii.edu/Tropical/Bin/tropitidl/usr/local/lib/idl/lib/gaussfit.pro
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take the star to exhaust its nuclear fuel reserve based ouaritsnt consumption, is

M
Thuc U T
M -25

substituting Equation 5.1 fdr. This gives a stellar lifetime ofpyc ~ 4 Myr for
an 09.5V star. If we assume that all the BeXRBs in the SMC wemaéd at the
same timeT ~ 4 Myr ago, therD¢it = TVsys This givesmaximunshift values of
13 arcmin and 32 arcmin for the Pfadt al. (2002) and Arzoumaniaet al. (2002)
kick velocity distributions respectively (assuming thstdince to the SMC is 61 kpc,
Hilditch et al. 2005).

The separations of the new, shifted sources to the cloaesteciwere calculated
and compared with those of the unshifted (i.e. real) sourtls significance of the
shifts were, again, calculated with the KS test. The resudie highly dependent
on both the direction and the value DB,y used. For example, the KS test gave a
probability that the separations of the sources shifted®@rtmin in the positive
RA direction were drawn from the same distribution as thégearces of 85%. The
sources shifted by the same amount in the negative decidmemtly had a 0.001%
probability of being drawn from the same distribution. WHag;; was increased
to 32 arcmin, the probabilities for these shifts became%.85d 16% respectively.
This implies that the spatial distribution of the stellausters in the SMC is highly
structured.

Figure 5.6 shows the distribution of the cluster-clustgrasations. Whilst the
average cluster-cluster separation is similar to that efaferage SXP-cluster sep
aration (3.3 arcmin compared to 2.6 arcmin), the distrdoufpeaks at a smaller
separation. This, along with the results discussed abawggests that the aver-
age value of the separation distribution does not reflecttaacteristic distance
scale. When the shape of the separation distributions acecalssidered, it be-
comes apparent that the spatial structure of the clusters lsaorter characteristic
distance than that of the BeXRB-cluster separations andtlleaassumption that
the closest cluster to a BeXRB is its natal cluster is almedanly incorrect. This
in turn implies that a bimodalick distribution may not leave any signature on the
BeXRB-cluster separation distribution.

This indeed seems to be the case: Figure 5.7 shows the plaXRB cluster
separation again®spin. Figure 1.20 suggests that the break between the long and
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Figure 5.6: Histograms of the cluster-cluster separation. The broken line marks
the mean of the distribution.
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Figure 5.7: Plot of BeXRB cluster separation agaifsgin, the break between the
long and short period BeXRBpin = 40 s is marked by the broken line
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Star Cluster i

Figure 5.8: Schematic of the simulation. After a tintethe simulated HMXB has
spherical co-ordinatesidys,0,¢) with respect to the natal cluster.

short spin period systems occurs~40 s. A KS test yields a probability that the
separations of these two sub groups are drawn from the sastiddiion of 82%.

5.2.1 Simulation

Whilst | have shown that it is not possible to obtain any infation about the
underlying vk velocity from the separations of the BeXRBs from the cluster
it may yet be possible to recreate the distribution of the SB&XRBs from a given
Vikick distribution. | have written a simulation that attempts totdis. Uniformly
distributed random numbers are generated to determine:

e a cluster from the Bica and Dutra (2000) catalogue

e a mass from the the distribution shown in Fig. 5.5

e a kick velocity from the Pfahét al. (2002) distribution shown in Fig. 5.4
e two anglesp andg (see Fig. 5.8)

We again assume that all the sources were created in one eveAtMyr ago.
The lifetime of the counterpart selected is calculatedgifiquation 5.2, if it is less
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thant (i.e. earlier than spectral type O9V) it is removed from tlaenple. The
mass at which this occurs is shown as a broken line in FigireTe distribution
Is truncated at M., (spectral type B3) to keep the simulated BeXRBs consistent
with the observed spectral distribution seen. Momenturhes tconserved to find
the correspondingsysfor a givenvi;cx and assuming a neutron star mass.éfMl. .
The position of a simulated source after a times then given by the spherical
co-ordinates, centered on the random cluster selected aatdl cluster with radius
VsysT (see Fig. 5.8. To ensure even coverage this sphere, thesaghghed ¢ cannot
be drawn from uniform distributions themselves as this setdbunching around
the poles. Instead the variatesndv (which can take any value between 0 and 1)
are used to calculat@ and ¢.

