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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)



1.2 X-ray Binaries 22

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 stellar
asterisms and background galaxies. Good multi-wavelepigtihometry of GCs is
therefore highly desireable.

2.2.1 The M31 globular cluster system

The proximity of M31, and its relatively large GC populatioompared with the
Milky Way (~400: Barmbyet al,, 2000), makes it the ideal location to study extra-
galactic globular clusters. Its clusters have been thesfafumany studies dating
back to the early work of Hubble (1932) and Vete3nik (1962pwever, attempts
to study its clusters have faced several challenges. Plettgrof these clusters is
complicated by many of them being projected against thenbagd non-uniform
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Figure 2.1: (open)The radial velocity distribution of M31's GCs, taken from
the spectroscopic survey of Perrettal. (2002). (filled grey) The radial velocity
distribution of Milky Way halo stars, from Browat al. (2010). To compare the
populations, the number of halo stars plotted is 25% of thal Brown et al.
(2010) sample. The dashed line indicates the radial vglo§iM31 (-304 kmst;
de Vaucouleurgt al,, 1991).

structure of M31 itself. The galaxy’s proximity also resuilh the GC system ex-
tending over a wide region of the sky, with clusters recefdlynd beyond 4 from
the centre of the galaxy (Huxat al, 2008). This means that surveys with large
fields of view are required in order to study the GC systems klso difficult to
confirm GCs in M31 based on spectroscopy alone. Figure 2.Jaos the veloc-
ities of known GCs in M31 (taken from Perredt al., 2002) with the velocities of
stars in the halo of the Milky Way (Browet al., 2010). It can be seen that the radial
velocity distribution of M31’'s GC system overlaps that oflk§i Way halo stars.
Over the past decades there have been several large casloigd31's GCs in-
cluding those of: Battistinet al. (1987); Barmbyet al. (2000); Galletiet al. (2004);
Kim et al. (2007). In addition to these catalogues many new clustesscan-
didates have been proposed (e.g. Battistinal., 1993; Mochejskat al., 1998;
Barmbyet al,, 2002; Galletiet al, 2006, 2007; Huxoet al, 2008; Caldwelkt al.,
2009). These studies have made considerable progress avirggrcontamination
from the cluster catalogues due to either background gedae.g. Racine, 1991,



2.2 Introduction 33

Barmby et al,, 2000; Perretet al., 2002; Galletiet al, 2004; Kimet al,, 2007;
Caldwellet al,, 2009) or stars and asterisms both in the Milky Way and M3lfits
(e.g. Barmbyet al,, 2000; Coheret al., 2005; Huxoret al., 2008; Caldwellet al.,
2009). However, despite this work, it is likely that therenagns significant con-
tamination in the current catalogues of M31 clusters, dgfig@at the faint end of
the GC luminosity function. These studies have also reduftea large number
of unconfirmed candidate clusters (currently over 1000ighat al,, 2004) whose
true nature remains uncertain.

It has been known for many years that some of the proposed GNIS1 have
very blue colours. Recent work has identified that a large memof the clusters
in the current catalogues are young clusters (e.g. Beatlay, 2004; Fusi Pecci
et al, 2005; Reyet al, 2007). A comprehensive catalogue of young clusters in
M31 has recently been published from the spectroscopicegw Caldwellet al.
(2009). Compared with the young open clusters in the MilkyyWhese clusters
have relatively high masse&(105M@), akin to the young clusters observed in
the Large Magellanic Cloud. A recehlubble Space Telescope (HSSIydy of 23
of these young clusters suggested that on average theyrgee éand more concen-
trated than typical old clusters (Barmbyal., 2009). Most of the clusters studied by
Barmbyet al. (2009) are found to have dissolution timescales (the tiratittiakes
dissipative process to disrupt the cluster) of less thanmaGgr. Therefore, they
are not expected to evolve into typical old globular clustéWhether these clus-
ters are massive open clusters, young globular clustersyax f both, it is clear
that they represent a different population to the classitthiIGCs also observed in
M31 (which are the focus of this study). We therefore digtis between the two
populations in our classifications and conclusions.

While these previous studies have provided a wealth of m&tion on the M31
GC system they have also resulted in a rather heterogenamysles For example,
the excellent and commonly used Revised Bologna Cataldwredfter RBC) of
M31 GCs by Galletet al. (2004) includes photometry from many different authors
using different telescopes and in some cases different ¢gemised) filters. This
has been previously noted by Caldwetlal. (2009) (hereafter C09) who recently
published new V-band photometry for many RBC sources whietewocated in the
Local Group Galaxy Survey images of M31 (LGGS: Massewl, 2006). While
this work provides excellent deep V-band photometry, thevesudoes not cover
the outer clusters and candidates and does not provide rciifiumation. The
most complete set of optical colours, derived in a consisteanner, is still that of
the Barmby catalogue (Barmlst al, 2000). This work presented homogeneous
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UBVRI colours for many of their clusters. However, it is imaplete in some of
these bands and only provides new photometry for 285 chkiskar these reasons
we chose to produce new, homogeneous, optical photometthidgproposed GCs
and GC candidates in the RBC using images from the SloandDi§ky Survey
(SDSS). The excellent calibration and large field of view lktsurvey is ideal
for studying such an extended system. Details of this phetgnare presented in
section 2.3.2.

The study of M31’s GCs in the near infrared (NIR) is very uséioth for con-
firming genuine GCs and for estimating their ages and meiiais (e.g. Barmby
et al,, 2000; Galletiet al., 2004; Faret al., 2006). The first major survey of M31’s
GCsin the NIR was by Barmbst al.(2000) who used pointed observations of indi-
vidual clusters to obtain K-band photometry of 228 clustétsre recently Galleti
et al. (2004) obtained NIR photometry in the J,H and K-bands of ZXA8eir con-
firmed GCs from the 2 Micron All Sky Survey (2MASS). The sphtiaverage of
2MASS makes it ideal for such a project. However, the sursegliatively shallow
and has relatively poor spatial resolution. We have obthmeav deep K-band pho-
tometry using the Wide Field Camera on the UK Infrared Tedpedo determine the
K-band magnitude of M31's GCs across the entire GC lumigdsitction. Some
results of this survey are already published in Peacsicl. (2009). In addition
to providing the first K-band photometry for 126 GCs markeatasfirmed in the
RBC, the excellent spatial resolution of these images ig useful for removing
stellar sources from genuine clusters, and for investggtine density profiles of
the clusters. Details of this new K-band photometry aregaresd in section 2.3.3,
while the classifications of the proposed clusters and ckatels are considered in
section 2.4.

2.3 Photometry of clusters and candidates

2.3.1 Identification of clusters

In the following analysis we consider all the GCs and GC cdaigis listed in the
RBC [their confirmed clusters (class 1), confirmed extendesters (class 8) and
candidate clusters (class 2)]. Based on the original cgiiaf Battistiniet al.
(1987), this catalogue has been regularly updated to iedle results from most
new studies. This version of the catalogue (v3.5) incluthesntewly discovered
GCs in the outer regions of M31 (Mackey al,, 2006; Huxoret al., 2008) and the
new GCs and candidates from Kiet al. (2007) (hereafter KO7: their class A and
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B/C objects, respectively). We also consider the catalogu@08fwhich includes
some additional clusters and gives updated locations assifications for many
of the objects in the RBC based on images from the LGGS or &li§iky Survey
and/or Hectospec spectroscopy. This combined cataloguseid to identify the
known GCs and candidates in the following analysis.

2.3.2 Optical photometry
2.3.2.1 ugrizdata

To obtain homogeneous optical photometry of M31’s clusterd candidates we
extracted images of M31 from the SDSS archive. Since M31 ssratatively low
Galactic latitude of -2, it is not included in the standard survey field. However
drift scan images of M31 were obtained by the SDSS 2.5m tefes¢Adelman-
McCarthyet al,, 2007) in 2002 as part of a special run during a period when the
survey’s primary field was not available (Zucledral,, 2004). The runs used (3366,
3367, 6426 and 7210) provide images in the five SDSS bandp@sgez. Fukugita

et al, 1996). Each of the observations takes images in these lsandftaneously
meaning that they are taken under the same atmospherictiomsdi The seeing
for different observations varied significantly betweeth-2.1 arcsec ig (meaning
that faint GCs could appear as point sources in some of tmeages). The 8
detection limits of these images were verified to be simiathe standard survey
(U< 220,g<222,r <222,i < 21.3,2< 20.5). These data were found to cover
and detect 92%qfi), 90% @) and 73% (1) of the 1558 clusters and candidates in
the current RBC. Two of these GCs were saturated in tnedi bands and one was
saturated in thg-band. We do not provide new photometry for these clustets bu
good photometry is already available for these very bridhsters from previous
studies.

We extracted all images covering the locations of confirmeti@andidate clus-
ters from the SDSS Supplemental Archive. Figure 2.2 shoestiverage of these
data and demonstrates that most known clusters and caesliftad circles) are
covered. These images have been processed through tharst&1dSS pipeline
(Stoughtoret al., 2002) which both reduces the raw images and produces a cata-
logue of sources in each image. Since the SDSS extractioplaidmetry routines
are not designed to work in crowded fields (like M31), the di#featalogues pro-
duced by the pipeline can not be used for photometry of thstets. Instead we
performed photometry on the images as described in the pekibs.
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Figure 2.2: Coverage of the SDSS and WFCAM images used. For referenabjaitts listed in the RBC are shown in red. Only images
covering the locations of these objects were extracted ffwrSDSS archive. The green ellipse indicates thedllipse of M31. The grid

represents 2x 2° squares on the sky (18x 13.6 kpc at the distance of M31) and highlights the spatial exdéthe GC system.
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The photometric zero points for these images were calallaging the cali-
bration coefficients produced by the pipeline. These cafibns place the mag-
nitudes on the AB photometric system [Oke and Gunn (1983;uthand ze-
ropoint has previously been found to be slightly offset frtime AB system by
uag = Uspss— 0.04 mag (Bohlinet al., 2001), this correction iaot applied to our
photometry]. This calibration is known to give magnitudeswrate to~0.01 mag.

2.3.2.2 Identification and locations of clusters

Catalogues of all sources in each of tigrizimages were produced using the pro-
gram SEXTRACTOR (Bertin and Arnouts, 1996). This detected and located every
source in each filter, performed initial aperture photoyetnd gave an estimate
of the stellarity of each source based on the PSF of its hasfjém Sources were
identified using a minimum detection ara@eECT_-MINAREA) of 3 pixels and a
detection PETECT_THRESH) and analysis threshold{ALYSIS_THRESH) of 1.50.
Through examination of the resulting catalogues, thesgegalvere found to detect
the majority of sources in the images and to include the nitgjof their profiles in
our analysis. It is important to identify and resolve as maoyrces as possible in
order to distinguish between stellar and extended souscas@urate as possible.
This source catalogue was matched to our combined catalwigkreown M31
GCs and candidates (described in section 2.3.1) based romasty. We identified
all objects within 3 arcsec of the locations quoted in the RB@ (separately) to
their locations in C09. Some genuine clusters in the SDSg@sanay not appear
extended due to the poor angular resolution of some of thgémaAlso, we wish
to provide photometry for potentially misclassified staraddition to the extended
clusters. The M31 GC catalogue was therefore matched tasswrith stellar
profiles in addition to those with extended profiles. In the ases where multiple
sources were located within 3 arcsec of the quoted locapioority was given first
to sources flagged as extended and then to the closest sodheequoted location.
Figure 2.3 shows the difference between our positions aagdsitions quoted
in RBC (solid) and C09 (open). We find excellent agreememden our locations
and those of C09. However, we find that the difference in tha&tjpms of many
sources in the RBC are greater than 1 arcsec. The offsetebetthhe proposed
cluster locations are found to be in all directions. Theytherefore unlikely to be
due to a single systematic offset. The large errors in thé&ipas of some sources
in the RBC were noted and discussed by C09. We note the stgnegraent be-
tween our locations and those of C09 and use their locatmindentify GCs and
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Figure 2.3: Difference between the location of objects in our images ted
location in the RBC (solid) and C09 (open). In both casesa dat grouped into
0.2 arcsec bins.

candidates.

2.3.2.3 Photometry

Photometry of all clusters and candidates was obtained Bt TRACTOR'S Sim-
ple aperture photometry. We also considered usingrA&:APPHOT routines to
perform the aperture photometry but SERACTOR was found to deal better with
contamination from neighbouring sources. This is a sigaifiproblem when using
aperture photometry to obtain magnitudes of extended ssunca crowded region
like M31. To minimise the effects of neighbouring sourcethwi the GC aperture,
SEXTRACTOR masks all other sources detected in the aperture and reptaem
with pixels from symmetrically opposite the source.

For background estimation we considered the use of both &whglobal so-
lutions. To produce a global estimate of the backgroungi®ACTOR produces a
smoothed background map for each image. We chose to createith aBACK_
FILTERSIZE of 3 and aBACK _SIZE of 64 pixels. By examination of the background
maps produced by SERACTOR, this method was found to give a good estimation
of genuine background variation (due mainly to structurdvidl itself) without
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subtracting flux from the sources of interest. This was caegbavith the photome-
try produced using local backgrounds (calculated arouadsbphotal limits of the
sources). In most cases good agreement was found betwetgrotheethods. How-
ever the local background estimates were found to dealrbettethe most strongly
varying background regions (near the centre of the galaxlyisrspiral arms). For
this reason local background estimation was used for thegh@ometry.

To determine the total luminosity of each cluster, we pradlcurves of growth
from g-band photometry obtained through apertures with radihm tange 8 —
10.6 arcsec with 0.6 arcsec increments. These were used tordeésthe aperture
size required to enclose the total cluster light. The besttape was determined in-
dependently for each object. This method ensures that weureghe total cluster
luminosity correctly for the largest clusters. The use oéler apertures for smaller
clusters also maximises the signal to noise and minimisesahtamination from
nearby sources. The aperture size used to determine tHertatmitude of each
cluster is quoted in table 2.1. Figure 2.4 shows the apesiues used to obtain the
total g-band (and K-band) magnitude of all GCs located in our imadée® aver-
age aperture radius used wa8.8 arcsec, with 87% of the aperture8.2 arcsec.
The ugriz colours of the clusters were measured through 4 arcsecuagert We
also measured the colours using the aperture determindaedotalg-band magni-
tude. This confirmed that there were no significant apertfieets due to the use of
smaller apertures. For the final colours we chose to use tlalesmaperture size in
order to maximise the signal to noise and minimise the coimanon from nearby
sources.

The statistical errors across the GC luminosity functios iarmost cases less
than 0.05 mag igri. In general thes andz bands have slightly larger errors as they
have slightly lower signal to noise. However, there are tolaal systematic errors
which need to be considered.

Firstly, the errors in the zero point calculation are estedaat 0.01 mag. This
error dominates over the statistical errors for many of thgHt clusters. The other
significant source of error for some of the clusters is duedistamination from
nearby sources and the error on the background estimatiahe bluer wavelengths
there is significant small scale structure in M31. For clisspgojected against the
densest regions of the galaxy, this makes background stibimadifficult as it can
vary on scales smaller than the cluster of interest. Thesis§lbackground estima-
tion is found to be particularly significant for tlgeband photometry. In this filter
there is significant small scale structure across M31 (thiggire is less significant
in the shallowe-band images where the statistical errors are larger). dieroto
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Figure 2.4: The aperture radii used to measure the tgthhnd oper) and K-band
(solid, grey magnitudes of M31's clusters.

estimate the error on our background estimation we repeate@ghotometry with

apertures 1.8 arcsec larger than the aperture used forttiertagnitudes. With per-
fect background estimation, the determined flux should leesdime through both
apertures (within the photometric errors). The differenciminosity of the clus-

ter through each aperture can therefore be used to give iamadisin of the error on

the background estimation. In most cases this estimated isrguite small, with

a median value-0.015 mag, but for a few clusters it can reacd.1 mag. This

additional error is combined with the calibration and st&tal error and included
in table 2.1 agig .

The error on thaugriz colours should be less affected by these effects. This is
because they are often taken through smaller aperturesyalexpect that possible
errors in the background level in each filter should, at lpastially, cancel. For this
reason the errors in the colours quoted in table 2.1 are telgtatistical errors.



Table 2.1: Classifications and photometry of clusters in N&zinple)

GC Namé RA? DEC? Classificatiod Photometry

frec fcoo R} g (u-g (g-r) (=) (-2 0%t Oug Ogn Oui) Oiy R Ks TR 1ot
H13 9.64018 41.74805 1 1 old 5.8 18.009 0.960 0.449  0.229 00.00.061 0.052 0.020 0.022 0.042 - -
HEC6 9.64833 44.28028 1 8 old - - - - - - - - - - - - - -
H14 9.70587  42.37969 1 1 old 5.8 18.747 1.324 0.684 0.429 70.3®.087 0.117 0.027 0.027 0.048 - - -
B304-G028 9.73726  41.17456 1 1 old 6.4 17.172  1.309 0.591 790.2 0.162 0.022 0.033 0.015 0.015 0.021 5.2 14510 0.052
B305-D024 9.74522  40.27559 1 1 young 6.4 18.152 1.776 0.598.2960 0.219 0.038 0.093 0.022 0.023 0.042 4.6 15.075 0.048
SKOO5A 9.74647 41.67426 1 1 unknown 4.6 19.771  1.095 0.728 2130. 0.434 0.081 0.178 0.047 0.053 0.099 - - -
B306-G029 9.78627 40.57250 1 1 old 8.8 16.880 1.890 1.125 060.6 0.395 0.021 0.047 0.014 0.013 0.016 8.2 12521 0.030
B307-G030 9.82689 40.54948 1 1 interm 7.6 17582 1631 0.600.384 0.153 0.056 0.070 0.019 0.020 0.035 52 14.691 0.055
B309-G031 9.85262 40.24141 1 1 old 6.4 17.903 1501 0.694 260.3 0.201 0.037 0.063 0.019 0.020 0.033 4.6 15.096 0.056
B310-G032 9.85724 41.39256 1 1 old 6.4 17398 1.295 0.598 870.2 0.201 0.028 0.037 0.016 0.016 0.023 - - -
B436 9.87773 40.30570 1 2 interm 6.4 18.619 1.809 0.743  0.369.241 0.074 0.142 0.027 0.028 0.050 4.6 15461 0.085
B181D 9.87860 41.47394 1 2 old 34 18193 1326 0.610 0.2421290. 0.031 0.055 0.019 0.020 0.033 - - -
B311-G033 9.89052 40.52075 1 1 old 10.0 15.846  1.407 0.7193910. 0.227 0.021 0.021 0.012 0.012 0.014 7.6 12.764 0.033
B312-G035 9.91738 40.95068 1 1 old 9.4 15947 1457 0.751 850.3 0.255 0.018 0.022 0.012 0.012 0.015 7.6 12.705 0.032
B313-G036 9.93587 40.88195 1 1 old 8.8 16.764 1.701 0.877 520.4 0.328 0.030 0.041 0.015 0.014 0.018 7.6 13.105 0.029
B001-G039 9.96253 40.96963 1 1 old 76 17576 1.806 0.967 400.5 0.374 0.020 0.069 0.017 0.016 0.022 58 13.720 0.050
B316-G040 9.97329 40.69416 1 1 interm 9.4 17159  1.439 0.620.265 0.179 0.023 0.049 0.017 0.019 0.031 52 14.806 0.117
B317-G041 9.98030 41.79614 1 1 old 8.8 16.915 1.277 0.537 520.2 0.141 0.019 0.029 0.015 0.015 0.021 - - -
B002-G043 10.01072 41.19822 1 2 old 46 17.857  1.289 0.516 2830. 0.160 0.025 0.053 0.019 0.021 0.040 2.8 15.469 0.099

The locations, classifications and photometry of clusterd81. The full version of this table is printed in appendixifis also available electronically from the VizieR archiwefrom the supplementary

material accompanying Peacoekal. (2010). The optical photometry (in thegriz-bands) is described in section 2.3.2 and the near-infrahedometry (in the K-band) is described in section 2.3.3

1Cluster name, taken from the Revised Bologna CatalogudeiGet al., 2004)
2Position of the object in SDSISband image [J2000, degrees]
SClassification of source as described in section 2.4. Ogfionflag, f: 1-old globular cluster; 2-candidate clustet4{2ndidate old cluster, 23-candidate young clusterjo@ayg cluster; 4-galaxy; 5-HlI

region; 6-stellar source. Flagadc and tog indicate the previous classifications of the source fromRBE v3.5 of Galletiet al. (2004) and from the catalogue of Caldwetlal. (2009), respectively.

