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A multiwavelength analysis of M31's globular clusters ahdit low mass X-ray
binaries

by Mark B. Peacock

Globular clusters (GCs) are dense groups of thousands liomsilof stars. They
are often very old systems with ages similar to those of thest galaxies and
the early Universe. These clusters provide unique laboestdor astrophysical re-
search and have been used by countless studies to improwendarstanding of
the Universe. In patrticular, they are ideal locations fardying stellar evolution
and the formation and evolution of galaxies. They also lewinique locations for
studying individual exotic objects, such as X-ray binarigsthis study, | investi-
gate the properties of GCs in the nearby spiral galaxy, M3iis falaxy hosts the
largest GC population in the Local Group. This, combinedwi relative proxim-
ity to us, makes it an important bridge between studies oc&Gal and extragalactic
GCs. However, previous catalogues of these clusters hdfezesdifrom significant
inhomogeneity and contamination from both stars and gesaxi this contribution
| present new, homogeneous, optical and near infra-recopmetry of the M31 GC
system. In addition to this, the structural parameters ¥er dalf of the known clus-
ters are determined through fitting point spread functiomvotved King models to
their density profiles. This photometry is used to removaisicant contamination
from non-cluster sources in previous cluster catalogudg@confirm a large pop-
ulation of young clusters in the M31 cluster system. Detamg the properties of
these clusters is very important in investigating both,tarsl other, GC systems. It
is also of great benefit in investigating the exotic objeastld by these clusters.
| combine these data with archivetMM Newtonobservations, to study the low
mass X-ray binaries (LMXBs) in M31’s clusters. LMXBs are knoto be rela-
tively common in GCs and, through studying the propertieshefGCs which host
them, it is possible to investigate the effects of clusteirenment on the formation
and evolution of these systems. From this work, | demoresttedt the presence of
LMXBs is proportional to the stellar collision rate of a GChi§ provides good ob-
servational evidence that these LMXBs are formed througtadyical interactions.
These data are also used to consider the morphology of mbailzbranch stars in
M31's GCs. Publishe@ALEXultraviolet observations of these clusters are used as
a probe into their hot stellar populations. From this workrdpose a relationship
between the core density of these clusters and their uttietvcolour. This result
suggests that the formation of (FUV bright) extreme hortabhranch stars may be
enhanced in dense stellar environments through stellaraations.
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THESISOUTLINE

This study is broken down as followsChapter lis intended as a general intro-
duction to the subjects addressed in this wa@hapters 2-5contain the research
presented in this thesisChapter 6summarises the overall findings of this con-
tribution. The research chapters constitute studies iir thven right, so readers
interested in a particular section should be able to reanh ihdependently. Below
is a brief description of the subjects addressed in theviolig chapters. | have also
highlighted the contributions of others to the work presentAll of the research
presented was primarily performed by myself but has als@fitex from the ideas
and comments of Tom Maccarone.

In Chapter 2 | present the results of a new survey of the M31 globulartelus
(GC) system based on optical images from the Sloan DigitglSkvey and near
infrared observations from the Wide Field Camera on the Uikahed Telescope.
This chapter presents the colours of these clusters, censdige old and young clus-
ters in the galaxy and investigates potential contaminatigrevious catalogues.

The properties of these clusters are further considerethapter 3 Here we
consider their structure by fitting PSF convolved King madslthe cluster profiles.
The code used to perform this King model fitting was kindlyypded by Chris
Waters. The details of this code itself | claim no credit fdhese two chapters
are based on work already published in the papers Peasioak (2009, 2010).
Both of these papers benefited from detailed comments froom@&r Kundu and
Christian Knigge. They also benefited from comments andsifiesn Steve Zepf,
Chris Waters and Dave Zurek.

The X-ray properties of M31's GCs are considerectimapter 4 This is based
on data from the 2XMMi catalogue and provides the most homeges, deep,
high spatial resolution X-ray survey of M31's GCs to date.eTgroperties of the
clusters hosting LMXBs are investigated using these datalancluster properties
determined in chapters 2 and 3. This chapter includes sonmk published in
Peacocket al. (2009), but presents new, more homogeneous, data and éschd
more complete discussion.

In chapter 51 consider the influence of cluster density on the far ultylt prop-
erties of M31's GCs. This uses the newly derived structuaabmeters, combined
with previously published@GALEX near and far ultraviolet luminosities of the clus-
ters. These data are used to investigate the horizontatbraopulation of M31's
GCs. This work has benefited from ideas and suggestions fronst@n Knigge
and Andrea Dieball.
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Introduction

This study is primarily concerned with investigating thejperties of extragalactic
globular clusters and the X-ray binaries they host. In thigpter, a general intro-
duction is given to both globular cluster and X-ray binargtgyns. A more specific
introduction to the topics investigated in each of the feilog science chapters is
provided at the start of each chapter.

1.1 Globular Clusters

Globular clusters (GCs) are dense, roughly spherical ggafghousands to mil-
lions of stars. The GCs in our Galaxy have been observed fodieas of years
and some can even be seen with the naked eye. The Milky Wayisknown to
contain at least 150 of these clusters (although there leby lio be~20 unknown
clusters hidden behind the Galaxy, Harris, 1996). Becatifeetr relatively faint
magnitudes, and small sizes, it took significantly longerdxtragalactic GCs to
be identified. However, in the pioneering work of Hubble (2R35Cs were de-
tected around the local group galaxy M31 and were subselgumrggested from
an excess of point sources in the giant elliptical M87 (e aud, 1955; Sandage,
1961; Racine, 1968). Globular clusters are now identifiediad almost all galaxies



1.1 Globular Clusters 2

that are observed with sufficient detail. This includes gigls of all morphologi-
cal types, including some dwarf galaxies. The number of GQifferent galaxies
varies significantly. For example, M31 (the focus of thisdsfucontains over 400
GCs (Barmbyet al., 2000), while M87 (the cD galaxy at the centre of the Virgo
cluster) is thought to contain over 10,000 (e.g. Tanairal,, 2006a). To first order,
the number of GCs in a galaxy is related to its mass (discusseobre detail be-
low). Due to their proximity to us, the Galactic GCs remaig thest studied. The
properties of the Galactic GC system are available from dmroonly used Harris
catalogue (Harris, 1996). Throughout this study (unlebgmwtise stated), we use
data from the Harris catalogtiéo indicate the properties of the Milky Way’s GCs.
Many observational results are still based primarily orsthelusters. However, in
the era of theHubble Space Telescope (HZhd large ground based telescopes, the
data available for extragalactic GCs have improved draralyi In this study we
investigate the properties of extragalactic GC systemgairticular M31's GCs.

For many years, GCs have been used to study different aspleassrophysics.
For example, in a series of papers studying the distribudiweh distance to known
GCs, Shapley (1918) provided some of the earliest estintéise size of the
Galaxy, noting that the Sun is significantly offset from thal&tic centre. More re-
cently, GCs have been used to determine the distances toyngaaxies (through
measurement of the luminosity distribution of their GC syss$, see e.g. Kissler-
Patig, 2000), to investigate galaxy formation and evolu{gee e.g. the review of
Brodie and Strader, 2006), to investigate star formatiahewolution and to study
exotic objects hosted by the clusters. The properties of &@dgheir application to
such studies are described below.