8 =2mu
@=cos 1(2v—1)

The 3 dimensional position of the simulated source is thewexed into sky co-
ordinates RA and dec. The distance to the closest clustataslated for the sim-
ulated sources and then compared with the the cluster-Bed@pRration distribu-
tion.

5.2.1.1 Work to be Done and Preliminary Results

Currently the simulation does not take into account any &feimarity may have on
these systems: it assumes that all the BeXRBs were forme@etiythe same time
(4 Myr ago) and that the counterparts evolve completelyseply from the neutron
star. Whilst these assumptions may be acceptable, thisdshewonfirmed. In par-
ticular, the value of 4 Myr for the age of BeXRBs should be aained and better
justified. The simulation also assumes that the binary gesvihe supernova that
creates the neutron star, regardless of the kick velocipyaited. Whilst Portegies
Zwart (1995) have shown that the value of the kick velocitgexienced by the sys-
tems has very little effect on the spectral distribution @RB counterparts (see
Section 1.5.3), it may be that, when these effects are fugoanted for, the dis-
tribution of available kick velocities is truncated. Thensilation does not take the
current X-ray coverage of the SMC into account. Some of theukited sources
are located on the very edge of the SMC. This leads to outlirethe simulated
source-cluster separation distribution, which may leaa tsignificant difference
when compared with the real BeXRB-cluster separations. édew if these areas
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have not been observed with any of the X-ray telescopes tresetsources should
not be included in the final simulated source-cluster sejoars, as any BeXRB
population in these regions are also not included in thesaalple. Until recently,
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Figure 5.9: Results of the simulation described in Section 5.2.1. The crosses mark thermosftibe real SXPs, the circles show the positions
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much of the X-ray coverage of the SMC has focused on the Baka(Baet al.,
2008), with occasional deeper looks at the Wing (e.g. McGoetaal. 2008). The
XMM catalogue (Habegt al., 2012a) has observed the entire SMC down to a lim-
iting magnitude of a few 13 erg s 1: the quiescent level of BeXRBs. This should
lead to a complete catalogue of SMC BeXRBs with even coverali@ving an
envelope to be defined outside which any simulated souraegdshbe discounted.
No information is available in the Bica and Dutra (2000) tajae about the age
of the stellar clusters. This information is included in there recent, but smaller
Glattet al.(2010) catalogue, which is approximately half the size afsBand Dutra
(2000). Nevertheless very preliminary results, shown guie 5.2.1.1 do suggest
that when the clusters are divided into three age rangd<)’ yr, 10’ — 18 yr and
> 10° yr and each subgroup of clusters are considered as poteatiall clusters
in turn, it is the youngest clusters which produce the resudst consistent with
observations. The KS test gives probabilities that the regjpais of the simulated
and real sources from the clusters are drawn from the santbdison of 44%,
3.0% and 0.19% for the youngest, mid-aged and oldest chistgpectively. More
generally, the simulation has only been run using the kidkoity distribution of
Pfahlet al.(2002). Several other hypothesised distributions exigt (@rzoumanian
et al.2002) which should also be trialled, potentially leadingdone to being ruled
out.

5.3 BeXRB Neutron Star Mass Distribution

As mentioned in Section 5.1, the different supernovae ape&ked to produce dif-
ferent mass neutron stars. Constraining the neutron starisiastoriously difficult.
To date only a handful of the neutron stars in HMXBs have had thass reliably
constrain, all of which have been in eclipsing systems @AQO 1657-415, Mason
et al.2012 for a recent example). However logo(—P) — Ioglo(PspinL%) diagram
of Ghosh and Lamb (1979), introduced in Section 1.5.6, dbew or the mass of
the neutron star to be inferred from observational measengsn under certain as-
sumptions. Figure 5.3 shows@g;o(—P) — Ioglo(PspinL%) diagram with the subset
of the sources in Section 5.1.1, for whietP is known (see Table 5.2). These are
sources that have had outbursts long enough to deterﬁﬁ)@spinandL37. The
theoretical curves over plotted show the relationship ketwthe two parameters
for different neutron star masses, assuming a magnetic moofgizo = 0.48 (the
best fit value from Ghosh and Lamb 1979).
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log,(dP/dt)

log,(P L§/77)

Figure 5.10: Ioglo(—P) - Ioglo(PSpinLg) diagram for the SMC BeXRBs.