4Aperture size used to measure the total magnitude of théecl[acsec]

SError on the total magnitude, includes the statisticalipcation and systematic errors

sajepipued pue sia)snjo Jo A1jawoloyd £°2
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2.3.2.4 Comparison with previous photometry

To date the best set of optical colours of M31 GCs derived inradgeneous man-
ner is that of the Barmby catalogue. This includes colour285 clusters in the
Johnson UBVRI bands obtained through 8 arcsec apertures. catalogue also
contains photometry for an additional 160 clusters cotldtem other studies. This
collated photometry is taken mainly from the work of: Resdal. (1992, 1994);
Battistini et al. (1993); Mochejskat al. (1998); Sharov and Liutyi (1983); Sharov
et al. (1987, 1992); Sharov and Alksnis (1995). For full detailgha# sources and
reliability of this additional photometry we refer the remdo the description in
Barmbyet al. (2000) and the references therein.

There is little previous optical photometry in thgrizbands with which to com-
pare our results. However it is possible to compare our aslath those of the
Barmby catalogue by transforming between the UBVRI agdz bands. This was
done using the following the transformations from Jestal. (2005)

V =g—0.59x (g—r)—0.01+0.01 (2.1)
u—g=128x (U—B)+1.13+0.06 (2.2)
g—r=102x (B-V)—0.22+0.04 (2.3)
r—i=0.91x (Rc—Ic) — 0.2040.03 (2.4)

These transformations are based on all stars studied tgréeat. (2005). Applying
these to the colours of globular clusters may introducegnsii larger error than the
quoted rms residuals as globular clusters are stellar ptipak rather than single
stars. However, they can be used to check for consistentythig previous work.

Figure 2.5 compares our colours for confirmed clusters whth transformed
colours from the Barmby catalogue. The errors quoted irelind residual from
the transformations and the errors in our photometry onhe $catter is therefore
expected to be larger tharoldue to errors in the previous photometry. It can
be seen that reasonable agreement is found betweendl@ndr-i colours of the
clusters. For thg-r colours a slight offset of 0.035 mags is found. However, ithis
within the rms scatter of the transformations. We believs diffset may be due to
the errors in the transformations (due to the differencénendpectrum of a typical
globular cluster compared with a single star), rather thgeruine offset between
the colours. We therefore believe that for most clustersomlours are consistent
with the previous UBVRI colours in the Barmby catalogue.
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Figure 2.5: Top: comparison between our total cluster magnitudes and tmose f
C09. Bottom: comparison between our total cluster magnitudes and colaod

those from the Barmby catalogue (B2000). In all cases thésyjiswur photometry
minus that obtained previously. The highlighted point cadés the cluster B383.
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The top panels of figure 2.5 compare the total magnitudesdfitisters obtained
here with V-band photometry from the Barmby catalogue ardtiore recent pho-
tometry of C09. To compare the total magnitudes of the ctastaurg-band pho-
tometry was transformed to the V-band using equation 2.1 niest clusters good
agreement is found between our magnitudes and those in tirebBacatalogue
(again errors in the Barmby catalogue photometry are ndtudsxl). However, it
can be seen that there are some significant outliers. Thrieedfrightest clusters
are brighter in our photometry than found previously. Tisisikely due to our use
of larger apertures for larger clusters. Many of these lirgsters are found to
extend beyond the 8 arcsec apertures used to obtain the Baatddlogue photom-
etry. For the fainter clusters we identify a group of 7 clustevhich are fainter
than expected. These clusters all have nearby neighbtergffects of which we
attempt to remove from our photometry but believe are inetlicth the previous
photometry. We therefore believe our values for these efadb represent the ac-
tual cluster magnitudes better. Another group of faint itsare found which are
brighter than expected. The majority of these clustersrad®ense regions near the
galaxy centre or spiral arms and we believe the differenceslae to errors in the
background estimation. Itis very difficult to estimate tlaekground accurately for
regions with variations on the scales of the clusters théraselt is unclear which
photometry is more accurate for these few clusters, althoug use of smaller
apertures for smaller clusters should minimise this effecthe Barmby catalogue
they subtract light from the bulge of M31 before performingpopmetry using a
ring median filter. We repeated our photometry using a sinmiathod but did not
find significant differences in our photometry. Backgroumstireation for clusters
in these dense regions is an inherent problem in finding #iEplute magnitudes.
It should be noted that, while we attempt to account for thighe quoted errors in
our photometry, the errors for some clusters in these deggiens may be larger
than quoted.

It can also be seen that excellent agreement is found betetereen our pho-
tometry and that of C09. The errors in this comparison amgeladue to the inclu-
sion of the errors quoted by C09. The group of clusters whiehewainter in our
photometry than the Barmby catalogue are found to agreewittllthis photom-
etry. This is likely due to C09 also subtracting the effedta@arby sources from
their photometry. They also use a similar method of incregshneir aperture size
for larger clusters, and our photometry for brighter clustegrees with theirs. We
again identify a few clusters in dense background regiongseimagnitudes are
slightly fainter than expected. However, not all of these tire same outliers as
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Table 2.2: Photometry of B383
Source of photometry Observation date Detector AU AB AV AR

SDSS (This study) 200@ctober06 CCD [17.15 16.70 15.72 15.06 * ]
Sharovet al. (1992) 199Q@ctoberl5-18 Photoelectic  -0.13  -0.06 -0.06

Reedet al. (1992) 198%Rugust23-30 CCD - 054 039 0.18
Sharov and Liutyi (1983) 1980ctober8-13  Photoelectric  -0.05 -0.03  -0.06

Battistiniet al. (1987) 1977-1981 Plate 0.16 0.07 0.16 -

The magnitude difference between the SDSS photometrypiextéere and that found by previous
work.
* The total magnitude of the cluster in the SDSS images (toams#d to Johnson filter system)

those found in the Barmby catalogue. This highlights thé&adilty of accurately
obtaining integrated magnitudes for clusters in theseoregi

2.3.2.5 \Variability in B383: a classical nova?

Figure 2.5 identifies one relatively bright cluster (B383jieh is significantly fainter
(AV = 0.39) in our photometry than found in previous photometry. sTtluster
was not observed by Barmtst al. (2000) and its BVR band photometry in both
the Barmby catalogue and the RBC are from the work of Raeal. (1992). This
cluster has high signal to noise, a relatively clean baakgdo and its magnitude
was obtained through a similar sized aperture to that usexdaarsly (7.8 arcsec).
The cluster is present in two different SDSS observatiorsthe magnitudes ob-
tained from each agree very well. Table 2.2 compares ourgohetry with other
previous observations of B383. It can be seen that theread ggreement between
our photometry and the previous photometry of Sharov andyL{1983), Sharov
et al. (1992) and Battistinet al. (1987). We therefore believe that our photometry
of this cluster is reliable.

We note that, for other clusters our photometry agrees with that of Reed
et al. (1992) and that B383 is brighter in all of their observatigBs V and R
bands). We therefore believe that this discrepancy is ahfito be due to an error
in their photometry. This raises the possibility that thestér luminosity may have
genuinely varied between our observations. The increasemmosity of B383
could have been produced by a transient in the cluster. Ttaexphe observed
variability, this transient would have to have bluer coltian the cluster and a
brightness of My ~ —7.9.

A potential candidate for this increase would be a classicah in the cluster
at the time of the Reeelt al. (1992) observations. Novae have typical luminosities
of —6 < My < —9 and could explain this blue excess in the Reedl. (1992)
observations. A classical novae of this brightness wouldXpected to have a very
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short outburst duration (e.g. Warner, 1995) and would floeecbe expected to have
faded by the time of our observations and even those of Shetral (1992)~10
months later.

Globular clusters are expected to host classical novae.reTiseevidence for
Classical novae in the Galactic GCs M80 (Pogson, 1860; Wedtlal., 1990) and
(possibly) M14 (Hogg, 1964; Margoet al,, 1991). Classical novae have also been
detected in a GC in M87 (Shas al,, 2004) and two of M31's other GCs [B111:
Quimbyet al. (2007); Shafter and Quimby (2007) and B194: Heatal. (2009)].
Confirmation of a classical nova in B383 is very difficult ay aeamaining signa-
tures of the event will be very faint. However, it offers ays#le explanation for
such a large brightness variation.

2.3.3 Near-infrared photometry
2.3.3.1 K-band data

To obtain K-band photometry of M31's GCs, images across M&tewbtained
using the Wide Field CAMera (WFCAM) on the UK Infrared Telepe (UKIRT)
under the service program USERV1652. The large field of viethe WFCAM
makes it ideal for such a project. The coverage of these dataawn in figure 2.2.
They do not currently cover the whole GC system, missing bogimost central and
most distant clusters. The details of these observations aregginally presented in
Peacoclet al. (2009) but are summarised again below.

The data were taken on the nights of 2005 November 30 and 20Qtsk 06
with K-band seeing of 0.85-1.00 arcsec and 0.6-0.8 arcspeotively. To ensure
the images were well sampled, each observation was takar2wi microstepping
to give an effective pixel size of 0.2 arcsec. Five obseovetiwere taken of each
field giving a total exposure time of 225s anda@ @etection limit of~19 mag.

The images were reduced using the standard WFCAM pipeliee ¢sg. Dye
et al, 2006). The pipeline processing reduced and stacked th@mages and in-
terlaced (Fruchter and Hook, 2002) the microstepped imtggther. The pipeline
also applies an accurate astrometric solution to the imlag®esd on matching sources
to the 2MASS catalogue. This method has been shown to givégmssaccurate
to 80mas (Dyeet al,, 2006). We determined the photometric zero point for each
observation by calibrating against the 2MASS catalogueas Was done by com-
paring instrumental magnitudes of bright, unsaturateatssn each field with the
2MASS Point Source Catalogue. This places the K-band plettgron the stan-
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dard 2MASS (Vega-based) photometric system. This metheghaviously been
shown to give zero points for K-band WFCAM images to bettamtld.02 mag
(Hodgkinet al., 2009).

2.3.3.2 Photometry

Photometry was obtained for all GCs and candidates with WiAGages using
SEXTRACTOR. SEXTRACTOR was run in the same way used to obtain the optical
magnitudes (described in section 2.3.2.3). The apertuyeined to determine the
total K-band luminosity was again selected for each clusten curves of growth.
The aperture size was selected independently of the aparted to determine the
total g-band magnitude of the cluster. In many cases a smallerwapentas re-
quired to enclose all the K-band light of the cluster, withaamerage aperture size
of ~4.6 arcsec selected and 84% of the apertwte&sarcsec. The use of smaller
apertures for the K-band images is expected because of thkkesASF of these
images.

As with theugriz photometry, it was found that the error in the K-band pho-
tometry was often dominated by non statistical errors. Tém® point calibration
error of the WFCAM images is estimated to be 0.02 mag. Thiangdr than the
statistical errors for most of the clusters. The K-band husity of the clusters also
suffers from errors in the background estimation and comation from neigh-
bouring sources. We estimate the effect of this on the acguwaour photometry
using the same method used for the tgthland magnitude (by retaking photometry
through a larger aperture). The median estimated errorf@agentamination, was
found to be 0.025 mag. The estimated error due to contaromatd background
variation was combined with the statistical and calibmatorors and quoted as the
final errorok tot in table 2.1.

2.3.3.3 Comparison with previous photometry

The most complete NIR data currently available for M31's G€¢hat from the
RBC. This includes K-band magnitudes of 279 confirmed GCh&RBC ob-
tained from the 2MASS archive (Galledt al., 2004). This 2MASS photometry is
from either the 2MASS Point Source Catalogue or Extendedc®oDatalogue and
measured through apertures with radii of 4 and 5 arcsec casply. The bottom
panel of figure 2.6 compares our K-band photometry of all cordd GCs with the
K-band photometry in the RBC obtained from 2MASS. Errorsrastincluded for
the K-band photometry in the RBC, so only the total errorsunghotometry are
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Figure 2.6: Comparison with previous K-band photometry from the RBGt{on)
and profile fits to these WFCAM images from Peacetlal. (2009) fop). The
errors quoted are from our photometry only, as errors areamaiiable from the
previous work.

included in these plots.

Two clusters are found to have very different magnitudes landff this plot.
One of these (B090) is very faint in the previous photometrgt has a very blue
J-K colour. We therefore believe the previous photometntlies object is unlikely
to be accurate. The other (B041) is found to be fainter in dwtpmetry. The
WFCAM and 2MASS images for this cluster are shown in figure Zhis compar-
ison demonstrates the superior depth and spatial resolotithe WFCAM images
over 2MASS. The circles show the aperture sizes used for lootgmetry and the
2MASS photometry. The improved spatial resolution helpsefearate clusters from
nearby sources and allows the use of significantly smallertages. It is clear from
this image that the previous photometry for these faint sesiis unlikely to be as
reliable as that presented here. From examination of the @&lAatalogues we
can only identify this source in the ‘reject’ catalogue. \Werefore believe that the
2MASS photometry of this cluster is unreliable.

The errors in the 2MASS photometry are expected to be lattgar those ob-
tained here since 2MASS is significantly shallower than atad Taking this into
account, most of our photometry is found to be consistettitpabh there are several
outliers. We believe that most of these differences are dukd improved spatial
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Figure 2.7: WFCAM and 2MASS images of the faint cluster BO41. Both images
are 45 arcseg 45 arcsec and demonstrate the improved spatial resolutiosig-
nal to noise of the WFCAM images over 2ZMASS.

resolution of our data over 2MASS which makes it easier fotausemove con-
tamination from nearby sources and to estimate the backgrimvel more reliably.
The poorer resolution could result in both overestimatibthe cluster magnitudes
(if nearby sources are included in the cluster aperture)usadrestimation of their
magnitudes (if unresolved background sources result invamestimation of the
background level). This highlights the importance of sgatsolution, even in ob-
taining integrated magnitudes. The brightest clustersatse found to be- 0.05
mag brighter in our photometry than in the RBC. We believs thidue to our use
of larger apertures for larger clusters. This was identifiad discussed by Galleti
et al. (2004) who attempt to apply aperture corrections to thesstets. However,
we believe our use of larger apertures should be more reliabl

An alternative method to aperture photometry is to fit thefifg@f the clusters
and find their integrated magnitudes. This method removedae affects because
it integrates the magnitude out to the tidal radius of thetelu It also accounts for
contamination from nearby sources since it assumes théeclisshave a smooth
profile. This provides a very useful independent method ¢afhreging the total
magnitudes of the clusters. The results of fitting the prefdéthese clusters are
presented in chapter 3 and in Peacetkl.(2009). The top panel of figure 2.6 com-
pares this integrated K-band magnitude with the aperturgniades found here.
Errors are not available for the profile fit magnitudes (aswulsed in chapter 3) but
are expected to be of a similar size to the errors obtained &perture photometry.
Three of these clusters are found to be brighter in our phetomExamination of
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these clusters revealed that they all have very bright iyeaeghbours. Since these
cause significant background gradients across the clustéleg, we believe that
the model fits to these will be less reliable and the aperthocegmetry is probably
more accurate. Some of the fainter clusters are also fourie &ightly outside
20. As discussed in chapter 3, we believe this is due to the Kindehfits be-
ing less reliable for these faint clusters (which have reddy low signal-to-noise).
For these faintest clusters it is likely that aperture phwtry gives more accurate
magnitudes.

The scatter in these comparisons highlights the difficuitgetermining the NIR
magnitudes of clusters projected onto stars and surfagatmess fluctuations from
M31. We believe our approach gives the best estimate of thagnitudes and the
most realistic errors to date. In total we present K-bandgnetry for 319 and 603
sources classified as confirmed and candidate clusters RBRerespectively. This
includes the first K-band photometry for 126 confirmed clisstand 429 candidate
clusters.

2.3.4 Summary of photometry

The ugriz colours, totalg and total K-band luminosity of M31's GCs and candi-
dates are presented in table 2.1. This table includes thststal errors in thaugriz
colours and the errors in the totgland K-band luminosity (which include the cal-
ibration errors and estimated error due to background traniaand contamination
from nearby sources).

It should be noted that thegriz photometry presented here is on the standard
SDSS (AB) photometric system, while the K-band photomedrgn the standard
2MASS (Vega-based) photometric system. The magnitudedearonverted be-
tween the two systems using the following offsets taken fkbevettet al. (2006):

Uvega= Uag — 0.927 (2.5)
Ovega= 9ag +0.103 (2.6)
'vega= 'ag —0.146 (2.7)
ivega= ias — 0.366 (2.8)
Zvega= Zag — 0.533 (2.9)
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Errors on these transformations are not presented by Hewaitt(2006). However,
since these transformation only involve applying the filandpasses to the SED
of Vega, their errors are likely to be relatively small (coangd with observational
errors).

The names of the objects in table 2.1 are taken from the RBE@.pOsitions
of the sources are taken from their locations in odrand images and should be
accurate to better than 1 arcsec. Some of the proposedrslaseenot detected (or
not located) in the SDSS images. The names, locations assifatations of these
clusters (taken from the RBC or C09) are included in table ZHis table lists all
previously proposed clusters and candidates in the RBCyM#éthese objects are
found by this (and other) studies not to be genuine clusténg. classifications of
these sources are discussed in the next section. Only thgsetowith classifica-
tion flag, f=1 should be considered confirmed old GCs.

2.4 Classification of sources

2.4.1 Stellarity

The WFCAM images of M31 have a FWHM of®— 0.95 arcsec corresponding to
a spatial resolution of 2.3-3.6 pc at the distance of M31.sThia significant im-
provement over most of the images previously used to chaskisters. Typical GCs
at the distance of M31 will have half light radii betwee®» 6 1 arcsec and should
be detected beyond this radius. These data therefore afidavinvestigate possible
contamination in the previous GC catalogues from singlesstad previously unre-
solved asterisms of stars. Figure 2.8 shows theT®ACTOR K-band stellarity flag
for confirmed and candidates clusters in the RBC (left) aadagately, the clusters
and candidates from KO7 (middle). Also included is the atdl} of old and young
clusters from C09 (most of which are re-classifications afrses in the other two
catalogues).

The majority of sources can be identified as either haviniasterofiles (with
a stellarity close to 1) or extended profiles (with steliagtose to 0). It can be
seen that some objects with>KL5 have uncertain stellarity flags. The ability of
SEXTRACTOR to determine the stellarity of a source is mainly dependenthe
signal to noise of the source, the PSF of the image and crgnatiound the source.
From visual examination of the sources with uncertain atgyl flags, it was found
that the majority of them have nearby sources contaminaiieq profiles. In gen-
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eral we consider objects with a stellarity0.4 to be extended. This choice is rela-
tively arbitrary. However, as can be seen from figure 2.8,ekact choice of this
boundary between stellar and extended has little influencte classification of
most sources. For the fainter sources, it is clear that teitasty flag is less reli-
able. For these objects we rely on visual examination of bixgter to estimate their
nature (as described in the next section).