1.1.1 Stellar populations

Figure 1.1 shows gri-band image of the Galactic GC M15, as seen by the Sloan
Digital Sky Survey (SDSS; see e.g. Adelman-McCartal., 2007). This image
demonstrates the general structure of GCs. They are rogghlgrical systems with
small, very dense cores extending out to regions of muchroeasities. A large
number of bright, red stars can also be seen in this imageserlted giant stars
demonstrate the evolved stellar population of this cluster

The colour magnitude diagram (CMD) of this cluster, basethese SDSS data,
is shown in figure 1.2. This diagram shows the typical stgltgyulations observed
in GCs. The large group of stars at the bottom of the plot agectire hydrogen

ltaken from the February 2003 version: http://physwww.tsisncmaster.ca/ harris/mwgc.dat
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Figure 1.1: The Galactic globular cluster M15. Constructed from optiga and
i-band images from the Sloan Digital Sky Survey (SDSS; meskicgether using
the programMONTAGE, http://hachi.ipac.caltech.edu: 8080/montage/).

burning main sequence (MS) stars. This CMD stops~&1 mag, due to both
crowding and the detection limits of these data. Howeves, ME is known to
extend down to the lower right region of this plot, with dexseng stellar mass. The
old age of M15's stellar population is demonstrated by tistinictive truncation of
the main sequence. This is a common feature of Galactic GC €MTd is due to
massive stars evolving off of the MS to brighter, redder aoto The location of
the MS turn-off, provides one of the best methods of estinggtthe age of a simple
stellar population, with a single star formation epoch.dotrmeasurements of this
MS turn-off have been used to determine the age of the Milky'$\aCs (with the
most homogeneous estimates to date coming fronrHBEACS survey of Marin-
Franchet al,, 2009). Extending up from the MS to the bright, red region gtife
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Figure 1.2: Colour magnitude diagram of M15 based gandr-band observa-
tions from the Sloan Digital Sky Survey. This is producedngsihe published
photometry of Anet al. (2008). Labelled are the main stellar populations in the

cluster. These are the main sequence (MS), blue stragg&, (Bd giant branch
(RGB) and horizontal branch (HB) stars.

1.2 are the red giant branch (RGB) stars in the cluster. Tige leool envelopes of
these stars gives them their distinctive colour and lumitgios

A small group of stars can be seen which lie on the MS, but beylom observed
main sequence turn-off. These are referred to as blue sénegjgrs (BS). Their high
luminosities mean that these stars should have alreadyexVoff the cluster main
sequence long ago. Itis therefore believed they must hasedaass at some stage
of their evolution. The exact mechanism for the formatiortlefse stars remains
an area of active research. However, several methods havegdreposed. These
include: the merger of stars through stellar collisiondl§and Day, 1976); mass
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transfer or coalescence of stars in binary systems (McQ&@4); or the evolution
of triple systems, which can drive the coalescence of a vgihy inner binary system
(Perets and Fabrycky, 2009). No clear relationship betweestellar collision rate
of a cluster and its BS population is observed in the Gal&&@s (e.g. Leiglet al,,
2007). Instead the core mass of a cluster is found to coeraldh the BS population
(Kniggeet al, 2009). This suggests that the binary formation scenarip Inesthe
dominant process in forming these stars. However, theifnractf BSsis found to
increase towards the centre of some clusters, suggestngtttilar interactions in
the dense cores of these clusters does play a role in thenatayn. It should also
be noted that, the binary fraction itself may increase irstdts with high stellar
collision rates. This is because of the dynamical formatibbinary systems.

A further population of stars can be seen in figure 1.2, whidlereds blueward
from the RGB. It can be seen that these stars have simib@nd luminosity, but
a large spread in colour. Because of their appearance icab@@MDs (such as
figure 1.2), these stars are referred to as horizontal br@d&l) stars. They were
identified by Hoyle and Schwarzschild (1955) as being posBR@rs with helium
burning cores and a thin hydrogen burning shell. It is cuiyethought that these
stars have similar core masses~00.5V;, and thin hydrogen envelopes of mass
0.02-0.2M;, (see e.g. Moehler, 2001). The observed spread in colouresktktars
is thus related to the mass and opacity of their hydrogenlepgs. Those stars with
less massive envelopes have higher effective temperatmebluer colours. The
production of these HB stars is thought to require significaass loss while on
the RGB. Furthermore, the spread in colour of HB stars, withdividual clusters,
probably suggests a spread in this mass loss (Rood, 1973).

Explaining the observed distribution of HB stars in GalaGiCs has been a long
standing challenge, and is still not fully resolved (see ¢heg reviews of Moehler,
2001; Catelan, 2009). At an early stage in the investigaifdhese stars, the metal-
licity was identified as the primary parameter related to It population in a
cluster (e.g. Sandage and Wallerstein, 1960). This is dukedact that, for the
same mass, metal rich HB stars will generally have reddenursithan metal poor
HB stars because of their increased opacity. However, thallcgéy alone can not
explain the observed HB populations in all Galactic GCshBgs the most striking
example of this is the different HBs observed in clusterwimilar metallicities
(e.g. NGC 288 and NGC 362: Bellazz#tial., 2001). This has led to the long stand-
ing search for a ‘second parameter’ to explain the HB staseted. This second
parameter problem dates back as far as the proposed ‘filstneder (metallicity)
(Sandage and Wallerstein, 1960). Investigating the sepamaimeter has been the
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focus of many subsequent studies (as reviewed by: Fusi Beddellazzini, 1997;

Catelan, 2009). Many processes have been proposed as tmel ggrameter, and
it is likely that more than one may play a role. Indeed, it hasrbproposed that
‘non-global’ parameters may also effect the HB populatibmdividual GCs (e.g.

Freeman and Norris, 1981). Some of the proposed second ptaemninclude:

Age of the stellar populationThe effect of increasing the age of a stellar popula-
tion is to make the HB stars bluer (e.g. Leeal, 1994, 2000; Maraston, 2005).
For GCs older tham-10Gyr, the core mass of HB stars is thought to be roughly
constant. Because older stellar populations will genglfzdive lower masses, this
means that, for the same mass loss on the RGB, the effeatngetature of the HB
stars will increase with age. The age of a cluster became btiee@rime second
parameter candidates following the work of Searle and Zir8v8), where an ob-
served variation with galactocentric radius was intemguieh terms of an age effect.
The age of a stellar population certainly has an influenceherHB morphology.
However, whether the age spread in the Milky Way’s GCs isdagough to ex-
plain the observed HBs remains uncertain. For example, $t pvaposed by Rey
et al. (2001) that the different HB populations of the clusters Mit@ M3 could
be produced by a difference in the age of the clusters. How&agelan (2009)
used the age estimates of Salaris and Weiss (2002) to shothéhage difference
between these clusters is unlikely to be large enough toaexphe different HB
populations. Age variations are also unlikely to explaia biimodal HBs observed
in some clusters, where significant populations of both lasine red HBs are ob-
served (e.g. NGC 6388 and NGC 6441 Retlal., 1997; Piottcet al,, 2002). This
would require a large internal spread in ages.

Helium abundanceThe helium fraction of a cluster has been another populaleex
nation. A stellar envelope with a higher helium fractionvidve fewer electrons
per unit mass. The resulting decrease in opacity will predsimaller envelopes
and hence bluer colours. The helium abundance has gainedumim recent years
with the discovery of multiple main sequences in clustersictv may indicate a
spread in helium abundance within the same cluster (@.g:en and NGC 2808:
Leeet al, 2005). Enhanced helium abundance has also been propoarcd:agla-
nation for the excess far-ultraviolet radiation observethie brightest GCs in M87
(Sohnet al,, 2006; Kavirajet al., 2007).

Stellar core rotation It is thought that stars with faster rotating cores willaethe
onset of a helium flash. This results in HB stars with more mas®res and less
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massive envelopes. This means that faster core rotatiorproayce bluer HB stars
(e.g. Mengel and Gross, 1976; Fusi-Pecci and Renzini, 19&@&rson, 1985).

Mass loss Ultimately the amount of mass loss on the RGB will determiine
colour of the HB stars in a cluster. Hence a spread in this easswill produce a
spread in the colours of HB stars (Rood, 1973; Peterson,; X8&2lan, 2000).