Approximately 100 of these theoretical curves were geeérat the neutron
star mass range.D— 3.5 M, assuminguszg = 0.48. The masses corresponding to
the contours which intersected the data points (withinrgjrare shown in Figure
5.3. There is no clear evidence for a bimodal mass distobythowever as with
the BeXRB-cluster separations, this does not mean thatukenass distribution is
not bimodal. The errors on theL? values, which are driven by the errors on the
luminosities, are large enough to disguise any bimodahty this method requires
the BeXRBs to have the same magnetic moments - an assumgtioh may not
be valid.

5.4 Conclusion

Thus far, no evidence has been found to support the hypstioésivo different
channels of neutron star formation using the SMC BeXRBsdhdythat given in
Kniggeet al.2011). The spatial distribution of the stellar clusterdiea EMC makes
it impossible to determine the underlying kick velocitytdisution of the neutron
stars from the BeXRB-cluster separation alone. Simple kitiains are not yet able
to reproduce the distribution of the SMC BeXRBs, howevenendentified several
areas where these simulations can be improved. More detdilster catalogues are
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Figure 5.11: Histogram of the neutron star mass values consistent with-fhe
PspinL% values of the SMC BeXRBs, assumipgy = 0.48.

Table 5.2: Subset of SXPs in Table 5.1 for whichP is known. All measurements
are simultaneous.

I:>spin P L7
SxPIb S sst x10%" ergcnr? st
SXP2.37 2.3720.001 —3.10+0.02x 10°° 21.1+0.24
SXP6.85 6.8510.002 —3.13+225x10°° 1.44+0.20
SXP7.78 7.78%0.002 —2.23+0.10x 10°° 0.66+0.12
SXP18.3 18.380.01 —7.40+0.09x 10°° 1.66+0.13
SXP46.6 46.30.05 —5.40+5.67x10°° 0.60+0.12
SXP59.0 58.80.02 —3.22+0.09x 104 2.16+0.22
SXP91.1 90.30.05 —1.49+0.04x 103 1.68+0.11
SXP169 1640.5 —3.17+0.32x 103 1.20+0.22
SXP172 172.20.2 —1.524+0.09x 103 0.36+0.14
SXP172 171.60.2 —2.11+0.26x 103 0.60+0.12
SXP323 319-0.5 —9.90+0.34%x 1073 0.84+0.14

SXP892 895:5.0 —240+1.23x1072 0.48+0.12
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required which include the approximate ages of the stellesters to fully explore
any cluster age dependence hinted at here. A complete SM&Betalogue is
also needed for the results of the simulation to be convacin

The current observational parameters of the BeXRBs arefrsutfficient quality
to determine the underlying mass distribution of the BeXR#itron stars. All of
the data in Table 5.2 has come from tRXTE monitoring of SMC. The lack of
imaging introduces a large error in the luminosity valuethefoutbursts as it is not
possible to identify the background level. Observation3ygde Il outbursts with
the next generation of X-ray telescopes, XlyIM-Newtornor Chandrawould have
smaller errors on the flux values which may improve the massraenation fol-
lowing the method outlined in Section 5.3. A better underdiag of the magnetic
fields of BeXRBs is required to validate or refute the assuompihat the magnetic
moments of the BeXRBs are approximately the same, currémtiydata are com-
pletely consistent with neutron stars of equal mass witliiagrmagnetic moments
(see Figure 1.21). Maget al.(2013) have discovered the first eclipsing BeXRB in
the LMC. Should a population of eclipsing BeXRBs exist, theyuld be an invalu-
able tool. Mass determinations of their neutron stars wauék the neutron star
mass-magnetic moment degeneracy and could be used to deteamacceptable
average value for the magnetic moment (if indeed such a \&dis¢s). This in turn
may allow for the mass distribution of the SMC BeXRBs to beed®ined using
the method detailed in this Chapter.



“Life! Don’t talk to me about life.”

THE HITCHHIKER'S GUIDE TO THE GALAXY (1979)

Conclusions & Future Work

Throughout my PhD | have studied HMXBs both individually asla population.
In this Chapter, | will summarise my work and identify areasanhmy results may
be used as stepping stones for new projects.