It can be seen from figure 2.8 that excellent agreement isfbetween our data
and the classifications of C09 with all sources they classifpld being extended.
We also find that the majority of confirmed clusters in the RBEextended. How-
ever, there are 12 RB@ass lobjects which have either stellar or uncertain stellarity
flags. We note that some of these clusters have already belassiéied by C09 as
stars. It can also be seen that many of the sources classedfashed clusters by
K07 are found to be unresolved. We note that their work wasdbas images with
poorer spatial resolution and we reclassify many of thegeatd as being stellar
sources.

Some of the young clusters from C09 are found to be extendddcak like
normal centrally concentrated GCs. However, it can be se®n figure 2.8 that
many of the proposed young clusters have stellar, or urinegiellarity flags. This
is likely because these young clusters can appear as resssterisms in the K-band
images. This has previously been noted by Coéteal. (2005) who used K-band
images taken with adaptive optics to demonstrate that 4gsexgbh young clusters
may be asterisms. However, as discussed by C09, youngrslaseegenerally faint
in K and may be dominated by only a few bright (resolved) sgig@ets making
them appear as resolved asterisms of stars, rather thantemdexl cluster. Many
of these objects have subsequently been confirmeld ®¥images to be genuine
clusters. We therefore do not reclassify any of the propg®seohg clusters which
appear as resolved stellar sources in our K-band images.

Our data also allow us to classify many of the previously assified candidate
clusters. In total we classify 368 previous candidateskasylito be stellar sources.
For the above reasons, it is possible that we may potentradlyde some genuine
young clusters in this classification. Figure 2.8 demomssréghat a large group of
the proposed candidates are extended in our images. Thesesoare therefore
likely to be either genuine clusters or background galaxiéese candidates repre-
sent ideal targets for followup spectroscopy in order toficontheir nature.
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2.4.2 Visual examination

As discussed above, the stellarity flag for some of the faiolbgects is relatively
uncertain. Visual examination of these objects can helperiding whether they
are extended or stellar sources. Visual examination of linrgters and candidates
which are confirmed as extended also provides a method dfifgeq background
galaxies. These were identified as either having spiratstra, or extended el-
lipticity. While this method is relatively subjective, i ihelpful in classifying an
object. Inspecting the images of the objects also providesedul check on our
otherwise automated classifications. During this processalso ensured that our
automated photometry had selected a reasonable aperteréosieach cluster, in
order to measure its total luminosity.

We examined thegrizand K-band images of every cluster and candidate stud-
ied. We first examined the objects in our sample which have récéeen clas-
sified from the spectroscopic study of C09 as being backgtgataxies. We then
examined the previously classified confirmed clusterspfadid by the proposed
candidate clusters. In this way, we were able to reclassifiyesof the objects based
on their appearance. We note that some of the newly confirrakxigs look very
similar to typical GCs. This highlights the limitations ofsual examination on
identifying galaxies. We do not reclassify any of the presly confirmed clusters
as galaxies based on this visual examination. However, dedéntify 3 candi-
date clusters with clear spiral structure and 30 other @atds which are likely
background elliptical galaxies (this is in addition to thendidates confirmed to
be galaxies from the spectroscopic study of C09). During tisual examination
it was also found that some of the clusters and candidatds wmitertain stellar-
ity flags from our SKTRACTOR photometry are likely to be asterisms of stellar
sources, rather than extended clusters.

2.4.3 Colours

Figure 2.9 shows the colours of objects previously clagsdieconfirmed GCs (red)
and candidate GCs (grey) in the RBC (left) and by KO7 (middl&)e right panel
shows the colours of the objects which are confirmed by CO0%told clusters.
Shown in blue are the proposed young clusters from C09 ancbififemed clusters
from the RBC which are flagged as being potentially young. deanparison, the
black points indicate the colours of the Milky Way’s GCs. Tgr& colour for the

Thumbnail images of these clusters are available at hitww.astro.soton.ac.uk/
~m.b.peacock/m31gc.html



2.4 Classification of sources 55

CO09 old/young

KO7 class A/B+C

RBC class 1/2

™ ~N

-6 1-

Figure 2.9: Colours of clusters and candidates from the RB&t), KO7 (mid-

dle) and CO09 fight). Included are objects classified as confirmed old clusters
(red), young clusters (blue), and candidate clusters fgreyn each catalogue.
The black points show the colours of Milky Way GCs. The arr@presents a
reddening oE(B—V) =0.1.
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Milky Way GCs were taken from Coheet al. (2007) and optical colours from
the Harris catalogue (Harris, 1996). The colours of the Milkay's GCs were
transformed into theugriz filters using the transformations of Jestdral. (2005)
and dereddened using the valuesEgB — V) quoted in the Harris catalogue. Only
the Milky Way clusters wittE(B—V) < 0.4 are included. The Galactic GC system
contains relatively few metal rich clusters and most of ¢hae at a relatively low
galactocentric radius (and hence have relatively highmektin). The Milky Way
clusters plotted are therefore limited to mainly low maetaty clusters. It can be
seen that the Milky Way’s GCs define a tight region in the colmlour plots. For
this reason, the colours of the proposed GCs and candidai31 are very useful
in classifying the objects.

It should be noted that the colours of M31's GCs are reddenedaboth Galac-
tic extinction and extinction intrinsic to M31. The Galacteddening in the direc-
tion of M31 is relatively uncertain, but it is estimated fbetregion around the disk
of M31 to beE(B—V) ~0.062 mag (Schlegett al., 1998). However, the extinction
due to M31 itself can be much larger and varies significangyMeen GCs due to
their locations in (and line of sight depths through) theaggl Previous work (e.g.
Barmbyet al,, 2000; Faret al,, 2008) has demonstrated that the reddening for some
of these clusters can be substantial. For example, the edrgluster in figure 2.9
with g-K=6.95 is BO37 which is known to be heavily reddenédB —V) = 1.38:
Barmbyet al.(2000)].

Figure 2.9 shows that our colours are in good agreement Wéltlassifications
of C09. It can be seen that most of the objects classified bya308ld clusters
define a tight region which is consistent with the (redderedyurs of the Milky
Way’s GCs. In most cases the confirmed clusters in the RBClase colours
consistent with the Milky Way’s GCs. Many of the confirmedstkrs from K07,
and a few of the confirmed clusters from the RBC, have colourkhvare not
consistent with the Milky Way’s GCs or the majority of the éiomed GCs in M31.
This is in agreement with our conclusions from the previaetisn that some of the
previously confirmed clusters may be misclassified starg ¢iours also suggest
that many of the unclassified candidate clusters may be, ststerisms of stars or
background galaxies.

2.4.3.1 Young clusters

These colours clearly identify the population of very blliesters that have been
noted by previous studies. It can be seen that our colouiis ascellent agreement



2.4 Classification of sources 57

with the spectroscopic classifications of C09. We also finobigagreement with the
confirmed clusters in the RBC which are flagged as potentiahgcaclusters (flag
yy=1,2 or 3 in the RBC). This flag is based on the work of Fusi Petal. (2005).
Most of the previously identified young clusters are muctebin g-r than any GC
in the Milky Way. Using a similar method to Fusi Pe@tial. (2005), we define all
objects withg-r<0.3 to be young clusters.

Some of the proposed young clusters have colours which arsistent with
being old clusters. However, these objects are also cemsigtith being young
clusters with reddened colours. These clusters are alswdfouhigh density re-
gions of M31 and look similar to the other young clusters weehabserved. We
therefore choose to keep the previous (spectroscopiclifitzion for these clus-
ters and suspect that their colours may be reddened. It sarbalseen from figure
2.9 that two clusters classified as old by C09 (B386 and PHHYate very blue
colours. We reclassify these two objects as young clusters.

2.4.3.2 0lId globular clusters

Figure 2.10 shows the colours of all confirmed and candidatgers following the
removal of all stellar objects based on their stellarity ftaigyisual examination of
the cluster images. We have also removed those objectdfiddnih the previous
section as being young clusters. It can be seen that, hawingwed these objects,
the colours of the confirmed clusters are now consistent tgtcolours of the old
GC system of the Milky Way. The clusters extend to much reddéyurs, but this
is consistent with the expected reddening due to extindtamm M31.

The grey points in the bottom panels of figure 2.10 show theuwrslof the re-
maining candidate clusters after the removal of non-exd¢drabjects. Comparison
with the confirmed old clusters shows that many of the cand&lhave colours
consistent with being old clusters. These clusters are éd@s old candidates in
table 2.1 and should be considered the strongest candidaters. We also identify
candidates with very blue colours, consistent with the ojloeing clusters identi-
fied. These are flagged as young candidate clusters in tablé 2an be seen that,
despite removing objects identified as stars, the coloursariy of the candidate
clusters are inconsistent with being either old or youngtets. As we are uncer-
tain of the classification of these objects, we retain tHessification as candidates.
However, it is likely that many of these candidates are eifaekground galaxies
or unresolved asterisms.
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r-i

Figure 2.10: Top: Colours of previously confirmed clusters which are confirmed
here to be extended (redpottom: Colours of proposed candidate clusters which
are confirmed to be extended (grey). The lines indicate fifiessto the colours of
all confirmed M31 GCs. The black points indicate the colodrghe Milky Way
GCs and the arrow represents an extinctioe@ —V) = 0.1.

2.4.3.3 Extended clusters in the halo of M31

Recent studies of the halo of M31 have identified a populadiovery extended
clusters (Huxoet al., 2005; Mackeet al,, 2006; Huxotet al., 2008). These clusters
have relatively low surface brightness and larger halftligidii than the majority
of the clusters in M31. Colour magnitude diagrams of thesstels suggest that,
beyond their extended nature, they appear to be similapioayold clusters. These
clusters are similar to the Galactic GC NGC 2419 and begitithé ‘gap’ between
classical GCs (which are thought to contain little dark etand the (dark matter
dominated) dwarf spheroidal galaxies (see e.g. Hexat., 2005). For a description
of these clusters we refer the reader to Hugbal. (2008, and references therein).
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Seven of these clusters are located in our SDSS images andecaentified in
table 2.1 from their names which have the prefix HEC (‘Halodbxied Cluster’).
Our colours of these clusters were found to be less relidi@a the other clusters
studied. This is because they are resolved, due to the diffature of the clusters,
into multiple sources.

The colours for these clusters were therefore re-measimedigh 12 arcsec
apertures using th\RAF:APPHOT taskPHOT. A smaller aperture of 8 arcsec was
used for HEC11 due to a bright neighbouring star. This megieek reliable results
for clusters in the halo of M31 where there is little contaatian from neighbouring
sources and the background is relatively smooth. None citlegtended clusters
are identified in the inner regions of M31. However, it shob&lnoted that de-
tecting such extended (and low surface brightness) ckigbenjected against more
central regions of M31, would be very difficult.

These clusters are identified in figure 2.10 as open greenigdincan be seen
that the colours of these clusters are now consistent witlother old GCs in M31.
The errors in the colours of the HECs are larger than thoskeeobther GCs. This is
due to their diffuse nature and the use of large apertureghwhcreases the total
sky background.

2.4.4 Final classification

Our final classification is based on: the stellarity of theeahj its colours; visual
examination of the object in our 6 bands; velocity inforroatand classifications
from previous studies. Table 2.1 lists these classification all GCs and candi-
dates. For comparison we also include the previous claagsdits from the RBC
and C09. For consistency we have tried to keep our classtfitasimilar to those
used in the RBC. If we have no reason to reclassify the souneekeep the original
classifications (where available from C09, which were fotmédgree best with our
classifications, otherwise from the RBC). The classificadiosed are:

1: old globular cluster:extended and has colours consistent with the Milky Way's
GCs. lts velocity is confirmed from previous work (KO7, CO9tbe RBC) to be
consistent with being in the M31 GC system, or the object ifiomed from high
resolutionHSTimages.

2: candidate clusternot confirmed, but previously proposed as being a cluster or
candidate and is found here to be extended (or have uncsttdiarity). Candidate

is sub-divided, depending on whether its colours are ctersisvith being an old
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Table 2.3: Classifications of sources

Classification Number in Previous classification of thesects
thisstudy RBCL RBC2 KO07A KO07B/C C09old C09young
1: old globular cluster 416 342 41 27 0 336 0
2: candidate cluster 373 6 101 9 256 3 0
3: young cluster 156 46" 78 2 0 2 151
4: background galaxy 189 5 170 4 10 0 0
5: Hll region 17 0 14 3 0 0 0
6: stellar source 444 10 153 66 215 1 0
Total (previous catalogues): 409 557 111 481 342 151

* Many of these RBCclass 1clusters are flagged separately in the RBC as potentiallyngou
clusters.

cluster 1), consistent with being a young clust@3j or inconsistent with being a
cluster Q).

3: young clusterhas colours consistent with being young. If previously sif@esd,
may appear as a resolved asterism in K, but looks like a ¢lustee SDSS images.
4: background galaxypreviously classified from spectroscopy by C09 or identified
from our visual examination.

5: HIl region: from previous classification of C09.

6: stellar source:object appears to be a single stellar source or a previousk-u
solved asterism of stellar sources.

The total number of sources of each class is shown in tabld-213eference we
include whether these objects were previously classifiedtlasters or candidates
in the RBC (RBC 1 and RBC 2 respectively); clusters or cartdglhy KO7 (KO7 A
and K07 B/C respectively); old or young clusters by C09 (C09 old and ¢@%$ng
respectively). It can be seen that we have reclassified Mgu#y confirmed clus-
ters in the RBC as likely stellar sources. We also reclassibf these objects as
candidate clusters, as we are uncertain of their natureheyr iack spectroscopic
confirmation. Some of the candidate clusters in the RBC andirooed to be old
or young clusters. This is based on the new spectroscopiiiric@tions by C09.
We are also able to classify many of the candidate clustetearRBC as stars.
In most cases we find good agreement with the new classifitatb C09. Their
catalogue includes fewer objects because they do not gralédsifications for the
whole GC system. All objects classed as young clusters byat®®etained in our
classification.

We have reclassified many of the confirmed clusters from KOlikaly stellar
sources. We have also been able to classify nearly half otltreter candidates
from this catalogue as being stellar. We believe this is dusur improved spatial
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Figure 2.11: K-band GCLF for all sources classed as confirmed GCs (sd), r
and young clusters (open, blue).

resolution compared with the images used for this previatalogue. We identify
and remove 8 objects from the catalogue of KO7 which are wigharcsec of an-
other previously identified object in the RBC and we beliexe mow duplicated
in the RBC. A further 5 objects from the catalogue of KO7 appede associated
with objects in the catalogue of C09. The names for thesectibja table 2.1 are
the combination of their identifications in each catalogue.

2.5 Properties of confirmed clusters

Figure 2.11 shows the GC Luminosity Function (GCLF) for ahirmed GCs
(solid bars) and young clusters (open bars) with K-bandqhetry. These clus-
ters are not corrected for extinction. However, extinctismot very significant
in the K-band where the maximum correction for the most em&rease of BO37
is only 0.5 mag (the width of the bins used). The peak of the B@&Lfound to
be at K~14.2 mag. The K-band luminosity of a cluster is a useful est@rof
its mass. This is because, in addition to being less effdayeetinction, the K-
band mass to light ratioM/L) is less affected by metallicity than optical bands.
The mass to light ratio of a 12 Gyr cluster in the K-band hasiptesly been es-
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timated to be 0.9M/L<1.3 for metallicities in the range>JFe/H]>-2 (Bruzual
and Charlot, 2003; Forbext al., 2008). To estimate the peak mass of the old GCs
in M31, we assume a K-band /L ratio of 1.1 for all clusters (as the metallic-
ities are not known for all of the clusters). At the distandeMB81 (780 kpc;
McConnachieet al,, 2005) and assuming the K-band magnitude of the sun to be
Mk.»=3.29 mag [this is taken from Cox (2000,=3.33) and corrected to the
K ‘short’ filter (Ks) via Mk ,»=Mk-0.04 (Carpenter, 2001)], this implies a peak
mass of Mpeak~ 3 x 10°M.,. This is slightly higher than that found for Milky Way
GCs (e.g. Coheat al,, 2007). However, this difference is relatively small comgzh
with the expected uncertainty in the peak mass. This is deertws in accurately
estimating the peak in the GCLF combined with errors in tistagice to M31 and
the value used for the mass to light ratio.

For the fainter GCs, it is likely that masses estimated fromirtintegrated K-
band luminosities are less accurate due to stochasticteffegtars at the tip of
the red giant branch at the distance of M31 are expected th remgnitudes of
K=17.5 (Ferraroet al., 2000; Taburet al., 2009). Stars this bright are relatively
rare. However, it is possible that the integrated light ahsdraction of these faint
clusters can be dominated by a relatively low number of tis¢ses. It is also likely
that some of the faintest clusters in M31 are missing fromaaialogue. These
clusters should be detected in our data. However, identiffiese faint clusters in
front of M31 would be very difficult.

As expected the proposed young clusters peak at fainteritondgs than the old
GCs. Some of these clusters are found to be relatively hnighthing luminosities
similar to the peak of the GCLF. This suggests they are mossiva than typical
young open clusters in the Milky Way. While this is in agreemeith the con-
clusions of other work (e.g. Fusi Pecei al, 2005), it should be noted that our
conclusions based on this K-band luminosity are limitede WYL ratio of these
clusters is likely to be significantly lower than th/L ratio for the older clusters
in the galaxy. Also stochastic effects in these young ant fausters are likely to
be significant in the K-band.

2.6 Conclusions

Our final catalogue includes 416 old GCs. Where detected raxgde self consis-
tentugrizand K-band photometry for the proposed clusters and catedaiasters.
We note the difficulty in providing accurate photometry fonte of these clusters
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due to the complex background of M31. We highlight the needytind spatial
resolution in order to remove contamination from non clustht when obtaining
integrated magnitudes. Where available, we find our photgnte be consistent
with that previously published. From our multicolour phatetry, we confirm the
population of very blue clusters identified previously. Wew that these colours
are consistent with their spectroscopic classification B9 @s young clusters. We
note that many of these clusters look like resolved asterisnour K-band im-
ages. However, some of these are confirmed by HST images terugng clusters.
Higher spatial resolution optical images than available lzge required in order to
confirm their nature as genuine young clusters.

We have identified that many of the confirmed clusters from I€imal. (2007)
are likely stellar sources (we retain only 27 of their 111 foomed clusters as old
clusters). We also identify 10 confirmed clusters in the RBGkaly stellar sources.
While we have considered the classifications from KO7 andRBE separately
in this paper, we caution thatl of the objects confirmed by K07 to be clusters
are included as confirmed clusters in the current versiommefRBC (v3.5). We
also provide new classifications for many of the cluster cdeteés proposed by this
previous work. We identify many of these candidates to besstad reduce the
number of unclassified candidate clusters to 357.