Cluster core densityThe stellar density in a cluster core might be expected to en
hance the the mass loss from RGB stars, and hence produceHBustars. Such

a relationship is observed in the Milky Way's clusters foe thlue tail’ of the HB
stars (extreme-HB/subdwarf B) (Fusi Peetial., 1993; Buonannet al, 1997).
This can also help to help explain the presence of extremestdB in the metal
rich, high density clusters, NGC 6388 and NGC 6441 (Rithl., 1997).

Due to the complexity of the observed HBs, and the limited ganof Galactic
GCs, observations of extragalactic GCs would be of greaéfitein investigating
these parameters. Most of the observational data on HB istatgrently limited
to the Galactic field, its GCs and the GCs of the LMC and SMCsThdue to the
difficulty in resolving stellar populations in extragal@cGCs. It is possible to pro-
duce limited colour-magnitude diagrams for GCs at the distaof M31 using high
spatial resolutioHST images of the clusters (e.g. Mackeyal., 2006). Unfortu-
nately, for most extragalactic GCs, such colour magnitudgrdms are not avail-
able. However, it is possible to infer the HB morphology ofragalactic GCs indi-
rectly by using UV observations (e.g. in M87 and M31 Sehal., 2006; Reyet al,,
2007). Because of their sensitivity to high temperaturesctsj, such wavelengths
are known to be a good probe into the HB population of a GC @&@onnell, 1999;
Brown et al,, 2004). In chapter 5 we investigate the effect of clustee cansity on
the HB stars in M31's GCs by usifgALEXfar-UV photometry.

1.1.2 Integrated colours, age and metallicity

As can be seen from figure 1.2, the Galactic GCs are found tesept a good ap-
proximation to a simple stellar population, hosting a pagioh of stars with similar
ages (as shown by the single MS turn-off) and metallicitessdemonstrated by the
narrowness of the MS and RGB). This makes GCs unique locatmstudy stel-

lar evolution and test models of simple stellar populatidhshould be noted that
recent observations suggest that the stellar populatib@®Cs are more complex
than this. DeepdST observations have resolved the main sequence into multiple
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branches in some clusters (e.g. NGC 2808: Piettal., 2007). Also spectroscopic
abundances are found to vary between stars in the samerqlesie red giants in
NGC 2808; Carrettat al., 2006). While this recent work provides interesting clues
into the formation of GCs, these variations are small. s gtudy, we are con-
cerned primarily with the properties of extragalactic GTherefore such internal
variation in age or metallicity of the stellar populationatluster are likely to be
much smaller than the errors on these parameters. For themder of this study,
we therefore consider clusters to have a single age andlioigyal

Investigating the properties of extragalactic GCs is vempartant in order to
study a larger and more diverse sample of clusters than theliSters currently
known in the Milky Way. However, given the increased diseatthese extragalac-
tic clusters from us, it is very difficult to resolve the indiual stellar populations
in these clusters. At the distance of M31, it is possible wdprce colour magni-
tude diagrams for bright stars outside the cores of thesgartsiby using the superb
spatial resolution oHST images (Mackeyet al,, 2006; Perinaet al,, 2009). For
one of M31's GCs (B379) very deep HST exposures have beentaggdduce a
colour-magnitude diagram for the cluster to the main sege¢uarn-off in the clus-
ter. This allows a direct determination of its age (Broetnal,, 2004). However,
this is the only cluster in M31 for which such data are avadalf-or the majority
of M31's GCs the properties of their stellar population hawee inferred from the
integrated emission of the cluster. Fortunately, it is g@edo estimate many clus-
ter properties from integrated colours. With this in mind present, as part of this
study, a multiwavelength survey of the M31 GC system. Thpmetry, presented
in chapter 2, provides self consistent, integrated coléar$131’s GCs which are
very useful in investigating their properties. The effeatsage and metallicity on
the colour of a cluster are discussed below.

It can be seen from the CMD in figure 1.2, that the integratédwaf a cluster
will be strongly dependent on its stellar population. Géustwith an older stellar
population will have a more truncated main sequence. Thisdause more massive
stars exhaust their core hydrogen quicker and hence evéfleé the MS at earlier
ages. The result of this is that older stellar populatiorikhave fewer bright (blue)
MS stars and more RGB stars. Hence, older GCs will have redtdgrated colours
than younger clusters. The metallicity of the stellar pagioh in a cluster also
has an influence on its colour. This is because, increasmgntttallicity of a star
increases the opacity of its atmosphere making it coolar Hraequivalent metal
poor star. The result of this is that both MS and RGB stars itahrech clusters
will have redder colours.
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Figure 1.3: An example of using optical and near-infrared photometrgstimate
the ages and metallicities of GCs. This figure is taken fromd{Let al. (2005).

It shows the colour of globular clusters in NGC 4365 and NGO9l8btained
from deepHST photometry. Also indicated are the expected colours oftetss
with certain ages (blue, dashed lines; 1, 3, 5, 8, 11, and IH3d®yto right) and
metallicities (red, solid lines; -1.7, -0.7, -0.4, 0, 0.4« deom bottom to top). The
predicted colours are from the SSP models of Bruzual andI@h@003). These
data demonstrate the potential of near-infrared and datadaurs to separate age
and metallicity effects. It can be seen that there is a pdjpulaof clusters in
NGC 4365 that have colours consistent with intermediats afjie 3 Gyr.

These effects suggest that the integrated colours of a GBeared to estimate
the age and metallicity of the underlying stellar populatidHowever, there is a
notorious degeneracy between both of these parameterdNerthey, 1994). This
is because increasing the age and the metallicity of the star cluster both result
in the cluster having redder colours. One method for (at leatially) breaking this
degeneracy is to consider a combination of optical and mégared colours of the
cluster (e.g. Kissler-Patig, 2000; Puatal., 2002; Kunduwet al., 2007). At optical
wavelengths, the bright, blue stars, just below the maiusege turn-off, make
a significant contribution to the total cluster luminositjhe colour of these stars
is a function of both the age and the metallicity of the clustéowever, the near
infrared is more sensitive to the cooler RGB stars in thetelu3 he colour of these
stars is primarily related to their metallicity. The resoitthis is that a combination
of these colours can potentially discriminate between ffexts of cluster age and
metallicity.

Simple stellar population (SSP) models, such as thoseqexsby Bruzual and
Charlot (2003) and Maraston (2005), are found to reprodheeobserved colour
magnitude diagrams of GCs relatively well. These modelsbsansed to estimate
the integrated colours of a GC for a given age and metallicityese colours are
found to be in good agreement with observations of the Gal&Cts at optical and
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near infrared wavelengths (e.g. Bruzual and Charlot, 20@8mparing these SSP
models with optical and near infrared observations of gelactic GCs is one of the
most efficient ways of determining their ages and metallisitAn example of this
method is shown in figure 1.3 (Kunei al., 2005). This shows the colour of GCs in
NGC 4365 and NGC 1399 compared with the SSP models of BrunaaCharlot
(2003). It can be seen that some of the clusters in NGC 436& talours consis-
tent with intermediate ages of around 3 Gyr (as originallypased in this galaxy
by Puziaet al., 2002). This method has also been used to suggest a popudatie
termediate age GCs in several other galaxies: NGC 43654Rtial., 2002; Kundu
et al, 2005); IC 4051, NGC 3311 (Hempet al., 2005); NGC 5813 (only a small
sample: Hempedt al, 2007). However, the ages determined for GCs in some other
galaxies are consistent with only an old population: NGC3Puziaet al., 2002);
NGC 1399 (Kundtet al., 2005); NGC 4472, NGC 4594, NGC 3585 (Hemetdl,,
2007). Spectral energy distribution (SED) fitting to SSP eiledrom UV, opti-
cal and near infrared photometry have also been used to suggeopulation of
intermediate age clusters in M31 (Fahal, 2006). This is in agreement with a
suggested population of old, intermediate and young alsiste70 of M31's GCs,
estimated from spectroscopy by Pugial. (2005). However, this population of
intermediate age clusters in M31 is not identified in optexadl near-infrared SED
fitting by Jianget al.(2003). It has also been noted that the spectroscopicahtiid
fied intermediate age clusters in M31 may be old clusters wBpsctra are effected
by the population of HB stars in the clusters (e.g. Réwl., 2007; Stradeet al,
2009).