In Chapter 2 | explain the decrease in the pulsed fraction aft S@45106.8-
694803 with increasing energy and the anticorrelation ef hlardness ratio and
pulse profile with a two component source spectrum (an aksopower law and
black body). Simulations run to reproduce the anticorrefatn the pulse profile
and hardness ratio show that this behaviour can be expl#itiegltwo components
are pulsating- mTout of phase. Despite the fact that both spectral compohenes
similar pulsed fractions, the combined effect of the twosatihg components has
very little effect on the overall spectrum at energiesS keV, thus explaining the
reduction in the pulsed fraction. The temperature and Xwaynosity of the black
body suggests an emitting radius o6& 0.2 km. This, along with the apparent
variation of the black body with rotation, suggests the ainis originates from a
polar cap. The simulated pulse profile of the black body waslus constrain the
angles between the rotation axis and the magnetic exasid the angle between the
rotation axis and line-of-sighg.

In Chapter 3 | decompose the apparently broad iron line of Cl Gamthree
intrinsically narrow lines, neutral Fed< and KB and almost completely ionised

121
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Fexxv Ka. It is unclear how both neutral and almost fully ionised iran co-
exist and could suggest multiple emitting regions. The iamundance implied
by the ratio of the neutral & and K@ line fluxes is consistent with solar within
errors. The light curve extracted in the energy range defamthe Fe-l& line
from the spectral fits (6.20-6.55 keV) shows marginal evagsior a lag when cross
correlated with that of the continuum.

Chapter 4 describes the search for HMXBs in the Phoenix dvedaixy, a dwarf
irregular galaxy with similarities to the SMC. None of the 81ra§ sources de-
tected in theXMM-Newtonfield of view have the X-ray and optical characteristics
of an HMXB. More generally, Chapter 4 spotlights the difficestof searching for
HMXBs, in particular BeXRBs.The transient nature of thegstems make single
epoch searches ineffective, unless the limiting flux of theesvation probes down
to their quiescent level. The similarity of HMXB and AGN sprecmakes it impos-
sible to distinguish between the two in the low count ratemeg Similarly, simu-
lations of simple sine waves indicate that detecting pideat(conclusive evidence
for the presence of a neutron stars) requires a greater catenthan that observed
in the brightest source in Chapter 4. Multiple observatiohkénaited depth which
can identify short term X-ray variability are a much moreeetive way of detecting
these sources (e.g. Galacatteal. 2008).

Chapter 5 presents the work done searching for evidence ofliffeent chan-
nels of neutron star formation. Thus far, no evidence has bménd to support the
hypothesis of two different channels of neutron star foromain the cluster-BeXRB
separations or in the neutron star masses implied blothg(—P) — Ioglo(PSpinL%)
relation. However, the results are preliminary, and manghefareas requiring im-
provement before this work is published are already higdittéd within the Chapter.

6.0.1 Future Work

The source discussed in Chapter 2, Swift J045106.8-6948QBeilatest member
of an emerging subclass of BeXRB which are characterisedebsigient low lu-
minosity Lx < 106 ergs s1), long pulse periodR > 100 s) with hot black body
componentskTgg < 1 keV). | would like to extend the work done in Chapter 2 to
six other persistent BeXRBs listed in Table 2.1, at leastainéhich has shown sim-
ilar behaviour to Swift J045106.8-694803 (an anticorielabetween the hardness
ratio and pulse profile): RX J0146.9+6121 (La Palombara aedelghetti, 2006).
Most of these sources have much greater signal to noise arwlgibbe used to test
the simulation by performing pulsed phased spectroscopsiiallel and comparing
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the results. If valid, the results of the simulation can tberused to constrain the
geometry of all of these systems.

The high spin-up rate of Swift J045106.8-694803 suggessit accreting mag-
netar candidate along with other members of this class, 46224 and SXP1062,
suggesting a link between the magnetic field and the hot ex¢¢swever, at least
one of these sources (X Per) does not demonstrate any maghetacteristics.
The magnetic fields of all the remaining sources have thubdan assumed to be
B~ 102 G. Using archival measurements of spin and luminosity aeddamulae
of Ghosh and Lamb (1979) and Shakiaal. (2012) the magnetic fields of the
remaining sources could be determined and any link betweemwo parameters
further explored.