The structural parameters of globular
clusters in M31

3.1 Abstract

In this chapter, we present the structural parameters fqragialy limited sam-
ple of 213 of M31’s old globular clusters. These parameteesbased on fitting
King (1966) models (convolved with an estimate of the pommead function of the
cluster image) to Wide Field Camera (WFCAM) images of thdgsters. We con-
sider the reliability of the derived parameters and showthe be consistent with
those of 33 clusters which were previously determined ubigter spatial reso-
lution HST observations. We note that the reliability of the structyp@ameters
decreases significantly for the faintest clusters consdleThis is likely to be due
to the relatively low signal to noise of these clusters. Watioa on the use of this
method for low signal to noise images. We demonstrate tleastiuctural param-
eters of old globular clusters in M31 are similar to thosehaf globular clusters in
the Milky Way. We investigate the relationship between tiecure of these clus-
ters and galactocentric radius. This confirms the relatign®und by some other
studies of half light radius increasing with galactocentadius.

64
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3.2 Introduction

Determining the structure of globular clusters (GCs) idulder investigating both
the initial formation of the clusters and their subsequemtasical evolution. The
density profiles of clusters in the Milky Way are known to bateely well mod-
elled by King models (King, 1966). The structure of globutlusters is best in-
vestigated via direct counts of all stars in the clustersweleer, even for Galactic
clusters, it is difficult to resolve stars in the dense corethe clusters. Also the
number counts often suffer from incompleteness for faiatsst For extragalactic
clusters the integrated luminosities of the clusters candssl to give a good esti-
mate of the structure of the clusters. Due to the relativetglssize of the Milky
Way'’s cluster system, determining the structural pararsdte extragalactic GCs is
highly desireable. These can be used to help constrain mofleluster formation
for a much larger sample of clusters than is available froenNtilky Way alone. It
is also of interest to consider any differences in the stmacof clusters in different
galaxies, as this can give insights into different formatio evolutionary histories.

The structure of a cluster is also likely to affect the pogiolaof stars contained
in the cluster. For example the dense cores of GCs are likebetideal locations
for forming tight binary systems through stellar interaas. These include exotic
objects such as low mass X-ray binaries, cataclysmic vimsaénd blue straggler
stars.

The proximity of M31 makes it the ideal location for studyitige structure of
extragalactic GCs. The structural parameters for some of'#13Cs have been
measured usingubble Space Telescope (HSKaint Object Camera (FOC) images
of 13 clusters (Fusi Pecat al, 1994); Wide Field Planetary Camera (WFPC2)
images of 50 clusters (Barmlst al., 2002); Advanced Camera for Surveys (ACS)
and Space Telescope Imaging Spectrograph (STIS) images ahd 19 clusters
respectively (Barmbyet al., 2007). However, the large angular size of the M31
GC system, combined with the small field of view of tH8T cameras, means that
many of M31's clusters do not have estimates of their stratfparameters. Here
we use ground based images obtained using the Wide Field r@agmd-CAM)
on the UK Infrared Telescope (UKIRT) to estimate the strradtparameters for
a much larger sample of clusters. The core radii of GCs at thimmce of M31
are typically smaller than the PSF of these WFCAM images efthHowever, it
is possible to infer their structure by fitting PSF convolueitig models to their
profiles. This method has previously been used in order tmagt the structure of
GCsin M31 (Barmbyet al., 2007; Peacockt al., 2009), Cen A (Harriet al., 2006;
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Jordaret al, 2007b; McLaughliret al., 2008), M87 (Waters, 2007) and other Virgo
cluster galaxies (e.g. Jordanhal., 2009).

3.3 Wide Field Camera data

To investigate the properties of the GCs in M31, we obtaindobiid photometry
using the Wide Field Camera (WFCAM) on the UK Infrared Tetgse (UKIRT)
under the service program USERV1652. These data cover rhtist disk of M31,
but avoid the central regions where surface brightnessuiiicins are largest. They
also do not cover some of the clusters in the outer halo of MB&.regions covered
by these WFCAM images were shown previously in chapter 2 (@@.2).

Each observation consisted of microstepped 5s exposutbsawiine point jit-
ter pattern. The 2 microstepping was used to give an effective pixel size of
0.2 arcsec and ensure the images were well sampled. Fivevabieas were taken
of each field to give a total exposure time of 225s. This givdgtaction limit of
K=19 at 35. Our observations were taken on the nights of 2005-11-30280d -
08-06 with seeing of 0.85-1.00 arcsec and 0.6-0.8 arcsspeotively. This corre-
sponds to a spatial resolution of 3.21-3.78 pc and 2.26-Bd4dt the distance of
M31.

The images were processed using the standard WFCAM pipédindetails on
the WFCAM and its pipeline see e.g. Dgeal, 2006). The pipeline reduces and
stacks the raw images and adds an accurate astrometrimsdinthe final images
by fitting sources to the Two Micron All Sky Survey (2MASS). lFecombining
our microstepped images we chose not to use the standarihpgpeterleaving
method. Instead the reduced images were drizzled togetneck{ter and Hook,
2002) using therRAF sTsDAStaskDRIzzLE. Drizzling has the advantage that it
produces combined images with smoother PSFs than integaci

3.4 M31 globular clusters

3.4.1 Selection of globular clusters

We select M31 clusters from the catalogue of Pea@belk (2010) (see chapter 2 for
details). This catalogue provides sub-arcsec locatiodsuglated classifications
for all clusters identified in most major M31 cluster surveyslate (including those
of: Battistini et al., 1987; Barmbyet al,, 2000; Galletiet al., 2004; Kimet al.,
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2007; Caldwellet al,, 2009). Our observations cover 213 of the 417 old clusters in
this catalogue; allowing us to study over half of M31's GCs.

3.4.2 Profile fitting of M31’s old clusters

To investigate the structure of the clusters in our obsemat we must first consider
the effects of seeing on their appearance. The images ofubters studied are the
result of a convolution of their physical size with the paptead function (PSF) of
the observations. To account for this, we create a modeh®PISF of each image
so that we can convolve it with our model for the underlyingisture of the cluster.
We modelled the PSF for the images with a Moffat profile usirgtaoPHOT tasks
ALLSTAR/SEEPSE To determine the shape of the PSF we fit the brightest 40 stars
in each image which were unsaturated, had no bright neigklsnd were greater
than 100 pixels from the detector edges (where the noisaisfigiantly higher).
No significant variation in the PSF was observed across tlag@® so we select a
single PSF model for each detector of each observation.

The structural parameters of the clusters were determipédentifying the best
fitting King model to their profiles using the prograswPERKING (Waters, 2007).
Details of this code are presented in Waters (2007), wheragplication to HST
observations of M87’s GCs is also presented. For a givertalimage and PSF
model, this code selects the best fitting King model to fit thimdased ox? min-
imisation. Three parameters are required in order to camstr King model. We
use this code to fit the clusters based on their central paterft\p), total K-band
magnitudes (K) and tidal radii:{r In addition to these parameters, it is also neces-
sary to fit the center of the clusters(¥o) and the flux of the clusters backgrounds.
Before fitting the GC profiles, bright stars (above)5vere removed from the re-
gion around the cluster using tll\OPHOT task ALLSTAR. Each cluster was fit
out to a radius of 20 arcsec. This was chosen to extend beyenexpected tidal
radius for 85% of the clusters (based on Milky Way GCs in theridaatalogue;
Harris, 1996). This allows for the tidal radius and backgrievel to be accurately
computed.

In table 3.1 (for full table see appendix D), we present the Bing structural
parameters for the 213 old clusters studied. Where clustens present and in more
than one observation, we select the observation with thedeesng. We assign a
flag to each cluster based on visual examination of the clasi# its residual after
subtraction of our best fitting model. These flags are usedewtify poorly fitting
models, as well as clusters contaminated by very brighs stline parametdr in
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Table 3.1: Structural parameters of old clusters in M31 (sample)
GCNamé) x2/v@ wo d K@ D D og(p)® log(r)®  Flag?

B001-G039 1.07 625 13.70 131 125 271 259 3.87 6.00 1
B002-G043 1.07 810 1534 186 0.34 193 248 4.55 5.90 1
B003-G045 115 955 1491 225 024 405 427 4.82 5.99 1
B004-G050 1.69 645 1418 137 092 213 214 4.05 6.01 1
B005-G052 1.20 825 1254 191 036 227 291 5.57 7.47 12
B006-G058 0.85 9.60 1264 226 0.20 347 36.2 5.97 7.55 1
B008-G060 11.15 430 14.04 0.89 216 277 16.8 3.31 5.63 1
B009-G061 135 7.40 1463 165 056 200 246 4.35 6.02 1
B010-G062 1.02 6.00 14.00 125 270 537 482 2.79 5.05 1
B011-G063 128 7.00 1420 152 063 184 211 4.44 6.26 1
B012-G064 095 725 1269 160 091 3.00 36.1 4.52 6.70 1
B013-G065 1.06 335 1447 073 490 508 26.1 2.21 4.70 1

1

B015-V204 133 630 1348 133 178 391 379 3.50 5.74

The full version of this table is presented in appendix D. sTtaible is also available in electronic
form from the VizieR archive or from the supplementary mitesf Peacoclet al. (2009).

ICluster names are taken from table 2.1 and are the same asithibe Revised Bologna Catalogue
of M31 GCs (Galletet al., 2004).

2The x? per degree of freedom for the best fitting model to the clystefile.

3The central potential () and concentration parameters log(r;/rc¢)] of the cluster.

4The K-band magnitude of the cluster (from profile fitst aperture photometry) [mag].

5The core, half light and tidal radii of the cluster (assumthg distance of M31 to be 780 kpc
McConnachieet al., 2005) [pc].

5The cluster core density [47<;>pC‘3] and stellar encounter rate [as defined by equation 1.6;
LE opc3km~1s].

’Flag based on visual examination of the cluster image amesiglual after subtraction of the best
fitting model. Flags are: 1-clean cluster image and resjd2lliptical profile; 3-poor residual
after subtraction; 4-bright source close to the clusterclvhmay potentially influence its profile;
5-potential asterism; 6-potentially stellar profile/ ugpital parameters.

table 3.1 is an estimate of the stellar collision rate in tlster, as defined in section

1.2.2.2. This is calculated from equation 1[6[] pg/zrg.

3.5 Reliability of parameters

Having identified the best fitting King model to describe eelcister, we investigate
the reliability of the parameters found. The reliabilitytbfs method of modelling
the cluster profile is primarily dependent on the spatiabhason of the GC images,
the accuracy of the PSF model used in the deconvolution andignal-to-noise
(S/N) of the cluster images. The spatial resolution of theGAXM images at the
distance of M31 is 2.3-3.8 pc. This is only slightly largeatithe spatial resolution
of HST observations of Cen A~1.8 pc) and significantly smaller than thatlé®T
observations of Virgo cluster galaxies® pc). The effect of S/N on the reliability
of PSF convolved King model fits tdSTimages of GCs at the distance NGC 3597,
NGC 1275 and the Virgo cluster were investigated by CarlswhHoltzman (2001).
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By simulating GCs with varying S/N, they suggested that éegrated S/N-90 was
required to recover the correct cluster concentration 50#%etime for clusters at
the distance of Virgo. The reliability of the fits was founditoprove significantly
with S/N, increasing to~80% for a S/Nv150. Our WFCAM images of M31’s
GCs benefit from better spatial resolution tHa8T observations of GCs in Virgo
cluster galaxies. However, for the WFCAM images this S/Ntlicorresponds to a
magnitude of K-15.3. Carlson and Holtzman (2001) also found that the priifde
were more reliable for lower concentration clusters asrtla@ger cores are easier
to measure.

3.5.1 Consistency checks

Due to the small spatial scale of the clusters we are fittings likely that the
errors on these parameters will be dominated by errors irP®ie model which is
convolved with the cluster.

To investigate the magnitude of the typical measuremeontgrwe compare the
results obtained from fitting the same cluster from différelnservations. In total,
115 clusters are present in multiple images. These obsengdtave all been taken
under slightly different conditions and will have diffeted@SF models. Therefore,
by fitting these clusters independently and comparing theltiag parameters, we
can estimate the reliability of the parameters calculatgdure 3.1 shows the dif-
ferences between the derived parameters for the clustarsiibre than one image.

For clusters brighter than &15mag we find good agreement between the pa-
rameters measured. However it can be seen that the scatteages significantly
for clusters with K>15mag. This suggests that the errors on the parameters found
for these faint clusters are significantly higher. This cangs well with the ex-
pected reliability limit due to signal-to-noise proposed®arlson and Holtzman
(2001).

We expect that the variation observed in figure 3.1 gives somable estimate of
the errors on the parameters found for all the GCs studiethdfollowing analysis,
we include all 213 GCs studied but note that the errors orviddal parameters for
the faintest clusters will be large. Since most of the GCdistliare brighter than
this limit, we do not believe our conclusions are sensitivéhis increased error on
the faintest clusters.
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Figure 3.1: Comparison between the core radiug fop), integrated K-band mag-
nitude (K,middle and stellar collision ratd(, bottorm) derived from fitting differ-
ent observations of the same cluster.

3.5.2 Comparison with previous work

Some of the GCs in M31 have been observed byHBd under several different
programs. Using these data the structural parameters fatuders have already
been estimated from either ACS, STIS or WFPC2 observatiBasniby et al.,
2002, 2007). As these observations have better spatidutesothan those used in
this study, they provide a useful test for this method of P&#volution. Figure 3.2
compares these previously determined parameters witte tftasd in this study.
There are 33 clusters present in both datasets.

For clusters brighter than 15 mag, we find reasonable agreement between
the radii found in this study and those found by Barnabyal. (2007). For clusters
fainter than this we find significant differences betweerhlibé core and tidal radii
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found. However, this is within the large errors predictedha previous section for
these fainter clusters. It can be seen that the derived adnes of the faintest cluster
in this comparison (B041), is significantly smaller thanttviously found. This
is a very faint and diffuse cluster, projected against atiredly crowded region of
M31, as such it is likely that our fits to this cluster are uiaiele.

For all the cluster parameters compared we find greaterapsacicies between
our results and those based on WFPC2 observations (opéesgirg he likely rea-
son for this is the differing methods used to estimate thesarpeters. We fit the
whole profile of the cluster and select the best fitting tidadius, where as the
WFPC2 observations are fit to the inner region of the clustérete the signal to
noise is greater) and the tidal radius is inferred from th&t biging model (Barmby
et al, 2002). The tidal radius inferred from the second methodusmore sus-
ceptible to slight deviations from a pure King model. We #iere believe our tidal
radii may better represent the actual tidal radii of the tets

It can be seen that the half light radii are found to be the melsible of the
structural parameters. These radii compares well, evenlfsters with relatively
low S/N. This has been found by other studies (e.g. Kundu ahdriére, 1998;
Carlson and Holtzman, 2001) and is likely due to the halftligldius being rela-
tively robust to errors on the concentration of the cluster.

The stellar collision rates found by both studies show ardealing difference.
The stellar collision rate is calculated from the clusterecdensity (using equation
1.6). The core density is a luminosity density amat a mass density. This offset
is therefore expected because, in this study, we measui€-tand core density,
whereas the previous work presents V-band core densitigs. offset is therefore
most likely due to the difference between the V and K-bandsatadight ratios of
the clusters. Since our analysis is relative only to valueasnred in this study, this
offset should not affect our conclusions. Also since steflass is more closely cor-
related with K-band luminosity than any optical band, corgmas of the collision
rates within our data are likely to be robust.

3.6 The structure of M31 globular clusters

Figure 3.3 shows the concentratian=flog(ri/ro)], core radii o), half light radii
(rn), tidal radii (r;) and core densitygp) of M31's GCs. For comparison the same
parameters for the Milky Way’s GCs are shown on the bottom (idarris, 1996).
Before comparing these populations there are two impodidferences which need
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to be considered. Firstly, the M31 parameters are basedeok-thand, rather than
the V-band luminosity of the clusters. As a result we expdistets in parameters
such as the core luminosity density due to the different nasight ratios. How-
ever, this is unlikely to have a significant effect on the ©z¢he clusters (Cohen
et al, 2007). Secondly, due to a lack of WFCAM data, the sample ol I@&s
does not include the most central or distant GCs in the galgaythe Milky Way
GCsiitis known that several structural parameters are lete@ with galactocentric
radius (Djorgovski and Meylan, 1994).

It can be seen that, compared with the Milky Way, there is & t#fcovery con-
centrated clusters in our sample. The group of clusterscdrabe seen in the Milky
Way data to have concentration, c=2.5 is actually an adifipeak. All clusters
in the Harris catalogue which have-2.5 are set to this limit. These clusters are
known as the core collapsed clusters. They have no clearegien (instead their
density profiles continue to increase towards the centehefctusters). None of
these core collapsed clusters are observed in our sampl&bfdisters. This can
be partially explained by the exclusion of the innermost @@sere most core col-
lapsed GCs are located in the Milky Way). Taking this intocaot, we still find
fewer of these clusters than expected. Potentially sonm ¢aire collapsed clus-
ters may be missed by GC surveys as they would be the mosudiificisters to
resolve. However, it is also possible that these clustens Ineapresent, but have
their concentrations underestimated. This is because¢be2 radii will be much
smaller than the PSF of our images, making it very hard to nkamlwe and measure
them. Comparison of the core radii of the clusters does shaiwte are missing,
or overestimating, the core radii of some of the very smaliese radii clusters. A
lack of core collapsed clusters can also be seen in simitr@iffits to HST im-
ages of Cen A clusters (Jord@n al, 2007b). Allowing for these effects, we see
no strong evidence for differences between the structutieeodld GCs in M31 and
Milky Way.

In the Milky Way, it is known that some GC properties are rethto position
in the Galaxy. In figure 3.4 we plot the structural parametédrm31’s GCs as a
function of their projected galactocentric radilydy : taken from the RBC). To
help identify potential trends in these plots, we have bihthe clusters into groups
of 25 and determined the median value of their parametergdoh group (bold
points). It can be seen that the luminosity of the GCs appeadscrease slightly
with Rycp. This is confirmed by a Spearman-rank test (run over the rda) akehich
suggests a significant correlation (with number of clusters191, Spearman rank
correlation coefficientps=0.25 and P-value for non-correlation, P=B0~4). How-
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Figure 3.4: Properties of M31’s GCs (crosses) as a function of projedisthnce

to the centre of M31Rycp). Bold points show the median values for clusters
binned onRyc,. The line demonstrates the relationship found by Barrabugl.
(2007) betweenyrandRycp.

ever, this correlation is mainly driven by a deficit of faimaisters in central regions.
This is likely due to selection effects, as it is very diffictd identify fainter clus-
ters projected against the dense central regions of M31s tharefore likely that
some of these clusters are missing from our catalogue. Ths massive clusters
also appear to be centrally located. Selection effects carexplain the lack of
very massive clusters in the outer regions. However, thexdeaw of these very
bright clusters. These data also suggests that more cehiisiers have smaller
cores (with N=191ps=0.20 and P=0.005). This relationship may be expected from
the evolution of the GC system (because central GCs are #gaxevolve more
quickly due to greater interactions with their host galaxiis effect is observed in
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the Milky Way’s GCs (Djorgovski and Meylan, 1994). Howewe again caution
that this correlation may be artificially enhanced by seteceffects (which could
potentially prejudice us against the identification of exted, low density clusters
in the inner regions).

The half light radius is found to be strongly correlated Wiy, (with N=191,
ps=0.28 and P=%10~%). This correlation has previously been observed for a @nall
number of GCs in M31, but over a greater rangeRgfp, by Barmbyet al. (2007).
The line included in the bottom right panel of 3.4 is not a fitotar data, but the
relationship found by Barmbgt al. (2007):

log(rn) = C+ ylog(Rycp) (3.1)

WhereC = 0.43, y = 0.20 andRy¢, = (11/92)Rycp for M31. Figure 3.4 demon-
strates the excellent agreement between this relatiorestdpthat found here for
a larger number of clusters. A similar trend is also found &Es in the Milky
Way (van den Berglet al,, 1991; Djorgovski and Meylan, 1994) and in Virgo clus-
ter galaxies (Jordaet al, 2005). Unlike other cluster sizes, the half light radius
of a cluster is thought to be largely unaffected by evolufjery. Spitzer Jr. and
Thuan, 1972; Lightman and Shapiro, 1978; Murtyal., 1990; Aarseth and Heg-
gie, 1998). Therefore this relationship may be related éogptoperties of the glob-
ular cluster system at the time of formation.