In this study, we do not attempt such fitting. However, we dtertbat the more
accurate multiwavelength data of M31's GCs presented ipteh& should be of
great use for such work in the future. We do make use of theleeis in chapter
2, to distinguish purely between young and oklLGyr) clusters, based on the age
sensitiveg-r colour.

1.1.3 Globular clusters and galaxy formation

Globular cluster systems are very useful probes into gatakyation and evolu-
tion. Because of this, we outline below some of the observepasties of GC sys-
tems and their implications in the context of galaxy forraati While the research
presented in this study does not directly deal with such tipres we do note that
determining the properties of M31's GCs are of benefit to stadies. This is be-
cause, along with the Milky Way’s GCs, this is one of the fewralpgalaxies in
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which the full GC system can be studied in detail. Many exltactic GC observa-
tions focus on the cleaner, and more numerous, GC systenaslgftgpe galaxies.
However, determining GC properties across a range of gatexyphologies is very
important in the context of constraining models.

Many GCs are known to have very old ages, similar to that af thest galax-
ies and the early Universe. It is also believed that majarfstanation periods in
galaxies are accompanied by significant GC formation. Tty is supported
by observations of interacting gas rich galaxies. In thgstesns significant star
formation is triggered, and young, massive clusters aremes (e.g. the Antennae
galaxy: Whitmore and Schweizer, 1995). Indeed, obsematad massive, young
clusters suggests that the number of these clusters is piapal to the star forma-
tion rate of the galaxy (Larsen and Richtler, 2000). Ovegetisome of these young
clusters are disrupted, but the surviving systems are vabkr as old GC systems
(for a description of the proposed evolution of a young @usiystem, see e.g. Fall
and Zhang, 2001). Because of the old ages of these clustetshair link to star
formation, the ages, metallicities and dynamics of a GCesygirovide a record of
the formation and evolution of their host galaxies.

One of the most interesting observational results in théesdrof galaxy for-
mation was the discovery of a bimodality in the colour of GGteyns (e.g. in
NGC 1399, NGC 4472 and NGC 5128; Ostreval., 1993; Zepf and Ashman,
1993). This bimodality in colour has been attributed to aduility in the metal-
licity of these GC systems and the Milky Way is also known tstteopopulation of
metal rich and metal poor GCs. Since these early studiesterlbimodality is now
found in most galaxies observed in sufficient detail (e.gskget al, 2001; Kundu
and Whitmore, 2001). Bimodality has also been confirmed ir¥ MBthe metal-
licity sensitive I-H bands (Kundu and Zepf, 2007). In the kyiWay, and other
galaxies, it is found that the metal rich clusters are morgredly concentrated than
the metal poor clusters, possibly providing a clue to thagios (e.g. Geisleet al.,,
1996; Bassinet al., 2006). This is demonstrated by figure 1.4 (taken from Tamura
et al, 2006b), which shows the bimodality is present in M87 and N4B52 and
that the fraction of blue clusters increases at larger ga¢antric radii. For a large
survey of 100 early type galaxies in the Virgo cluster, Pehgl. (2006) confirmed
bimodality in most bright galaxies observed. This bimoiyak less obvious for the
fainter galaxies, but this is likely due to it being harderndentify in the smaller
GC systems of fainter galaxies. This, clearly peaked, betitydsuggests multiple
major star formation episodes in the galaxies (e.g. ZepfAsiiman, 1993). The
large datasets available from ACS observations of Virgstelugalaxies have also
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This figure is taken from Tamurat al. (2006b). This figure shows that both of

these globular cluster systems are bimodal. It can also &e &t the relative

number of red to blue clusters decreases with the distanoe the centre of these

two galaxies.



1.1 Globular Clusters 13

0.0\\\\\\\\‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\
r| @ Red GCs 0.26
|| © Blue GCY Z~L"
+ All GCs

-2.0 B
s b b e B b b
-16 -17 -18 -19 -20 -21
M

B

Figure 1.5: The mean metallicities of the red (top, solid points), blbet{om,
open bottom) and all globular clusters (points) as a functibluminosity of their
host galaxies. This figure, taken from Peeal. (2006), is the average of all
galaxies observed in the ACS Virgo cluster survey. It candenghat the average
metallicity of both the red and blue cluster systems in@sass a function of host
galaxy luminosity.

demonstrated that, while most galaxies host a populatidiiuaf GCs, the fraction
of red GCs increases significantly with the luminosity ofitHest galaxies (e.g.
Penget al., 2006; Stradeet al., 2006). This result was in fact observed even be-
fore cluster bimodality was suggested. It was found thatniean metallicity of

a GC system was related to the magnitude of the host galaxyd{@and Huchra,
1991). Interestingly, it is also found that the peak matayliof both the metal rich
and metal poor clusters increase (with similar slopes) gattaxy luminosity (Peng

et al, 2006; Brodie and Strader, 2006). This is demonstrated lydid.5 (taken
from Penget al,, 2006).

Ashman and Zepf (1992) predicted the bimodal (or multimpdedtallicity dis-
tribution in GC systems before it was first observed. Theypsed that, in the
formation of early type galaxies through major mergers leetvgas rich spiral
galaxies, significant GC formation occurs. The resulting §8tem is a combina-
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tion of the original surviving metal poor GCs from the progengalaxies and the
new GCs produced from the relatively metal rich gas. In addito predicting the
bimodality of GC systems, this scenario explains the laggarcific frequency of
GCs in elliptical galaxies compared with spirals. It alsopdes an explanation for
the observed radial distributions of metal rich and metarpzdusters, with metal
rich clusters being more centrally concentrated. Howebere are some problems
with the major merger model and additional scenarios haea Ipeoposed. Forbes
et al. (1997) proposed in situ formation of GCs. The idea behinsl thodel is that
metal poor GCs form from fragmentation in the early stagegadéxy formation.
This formation is then truncated by some process, before@nskperiod of cluster
formation occurs and produces the second population ofehnigietallicity clus-
ters. The exact reason for this truncation remains uncétnpugh reionisation is
a leading candidate (e.g. Santos, 2003). It has also bepoged that the accretion
of GCs from less massive galaxies may produce the obserusteckystems (Coté
et al, 1998). If all galaxies host an initial population of GCs,agle metallicity is
related to the mass of the galaxy, it is found that these nsomei produce the GC
systems observed (Cogt al., 2002).

Itis clear that both high quality photometry and spectrpyoaf extragalactic GC
systems can be used to help constrain these models and @ioyadrtant cosmo-
logical clues. Over the past decathS T ACS observations, such as the Virgo clus-
ter survey (Cotét al., 2004) and Fornax cluster survey (Jorddral,, 2007a), have
produced a wealth of data on the GC systems of early type igalakhese surveys
are, by necessity of the field of view of the ACS, limited to temtral regions of the
massive galaxies in these clusters. Constraining the @fasystems out to larger
radii is currently less well studied, although this sitoatis being improved through
the use of large field of view detectors on ground based tefesc(e.g. Rhode and
Zepf, 2004; Harris, 2009). The GC systems of extragalagii@kgalaxies are also
comparatively poorly studied. This is primarily due to tinereased complexity in
these studies due to structure and extinction from the helasixges. However, ob-
servations of the GC systems of spiral galaxies is impro¥iom studies of edge
on spiral galaxies (e.g. Rho@¢ al.,, 2005, 2007) and improved wide field and high
resolution observations of M31's GCs (partially aided by Work presented in this
study and by e.g. Galleét al., 2004; Huxoret al., 2008; Caldwelkt al., 2009).