Further observations of ClI Cam (the topic of Chapter 3) of ineeeaduration
would allow the presence of the lag to be confirmed or, indesfdted. They could
also allow me to explore the possibility of any lags betwdenionised Fe-K line
with both the continuum and the neutral FerKine. This in turn could provide
further insight into the system, identifying where the érfnt ionisation states of
iron exist in relation to each other and the X-ray source. lilddike to continue this
work by searching for time delays in the iron line of the ontier known sgBle]-
XRB, IGR J16318-4848. Interestingly this source shows ndesce for an ionised
Fe-Ka line, indicating there is a clear difference between the $aorces.

In Chapter 5 I identify several of the reasons that make the &M@l for doing
population studies of HMXBs: its well constrained distanttee high density of
source and small angular size. TABIM-Newtorsurvey of the SMC (and ongoing
survey of the LMC) provide a homogeneous sample of B[e] sttt ahe same
distance and observed down to a similar flux limit. It has blegpothesised that
binary interactions could be somewhat responsible for tfgd Bhenomenon (e.g.
Zickgraf 2003; Kastneet al. 2010), however as yet only three B[e] binaries are
known (Ci Cam and IGR J16318-4848, which appear to be bona fid&BHvand
Wd1-9, a colliding wind binary). Much controversy has surrdad the nature of
the compact object in CI Cam (and to a lesser extent IGR J16848}4lue to the
uncertainty in the distances to these systems.

By identifying an extragalactic population of these sosrogith well defined
distances, | could get an idea of the range of X-ray lumimesithese sources can
have, which in turn can be used to better understand the Bafapulation. Two
sgB[e] stars have already been identified as X-ray sourc#ipreliminary data
analysis. One in the SMC (S18) and one in the LMC (S134). Ahigat study
of the optical behaviour of S18 has already shown it does motocm to the tradi-
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tion picture of sgB[e] stars as essentially static objelttis. highly photometrically
and spectroscopically variable with no obvious correlatietween the two. Shore
et al. (1987); Zickgrafet al. (1989) have already suggested that the highly variable
behaviour of the He 4686A line in particular is caused by binarity. Any X-ray
emission in excess of that expected from such a star wouldvaaght to this sug-
gestion and could possibly identify the nature of the unssmnpanion. Further
work is required to confirm that these are genuine count&sparthe sgB[e] stars
and extract hardness ratios. These can be compared with oi&d Cam and IGR
J16318-4848, Wd1-9 and simulated spectra of background AGidrfirm the na-
ture of these X-ray sources. Along with any other sgB[e]sstaat to be identified
in the survey and flux limits for any undetected sources,hilisbe the first study
of sgBJe] stars as a population in X-rays.
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Table A.1: Properties of all the sources detected inXthéM-Newtorobservation of the Phoenix dwarf Galaxy. Count rates and fluxesaine b
given for the 0.2—12 keV energy range. The Iégo is calculated from the 0.2—4.5 keV flux values and the optical data availatile IlGGS

or USNO catalogues. The classification column follows the designation in thevitxclassifiedsources in square brackets. Unclassified
sources are listed as “unclass”. Sources marked Wwithre analysed in Section 4.5 wiX6PEC and so the flux values come from the model
fit to the spectrum.