3.7 Summary

We present the structural parameters of 213 of M31’s oldtehss We consider the
reliability of these parameters and show our fitting to bé sahsistent by compar-
ing the results obtained from fitting different images of 8@&mne cluster. Where
available, the derived parameters are compared with thabésped from fits to
higher spatial resolutio”lST images. While some scatter is seen in the derived
parameters, we consider them to be relatively robust. Heweve note that the
errors on these parameters are hard to estimate and cabh#ibthe particular pa-
rameters of some individual GCs may have large errors. Itss found that the
parameters obtained for the faintest clusters are relgtivereliable. We attribute
this to the lower signal-to-noise of these clusters. Talgelgction effects into ac-
count, we find the structure of M31’s old cluster system toiblar to that of the
Milky Way’s. We note a potential lack of both core collapsedarery extended
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GCs in our M31 sample. We caution that some (or all) of this@fmay be due to
selection effects in identifying these clusters, or difii@s in accurately measuring
their parameters, rather than an intrinsic difference sagbpulations. We confirm
the relationship previously observed in a smaller samplel81 clusters, between
the half light radius of a cluster and its distance from theti@eof the galaxy. These
data show no significant evidence for other trends with datantric radius.



Low mass X-ray binaries in M31
globular clusters

4.1 Abstract

We investigate low mass X-ray binaries (LMXBSs) in the M31lgitar cluster (GC)
system using data from the 2XMMi catalogue. These X-ray databased on all
publicly availableXMM-Newtonobservations of the galaxy. This survey therefore
provides the most complete and homogeneous X-ray survey3dfdMsCs to date,
covering> 80% of the confirmed old clusters in the galaxy. We associatX-4
ray sources with confirmed old clusters in the M31 clustealcaue of Peacock
et al. (2010). Comparing these data with previous surveys of M3%,found that
three of these clusters are newly identified, including gfirtransient source in
the cluster B128. A further four clusters are found in therbture which are not
detected in these data, resulting in a total catalogue ofuiars associated with
X-ray emission. By considering the latest optical GC cajaks, we identify that
three of the previously proposed X-ray clusters are likelipé background galaxies
and two have stellar profiles. We consider the propertied\dKB-hosting clusters
and demonstate a highly significant trend between the pceseinan LMXB and

78



4.2 Introduction 79

the mass and stellar collision rate of a cluster. A weakerdns also confirmed
between the metallicity and the presence of an LMXB. Considehe relationship
between the luminosity and stellar collision rate of a @gsive note that LMXB
hosting clusters have higher than average stellar catlisates for their mass. This
strongly suggests that the stellar collision rate is the idamt parameter related to
the presence of LMXBs. This finding is consistent with therfation of LMXBs
in GCs through dynamical interactions with little direcfpg@dence on the neutron
star retention fraction or cluster mass.

4.2 Introduction

Globular clusters (GCs) are known to be a rich source of losn&ray binaries
(LMXBS). In early studies of the Milky Way’s X-ray populatig it was realised
that many more LMXBs were located in GCs than would be expebtesed on
their masses alone. Of thel50 bright LMXBs known in the Milky Way, 14 reside
in 12 of its GCs (Liuet al,, 2001; Heinke and Budac, 2009). Since GCs contain
only about 0.1% of the stars in the Galaxy but 10% of the LMX®Bs$s suggests
that the formation of LMXBs is two orders of magnitude morkogént in GCs than
in the field of the Galaxy. It has long been proposed that tkiimeefficiency is due
to dynamical formation of these binaries in the dense clusiees (Clark, 1975).
The proposed mechanisms for dynamical formation of LMXBteys include: a
donor star capturing the neutron star through tidal capeuge Fabiaret al., 1975);
exchange interactions between a neutron star and a priaddidary system (Hills
and Day, 1976; Hut and Verbunt, 1983); and direct collisioiha neutron star with
the envelope of a giant star (Verbunt and Hut, 1987). Theseaations are more
likely to occur in the cores of GCs due to their high stellansiges.

The properties of LMXB hosting clusters can be used to ingatt the forma-
tion and evolution of these systems. For example, if dynahfmrmation is the
primary method of forming LMXBs in GCs, then it is expecteailihere should
be a direct relationship between the stellar collision rata cluster and the pres-
ence of an LMXB. Studies of LMXBs in the Milky Way's GCs are &istent with
dynamical formation scenarios for these tight binarieg.(&erbunt and Hut, 1987,
Pooleyet al., 2003). While work based on the Galactic GC system is verjulige
investigating such relationships, it is limited to a retaty low number of GCs and
LMXBs.

In the era ofChandraand XMM-Newtonit has become possible to study many
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more GC LMXB systems by looking at extragalactic sourcesesBobservations of
nearby galaxies confirm that their GCs also contain a la@gtityn of the galaxies’
LMXBs. Unfortunately, investigating dynamical formationextragalactic clusters
is difficult due to the small angular sizes of typical clusteres. However, rela-
tionships between the collision rate and presence of LMX&seen suggested
in Cen A (Jordaret al,, 2007b) and possibly in M87 (Jorda@ al., 2004; Waters,
2007). It is also found, both in the Milky Way and nearby gadaxthat LMXBs
favour brighter (and hence more massive) GCs (e.g. Kuwetdal, 2002; Sarazin
et al, 2003; Kimet al,, 2006; Kunduet al,, 2007). The likely reason for this is
that higher mass clusters will generally have more stefisaractions and therefore
form more LMXBs through dynamical interactions. Howeversi also possible
that LMXBs will favour high mass clusters because they magimemore of the
neutron stars they produce. Neutron stars that are formeaxbigy/collapse may be
formed with large kick velocities (e.g. Hobles al., 2005). In this case, the higher
escape velocities of high mass clusters, may result in meu¢ron stars being re-
tained by these clusters. However, it is also possible thatran stars with lower
kick velocities can be formed via electron capture (e.gnbxeet al,, 2008).

Previous work on extragalactic LMXBs has also identified thatal rich clus-
ters are more likely to host LMXBs than metal poor clusterg.(Bellazziniet al,,
1995; Kundwet al., 2002, 2003). Several explanations for this have been geaho
Metal rich stars are likely to be physically larger, whichywasult in more LMXBs
forming through tidal interactions and direct collisiofge(lazziniet al., 1995). It
was shown by (Maccaroret al, 2004) that this effect alone is unlikely to explain
the observed factor 3 enhancement of LMXBs in metal richtehgss They pro-
pose that the irradiation induced winds in these binarieg explain the observed
differences between metal rich and metal poor clusters s&ends are likely to
be stronger in metal poor systems due to decreased linengoolvanova (2006)
suggested that the metallicity relationship is a naturabeguence of the properties
of ~M donor stars. In this mass range, they show that low metsllgtars lack
an outer convective zone. This is likely to reduce the ratiédafl captures and also
make it harder for a binary to tighten (and hence form an LMXxBtem).

In this study, we investigate LMXBs in M31’s cluster systesing archival
XMM-Newtorobservations. For these clusters we are able to make use diister
properties presented in Peacaatlkal. (2009, 2010, see chapters 2 and 3 for details)
to investigate the mass, colour and stellar collision r&teMdXB hosting clusters.
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4.3 M31 globular clusters

The M31 GC system has been the focus of many studies. Degpstevork, it

is likely that some contamination and incompleteness atlgreexists in the M31
cluster catalogues (see chapter 2 for a discussion of theullifes of investigating
clustersin M31). To identify clusters in M31 we use the re@atalogue of Peacock
et al. (2010) (hereafter P10; see chapter 2 for details). Thidagtie includes all
clusters and candidates identified in most major studieh®fM31 GC system
(including those of: Battistinet al, 1987; Barmbyet al., 2000; Galletiet al.,
2004; Kimet al,, 2007; Caldwellet al, 2009). It provides updated locations and
classifications for all of these clusters. The locationshefe clusters are found to
be in good agreement with those of Caldwatlal. (2009), but are more accurate
than those used previously to match with X-ray catalogueg @armbyet al,
2000; Galletiet al., 2004). The work of P10 and Caldwadt al. (2009) has also
identified and removed significant contamination in the jes catalogues from
stellar sources, background galaxies and young disk chiste

M31 has been extensively surveyed by most recent X-ray vasmies includ-
ing: Einstein(e.g. Trinchieri and Fabbiano, 199 BOSAT(e.g. Suppeet al., 1997,
2001);XMM-Newton(e.g. Shireyet al., 2001; Trudolyubov and Priedhorsky, 2004)
andChandra(e.g. Kaaret, 2002; Williamst al, 2004). Many of the resulting X-
ray source catalogues have attempted to identify whichcesuare associated with
GCs. Suppeet al.(2001) associated 33 sources in tHROSATsurvey with known
GCs from the combined GC catalogues of Battiséihal. (1987), Battistiniet al.
(1993) and Magnier (1993 Chandraobservations were used by Di Stefagtoal.
(2002), Konget al. (2002), Kaaret (2002) and Willianet al. (2004) to identify 28,
25, 25 and 26 GC X-ray sources respectively. Currently thetmomplete M31
GC X-ray catalogue was produced by Trudolyubov and Prieskyo(2004). They
combinedXMM-Newtorobservations along the disk of M31 with archivedandra
observations, to investigate 43 X-ray sources which thegaated with GCs (from
the GC catalogues of: Battistiet al., 1987; Magnier, 1993; Barmby and Huchra,
2001; Galletiet al,, 2004). Most recently, Faet al. (2005) collated the results of
these previous studies to identify 54 unique GCs associgitedX-ray sources.

In this study, we consider the X-ray properties of M31's GGsg all publicly
availableXMM-Newtorobservations of the galaxy. Since the study of Trudolyubov
and Priedhorsky (2004), theMM-Newtoncoverage of M31 has increased signifi-
cantly and now covers the entireellipse of the galaxy. These data provide more
accurate source locations than R®SATstudy of Suppeet al. (2001) and cover
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many more clusters than the previous X-ray studies of M31 (BCStefanoet al.,,
2002; Trudolyubov and Priedhorsky, 2004). In this study eanict our analysis to
only those clusters classed as confirmed clusters in thetregpdical catalogue of
M31 GCs of P10. The previous GC X-ray associations have gépeonsidered
all cluster candidates in the galaxy. While the presencenoKaay source in a
cluster does increase the probability of it being a genuluaster, the inclusion of
such sources is also likely to increase contamination.

4.4 The X-ray population of M31's globular clusters

4.4.1 XMM-Newton observations of M31

Over the past decade, M31 has been the target of sex&t®l-Newtonobserva-
tions. The first 10 observations of M31 were obtained as (fatiescience veri-
fication of the telescope. These observations included tgemwations along the
disk of the galaxy, four observations of the core of the galand a shorter obser-
vation of the halo GC G1. These data are described by Trubolyand Pried-
horsky (2004), who use it for their study of the galaxy’s G@&nce these initial
observations, several other fields of the galaxy have besareéd. These include:
repeated observations of the X-ray sources RXJ20042.6G+&lLhAright Z-source in
M31 Barnard, 2003) and the GC B375 (which hosts the brighXesty source in
the galaxy’s GC system; Kong, 2005); an observation of tharfigalaxy NGC 205
(di Stefano, 2003); an observation on the minor axis of M3e@#nan, 2005); and
four observations to cover the recently discovered extéiddo GCs in the galaxy
(Tanvir, 2006). In addition to these observations a survag vecently completed
to cover the entire B ellipse of the galaxy (e.g. Pietsch, 2008). All of these obse
vations are summarised in table 4.1.

The initial observations along the disk of the galaxy, camekii with these new
observations covering the outer regions, provide a redgtihomogeneous survey
across the entire £3 ellipse of the galaxy. These observations, identified byt
survewy in table 4.1, provide the basis for our primary survey.hosld be noted
that, some of the LMXBs in M31’s GCs are expected to be tranisrenature. For
this reason we also search for GC LMXBs in the other obsesmatavailable. This
allows us to identify as many LMXB hosting clusters as pdssiblowever, it does
bias the detection of transient LMXBs to regions which hagerbmore frequently
observed (such as the central region of the galaxy). We fitverélag in our final
table whether the observed GC X-ray sources would have ltified in our
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Table 4.1: XMM-Newton observations of M31

Obs. date Target name Rev no. Obs.ID RA(deg) DEC(deg) PNxxp Mlexp(s) survey
2000-06-25 M31Core 100 112570401 10.65 41.28 26.6 31.8 n
2000-12-28 M31Core 193 112570601 10.71 41.24 9.8 12.2 n
2001-01-11 G1 200 65770101 8.23 39.56 5.0 7.4 y
2001-06-29 M31Core 285 109270101 10.65 41.28 30.8 46.7 n
2002-01-05 M31Northl 380 109270701 11.03 41.58 54.8 57.3 y
2002-01-06  M31Core 381 112570101 10.71 41.25 61.1 63.6 y
2002-01-12  M31Southl 384 112570201 10.39 40.91 56.1 58.1 y
2002-01-24  M31South2 390 112570301 10.06 40.58 38.1 51.2 n
2002-01-26  M31North2 391 109270301 11.37 41.92 27.3 325 n
2002-06-29  M31North3 468 109270401 11.63 42.29 52.7 57.1 y
2003-02-06  M31-Halol 579 151581101 8.44 39.51 8.0 9.7 n
2003-02-06  M31-Halo4 579 151580401 11.57 41.34 11.3 13.1 n
2003-07-01 M31-Halo2 652 151581201 10.77 39.82 1.6 3.1 n
2003-07-01 M31-Halo3 652 151581301 11.47 40.73 1.9 4.4 n
2004-01-02 NGC205 745 204790401 10.12 41.67 10.7 12.9 n
2004-07-16  RXJ0042.6+4115 843 202230201 10.63 41.28 18.3 951 n
2004-07-19  RXJ0042.6+4115 844 202230501 10.63 41.28 9.1 113 n
2004-07-19  RXJ0042.6+4115 844 202230401 10.63 41.28 14.3 851 n
2005-08-01 5C3.1 1034 300910201 10.44 40.37 8.7 3.1 n
2006-06-28 M31S3 1200 402560101 9.69 40.27 8.6 16.0 y
2006-07-01 M31SN1 1201 402560301 10.15 41.32 47.3 54.8 y
2006-07-01 M31SS1 1201 402560201 10.84 40.94 16.4 30.0 y
2006-07-03  M31nc2 1202 404060201 11.3 40.98 21.1 29.0 n
2006-07-08 M31SS2 1205 402560401 10.54 40.64 25.3 455 y
2006-07-08 Bo0375 1205 403530201 11.41 41.68 0.0 5.3 n
2006-07-10 Bo375 1206 403530301 11.41 41.68 0.0 10.5 n
2006-07-12  Bo375 1207 403530401 11.41 41.68 0.0 9.9 n
2006-07-14  Bo375 1208 403530501 11.41 41.68 0.0 10.0 n
2006-07-16  Bo375 1209 403530601 11.41 41.68 0.0 12.7 n
2006-07-20 M31SN2 1211 402560501 9.89 40.99 52.9 58.6 y
2006-07-23  M31SN3 1212 402560701 9.73 40.64 25.1 56.1 y
2006-07-28  M31SS3 1215 402560601 10.16 40.36 31.9 37.8 y
2006-12-25 M31S2 1290 402560801 10.05 40.57 48.9 51.4 y
2006-12-26  M31NN1 1291 402560901 10.5 41.59 44.9 51.9 y
2006-12-30 M31NS1 1293 402561001 11.19 41.18 51.9 55.9 y
2007-01-01  M31NN2 1294 402561101 10.82 41.9 47.8 50.8 y
2007-01-01 M31NS2 1294 402561201 11.46 41.51 40.6 43.3 y
2007-01-03  M31NN3 1295 402561301 11.22 42.14 36.1 38.6 y
2007-01-03 M31NS3 1295 402561401 11.69 41.88 45.2 50.0 y
2007-01-05 M31N2 1296 402561501 11.36 41.92 43.7 46.2 y
2007-07-25 CXOM31J004059.2+41 1396 410582001 10.21 41.27 13.3 17.2 n

All XMM-Newtonobservations of M31 which are included in the 2XMMi cataleghe coordi-
nates indicate the approximate centre of each observatibe.final column indicates whether the
observation is considered part of our ‘homogeneous’ suo¥éy31 GCs.

primary dataset (which essentially gives a single epochestaicross M31).

It can be seen from table 4.1 that the exposure times for eatth do vary
slightly. The homogeneous detection limit across this eyiig ~L,=10%%rg/s
corresponding to the relatively short observation of G1tolial, theXMM-Newton
observations considered here cové32% of the confirmed old GCs from P10.

4.4.2 The 2XMMi catalogue

To identify sources in these observations we use the ‘ineregat secondKMM-
Newtonserendipitous source catalogue’ (2XMMi: for details sep Watsoret al,,
2009). This is a pipeline produced catalogue of sourcesiwdnie identified in over
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4000 publically availabl&XMM-Newtornobservations. The catalogue includes the
location, flux and reliability of sources detected in allloétM31 observations listed
in table 4.1.

4.4.3 M31 globular clusters in 2XMMi

The confirmed old, young and candidate clusters from P10 wextched to the
2XMMi catalogue using a matching radius of 2 arcsec+1 aresggoxmmi - This
matching radius was chosen to cover the errors in the opticester locations
(conservatively estimated to be2 arcsec, to account for systematic and centring
errors for these extended sources) and systematic errotheoiX-ray locations
(<1 arcsec). This identified X-ray sources in 43 old clustex 2icandidate clus-
ters. No X-ray sources were identified in the young clusisted in this catalogue.

We investigated chance associations between the clustérX-aay sources by
shifting the cluster locations hi5 arcsec. The four resulting cluster locations were
matched to the X-ray sources using the same matching eit€mly two associa-
tions were found from this, with a relatively large offsetef3 arcsec. We therefore
do not believe that there is significant contamination frérarece associations in the
sample. Table 4.2 lists all old and candidate clusters &ssacwith X-ray sources
in the 2XMMi catalogue.

It can be seen that most clusters are well matched, with agpas of<2 arcsec.
However, three of the old clusters have relatively largeasaqions of>3 arcsec and
may be less reliable. These clusters are shown in figure ik shows and K-
band images of the clusters and their locations from the Mi3ster catalogue. The
locations and error circles from the 2XMMi catalogue are kedrin blue. It can
be seen that all three sources are located outside of thed|dogesoxvmi error.
Comparison with publishe@€handraobservations (marked in figure 4.1 as blue
crosses and discussed in the next section) confirms thatftthese sources (B094
and B146) are associated with the clusters. This justifeadidition of a systematic
error to the 2XMMi locations. The source associated with 8Q#nd the Chandra
location) is slightly offset from the centre of the clust&his does appear to align
with an optical source on the edge of the cluster. LMXBs ageeied to reside in
the cores of the clusters (where the density is highess, therefore possible that
this source is a chance alignment. However, given its priyito the cluster, we
keep this source in our analysis, but note that its assoaiairelatively uncertain.