To investigate the cluster population in different galaxite specific frequency
(Sv) of the GCs in a galaxy was proposed by Harris and van den B&@#i). This
is a measure of the number of GAs¥g) normalised to the galaxies luminosity
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Figure 1.6: The specific frequency of red GC®[) and blue GCskotton) as a

function of the mass of their host galaxies. Open squareglfptical galaxies,

filled squares are elliptical galaxies in clusters and operes are spiral galaxies.
It can be seen that the specific frequency of both the bluelsnded cluster sys-
tems appear to be larger in massive galaxies. This figur&éntiom Brodie and
Strader (2006) using data from Rhoeleal. (2007).

(My). Itis defined as:
S\l _ NGC10—0.4(M\/+15) (11)

While this measure provides an intuitive normalisatiosciles the number of GCs
to the luminosity of a galaxy and not to the desired mass. Téssato-light ratios of
different galaxies are known to vary, particularly for @fént morphological types.
An alternative approach was used by Zepf and Ashman (19933y Tefined the

parameteil as:
__ Nec
Mg/10°M,

This has an advantage ov8y since it scales the number of clusters directly by

T (1.2)
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galaxy mass (M). However, it should be noted thatdvs harder to estimate, and
often comes from assuming a certain mass-to-light ratialfiberent galaxy types.
Studies of bothsy (e.g. Harris, 1991) and (e.g. Ashman and Zepf, 1998) sug-
gested that bright elliptical galaxies appear to have hidgfaetions of GCs than
spirals. Ashman and Zepf (1992) noted that this excess attenisi in elliptical
galaxies could be explained by the formation of clusters ajanmergers. Such
a process would result in an increased number of red clustetiptical galaxies
and hence make its GC system larger than the sum of its prtogeailaxies. Inter-
estingly, it has recently been found that the specific fragyef blue GCs is also
higher in more massive galaxies (figure 1.6, taken from Rieddé, 2007). Such a
result is not expected from the major merger scenarioseastRhodet al. (2007)
suggest that the result is consistent with biased hiereatFormation (West, 1993;
Santos, 2003). It has also been proposed that dwarf galearesave high specific
frequencies (e.g. Milleet al,, 1998; Penget al, 2008). Pencet al. (2008) note
that the specific frequency of dwarf galaxies in the Virgostéu increases towards
the centre of the cluster, which may also suggest a bias stazldormation due
to the increased potential near the centre of the clustewender, studying the GC
systems of dwarf galaxies is very difficult due to a combimatf their small GC
populations, contamination from non-cluster sources ama IGCs associated with
nearby giant galaxies. It is important to note that, whileafic frequencies are
of use in constraining models of galaxy and GC formationy tlegnain relatively
poorly constrained. This is because accurate measuresajithntity require high
spatial resolution (in order to minimise contaminationyl darge fields of view (to
measure the entire GC system). In several cases, where G@ispequencies
are remeasured, the derived specific frequencies are faube bower than earlier
studies (e.g. Rhode and Zepf, 2004; Brodie and Strader,; R@&deet al., 2007).
There are also difficulties in determining the correct masthe galaxies, which
can influence the specific frequencies (e.g. McLaughlin91@8rschet al., 2003,
2005).

1.1.4 Exotic objects in globular clusters

Globular clusters are known to host relatively exotic olge@mong their stellar
population. Many of these are likely to be related to the destsllar environments
at the centre of these clusters, which can be as high 3s.1@c3. These objects
include tight binary systems such as cataclysmic variaf@degs Pooley and Hut,
2006), LMXBs and qLMXBs (e.g. Verbunt and Hut, 1987; Heimteal., 2003) and
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millisecond pulsars (e.g. Lynet al,, 1987). All of these sources are discussed in
more detail in section 1.2. As discussed above, GCs cortilargpopulations with
similar ages and metallicities. These stars are also aries which are relatively
easy to determine, compared with sources in the field of tHaxga This makes
it relatively easy to determine source luminosities fronxdsi in order to compare
populations. For objects located in the field of the galaxghquarameters are often
very difficult to estimate. This makes GCs useful locatiomsstudying the indi-
vidual objects they contain. Accurate estimates of the @lpboperties of GCs are
hence very useful in the investigation of these objects.hbpters 2 and 3, we in-
vestigate the colours and structure of M31's GCs. Thesesad un chapters 4 and
5 to investigate the bright LMXBs and HB stars in these clisst€hese data could
also be of use in investigating other sources in the futwg @illi-second pulsars
detected by LOFAR: van Leeuwen and Stappers, 2010).
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1.2 X-ray Binaries

An X-ray binary consists of a compact object accreting massifa secondary
donor star. The compact object, often referred to as theayirstar, can be either
a neutron star or a black hole. As such, these systems prowj&tant locations
for investigating the properties of both neutron stars dadkoholes. Indeed, X-ray
binaries provided some of the first observational evidencéie existence of black
holes (McClintock and Remillard, 1986; Casaetsl, 1992; Casares, 2007). They
can also be used to test general relativity, in the extremditions around compact
objects (e.g. Kaaretdt al, 1997; van der Klis, 2000), and to estimate the equation
of state for neutron stars (e.g. Lattimer and Prakash, 2004 properties of X-
ray binary systems and accretion processes are discussiedhiihin the excellent
reviews of Lewin and van der Klis (2006) and Fraetkal. (2002).

X-ray binaries are primarily split into two groups. These &ased, not on the
nature of their compact object, but on the mass of ttheorstars. Low mass X-ray
binaries (LMXBs) have donor stars less massive than theeingrcompact object.
In these systems, mass can be transferred, from the domtw i@ compact object,
via Roche lobe overflow. In this process, an accretion disk$oaround the com-
pact object. The hot inner regions of this disk make LMXBsyeright at X-ray
wavelengths, while the cooler outer regions of the diskrofteminate the system’s
optical emission. It is also possible for a compact obje@dorete matter from a
star which does not fill its Roche lobe. In these systems, knasvhigh mass X-
ray binaries (HMXBs), accretion can occur via a stellar wirain a very massive
(210M.) donor star. The X-ray emission from HMXBs is also dominadbgdhe
inner regions of an accretion disk around the compact ob¢mivever, their optical
or near infrared emission can be dominated by the massideh@nce very bright)
donor stars in the system. The magnitude of the donor starMXBs makes it
relatively easy to associate X-ray emission with an optcainterpart. Because of
the high mass of the donor star in HMXBs, they have relatigélyrt lifetimes com-
pared with LMXBs. This is confirmed by the distribution of HNBS and LMXBs
in the Galaxy, where HMXBs are found in a thinner disk than LBBX(Grimm
et al, 2002). An additional class of X-ray binaries exist in whitle compact ob-
ject is a white dwarf star. Known as cataclysmic variable¥q); these systems
also accrete mass via Roche lobe overflow. However, theyearerglly fainter than
LMXBs due to the lower mass, and larger size, of the compgetobb