ID RA Dec erio  Countrate flux log(X)  HRI1 HR2 HR3 HR4  Classification
J2000 J2000 arcsec  1®s! 10 Mergscm?s? opt
47 01149437 -44:26:464 2.1 1 2.4£0.8 005 0801  -0H01 0102  -1.0:03 [hard]
23 01:4954.1 -44:22:493 1.7 12 8+1 07403 0701  -02t0.1  0.6:0.1 [hard]
36  01:49:54.4 -44:25:040 17 1 8+1 04802 001  -09:0.2 098007  unclass
81 01:49:54.8 -44:32:27.9 16 22 1242 041008 0101 0101  0.62:0.06 [hard]
91  01:50:02.1 -44:34:562 1.8 17 6+2 -0.78:0.09 0501  00:01  0.53:0.07 [hard]
15  01:50:035 -4421:235 17 598 0.6:0.3 02:01 0101  -05:02 0803 unclass
84 01:50:06.8 -44:33:20.0 1.8 T 1.0:0.9 310 008009 -06:01 0103  03:0.3 [fgstar]
25  01:50:07.6 -44:22:544 16 24 3.9:0.7 002 004006 004006 -032008  0.10.1 [hard]
31  0L50:115 -44:23:232 15 3 5.3£0.7 018 013005 -0.13:005 -0.43007  0.10.1 [gal]
49  0150:12.7 -44:26:586 15 aa 1141 030  07@0.07 052004 -0.32:0.04 -0.13-0.0 [hard]
33 01:50:14.9 -44:24:042 16 708 1.4:0.4 0.9:0.2  066:009 -0101  -0.3:0.2 [hard]
70 01:50:150 -44:30:41.1 16 48 22407 0101  -0.102  -0.5:0.1  0.4:0.2 unclass
96 01:50:154 -44:35514 15 &2 1942 113 023004 015004 -0.33004 -0.02:0.08 [hard]
7 01:50:19.4 -44:39:56.0 1.5 52 132 044  -01%004 -020:005 -0.43:0.07  -0.4:0.3 unclass
71 01:50:19.7 -44:30:47.7 16 19 3.4£0.5 087 004008 018007 -020:007 -0.4:0.1 [hard]
3 01:50:205 -44:17:10.6 1.7 a1 6+1 01402 0401  -03:01  05:0.1 [hard]
42 0150207 -44:25555 1.7 698 3.0:0.7 0.08 0201  00:01  -0502  0.70.1 unclass
4 0150:238 -4417:087 16 12 2.2£0.6 0.15 0301  00:01  -0.3:01  0.4t0.1 [hard]
14 01:50:242 -44:20:49.1 16 687 0.9:0.4 455 032008 -0.61:0.09 -1.0:04  1.0:1.9 fgstar
39 01:50:28.1 -44:25:352 17  1%6.7 1.5:0.3 090 079005 -0.36006 -0501  -0.8:0.3 gal
11 01:50:28.7 -44:1927.7 17  86.8 5.8:0.9 03:03 0701  -0.3:01  0.3:0.1 [hard]
41 01:50:29.0 -44:2551.7 1.6  138.8 3.0:0.4 0.40:0.06  -0.05:0.06 -0.65:0.07  0.2:0.1 [gal]
82 01:50:32.9 -44:32:322 16 908 1.4:0.4 0.27 0201  010:0.09 -0.3:01  -0.6:0.3 [hard]
90 01:50:38.5 -44:34:455 15 62 9.2:0.8 027  -003003 -0.14-0.04 -0.420.05 -0.3:0.1 unclass
1 01:50:39.2 -44:40255 19 49 5:2 0202 03:0.2  00:02  -0.10.4 [hard]
35 01:50:41.0 -44:24:32.9 15 1808 1.9 038 013006 002006 -0.1Z006 -0.30:009  [AGN]
56 01:50:42.7 -44:29:045 15 2208 2.5:0.2 220 042004 -0.38004 -0.72006 -0.10.2 fgstar
99  01:50:43.6 -44:36:13.1 1.6 1 2.6£0.8 446 0201  019:009 -0501 0102 fgstar
68 01501452 -44:30:347 1.6 18 6.3:0.7 012 0801 017009  -0.3:01  0.46:0.09 [AGN]
54 01:50:45.3 -44:28:292 16  ZDS 1.5:0.3 008 026009 -0.16:0.09 -0501  0.3:0.2 unclass