It can be seen from this figure that the cluster BO35 does mmaao be associated

1The catalogue was taken from http://xmmssc-www.staclakdCatalogue/2XMMi/



Table 4.2: M31 clusters in 2XMMi

GCNAMET 1}, SCNAME SCRA SCDEC  SCPOSr SCLf SClxer SCHR} SCHR} SCHR} SCHR; SCSUMFLG" APOS  survef
deg deg 1@56rgls 1@5ergls arcsec arcsec

GOOL-MII T 2XMM J003246.5+393440 8194110 39577931 122 781 46 0.36 0.28 -0.39 -0.83 0 0.61 y
B005-G052 1 2XMMJ004020.1+404358  10.083819  40.732910 107 25287 265 0.57 0.33 -0.17 -0.30 3 2.19 y
B024-G082 1 2XMMJ004111.7+414547  10.299454 41763552 607 122 4.2 0.40 -0.00 -0.52 -0.16 1 0.53 y
B045-G108 1 2XMMiJ004143.1+413419 10429738 41572200  350. 23175 20.0 0.59 0.32 -0.14 -0.41 3 0.38 y
B050-G113 1 2XMMiJ004146.3+413218 10442963 41538495  630. 314 3.7 0.71 0.35 -0.10 -0.23 0 0.33 y
B055-G116 1 2XMMJ004150.3+411211  10.459870  41.203495 404 26.0 28 0.83 0.75 0.03 -0.14 1 0.36 y
B058-G119 1 2XMMJ004152.9+404708 ~ 10.470541  40.786082 907 157 4.0 0.43 -0.07 -0.27 0.29 1 0.82 y
MITA140 1 2XMM J004209.4+411744 10539309  41.295845 0.27 2.38 28 0.87 0.49 -0.29 -0.52 1 0.88 y
B078-G140 1 2XMMJ004212.0+411757  10.550226  41.299417 702 98.6 3.0 0.90 0.64 -0.19 -0.41 1 157 y
B082-G144 1 2XMMJ004215.7+410114  10.565752  41.020601 102 2828.8 34.9 0.78 0.63 -0.02 -0.16 1 0.67 y
B086-G148 1 2XMMJ004218.6+411401  10.577680  41.233678 202 672.0 6.6 0.48 0.35 -0.18 -0.39 1 0.78 y
B094-G156 1 2XMMJ004224.9+405720  10.603903  40.955641 4 0.9 214 6.1 0.37 0.36 -0.23 -0.54 1 2.95 y
B096-G158 1 2XMMJ004225.9+411914  10.608139  41.320638 502 106.2 2.6 0.80 0.45 -0.28 -0.51 0 1.36 y
B098 1 2XMM J004227.3+405936  10.613964  40.993580 1.01 163 6.1 0.47 0.13 -0.27 0.18 0 0.95 y

B107-G169 1 2XMMJ004231.1+411938  10.629791  41.327346 402 2316 36 0.65 0.37 -0.25 -0.46 0 1.26 y
B110-G172 1 2XMMJ004233.0+410328  10.637729  41.057884 103 573 43 0.48 0.35 -0.35 -0.27 2 0.55 y
B117-G176 1 2XMMiJ004234.3+405710  10.642969  40.952834 48 1. 14.2 103 0.10 0.84 -0.19 -0.25 0 1.10 y
B116-G178 1 2XMMiJ004234.5+413251  10.644032 41547694  390. 561.0 19.8 0.73 0.66 -0.02 -0.37 0 0.49 y
B123-G182 1 2XMMJ004240.6+411033  10.669252  41.175928 404 14.0 14 0.70 0.26 -0.43 -0.16 2 0.44 y
B124-NB10 1 2XMM J004241.3+411524 10672199 41256867  20.4 49.1 34 0.59 0.06 -0.21 -0.59 3 1.40 y
B128-G187 1 2XMMJ004247.6+411113  10.698577  41.187145 505 570.2 126 0.46 0.23 -0.23 -0.36 1 1.66 n
BH18 1 2XMM J004250.8+411032 10711702  41.175787 131 6.0 1 0.62 0.81 -0.03 -0.31 0 121 y

B135-G192 1 2XMMJ004251.9+413108  10.716459 41519072 502 4775.9 45.9 0.69 0.50 -0.11 -0.34 3 0.48 y
B143-G198 1 2XMMJ004259.5+411919  10.748114  41.322081 202 395.2 43 0.46 0.20 -0.30 -0.53 1 1.05 y
B144 1 2XMM J004259.8+411606 ~ 10.749205  41.268360 0.22 813. 5.2 0.49 0.23 -0.19 -0.36 3 0.63 y

B091D-DO58 1 2XMM J004301.4+413017  10.755850 41504758  240. 860.8 218 0.48 0.43 0.09 -0.11 2 0.40 y
B146 1 2XMM J004303.0+411525  10.762521  41.257129 0.22 321, 44 0.48 0.18 -0.32 -0.48 3 3.17 y

B147-G199 1 2XMMJ004303.2+412121  10.763346  41.355999 402 161.7 3.7 0.43 0.10 -0.39 -0.41 1 1.10 y
B148-G200 1 2XMMJ004303.7+411805  10.765745  41.301462 302 303.2 42 0.44 0.21 -0.31 -0.38 3 0.95 y
B150-G203 1 2XMMJ004307.3+412019  10.780786  41.338813 603 285 19 0.49 0.23 -0.28 -0.40 1 1.34 y
B153 1 2XMM J004310.5+411451  10.793951  41.247775 0.22 B176 8.0 0.47 0.21 -0.21 -0.36 3 0.94 y

B158-G213 1 2XMMJ004314.3+410721  10.809660  41.122499 002 13815 147 0.43 0.42 0.19 -0.02 3 0.82 y
B159 1 2XMM J004314.4+412513  10.810355  41.420344 0.68 135 27 0.78 0.70 -0.36 -0.17 0 173 y

B161-G215 1 2XMMJ004315.4+411125  10.814321  41.190373 304 16.2 21 0.47 0.04 -0.38 -0.34 0 0.48 y
B182-G233 1 2XMMJ004336.6+410813  10.902912  41.136951 107 57.2 8.6 0.50 0.46 -0.18 -0.07 0 0.95 y
B185-G235 1 2XMMJ004337.1+411443  10.905050  41.245554  90.1 867.1 95 0.50 0.27 -0.19 -0.25 1 0.90 y
B193-G244 1 2XMMJ0043454+413656  10.939501  41.615799 504 52.8 36 0.33 0.14 -0.16 -0.52 0 0.82 y
B204-G254 1 2XMMJ004356.3+412203  10.985118  41.367648 104 62.5 6.6 0.37 0.25 -0.37 -0.25 0 0.64 y
B225-G280 1 2XMMiJ004429.5+412136  11.123257  41.360027  360. 1175.4 226 0.45 0.24 -0.26 -0.31 1 0.44 y
B375-G307 1 2XMMiJ004545.4+413941 11439532 41661614  280. 70135 40.2 0.56 0.35 -0.18 -0.46 3 0.94 y
B386-G322 1 2XMM J004626.9+420153  11.612469  42.031350  90.1 1573.8 185 0.54 0.27 -0.17 -0.27 3 0.24 y
[B035 T 2XMMiJ004132.8+413830 _ 10386671 __ 41641724 0.58 214 2.0 0.47 0.12 -0.26 -0.79 0 3.36 y]

SK091C 2 2XMMiJ004057.1+402155  10.238103  40.365344 154 75 22 0.77 -0.64 083 -0.28 0 1.86 y

SK182C 2 2XMMiJ004527.2+413253  11.363430 41548188 0.35 43.01 72 0.67 0.41 -0.22 -0.36 1 1.23 y

Top: Old GCs associated with an X-ray source in the 2XMMi catatogsiottom: candidate GCs associated with an X-ray source in the 2XMNélegue. Columns
with an ‘SC’ prefix are taken from the slim version of the 2XMMi catalogue
ICluster name and classification, as in table 2.1 and Peaxadk(2010).

2X-ray Luminosity (0.2-12keV), assuming all sources to b&&akpc (McConnachiet al., 2005).2X-ray hardness ratios, as defined in section 4.4.3.

4Quality flag from the 2XMMi pipeline, as described in sectiby.3.
50ffset between the optical and X-ray source locations.

SIndicates whether the source was detected in our ‘primanyestiobservations.
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with the X-ray source. Another faint optical counterparhdse seen which is in
good agreement with the X-ray source. We therefore belibaé this may be a
chance alignment with a non-cluster object and remove ihfonir analysis.

For each GC X-ray source, table 4.2 includes hardness ratidke source and
its total luminosity [«,0.2— 12keV). These data are taken from the 2XMMi ‘slim’
catalogue. This is a reduced version of the main catalogde@mtains only unique
sources. Many of these sources are expected to vary duringlibervations and
some are located in more than one observation. For theseesuhis catalogue
guotes the mean locations and fluxes. The hardness ratios dH& source are
defined as:

(Bi+1 - Bi)

AR = (Bi+1+Bj) (1)

Here, B are the narrow energy bands:;#.2-0.5keV; B=0.5-1.0keV; B=1.0-
2.0keV; B4=2.0-4.5keV; B=4.5-12 keV. Table 4.2 also includes the summary flag
(SC.SUMFLG) from the 2XMMi catalogue. This gives an indicatiohtbe relia-
bility of the detection. The relevant flags (taken from Watsbal., 2009) are:

0 =good

1 = source parameters may be affected

2 = possibly spurious

3 =located in a region where spurious detections may occur

It can be seen that many of the detections have non-zeronggilags. This is likely
due to the crowded nature of M31, with most of the SOMFLG=3 sources near
the centre of M31. Watsoet al. (2009) suggest that sources with flags 0-2 should
be genuine, although sources with flags 1 or 2 have some otitbenated spurious
detection flags set. Class 3 sources are confirmed by ‘maftagdjing. However,
they have all of the 2XMMi automated detection flags set taisps, and may
be spurious detections. Of the 43 old clusters associatdd Xvray sources, 13
have SCSUMFLG=3. We note, from comparison with previous obsenoradj that
10 of these 13 GCs have already been identified independeolyChandraob-
servations. These sources are therefore unlikely to beamrTheXMM Newton
thumbnail images for all of the 2XMMi GC detectichsere also visually examined
to identify any artifacts (for example due to chip gaps).sléxamination suggested
that the source in the cluster AU010 was unlikely to be rééiaind we remove it
from our catalogue.

2from http //www.ledas.ac.uk/data/2XMMi/
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Figure 4.1: SDSSi-band (eft) and WFCAM K-band fight) images of the GCs
B035 top), B0O94 (middle and B146 lpottom note that no K-band image is avail-
able for this cluster). The GC location from the catalogu®t0 is indicated by
the red circles of radius 2 arcsec. The blue circle shows t@&Dsource location
with its 1o error. The Chandra positions from Di Stefagioal. (2002) (cross) and
Williams et al. (2004) (plus) are shown where available.
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4.4.4 Detections from previous catalogues

In addition to theXMM-Newtonobservations used here, other X-ray observations
of M31 have associated X-ray sources with M31's GCs. Thiwiptes work is
summarised in section 4.3. As discussed in chapter 1 (settihl), some LMXBs
are expected to be transient nature, spending periods escgmce. During these
periods their X-ray emission will fall below our detectiamit. It is therefore likely
that some of the LMXBs in M31's clusters will only be detectdctertain epochs.
For this reason, we consider which clusters in table 4.2 wwesgiously detected
and identify any additional clusters with proposed X-rayission.

All confirmed clusters were matched to sources identifiechfROSATobser-
vations by Suppeet al.(2001),Chandraobservations by Di Stefanet al. (2002);
Kong et al. (2002); Kaaret (2002); Williamst al. (2004) andXMM-Newton and
Chandraobservations by Trudolyubov and Priedhorsky (2004). Thistelr cata-
logue used in this study has more accurate locations, and sduitional clusters,
compared with those used in these previous studies. Wddhei@nsider all X-ray
sources in these previous catalogues. It can be seen thatt#8austers identified
in the 2XMMi catalogue were identified previously by one oésk studies, while
three are newly identified. Table 4.3 lists all confirmed tduswhich are associated
with X-ray sources from the 2XMMi catalogue or these pregistudies.

We identify four GC X-ray sources in the previous work whick aot identified
in the 2XMMi catalogue. The cluster B163 was previously detd byROSATand
in one of theChandraobservations of it. This cluster is discussed by Trudolyubo
and Priedhorsky (2004), where they demonstrate its trahsigture. The cluster
B213 was detected in a de@DSATHRI observation of the centre of M31 by
Primini et al. (1993). The two other clusters, B164 and B293, were idedtifiehe
ROSATPSPC survey of Suppet al. (2001). These sources have relatively large
offsets from the cluster locations of 10.5 and 9.5 arcsepees/ely. One of these
sources is outside the region covered by XM observations. The other three
have no 2XMMi counterparts within the X-ray positional errSince these sources
have no 2XMMi associations, they are likely to be transiemiature. These clusters
are included in our catalogue of X-ray clusters. Howeveshibuld be noted that
the larger size of thROSATpositional error increases the probability of a chance
association.



Table 4.3: All old clusters from P10 with proposed X-ray emission

GC NAME flage10 RA DEC 2XMMi mixed ROSAT Chandra

(this study) ~ APOS T04/F05 S0 APOS D03  APOS Ko0Z  APOS Ka02  APOS wo#&  APOS

(0.2-12keV) (mixed) (0.1-2.0keV) - (0.3-7keV) - (0.3-7KpV - (0.1-10keV) - (0.3-7keV) -
G001-MII 1 8.19389 39.57791 17.8 0.61 6 - - - - - - - - - -
B005-G052 1 10.08462 40.73287 2528.7 2.19 1990 1127.3 1.82 - - - - - - 1469.0 0.28
B024-G082 1 10.29938 41.76369 12.2 0.53 - - - - - - - - - -
B045-G108 1 10.42961 41.57224 23175 0.38 450 1173.0 2.20 - - - - - - - -
B050-G113 1 10.44285 41.53846 31.4 0.33 - - - - - - - - - -
B055-G116 1 10.45994 41.20341 26.0 0.36 2.4-2.9 - - - - - - - - - -
B058-G119 1 10.47083 40.78602 15.7 0.82 1-24 - - 13.0 1.17 - - - - - -
MITA140 1 10.53956 41.29600 82.3 0.88 40-114 - - 117.0 1.92 .083 052 55.0 1.33 62.0 0.50
B078-G140 1 10.55068 41.29969 98.6 1.57 24-300 - - 26.0 2.63 01.01 0.68 25.0 0.54 108.0 0.27
B082-G144 1 10.56597 41.02069 2828.8 0.67 1735-2330 7776 .04 3 1197.0 0.61 - - 838.0 1.48 747.0 0.37
B086-G148 1 10.57773 41.23389 672.0 0.78 498-763 409.3 7.87  469.0 2.66 456.0 0.59 247.0 0.12 430.0 0.42
B094-G156 1 10.60434 40.95489 21.4 2.95 19 26.0 5.44 170 7 14 - - - - - -
B096-G158 1 10.60863 41.32072 106.2 1.36 28-174 - - 74.0 1.00 93.0 0.91 45.0 0.42 114.0 0.85
B098 1 10.61408 40.99333 16.3 0.95 1-12 - - 8.0 0.24 - - - - - -
B107-G169 1 10.63022 41.32748 231.6 1.26 56-290 268.9 4.96 40 4 110 114.0 0.35 115.0 0.05 115.0 0.32
B110-G172 1 10.63793 41.05787 57.3 0.55 41-52 109.0 2.04 - - - - - - - -
B117-G176 1 10.64321 40.95259 14.2 1.10 14 - - - - - - - - - -
B116-G178 1 10.64390 41.54760 561.0 0.49 234 137.6 2.24 - - - - - - 234.0 3.67
B123-G182 1 10.66941 41.17595 14.0 0.44 16-27 - - 28.0 251 014 116 11.0 111 20.0 0.62
B124-NB10 1 10.67261 41.25663 49.1 1.40 34-137 - - 11.0 1.89 502 011 39.0 0.15 35.0 0.54
B128-G187 1 10.69919 41.18718 570.2 1.66 - - - - - - - - - -
BH18 1 10.71132 41.17596 6.0 1.21 3 - - 5.0 1.47 5.0 0.20 - - -
B135-G192 1 10.71653 41.51895 4775.8 0.48 3093-4009 1519.21.51 - - - - 1679.0 0.78 2125.0 0.52
B143-G198 1 10.74850 41.32206 395.2 1.05 152-555 298.4 6.20 279.0 1.49 315.0 0.45 259.0 0.11 364.0 0.29
B144 1 10.74942 41.26829 513.8 0.63 216-512 - - 268.0 1.97 .0255 0.28 266.0 0.14 285.0 0.07
B091D-D058 1 10.75598 41.50481 860.8 0.40 553-692 166.4 147 - - - - 225.0 2.32 - -
B146 1 10.76212 41.25630 421.3 3.17 74-414 7317 1.80 2180 68 1 269.0 0.53 237.0 0.15 302.0 0.33
B147-G199 1 10.76375 41.35604 161.7 1.10 52-194 165.4 5.64 09.01 1.35 119.0 0.69 78.0 0.23 153.0 0.52
B148-G200 1 10.76607 41.30136 303.2 0.95 105-418 504.8 6.50 183.0 1.10 221.0 0.50 209.0 0.46 233.0 0.40
B150-G203 1 10.78128 41.33883 28.5 1.34 16-72 - - 27.0 0.79 .0 37 057 47.0 1.30 37.0 0.14
B153 1 10.79421 41.24760 1176.8 0.94 373-1248 701.8 4.48 .0843 1.37 832.0 0.65 506.0 0.22 943.0 0.34
B158-G213 1 10.80996 41.12253 1381.5 0.82 600-1880 251.6 54 5. 91.0 4.89 197.0 4.39 366.0 0.31 483.0 0.73
B159 1 10.81099 41.42040 135 1.73 2 245 6.84 - - 12.0 0.63 - - - -
B161-G215 1 10.81421 41.19027 16.2 0.48 16-22 - - 6.0 0.98 0 14. 1.00 - - - -
B182-G233 1 10.90280 41.13670 57.2 0.95 46 - - - - - - - - - -
B185-G235 1 10.90534 41.24543 867.1 0.90 454-1981 4181 4 6.7 183.0 1.56 425.0 0.49 364.0 1.95 350.0 0.29
B193-G244 1 10.93962 41.61601 52.8 0.82 44 153.8 4.89 - - - - - - 42.0 1.50
B204-G254 1 10.98510 41.36747 62.5 0.64 37 105.3 252 - - - - - - - -
B225-G280 1 11.12316 41.35993 1175.4 0.44 1130 650.3 1.80 - - - - - - - -
B375-G307 1 11.43983 41.66175 70135 0.94  5148-10372 2936. 5.59 2994.0 1.81 - - - - 4967.0 0.89
B386-G322 1 11.61255 42.03132 1573.8 0.24 1496 822.2 3.89 - - - - - - - -
B293-G011 1 9.08691 40.89363 - - 5.1 13.3 9.54 - - - - - - - -
B163-G217 1 10.82346 41.46252 - - 1-1010 377.9 4.96 - - - - - - - -
B164-V253 1 10.82553 41.20813 - - 13 33.4 10.54 - - - - - - - -
B213-G264 1 11.01463 41.51075 - - 201 - - - -

All old clusters in M31 with proposed X-ray associations.eTgosition is the optical location of the cluster. For eacha){-catalogue considered, the source luminosity
(x10%%ergs/s) and its offset from the cluster location are showraddition to the 2XMMi catalogue, we list matches to the legtiaes oft (Trudolyubov and Priedhorsky,
2004)/(Faret al,, 2005),2 (Supperet al, 2001),3 (Di Stefanoet al, 2002),* (Kong et al, 2002),° (Kaaret, 2002) anél (Williams et al,, 2004). It should be noted that
some of the X-ray luminosities are in different bands.
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Table 4.4: Candidate clusters and non-clusters with proposed X-ragsom

GC NAME flage1o RA DEC 2XMMi mixed ROSAT Chandra
(thisstudy) APOS  T04/F05 S0®2  APOS D02  APOS Ko02  APOS Ka0?  APOS wo#  APOS
(0.2-12keV) (mixed) (0.1-2.0keV) - (0.3-7keV) - (0.3-7KpV - (0.1-10keV) - (0.3-7keV) -
SK091C 2 1023810  40.36534 5.7 1.86 B B B B B B B B B B -
SK182C 2 11.36383 4154835 143.0 1.23 15 395 1291 - - - - - - -
NB63 2 1063016  41.33662 - - 5 - - - - 5.0 3.55 - - - -
BH16 2 1069204  41.29333 - - 9 - - 31.0 1.41 9.0 0.43 - - - -
B138 2 1073165  41.30981 - - 8-84 - - - - 20.0 0.37 23.0 0.12 35.0 0.19
B0O07 4 1010750  41.48667 725  16.05 715 187.4 20.4 - - - - - - -
B042D 4 1052536  41.04669 62.4 0.40 31-73 424 8.29 85.0 0.18 - - - - 42.0 0.69
B044D-V228 4 1052963  41.00458 158.3 0.78 40-100 45.2 252 107 050 - - - - 38.0 1.51
SKO059A 5 1079109  41.31692 14.4 0.47 212 615.3 417 - - 740 330 212.0 0.47 70.0 0.96
B063D 6  10.64586  40.81090 155.0 0.46 154 85.4 5.80 - - - - - - 54 1.25
SK119B 6 1077379  41.26622 - - 43 - - - - - - - - - -
MIT311* 0 1092917  41.48111 58.8 2.81 52 55.5 2.1 - - - - - - -
MIT380* 0  11.10667  41.60778 21.1 6.42 27 71.2 5.8 - - - - - - -
MIT16* 0 1013500  40.55778 149  14.83 9.0 23.6 3.8 - - - - - - -
MIT317* 0 10,9525  41.46278 143 1586 43.2 39.9 - - - - - - - -
MIT165/166° 0 1058167  41.36472 - - 5 - - 8.0 - - - - - - -

Candidate clusters (flag=2) and non-clusters associatdd Xviay emission. Non-cluster sources include: backgdogalaxies (flag=4); HIl region (flag=5); stars

(flag=6). Columns are as in table 4.3.
*These clusters are from the study of Magnier (1993) and arésted in P10 (flag=0). The names and locations of thesaearleandidates are taken from Suppeal.