In chapter 4 the X-ray emission from M31’'s GCs is considerBaese clusters
are not expected to host HMXBs. This is because massive daas should not
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be present in these old stellar populations. Instead, thayXemission from GCs
is likely to originate from a combination of: LMXBs (<10%erg/s); LMXBs
which are not in outburst, ‘quiescent’ LMXBs (qLMXBsxI<10%erg/s); and CVs
(Ly <10%%rg/s). All of these X-ray binaries are observed to be nedhfi com-
mon in the Galactic GCs [e.g.: LMXBs, Verbunt and Hut (1981, et al. (2001);
gLMXBs, Heinkeet al. (2003) and CVs, Pooley and Hut (2006)]. As can be seen
from these luminosities, if a GC hosts LMXBs in outburst,rtibese systems are
expected to be the dominant source of X-ray emission froncltrster. For Galactic
GCs, the sub-arcsecond spatial resolution of@handraobservatory makes it is
possible resolve and detect these different X-ray sourcéise cores of GCs [e.g.
47 Tuc (Grindlayet al,, 2001a); NGC 6397 (Grindlagt al, 2001b); NGC 6752
(Pooleyet al., 2002a); NGC 6440 (Poolest al., 2002b);w Cen (Rutledgest al,
2002); NGC 6626 (Beckeet al,, 2003); NGC 6121, M4 (Basst al., 2004); M15
(Hannikainenet al., 2005); NGC 288 (Konget al,, 2006); NGC 2808 (Servillat
et al, 2008)]. However, for extragalactic GCs, the detectiontbrof the available
observations usually limit us to studying only the (relatwbright) LMXBs in out-
burst. It is also not possible to resolve the individual X-smurces in extragalactic
GCs. Instead, X-ray surveys of extragalactic GCs (suchatptiesented in chapter
4) study the integrated X-ray luminosity. They thereforedst whether a cluster
hosts one, or more, LMXBs in outburst. Because LMXBs are thmidant X-ray
sources in extragalactic GCs we focus on these systems ia dedail below.

1.2.1 Low mass X-ray binaries

Our current understanding of an LMXB system is illustratgdfigure 1.7. The
compact object is in a binary system with a donor star whialidse enough to fill
its Roche lobe. This means that matter can be transferred thhe donor star onto
the compact object. However, the angular momentum of thiseing material is
too large for it to accrete directly onto the compact objéastead, it forms a ring
of material orbiting the compact object at a radius conststéth its angular mo-
mentum. As this material accumulates it is subject to degsip processes which
cause it to lose some of its orbital potential energy. Thissea the material to spi-
ral closer to the compact object, forming an accretion digluad it. For this to
occur the gas must also lose angular momentum. In the abeéegternal torques
(for example from magnetic fields), this requires that anguhomentum is trans-
ferred outwards within the disk. Thus we have a situationreliee inner accretion
disk loses angular momentum and spirals inwards, while theraccretion disk
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Figure 1.7: A schematic view of a low mass X-ray binary, produced by Rbber
Hynes. Annotated are the key features of these systems.

gains angular momentum and spirals outwards. This matienials an accretion
disk around the compact object which increases in temperatithe material falls
further into the potential of the compact object. These hoer regions emit high
energy radiation, which may irradiate and heat the outéds dil inner face of the
donor star. Highly energetic outflowg(s) are observed from some LMXBs. These
are observed in both black hole and neutron star systenmsugh they are much
stronger in black hole systems. While these jets are inieges their own right,
they are beyond the scope of this work and not consideredduhere.

An estimate of the theoretical limit on the luminosity of aiteeting object is set
by the Eddington limit. As matter accretes onto the compag@ai it experiences
a force due to radiation pressure. This force is due to Thomgsattering off the
electrons in the material. The force on the protons is nédg#gsince the Thompson
cross section i§] 1/(mass of particlé) However, the accretion of protons is also
resisted due to the electrostatic attraction between theps and electron. The Ed-
dington limit is defined as the maximum luminosity the systam have before the
radiation pressure balances the gravitational force, &astapping further accretion.
By assuming steady accretion flow and spherical symmeitspithit is found to be:
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ATGMmC

Ledd = or

~ 1.3x10% (Mﬂ) erg/s (1.3)

O]

Here M is the mass of the compact object; N4 the mass of the Sumy, is the
mass of a protort is the speed of light andt is the Thompson cross section. For
neutron stars with M-1.4M., this corresponds te- 2 x 10%®erg/s. This provides
a relatively crude, order of magnitude, estimate of the mmaxn luminosity of an
X-ray binary. Systems with anisotropic accretion can egdeés limit. However, if
an object is observed with luminosities significantly lartfean this limit, then this
suggests that the compact object is larger than the theakétit for a neutron star
and may be a black hole.

The energy of photons emitted from these LMXB systems carshmated by
considering the likely temperatures of the inner accreticsk. For an optically
thick accretion disk, the emission will have a black bodyctpen. The total flux
(Fop) from a black body of temperaturéy) is given by, = aTg‘b, whereo is the
Stefan-Boltzmann constant. From thig, can be estimated via:

Top = [ 2 v (1.4)
b=\ 4rR2o '

wherelLacc is the luminosity of the system arig],. is the radius of the black body.
This provides an estimate for the lowest temperature of thigted radiation. How-

ever, if the accretion disk is not optically thick, then tlaliation temperature can
be higher than this. It is also possible to estimate an uppet bn temperature

of the emitted radiation by assuming that all the gravitsicenergy gained by the
accreting materialHgray) is converted to thermal energif). This temperature

(Tyn) can be estimated via:

Eih = Egrav
2 x (3/2)kgTth = GM(my+me) /R,
GM
Tin= SKTEE (1.5)

wherem, is the mass of a protonye is the mass of an electron (assumed to
be negligible) anckg is the Boltzmann constant. The radiation temperature of
the emitted photonsT{,q, where the typical emitted photon energw=kTaq)
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should lie in this temperature range. Hence, for a typicaltma star (with mass,
M=1.4M. and radiusR,=10km) with Lycc ~Lggq, the expected radiation temper-
ature is~ 10’ < T,ag < 10*K. This corresponds to photon energies-~ofkeV-
60MeV. As such, LMXBs are expected to be X-ray to soft gamnyasmairces.

When in outburst, the X-ray to optical emission from LMXBsusually dom-
inated by emission from the accretion disk. The high enemyssion from the
central regions of an accreting LMXB is likely to irradiateth the outer accretion
disk and inner face of the donor star, heating it to highemeratures (e.g. de Jong
et al, 1996; van Paradijs, 1996). This has been observed in sorag Kinaries as
a lag of a few seconds between the X-ray and optical vartglmifithe systems (e.g.
Hyneset al., 2006). In this explanation the optical variability laghbel that of the
X-ray variability due to the time it takes the X-rays to redbk outer disk. Irradi-
ated disk models can also be used to explain the very hightfaviolet luminosity
of some of these systems. In this regime a larger region ohtueetion disk is
heated to very high temperatures, making LMXBs very brigtthie far-ultraviolet.
For black hole LMXBs, outbursts are often accompanied byngjijets. These jets
often influence the near and far infrared emission from thetesyis. In quiescent
LMXBs the donor star in the system often dominates the eonsshis provides an
opportunity to study the donors.

Many of the LMXBs observed in the Galaxy (e.g. Bradtal., 2000; Lewin and
van der Klis, 2006) and GCs (e.g. Jordétral., 2004; Verbunt and Lewin, 2006) are
transient in nature. These systems can remain in a fainscgei state for months
or years between periods of bright outburst. It is curretityught that the transient
behaviour of LMXBs is due to instabilities in the accretioisiddue to hydrogen
ionisation. If the accretion disk is hot enough that hydrogeionised, then the
accretion flow can be stable and the source persistent. Hoigght that irradiation
of the accretion disk is capable of keeping the outer diskpematures above this
limitin some neutron star LMXBs, hence producing the obsdnmersistent sources
(van Paradijs, 1996; Kingt al,, 1996; King, 1999). However, if disk temperatures
are lower than this limit, then regions of neutral hydroges present. This lowers
the viscosity of the disk which can suppress the accretiomatter. Instead, this
material builds up in the outer accretion disk. It has alsen@oted that, while both
persistent and quiescent neutron star LMXBs are observedt proposed black
hole LMXBs are transient systems (Kirgd al, 1996). This may be a result of
black hole LMXBs being less efficient at irradiating theiceation disks (since the
lower temperatures of non-irradiated disk models predangient behaviour). In
the Galactic GCs, it has been suggested that the propoitigbdXBs to LMXBs
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in outburstis~ 7 : 1 (Heinkeet al., 2003).