12 01:50:46.6  -44:20:31.6 17 440.5 2.0£0.5 0.4+0.2 0.0+0.1 -0.10.2 0.2+0.2 [hard]
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ID RA Dec erio  Countrate flux log(£)  HRL HR2 HR3 HR4  Classification
J2000 J2000 arcsec  1®s ! 10 Mergscm?s? opt
52 01:50:47.2 -44:27:44.2 1.5 47 6.5 -0.14 0.020.03 0.0@:0.03 -0.43:0.03 -0.34t0.06 [AGN]
61 01:50:51.8 -44:29:38.4 15 20:.8 3.8 0.42 0.0%0.05 0.13:0.04 -0.29-0.05 -0.40.1 [AGN]
100 01:50:54.5 -44:36:23.7 1.7 0.9 2.3t0.6 -0.31 -0.10.1 -0.10.1 -0.5+0.2 0.60.2 unclass
62 01:50:54.6  -44:29:44.7 1.7 30.4 0.9+0.3 -0.07 0.10.2 0.0t0.2 0.3t0.2 -0.10.2 [hard]
66 01:51:00.1  -44:30:19.6 1.7 13 1.4+0.3 0.4-0.1 0.2:0.1 -0.3:0.1 0.2:0.1 [hard]
34" 01:51:.00.5 -44:24:29.7 1.6 HR.5 1.2 -0.12 0.0€0.09 0.09:0.08 -0.4:0.1 0.2+0.2 [AGN]
9 01:51:02.9 -44:18:52.4 15 21 9.4+0.8 0.7#0.09 0.420.06 -0.210.06  0.08:0.07 [hard]
16 01:51:03.2 -44:21:39.3 1.8 394 1.0+0.3 0.3t0.2 0.2:0.1 -0.2:0.1 0.0t0.2 [hard]
58 01:51:04.3  -44:29:23.7 1.6 %9.6 1.5t0.2 0.07 0.05:0.06 -0.26:-0.07 -0.2£0.1 -0.10.1 unclass
48 01:51:04.6  -44:26:49.2 1.7 28.3 0.4+0.2 -0.61 -0.20.1 -0.2:0.2 -0.4+0.2 0.0t0.4 unclass
10 01:51:09.0 -44:18:56.0 1.6 26:0.8 4.3t0.5 0.21 -0.130.04 -0.0%20.05 -0.42:0.07 0.10.2 [gal]
21 01:51:13.7  -44:22:46.2 1.7 8&10.9 1.10.3 0.9+0.1 0.3t0.1 -0.10.1 -0.1-0.1 [hard]
28 01:51:13.8 -44:23:07.8 1.6 19 3.2+0.4 0.47 0.22:0.08 0.05:-0.08 -0.16:0.08 -0.2:0.1 [hard]
38 01:51:149 -44:25:09.9 1.6 *8.5 1.5t0.2 0.39:0.07 0.14-0.06  -0.32-0.07 -0.A0. [hard]
2 01:51:17.6  -44:40:14.9 1.6 e 2.3+0.8 0.10.1 -0.4+0.1 0.2£0.2 0.5+0.3 unclass
22 01:51:21.6 -44:22:43.2 1.6 14 1.3+0.2 0.04+0.09 0.24:0.08 -0.48-0.08 0.2#0.08 unclass
55 01:51:22.5 -44:28:39.6 1.6 #8.5 1.10.2 0.14:0.09 0.19:0.08 -0.35:0.09 -0.40.2 [hard]
13 01:51:23.3  -44:20:44.0 1.6 #D.6 1.A40.3 0.9:0.1 0.39:0.07 -0.43:0.08 -0.10.2 [hard]
92 01:51:24.7 -44:35:09.2 1.6 21 10.06+0.9 -0.82 1.60.6 0.86+0.07 0.38-0.05 -0.240.0 [hard]
50 01:51:24.9  -44:27:23.9 1.6 6:8.6 1.6+0.3 0.2£0.1 0.0t0.1 -0.2:0.1 0.0t0.2 [hard]
72  01:51:25.9 -44:31:07.4 1.7 1Q 2.4£0.5 -0.10.2 -0.2£0.2 0.2+0.2 0.6:0.1 unclass
29 01:51:26.0 -44:23:11.9 1.7 4:8.5 1.0+0.2 0.4+0.1 0.:10.1 -0.5£0.1 -0.1:0.2 unclass
20 01:51:28.6  -44:22:39.1 1.9 29.4 0.3:0.1 -0.84 1.0+0.2 0.10.1 -0.2:0.1 -0.6+0.3 [hard]
73 01:51:30.1  -44:30:54.3 1.5 2%R.9 5.2t0.5 0.12 0.25:0.05 0.010.05 -0.39:0.06 -0.10.1 [hard]
65 01:51:30.2  -44:29:57.0 1.6 12 3.0t0.5 0.4+0.1 0.19+0.09 -0.10.1 -0.10.1 [hard]