(2001) or Trudolyubov and Priedhorsky (2004).
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4.45 Candidate clusters and other sources

As discussed in section 4.3, there has been significant walkssifying and study-
ing the properties of M31’s clusters since the previous X-<¢hster catalogue of
Trudolyubov and Priedhorsky (2004). In this section, weefme consider the cur-
rent classifications of previously proposed clusters. &dbd lists all X-ray sources
associated with unconfirmed candidate clusters and prselyipuoposed X-ray clus-
ters which have subsequently been reclassified.

Of the 33ROSATsources associated with clusters by Supgteal. (2001), 26
are associated with confirmed old clusters from P10. Two efgburces are now
known to be background galaxies (BO07 and B042D) and one ismaanfirmed
candidate cluster. The other four clusters are from thd@gii@ of Magnier (1993)
and do not have new classifications from P10. We believe lieskt clusters are not
confirmed through spectroscopy or high resolution imagivg.therefore consider
them as candidate (rather than confirmed) clusters.

The study of Trudolyubov and Priedhorsky (2004) identifi@ray clusters
in M31, 37 of which are confirmed as old clusters by P10. Twdefdlusters from
P10 (B138 and SK100C) and two from Magnier (1993) (MIT165/46d MIT133)
are currently unconfirmed candidate clusters. The othergmposed GC X-ray
sources in this catalogue are now thought to be backgroulaciga (B042D and
B044D). We also note that these two galaxies, and an addltismtonfirmed cluster
(BH16), are included in the catalogue of M31 GC X-ray sourge®i Stefano
et al. (2002). In addition to the GC X-ray sources in these catadsgthe collated
work of Fanet al. (2005) identifies three other GC X-ray sources which are not
listed as clusters the catalogue of P10. One of these, BO&@Pbeen reclassified
as stellar. This source is detected in these 2XMMi data arass®ciated with
the object. This object may potentially be an unresolvedk@panuind galaxy or
possibly a foreground flare star. Another source (SK0594A) ibeen reclassified
as an Hll region by Caldwekt al. (2009). This source represents an interesting
object for follow up investigation to determine its true & Finally, the source
“WSB85/S3-14" in Faret al. (2005) is detected in these XMM data, but has no
counterparts in P10. Examination of SDSS images of thisetlscation shows
no optical counterpart within the X-ray error circle. Thésgges should detect the
entire GC luminosity function at the distance of M31. We #iere believe that this
source is unlikely to be associated with a cluster and excitiiom table 4.4.
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Figure 4.2: Flux of cluster X-ray sources as a function of the clustersihosity
(left) and stellar collision rate (right).

4.5 Population of LMXBs

We associate X-ray sources with 11% of the old clusters in M31. In addition
to these clusters, it is very likely that some clusters whiolt transient LMXBS,
were not detected in these observations. It should also tegln@when considering
M31's total cluster system, that there is likely to be sigrafit incompleteness in
the current catalogues; especially at the faint end of theldd@nosity function.
However, the total fraction of clusters hosting LMXBs is s@tent with that of the
Milky Way.

It can be seen from table 4.2 that, compared with the Milky Wayelatively
large number of these LMXBs are very luminous, witi 5% having ly > 10%8erg/s.
However, it should be noted that the LMXB AC 211, in the Gaa&C M15, is an
eclipsing (or near eclipsing) source. As such, a large ifvacdf its X-ray emission
will be reprocessed to longer wavelengths. The intrinsi@)duminousity of this
source is estimated to bg b 10%8erg/s (Nayloret al,, 1988). Given that there are
only 12 LMXB hosting GCs in the Milky Way, it is possible thaie lack of bright
systems in the Milky Way may be related to the small samplderathan a dif-
ference in the populations. We also note that LMXBs thisHireye also observed
in the field of the Milky Way and in other extragalactic GCgy(eLiu et al,, 2001;
Kunduet al,, 2002). In principle multiple unresolved LMXBs in M31's GCsuld
explain the high luminosities of some of these LMXBs. Itkely that some of these
clusters will host more than one LMXBs. For example, 2 of tRel MXB host-
ing clusters in the Milky Way are known to host 2 LMXBs in outsu(White and
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Figure 4.3: The transient X-ray source in B128.

Angelini, 2001; Heinke and Budac, 2009). However, variabibserved in some
of M31's LMXBs, suggests that one object is dominating thegnated luminosity.
It can also be seen from figure 4.2 that we find no evidence adiy<tuminosity
increasing as a function of the stellar collision rate ornieess of a cluster. Such a
relationship might be expected if the number of LMXBs in astér is> 1. This
is because the formation of LMXBs is known to be more efficiarthese clusters
(see section 4.6). This suggests that, for these data, tiadidy in the luminosity
of individual LMXBs appears to dominate over the effects aiitiple LMXBs.

Only one of the cluster X-ray sources detected in these whsens would not
have been detected in our primary survey observations.clinser (B128) was ob-
served, but not detected, in three prevididM Newtonobservations of the ‘core’
of the galaxy. Figure 4.3 shows the observations of thistetusThe upper limits
in this plot are taken from the FLIXweb tool and demonstrate that the source has
increased in luminosity by over two orders of magnitude.sldaurce demonstrates
the benefit of re-observing clusters to identify LMXBs in louttst. In particular,
elusive GC black hole LMXBs are likely to be transient in mat(e.g. Kinget al,,
1996).

To consider the spatial distribution of LMXB hosting clustewe consider only
those clusters covered by the observations selected agioarp survey. Of the
341 confirmed old clusters covered by these observationsrd@ssociated with

Shttp://www.ledas.ac.uk/flix/flix.html
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an X-ray sources from our ‘primary survey’. It is found thiaetfraction of LMXB
hosting clusters increases slightly towards the centréhefgalaxy. However, it
is also found that both the stellar collision rate and theattieity of the clusters
increase towards the centre of the galaxy. As shown in theseetion, both of these
parameters are expected to increase the formation of LMXdesys. Selection
effects in the most central region of the galaxy also biasgasest the detection of
faint clusters (which are less likely to host LMXBSs). As aultsthis incompleteness
may also result in such a relationship. For these reasonselievb these data do
not provide evidence of a direct relationship between datantric radius and the
production of LMXBs.

4.6 LMXB-GC relationships

The properties of LMXB hosting clusters provide a usefulghsinto the effect of
these properties on the formation and evolution of LMXBsgufe 4.4 shows the
spectroscopic metallicities for all clusters with datalatdd by Faret al. (2008)
(from the studies of: Huchrat al,, 1991; Barmbyet al,, 2000; Perretéet al., 2002).
These data cover 50% of the confirmed old clusters. The currently availabkcsp
troscopy for M31's clusters is heavily biased towards theemoassive (brighter)
clusters. However, LMXBs are known to reside primarily in i@anassive clus-
ters, so this work provides metallicities for 72% of the LMXBsting clusters. We
also consider thei{K) colour of these clusters from Peacoekal. (2010). These
colours are dereddened using the values of &aal. (2008) and provide an al-
ternative estimation of the metallicity of the clusters.céin be seen from figure
4.4 that LMXBs favour redder, metal rich clusters. A KolmogwoSmirnov (K-S)
test between the colour of all clusters and the LMXB hostilugters suggests that
there is a 98% likelihood that these clusters are drawn frdfardnt populations.
For the spectroscopic metallicities this probability i981This relationship and its
confidence is similar to that found in the previous work ofIBetini et al. (1995)
and Trudolyubov and Priedhorsky (2004). Despite the stedissignificance of
this relationship being relatively wealk, it is consisteittwihe stronger relationship
observed in elliptical galaxies (Kundzt al,, 2002; Kimet al, 2006). There are
several reasons why this relationship may be weaker in M8%tly; there are rel-
atively few metal rich clusters in M31 compared with manylyeaype galaxies. It
should also be noted that the spectroscopic metallicifi®31’s clusters have rel-
atively large errors (with a mean error 60.25 dex). The effect of this would be to
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Figure 4.4: (top) The dereddened colour and metallicity for all clusters (gpe
red) and LMXB hosting clusters (solid, blackjbottom)the scaled cumulative
frequency of the two populations. The cluster colours gkertdrom the catalogue
of P10, while their spectroscopic metallicities taken fréme collated table of
Fanet al. (2008). It can be seen that the LMXBs tend to favour reddeyhéni
metallicity, clusters.

weaken any genuine relationships between the clustergiraiple the colours of
the clusters may give a more accurate measure of metallidgwever, the colours
of M31’s clusters are complicated due to variable extintacross the galaxy.

It has also been proposed that decreasing metallicity me t@ hardening of
the soft X-ray emission from GC LMXBs (Irwin and Bregman, 999%/accarone
et al, 2004). In figure 4.5 we investigate this using the hardnates presented
in table 4.2. It can be seen from this plot that there are naraiglationships be-
tween the parameters. A Spearman Rank test shows thatdingest correlation is
for HR,, which has a probability of correlation of 92%. To investigany poten-
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Figure 4.5: X-ray hardness as a function of cluster metallicity (hasdneatios are
defined in section 4.4).

tial relationships further, we split these data into meteth ((Fe/H] > —0.7) and
metal poor clusters. The choice of this split is based on thedal peaks in the
metallicity identified by Perretet al. (2002). The fluxes of the X-ray sources, as
functions of hardness ratio for the rich and poor clusters,slhown in figure 4.6.
The only significant trend identified between the metal riod poor clusters was
in the HR (0.5-1keV and 1-2keV). This relationship has a confidenc@98b but

is based primarily on only 5 metal rich clusters. While sfgmaint, we do not see
evidence for the relatively strong relationship observeROSATobservations of
these clusters by Irwin and Bregman (1999). It is possikée this previous rela-
tionship may be due to the difficulty in modelling the soft ess emission due to
M31 in theseROSATdata. This could potentially have a greater effect on theemor
centrally concentrated metal rich clusters.
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Figure 4.6: Hardness of a source as a function of its flux. Red points shew@im
rich clusters (withFe/H] < —0.7), while blue points indicate metal poor clusters.
It can be seen, particularly in the HRIot, that the metal rich clusters do appear
to be softer. While there is found to be a significant diffeem the HR between
these populations, it can be seen that there are relatigalyrfetal rich clusters in
our sample.

4.6.1 Stellar collision rate and mass

Using the stellar collision rates and K-band luminositiethese clusters presented
in Peacoclet al. (2009) (for details see chapter 3), we consider the effethede

parameters on the formation of LMXBs. Stellar collisionestare available for a
spatially limited sample of 213 of M31'’s old clusters. Figut.7 shows the stel-
lar collision rate and K-band luminosity of these clustetscan be seen that the
LMXBs are found to favour both brighter (and hence more magsilusters and

those with higher stellar collision rates. A K-S test demmatss that these rela-
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Figure 4.7: (top) The stellar collision rate and luminosity for all clustergpén,
red) and LMXB hosting clusters (solid, blackjbottom)the scaled cumulative
frequency of the two populations. The GC data are taken filzencatalogue of
P10. It can be seen that the LMXBs tend to favour brightertehsswith higher
stellar collision rates.

tionships are highly significant with probabilities thagyhare drawn from the same
population of 1x 102 and 4x 10~ for luminosity and stellar collision rate, re-
spectively. While still strongly significant, the mass tedaship is slightly weaker
than that found by Peacoek al. (2009). This is likely due to the new identifica-
tion of several X-ray sources in fainter than average chssta this study, we also
consider an updated cluster catalogue in which young clusi@ve been removed
from our data (all of these young clusters are relativelgtfand not associated with
any X-ray sources). This confirms the result found previgusl M31 and other
galaxies, that LMXBs are found preferentially in more massilusters. However,
from these data we are also able to demonstrate that thargtellision rate of the
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Figure 4.8: Stellar collision rate vs magnitude for all GCs (crosses) BNXB
hosting clusters (solid diamonds). This shows a cleariogiship between the two
parameters. This is in good agreement with the predictetiogishipl 0 MLP
(dashed line). The LMXB hosting clusters are found to haghdi than average
collision rates for their magnitude.

clusters is found to be the best discriminator in selectivXBs.

Figure 4.8 shows the stellar collision rate as a function agmtude for all GCs
studied (crosses) and those containing an LMXB (diamonlds)an be seen that
there is a clear relationship between the luminosity of a G€its stellar collision
rate. In order to explore the relative effects of these patans on LMXBs, we
need to consider this relationship. Assuming a power lawati@hship between
these parameters and a K-band maa}tp light ratio of 1, we find thaf 0 M2,
This is consistent with the relationship found for the Milkyay’s GCs and the
theoretical approximation th&t [0 Mt (Davieset al., 2004).

It can be seen from figure 4.8 that the LMXB hosting clustergehagher than
average collision rates for their mass. To investigate iethis is a statistically
significant effect, we first detrend the data using the ddrredationship betweeh
and mass. We then run a K-S test between all GCs and the LMX#hdsCs and
find a probability of 104 that they are drawn from the same distribution. We note
that there is some uncertainty in the actual relationshipréenl” and mass due to
the scatter in figure 4.8. To ensure our results are robustaesdan this relationship,
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Figure 4.9: This shows the cumulative fractional collision rate for@ICs (small
crosses) and LMXB hosting GCs (large crosses). If the faonadf LMXBs is
linearly proportional to GC collision rate, they should heely distributed along
this plot.

we rerun the tests assumifigd M2>1". This results in probabilities of 1§ and

103 respectively that they are from the same distribution. Heimonstrates that,
even for the steepest reasonable relationship, the LMXBsufaGCs with higher
than average stellar collision rates for their mass. Traslteamplies that the stellar
collision rate is the primary parameter related to the preseof an LMXB. This is
consistent with dynamical formation of these systems istels, with little direct
influence from the mass (and hence escape velocity) of thstetlu

If these LMXBs are formed by dynamical formation, then tHermation should
be directly proportional to this stellar collision rate. fwestigate this, we follow
the method of Verbunt and Hut (1987). First we divide all tdugollision rates by
the total collision rate of all of the clusters considerede Wen sort the clusters
by this fractional collision rate and find the cumulativeuafor each cluster, such
that the cluster values run from 0 to 1. The result of this & the total collisions
occurring in the GC system should now be evenly distributetsvben 0 and 1 (i.e.
we expect 10% of the total collisions to occur in clustershwialues in the range
0-0.1). In this way, if the formation of LMXBs is linearly pportional to collision
rate, their host clusters should be evenly spaced in this piacan be seen from
figure 4.9 that the LMXB hosting clusters (large crosses)casistent with this.
The data do suggest a slight excess of LMXB hosting clustel®a collision rate
clusters. However, a K-S test (run between these data amkarlrelationship)
suggests that this is not very significant (with a null hy@sils probability of 12%).
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4.7 Conclusions

We associate LMXBs with 41 of M31'’s confirmed old clustersngsihe 2XMMi
catalogue. In addition to these clusters, we identify faheo clusters in the litera-
ture which have previously been proposed to host LMXBs. &lufthese clusters
are newly identified and for two other clusters, which wereviwusly identified
only in ROSATobservations, we confirm their association with the propgades-
ters. By using updated optical catalogues of M31's clusi@esshow that three of
the previously proposed LMXB hosting clusters are now knaavhe background
galaxies.

LMXBs are identified in~ 11% of the clusters surveyed. It is likely that the true
fraction of LMXB hosting clusters is lower than this becaw$éncompleteness in
the current M31 GC catalogues. We confirm the previouslytifled result that
M31's GCs contain many more very bright LMXBs than the Milkyays GCs.
This result is likely due to the small number of GC LMXBs in thglky Way,
rather than a difference in the LMXB population.

By considering the properties of GCs which host LMXBs, theviowusly pro-
posed relationship between the metallicity of M31’s clustend the presence of
an LMXB is identified. This relationship is weaker than, bohsistent with, that
found in early type galaxies. Our data suggest some evidentiee proposed rela-
tionship between metallicity and the hardness ratio of theeoved X-ray emission,
but this is relatively weak compared with the previouslygweed trend.

We show highly significant relationships between the preserfian LMXB and
both the stellar collision rate and mass of its host GC. Th#astcollision rate is
found to be the best discriminator in selecting LMXB hostdgs. We suggest that
the weaker relationship between mass and LMXB presence magyitmarily due
to the relationship between mass and stellar collision @te results demonstrate
that the stellar collision rate is likely to be a fundamematameter related to the
formation of LMXBs. This result is in agreement with preveostudies of GCs in
the Milky Way and Cen A. The linear relationship found betwdlee presence of
an LMXB and the stellar collision rate is in good agreemerhwhe systems being
formed by dynamical interactions. This also suggests tmatcurrent dynamical
properties of the GCs are related to their current LMXB pagiohs.