In neutron star LMXBs, type | X-ray bursts are sometimes ol These
occur when the accreting material accumulates on the sudathe neutron star.
As this material builds up it can reach temperatures anditiensigh enough for
thermonuclear burning to occur. The result is that the sy'stéuminosity rapidly
increases for periods of seconds. Since the productionesitibursts requires the
presence of a surface for the accreting material to collegtitoprovides a good
method for distinguishing between neutron star and blad& hmary systems. A
similar phenomenon is observed in CVs, where material actates on the surface
of a white dwarf. The resulting thermonuclear explosiorgkn as a classical nova,
rapidly increases the luminosity of the system for a shaiibplge.g. Warner, 1995).

1.2.2 Formation of low mass X-ray binaries
1.2.2.1 Primordial formation

Many of the LMXBs in the Galaxy may have been formed throughd¥olution of
primordial binary systems. The theories of such formatiamehto overcome two
major obstacles. Firstly, the formation of the compact obje the binary system
must be proceeded by a supernova explosion. This may difragtinary system
if too much mass is lost. The survival of such systems has brglained by sig-
nificant mass transfer prior to this supernova (the explanatriginally proposed
for Cyg X-3 van den Heuvel and Heise, 1972). Secondly, thmé&tion of observed
X-ray binaries with orbital periods of minutes to hours regqs the loss of signif-
icant angular momentum to tighten the binary. Most theooieinary evolution
achieve this loss of angular momentum through a common epeggbhase (first
proposed by Ostrikeet al, 1976; Paczynski, 1976). During this phase, the binary
orbit decreases substantially due to frictional drag.dbagsults in significant mass
loss from the stellar envelope; aiding the survival of thegloy post supernova. Fig-
ure 1.8 shows a diagram for the potential formation mecmamitan LMXB from

a primordial binary (taken from the review of Tauris and vandeuvel, 2003).
The initial binary system must clearly contain a star massivough to produce the
compact object. A period of mass loss and tightening of tharyimust then follow
(likely involving a common envelope phase). A supernovadasipn then produces
the neutron star, which the binary must survive. Anotheigaeof binary tightening
may then be necessary in order for the secondary star tcsfiRitche lobe, before
accretion can occur and the X-ray binary is produced. The §itse expected in
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Figure 1.8: Cartoon of the possible evolution of a low mass X-ray bingstem
form a primordial binary. This figure is taken from Tauris aveh den Heuvel
(2003).

the evolution of an LMXB, shown in this figure, is the prodoctiof a millisecond
pulsar. This is predicted due to the ‘spin up’ effect of singd accretion onto the
neutron star.

1.2.2.2 Dynamical formation

The production of LMXBs in the Galaxy is relatively ineffioige with only ~150
currently known (Liuet al, 2001). However, in GCs, it has long been proposed
that the formation of LMXBs will be more efficient. This is etse LMXBs may

be formed via dynamical interactions in the dense cores ®fGEs (e.g. Clark,
1975; Katz, 1975). In these mechanisms, isolated neutars san be captured
by donor stars to form LMXBs. Three primary methods have be®posed for
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dynamical formation of these systems. They may be formethaaidal capture of
a neutron star in a close encounter with a main sequencefFstaiafet al., 1975),
via direct collisions of a neutron star with a giant star ¢uyo, 1975) or they could
be formed through three body interactions between a nestarrand a primordial
binary system (Hills and Day, 1976; Hut and Verbunt, 1983hede dynamical
formation mechanisms are strongly related to the densisstars and so they will
be most important in the cores of the GCs, where the stellasities can be very
high. Dynamical formation may be further enhanced by mageegation, which is
likely to enhance the number of neutron stars in the coreb@®ttusters. For the
Galactic GCs Verbunt and Hut (1987) investigated how thiasteollision rate in
a cluster effected the presence of an LMXB. The stellar siolti rate [) of a GC
can be studied via:

M= / NNsNMs O12vi2dV

where the integral is over the volume of the clustgig and nys are the number
density of neutron stars and main sequence stags([] 1/vf2) is the cross section
for the interaction and» is the velocity between the stars. The velocity between
the interacting stars will be similar to the velocity disgien (o) in the cluster. This
equation can be simplified by assuming that the stellarsiohiirate in the cluster

is dominated by collisions occurring in a constant densiec This is a reasonable
assumption for a typical cluster where the stellar densitsimilar across the core
region, but decreases rapidly at larger radii. From thisrexmation it is found
that:

ropéré/o

wherer. is the cluster core radius am is the cluster core density. Measuring the
velocity dispersion of a cluster requires accurate spsctpy, which is often not
available. Howeverg can be estimated aﬁ/zrc by assuming virial equilibrium.
This implies thaf” can be estimated via:

ropd/?r2 (1.6)

This equation can be used to estimBtéom photometry alone. Verbunt and Hut
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(1987) demonstrated that the formation of the known GalaGiC LMXBs was
proportional to this stellar collision rate. This resulbtks excellent support to the
theory that LMXBs are formed via dynamical interactionswés further explored
by Pooleyet al. (2003) who demonstrated that the number of X-ray sources in a
GC scales with the stellar collision rate of the cluster. sTwork included all X-
ray sources with k >10%lerg/s. Because of the low luminosity limit, this study
includes contributions from CVs, gLMXBs and LMXBs in the stars. The strong
correlation found by Poolegt al. (2003) suggests that the formation of these bina-
ries is likely to be related to dynamical interactions. Imapter 4 we investigate the
relationship between the stellar collision rate of M31'ssG&hd the formation of
LMXBs.

1.2.3 Low mass X-ray binaries in globular clusters

Globular clusters are very interesting locations to studi§XBs. Firstly, they are
found to be a rich source of LMXBs which is a likely consequeatthe dynamical
formation described above. Also, the distance to, metslliand stellar densities
of sources in GCs are much easier to estimate than those ofBdMiXthe field of
the Galaxy. The effects of such parameters are often very toastudy using field
LMXBs. The Galactic GC system is relatively small, with 14 X@s currently
known in 12 GCs. Despite the small number of systems, theg Ipagvided a
useful dataset for many studies. Over recent years the sitt®C LMXBs has
been extended to extragalactic GCs due to the availabilitgrge ground based
telescopes, high spatial resolutibi$ T photometry and high resolution X-ray data
from Chandra The study of LMXBs in the larger GC systems of nearby galaxie
has greatly enhanced our understanding of these systems.

Given the efficiency of GCs in forming LMXBSs, it has been prepd that some,
if not all, LMXBs in galaxies may have been originally formedGCs (Grindlay
and Hertz, 1985; Mirabedt al, 2001; Mirabel and Rodrigues, 2003; Whéeal.,
2002). In this situation, these LMXBs are either ejectednfrimeir host clusters
or have had their host clusters disrupted due to tidal ioteas. Ifall LMXBs are
formed primarily in a galaxies GCs, then we expect the nurnbeMXBs detected
in both the GCs and the field of these galaxies to be relateuktsize of their GC
population. This would imply that the ratio of LMXBs in a galas GCs to the
LMXBs in the field of the galaxy should be similar for diffetegalaxies. This is
not consistent with current observations (Verbunt and lbe®D06). The fraction
of GC to field LMXBs is found to vary from-10% in the Milky Way (e.g. Verbunt
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and Hut, 1987) and M31 (e.g. Di Stefaetal., 2002; Trudolyubov and Priedhorsky,
2004, ; and chapter 4) t©50% in some elliptical galaxies (e.g. Whieal,, 2002;
Randallet al,, 2004; Jordamt al., 2004; Kundwet al., 2007). However, considering
only elliptical galaxies, Whitet al. (2002) demonstrated that the luminosity of all
X-ray sources in a galaxy scales with the number of GCs. Whikesuggests that
a large number of LMXBs in elliptical galaxies may come froheit GCs, there
are uncertainties in this relationship and the results ate/et conclusive (Kim and
Fabbiano, 2004; Verbunt and Lewin, 2006). These uncergsimbainly arise from
errors in the estimated GC systems of these galaxies androordtion in the X-ray
data from non-LMXB sources. Another test for the ejectiohiXBs from GCs is
the spatial distribution of field LMXBs and GC LMXBs. If fieldXBs are ejected
from GCs then they should follow the same radial distributs GC LMXBs and
the GC system. Kundet al.(2007) find that, for their sample of galaxies, the field
LMXBs are more centrally concentrated than the GC systenis 3ihggests that
they are unlikely to have been ejected from GCs. Howeves ribted that, this does
not rule out the disruption of clusters hosting LMXBs. Indgéhis disruption is
likely to be more severe in inner regions of the galaxies.