27 01:51:30.6  -44:22:54.9 1.6 2%0.5 1.2t0.2 -1.41 0.4%0.06 -0.48-0.06 -0.9:0.1 0.8:0.2 fgstar
74 01:51:32.1  -44:31:11.3 1.7 5:0.6 1.6-0.4 0.5+0.2 0.10.1 -0.9:0.1 0.9+0.1 unclass
59 01:51:37.3  -44:29:27.3 1.6 #6.6 1.4+0.3 0.36:0.09 0.09:-0.08 -0.4£0.1 -0.1-0.2 [hard]
63 01:51:39.7  -44:29:46.8 1.6 9.7 3.3t0.5 0.34:0.09 0.0@:0.08 -0.3:0.1 0.10.1 [hard]
8 01:51:41.3  -44:18:27.3 15 33 7.0£0.7 -0.02 0.06:0.04 0.06:0.04  -0.25:0.05 -0.46:0.09 [hard]
6 01:51:41.4 -44:18:13.3 1.7 69.9 2.6-0.6 0.10.2 0.3t0.2 -0.5+0.2 0.A#0.1 unclass
67 01:51:41.8 -44:30:13.6 1.7 #P.6 2.3:0.4 0.5t0.1 -0.2:0.1 0.0t0.1 0.10.1 unclass
85 01:51:42.0 -44:33:21.7 1.6 1#0.9 2.9-0.7 0.3t0.1 0.210.07 -0.510.09 0.0:0.2 unclass
45 01:51:42.7 -44:26:07.7 1.6 130.7 3.14+0.4 0.23t0.07 0.13-0.06 -0.25:0.07 -0.2£0.1 [hard]
17 01:51:43.3  -44:21:55.9 1.9 4:6.6 1.8t0.5 1.6:0.1 0.4+0.1 -0.10.1 0.2:0.2 [hard]
94 01:51:445 -44:35:31.1 1.7 ES 6+1 0.6+0.1 0.2+0.1 -0.3:0.1 0.5+0.2 [hard]
18 01:51:45.6  -44:22:00.0 1.6 130.8 2.3t0.4 -0.58 -0.020.07  0.16:0.07 -0.28-0.08 -0.3t0.2 [hard]
101 01:51:49.9 -44:37:04.5 1.7 12 2.5+0.7 -0.48 -0.20.1 0.2£0.1 -0.10.1 0.0t0.2 [hard]
78 01:51:51.6 -44:32:17.5 1.8 4:0.6 0.6+0.4 -2.37 0.60.2 -0.2:0.2 -0.3:0.2 -0.4:0.4 fgstar
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D RA bec ery  Countrate flux log(+-) HR1 HR2 HR3 HR4  Classification
J2000 J2000 arcsec  19s! 10 “ergscm?s? oPt
43 01:51:52.1 -44:25:46.1 1.6 16:6.6 1.3:0.2 0.13:0.07 0.06:-0.07 -0.32:0.09 -1.0:0.2 [AGN]
80 01:51:55.4 -44:32:22.5 1.6 13 4.0+0.7 0.24 0.792:0.08 0.210.08 -0.13:0.08 0.6:0.1 [hard]
60 01:51:56.0 -44:29:28.7 1.6 1Q 3.1+0.7 -0.56 0.240.1 -0.2:0.1 -0.10.2 0.4+0.1 [gal]
83 01:51:57.2 -44:32:55.3 1.6 14 3.9:0.8 0.7G:0.09 0.3@:0.06 -0.26:0.07 -0.3t0.2 [hard]
30 01:51:57.4 -44:23:06.1 1.6 18 5.7+0.7 -0.20 0.09:0.08 0.11-0.07 -0.25:0.08 0.2:0.1 [hard]
57 01:.52:00.7 -44:29:14.6 1.6 80.8 4.0:0.7 1.0:0.2 0.5:0.1 0.23t0.09 -0.10.1 [hard]
97 01:52:00.9 -44:35:545 1.6 29 5.0+0.9 0.370.07 -0.16:0.06  -0.08:0.07 -0.2t0.1 [hard]
19 01:52:02.6 -44:22:08.7 1.6 12:0.9 3.0:0.6 0.5:0.1 0.30:0.08 -0.08:0.08 -0.2:0.1 [hard]
26 01:52:11.1 -44:22:56.2 1.7 5.0.6 5+1 1.0+1.9 0.96+0.07 0.2:0.1 -0.50.2 [hard]
5 01:52:11.3 -44:18:08.8 1.6 2B 31+6 0.6+0.1 0.4+0.1 -0.3:0.1 0.3t0.2 [hard]
37 01:52:25.0 -44:25:16.5 1.7 %*0.9 112 0.2£0.2 0.5:0.1 -0.2:0.1 0.3:0.1 [hard]
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