Figure 1.9 shows the colour and luminosity of LMXB hostingsters in a sam-
ple of elliptical galaxies, taken from Kundai al. (2007). This figure identifies two
of the key properties of LMXB hosting GCs that are observeistly, it can be
seen that the LMXBs favour the brighter (more massive) elsstThis is a result
also seen in the Milky Way, M31 (e.g. Trudolyubov and Priedkg, 2004), Cen A
(Jordaret al., 2007b), M87 (e.g. Jordaet al, 2004) and many other galaxies (e.g.
Angelini et al,, 2001; Kunduet al,, 2002; Saraziret al, 2003; Kimet al,, 2006;
Kunduet al, 2007). Kundtet al. (2002) noted that such a relationship is likely to
be the result of the larger number of stars in a more lumind@sThe luminosity of
a cluster correlates well with its stellar collision rategieDavieset al., 2004, and
figure 4.8 in chapter 4), so it would be expected that dynanficcenation would
lead to a relationship between luminosity and the formatibbMXBs. However,
it is also possible that LMXBs will favour high mass clustbecause they may re-
tain more of the neutron stars they produce. Neutron statsatle formed by core
collapse may be formed with large kick velocities (e.g. Hobbal,, 2005). In this
case, the higher escape velocities of high mass clusters resalt in more neu-
tron stars being retained by these clusters. However, Iss@ossible that neutron
stars with lower kick velocities can be formed via electraptre (e.g. Pfaldt al,,
2002; lvanoveet al, 2008). Smitset al. (2006) demonstrated that the GC systems
in their sample are consistent with these clusters retgineutron stars from a low
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kick mode.

It is also found that LMXBs are preferentially formed in mletiah GCs. Such
a trend is suggested in observations of GCs in the Milky WayMB81 (Bellazzini
et al, 1995). However, the significance of this relationship iesth galaxies is
limited due to the low number of metal rich clusters in bothhese galaxies. Most
of the metal rich clusters are also located at low galactiviceradii. This makes
it hard to distinguish between tidal and metallicity efiecThe data available for
M31's GCs are improved slightly by the work presented in gtigdy (section 4.6).
However, the significance of this result is still much strengvhen considering
the GCs of early type galaxies. The large GC population o$e¢hgalaxies and
particularly their larger fraction of metal poor clustensake it easier to study such
a relationship. This relationship is demonstrated by tgbtrpanel of figure 1.9. It
can be seen from this figure that, with the exception of NGC38¥e GC LMXBs
favour metal rich clusters. Kundet al. (2002) find that the metal rich clusters
in NGC 4472 are around three times more likely to host LMXBartimetal poor
clusters. A similar fraction is found between the red anceldlusters in M87 (e.g.
Jordaret al,, 2004) and the effect is observed in many other galaxies Aagelini
et al, 2001; Saraziret al., 2003; Kimet al, 2006; Kundwet al., 2007).

As discussed above, it is likely that LMXBs in GCs form prinihathrough dy-
namical mechanisms. If this is the case, then one would éxpesee a direct
relationship between the stellar collision rate (as defimg@quation 1.6) and the
formation of LMXBs. Such a relationship is observed in thdkiway. How-
ever, this relationship is limited to the relatively smaihsple of 14 LMXBs in 12
Galactic GCs. Investigating this relationship in extragéic GCs, while highly de-
sireable, has proved relatively problematic. This is pritgadue to the need to
determine the core size and density of the GCs in order tonasti their stellar
collision rate (see equation 1.8). To date, this has onlyntatmpted using the
excellent spatial resolution 61STimages of selected GCs in M31 (Barméyal.,,
2007), and GCs in Cen A (Jordanal., 2007b) and in M87 (e.g. Jord@ahal., 2004;
Waters, 2007). In Cen A, Jordat al. (2007b) demonstrated that the GC LMXBs
do favour higher collision rate clusters. However, thisutes limited by signal-to-
noise to the brighter clusters. A relationship is also sgtgpkin M87, although the
increased distance of GCs in Virgo cluster galaxies makesareanents of the GC
core radii less reliable. In chapter 3 we present the stratharameters for M31’s
GCs. These are estimated from deep ground based photorising these data,
the effect of stellar collision rate on the formation of LMXBn these clusters is
discussed in chapter 4.



The M31 globular cluster system: a
WFCAM and SDSS photometric survey

2.1 Abstract

In this chapter, we present an updated catalogue of globluaters (GCs) in M31
based on images from the Wide Field Camera (WFCAM) on the Ukated Tele-
scope and from the Sloan Digital Sky Survey (SDSS; AdelmaGaithyet al,
2007). Our catalogue includes new, homogenemr& and K-band photometry of
these clusters. We discuss the difficulty of obtaining aat@photometry of clusters
projected against M31 due to small scale background strigtuthe galaxy. We
consider the effect of this on the accuracy of our photomairy provide realistic
photometric error estimates. We investigate possiblearoirtation in the current
M31 GC catalogues using the excellent spatial resolutidhese WFCAM images
combined with the SDSS multicolour photometry. We idergifrge population of
clusters with very blue colours. Most of these have recdmglgn proposed by other
work as young clusters. We distinguish between these, ahdasters, in the final
classifications. Our final catalogue includes 416 old chsst&56 young clusters
and 373 candidate clusters. One GC (B383) is found to befgigntly brighter in
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previous observations than observed here. We investidjadé the previous pho-
tometry of this GC and suggest that this variability appéatse genuine and short
lived. We propose that the large increase in its luminosisy have been due to a
classical nova in the GC at the time of the previous obsematin 1989.

2.2 Introduction

As discussed in section 1.1, GCs are among the oldest kn@Narstystems. They
typically have ages similar to those of their host galaxieaking them ideal probes
into galaxy formation and evolution. The properties of G@sasignificantly. How-
ever, individual clusters contain populations of stardwsitmilar ages and metallic-
ities. This makes them unique locations for studying stelielution. While the
study of GCs in the Milky Way has led to many advances, the ywillay contains
relatively few GCs £150 GCs: Harris, 1996), many of which have high foreground
extinction, making them hard to study. By determining theparties of extragalac-
tic GCs, we are able to study a more diverse population andrersur current
conclusions are not biased by the Milky Way'’s clusters beitypical.

For extragalactic GCs, it is very difficult to resolve indival stars in the clus-
ters. However, it is possible to estimate many properties@C from its integrated
light. For example: the masses of GCs can be estimated bynasga mass to light
ratio; combined optical and near infrared colours of GCslmaunsed to (at least par-
tially) break the age and metallicity degeneracy and edérttese parameters (e.g.
Puziaet al,, 2002; Jianget al,, 2003; Hempeett al,, 2007); and their structural pa-
rameters can be estimated by fitting their density profileg @armbyet al., 2007;
Jordaret al, 2007b; McLaughliret al., 2008; Peacockt al., 2009). The colours of
GCs and GC candidates are also very useful in selecting ger@&iCs from s