The ultraviolet colour of globular
clusters in M31: a core density effect
on the formation of extreme horizontal
branch stars?

5.1 Abstract

We investigate the effect of cluster core density on theufaaviolet (FUV) and
near-ultraviolet (NUV) emission from M31’s GCs. PublishedV-NUV colours
from Galaxy Evolution and Explorer (GALEXObservations of these clusters are
used as a probe into the temperature of the horizontal bréiBh stars in these
clusters. From these data, we demonstrate a significarttorethip between the
core density of a cluster and its FUV-NUV colour, with denkesters having bluer
ultraviolet colours. These results are consistent with putetion of (FUV bright)
extreme-HB (EHB) stars, the production of which is relatethie stellar density in
the clusters. Such a relationship may be expected if thedtom of EHB stars is
enhanced in dense clusters due to dynamical interactiomscadtion that, while

102
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potentially important, this result is based on a relatively number of clusters.
Further investigation of this effect would benefit from deepltraviolet data, more
spectroscopic metallicity measurements and more reddesstimates for the clus-
ters. We also consider the contribution of low mass X-rayakas (LMXBS) to
the integrated FUV luminosity of a cluster. We note that twdhe three metal
rich clusters, identified by Regt al. (2007) as having a FUV excess, are known to
host LMXBs in outburst. Considering the FUV luminosity ofl&etic LMXBs, we
suggest that a single LMXB is unlikely to produce more tha#ioldf the observed
FUV luminosities of these clusters.

5.2 Introduction

Horizontal branch (HB) stars are core helium-burning staas have evolved off the
red giant branch (RGB). In globular clusters (GCs) they armamed because of
their appearance on optical colour-magnitude diagramsrevthey trace a horizon-
tal path blueward of the RGB. These stars are thought to havitascore masses
of ~0.5M,. Their location along the HB is therefore determined priitgdry the
mass and opacity of their thin stellar envelopes. To explarobserved HB stars in
GCs, it is thought that substantial mass loss must occunguristar's RGB phase
(e.g. Rood, 1973). The HB morphologies of different GalaGCs are known to
vary significantly. This suggests that the cluster envirentinas a significant effect
on the evolution of stars onto the HB. The metallicity of a G&3 ong been pro-
posed as the ‘first parameter’ related to the morphology ofCs &B, with metal
poor clusters often having bluer HB stars than metal rich GCg. Sandage and
Wallerstein, 1960; Dormaet al., 1995). The likely reason for this is that, for a
given envelope mass, metal rich stars will have cooler emesd because of their
higher opacity. However, the metallicity of a cluster alasm@sufficient to explain
the HB morphology in all Galactic GCs. Firstly, the clustesisich host the bluest
HBs actually have intermediate metallicities (e.g. O’Celhn1999). Also, some
clusters are observed to have very different HB morphokdieit similar metal-
licities (e.g. NGC 288 and NGC 362: Bellazzigt al., 2001). This has led to the
notorious search for a ‘'second parameter’ to describe HBohmogy. Many dif-
ferent parameters have been proposed as a second parathetferhich may play
some role. These include a cluster’s age, its helium abw&jdhe stellar core ro-
tation, mass loss on the RGB and cluster core density (fos@udsion of proposed
second parameters, see e.g. Fusi Pecci and Bellazzini; C2®&&lan, 2009). De-
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spite decades of reseach, the relative effects of thesreliff parameters are yet to
be fully understood.

The bluest HB stars observed in GCs are the ‘blue tail’ orxie-HB’ (EHB)
stars. These are analogues to the subdwarf B (sdB) starsvellse the Galactic
field and are considered here to be those stars with $20,000K (Brownet al.,,
2001). These stars have become increasingly importantealeaiding contenders
in explaining the ‘ultraviolet excess’ (UVX) observed iriglical galaxies (e.g.
Code, 1969; Dormaat al,, 1995; O’Connell, 1999). Because of their high effective
temperatures, they make an important contribution to th¥ [Ebhission from old
stellar populations, often dominating the emission. EHBssare observed in both
metal rich and metal poor clusters (e.g. D’'Crizal., 1996; Richet al,, 1997) and
it is likely that the metallicity may have little direct effeon the formation of these
stars (e.g. Hebest al,, 1986; Dormaret al., 1993; O’Connell, 1999). Due to their
very low envelope massess0.02M.,; Heberet al, 1986), it is likely that their
formation is more strongly related to the efficiency of masssimechanisms than
the metallicity.

In this study, we investigate the effect of a cluster’'s cagagity on its HB pop-
ulation. A relationship has previously been proposed betwsre density and the
extent of the HB population in the Milky Way’s GCs (Fusi Peetal.,, 1993; Buo-
nannoet al., 1997). There are several reasons to suspect that dense steiron-
ments will enhance the formation of EHB stars. Firstly, mass may be enhanced
through tidal interactions in dense stellar encounteras€lencounters may also
increase mixing in RGB stars and lead to helium enrichmehickvwill make the
HB stars bluer (Sudat al, 2007). It has also been proposed that EHB stars may
be formed in binary systems either via white dwarf-white dwaergers or from
mass loss through either Roche lobe overflow or common epeeatechanisms
(Hanet al,, 2002, 2003, 2007). This theory is supported by observatidGalactic
subdwarf B (sdB) stars, a large fraction of which are foundhéobinary systems
(e.g. Maxteckt al, 2001; Reed and Stiening, 2004). Interestingly, currestola-
tions suggest that the binary fraction among EHB stars mawteh lower in GCs
(Moni Bidin et al., 2009). This may be due to the relative contributions ofedteht
formation mechanisms evolving with time, with white dwarfite dwarf mergers
becoming increasingly import for old stellar populatiossch as GCs (Moni Bidin
et al, 2008; Han, 2008). If EHB stars do have a binary origin, theelationship
between the core density of a cluster and the population @ Etdrs it hosts may
be expected. This is because of dynamical formation of thesgy systems in the
cores of these clusters.
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Only a few of M31's GCs have colour magnitude diagrams whitdwadirect
observation of their HB stars, and these are generally ipdeta (e.g. Rictet al,
2005). Even in the Milky Way, measuring all the HB stars inastér, particularly
EHB stars, from optical colour-magnitude diagrams is coogpéd due to the large
bolometric correction for these very hot stars. In the abeeri direct stellar counts,
we consider the integrated far-ultraviolet (FUV) and nelraviolet (NUV) colours
of M31's clusters. This photometry provides an indirecti@of the hot stellar pop-
ulations in these GCs. Main sequence and RGB stars are tbtoduwave significant
emission at these wavelengths and a cluster’'s FUV and NU\hosity are likely
to be dominated by objects brighter tha110,000K. If a cluster hosts a population
of blue-HB or EHB stars, then these will likely dominate thester luminosity at
these wavelengths. In the Milky Way, the FUV-V colour is fouio correlate with
the HB morphology of the cluster (e.g. fig. 3 of Catelan, 2009)

RecenilGALEXFUV and NUV observations of M31 have been presented by Rey
et al. (2005, 2007). They use this FUV-V colour as an indicator efttB morphol-
ogy of some of M31’s GCs. In this work, the expected relatiopdetween the
clusters metallicity and both its FUV-V and NUV-V colour veeshown. However,
there is significant scatter in the FUV relationship. Thisifooans the need for a
second parameter to describe the FUV luminosity of clusteld31. Reyet al.
(2007) also identify three metal rich clusters which havd&/Fexcess, compared
with both stellar models and other metal rich clusters ingakaxy. To help explain
their observations, they consider the effects of age andihehbundance on the
FUV luminosities of M31's GCs. Helium abundance is also usgdohnet al.
(2006) and Kaviragt al. (2007) to explain the FUV observations of M87’s GCs. In
this study, we consider correlations between the core deoka GC and its FUV
properties.

5.3 M31 globular cluster data

In the following analysis, we use data from the recent catadoof the M31's GCs
from Peacoclet al. (2010). This catalogue (described in chapter 2) provides up
dated classificationsygriz and K-band photometry and structural parameters for
objects in the Revised Bologna Catalogue of GCs in M31 (RB@lieB et al.,
2004). We use this catalogue to identify confirmed old chssiie the galaxy. This
identifies 416 old clusters, of which a spatially limited sdenof 213 clusters have
estimates of their structural parameters. As the primaryaithis work is to inves-
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tigate the effect of stellar density on the UV propertiesha tlusters, we restrict
our sample to those clusters with structural parameters.nitle that this should
represent a relatively unbiased sample.

We combine this catalogue with the spectroscopic metadigicollated by Fan
et al. (2008) from the studies of Huched al. (1991); Barmbyet al. (2000); Perrett
et al. (2002). Where these metallicities are available from mbamntone study, the
values from the larger catalogue of Perrettal. (2002) are chosen over Barmby
et al. (2000). We reject the cluster B235 because of a large diaop(0.6 dex)
between the metallicities available from Barmbéi al. (2000) and Perretét al.
(2002). We also remove those clusters with large erro.§ dex) on their metal-
licities (this removes the clusters B214, B229, B352 and BA&m our analysis).
This gives spectroscopically estimated metallicitiesX0®/416 confirmed old GCs
in our catalogue. Faat al. (2008) also present reddening estimates for these clus-
ters based on this spectroscopy and on photometry from the. K& use these
estimates o (B —V) to deredden our photometry using the extinction curves of
Cardelliet al. (1989). The relative extinction in the different bands wevaluated
from these curves by Schleget al. (1998) (for theugriz filters) and by Reyet al.
(2007) (for theGALEXFUV, Rryy=8.16 and NUVRyuyv=8.90). These values are
relatively uncertain. This is because the reddening curtiee UV is known to vary
along different lines of sight in the Milky Way. It is also ngtiaranteed that M31
has the same extinction curve as the Milky Way, although Bgret al. (2000)
found no evidence of significant differences in the opticahds. To minimise the
effects of this on our UV colours, we limit our analysis to ttlasters with rela-
tively low extinction E(B—V) <0.16, consistent with the limit adopted by Rey
et al, 2007).

The FUV and NUV magnitudes of these clusters are taken fropreRal. (2005,
2007). These data provide integrated FUV and NUV magnitdioie$04 and 210
of the 416 confirmed old clusters in Peacathkal. (2010). For full details of these
UV observations, we refer the reader to Rayal. (2005, 2007). Th&ALEXFUV
(1344-1786?\) and NUV (1771-283&) filters have effective wavelengths of 1588
and 2272 respectively (Morrissegt al,, 2005). The photometry is on the standard
GALEXABmMag photometric system, where:

FUVag = —2.5 x logio(Fruv/1.40x 107 1°) +-18.82 (5.1)

NUVag = —2.5 x log10(Fnuy /2.06 x 10716) 4+ 20.08 (5.2)
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Figure 5.1: Optical colour magnitude diagram for all M31 GCs with datenfr
Peacoclet al. (2010) and E(B-VX0.16 from Faret al. (2008). Small grey points
indicate all GCs, while open black circles indicate thosssigrs detected in the
GALEXFUV observations.

Here, F is the flux of the source (erg Sécm‘z,&_l). The sample of clusters is
magnitude limited to~22.5 in both the FUV and NUV. As highlighted by figure
5.1, this does not correspond to a homogeneous optical toagniimit. It can
be seen that the blue (metal poor) clusters are detectedsattte GC luminosity
function. However, very few of the red (metal rich) clustars detected in the FUV.
This is discussed by Rest al. (2007) and highlights the effect of metallicity on the
HB properties, and hence FUV brightness, of a cluster. Thisglso identifies the
three metal rich clusters that are detected due to proposmEsde FUV emission, as
discussed by Regt al. (2007).

Our final dataset contains 51 confirmed old clusters with whiaveE (B —
V) <0.16, NUV and ugriz photometry, core densities and spectiis [Fe/H] es-
timates. Of these clusters 29 have FUV photometry.
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5.4 UV properties of M31 clusters

5.4.1 Metallicity relationships

Figure 5.2 shows the NUYg-and FUVg properties of the M31'’s clusters as a func-
tion of metallicity. It can be seen that the NUW\and FUVg colours are correlated
with metallicity. The relationship between the Flg\and metallicity is relatively
weak, but clear, especially with the inclusion of clusterthwipper limits placed on
the FUV magnitude. These relationships are to be expectktiighlight the effect
of metallicity on the HB population in a cluster. This reswlis already identified
by Reyet al. (2007). It is included here for completeness, but for a mataited
discussion, we refer the reader to this work.

The right panel of figure 5.2 shows the metallicity as a funtf FUV-NUV
colour. It can be seen that the relationship is much less ahethis colour. A
Spearman rank test actually shows metal rich clusters agpdae slightly bluer
(with number of clusters, N=29, Spearman rank correlatioefficient, ps=-0.39
and P-value for non-correlation, P=0.03). There is no obwiceason for such a
relationship and it should be noted that selection effedéch bias us against FUV
faint, metal rich clusters, could result in such a relatlips Also, this relationship
is dominated by the two metal rich clusters in our sample. Fb& luminosity
of these metal rich clusters may follow a different relaship to metal poor and
intermediate metallicity clusters. However, it can be sieem these data that, un-
like the optical-UV colour, there is no evidence for the FBIN4V colour increasing
with the metallicity of a cluster. This suggests that theefiof metallicity is much
weaker on the average colour of the blue HB distribution.

The two metal rich clusters in our sample have very blue UMord. This could
result from selection effects, as these bias us againsaethb FUV brightest metal
rich clusters. However, the blue colours of these clusterdccindicate that the
FUV output of metal rich clusters (which generally have redadorizontal branches
and few blue-HB stars) may be dominated by a population of EtaBs. EHB stars
will have similar (or brighter) FUV luminosities to BHB s&arHowever, they have
significantly bluer FUV-NUV colours (as shown by the UV CMDefy. NGC 2808
and M15: Browret al,, 2001; Dieballket al., 2007).

5.4.2 Density Mass relationships

As discussed in section 5.2, one may expect that the derfsitgloster could affect
its FUV luminosity. Figure 5.3 shows the optical-UV and UMaar of M31's GCs
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Figure 5.2: The ultraviolet colours of M31's GCs as a function of both atlétity
and optical colour. Colours are dereddened using the redglestimates of Fan
et al. (2008). The grey points/arrows show those clusters detectthe NUV but
not the FUV.
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Figure 5.3: The ultraviolet colours of M31’'s GCs as a function of mass eoie
density.
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as a function of luminosity and core density.

No significant trends are observed between either the lusitynor core density
and UV-optical colours. This suggests that the total UV losity of a cluster is
dominated by other effects. Since the total UV luminosit{ikely dominated by
the average colour of the HB stars, this result is not supisAs can be seen
from figure 5.2, the metallicity is strongly related to the Wyminosity (although
additional parameters, not considered here, may be ingplve

It can be seen from 5.3 that the cluster core density appeassrtelate with
the UV colour of the clusters. A Spearman rank test does ifyeatsignificant
relationship, with higher density clusters having bluer tilfours (with N=29 ps=-
0.65 and P=k 10~%). Since EHB stars are relatively bright at FUV wavelengths,
bluer UV colours could be produced by a larger fraction of EstBrs with respect
to blue-HB stars. The observed relationship is thus suggest a population of
EHB stars, the formation of which is related to the core dgrsithe cluster. This
relationship is shown in more detail in figure 5.4. In this figwe have also split the
population based on their density. It can be seen that theedegroup of clusters
do appear to be offset to bluer colours. Included in this plat the upper limits
for all metal poor clusters detected in the NUV but not the Fli\¢tan be seen
that selection effects can not explain this relationshipisTs because the densest
clusters are also the brighter clusters, and hence gepédetitcted. However, it can
be seen that there is significant scatter in the observetiamship. This is to be
expected for two reasons. Firstly, if there is a relatiopgietween the extent of the
HB in a cluster and its core density, this is very unlikely sthe only parameter
involved. Secondly, the UV colour is an indirect measurehefdistribution of HB
stars in a cluster. Because of this, other hot populationswieaken genuine trends.

A weaker and less significant correlation is also observeédéden the total K-
band luminosity of a cluster and its UV colour, with the brigt clusters having
blue UV colours (with N=29ps=0.39 and P=0.04). This relationship is dominated
by a lack of FUV faint, massive clusters. Such a relationshipgain unlikely to
be due to selection effects, as much fainter clusters aectet in both the NUV
and FUV. This trend could be due to the same reasons as theleonsdy relation-
ship, because of the strong relationship between the gessit mass of a cluster
(as discussed in chapter 4). However, the relationship reay ke suggestive of
self enrichment. The greater potential of the most masdiveters may result in
them retaining more of the helium they produce. Since hidgledium fractions are
known to produce bluer HB stars, this could potentially proglthe observed trend.
Because of the relatively close relationship between thesraad density of a clus-
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Figure 5.4: The dereddened FUV-NUV colour of M31’s GCs as a function @éco
density. Solid circles show the densest 50% of clustershétop of this figure,
we show the distribution of all clusters (open) and the dehs&ters (solid). It can
be seen that the denser clusters appear to have bluer UVisolbhe grey arrows
show the upper limits for clusters detected in only the NUV.

ter, and the weakness of the observed relationships, itrysdifficult to refine the
relative effects of mass and density.

5.4.3 Milky Way globular cluster data

Given the relatively low number of clusters in our samplej tre observed (and ex-
pected) subtlety of any relationships, it is interestingaasider the UV properties
of the Milky Way’s clusters. The distances, metallicitiesastructural parame-
ters of the Milky Way GCs were taken from the Harris catalo@darris, 1996).

Ultraviolet observations of the Milky Way’s GCs are complied due to both con-
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tamination (from foreground stars and background activaagi& nuclei) and the
high (and often variable) extinction in the direction of soof these clusters. This
means that data are currently only available for a small $amipclusters. How-
ever, integrated FUV and NUV photometry of the Milky Way’s &@re available
for 22 clusters from a combination of observations from tlstrénomical Nether-
lands Satellite (ANS), Orbiting Astronomical Observat®AO) and International
Ultraviolet Explorer (IUE) (published in Dormaet al,, 1995; Sohret al, 2006).
These data, taken from Sole al. (2006), are on the STmag system and can be
transformed to th&SALEX ABmag system using the relationship quoted in their
paper:

(FUV —NUV)ag = (FUV — NUV)sTmag+ 0.854 (5.3)

Figure 5.5 shows the UV colour of the Milky Way’s GCs as a fumtbf metallicity,
luminosity, and core density. It can be seen that the UV adlimes not get redder
with increasing metallicity. In fact, the data again suggeslight anti-correlation,
although this is not significant (with N=22s=-0.3, P=0.17). In patrticular there
appears to be a lack of FUV bright, metal poor, clusters. Teiseral trend is
in agreement with the observations of M31’s clusters and aiidbng support to
metallicity having less of an influence on the UV colour thidaes on the UV-
optical colour.

No significant relationships are observed between UV cabbtine clusters and
either their luminosity or core density. It can be seen thatthree most massive
clusters are all FUV bright. Unfortunately, the lack of dkrs this massive stops us
from drawing significant conclusions from this. Howeverisiinteresting to note
that the most massive clusters in both the Milky Way and M31 RV bright.
While the Milky Way data do not confirm the density relatioipshsuggested from
the M31 data, it is possible that such a relationship may eobliserved in these
data. This could be due to a combination of the lower numberusters in the
Milky Way sample, the less homogeneous UV dataset and theased errors on
the UV colour due to the difficulty of obtaining accurate UVgbbmetry in the
Galaxy. We note that, a relationship between the length dtister’s ‘blue tail’
and its core density is observed in colour magnitude diagrahthe Milky Way’s
clusters.
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Figure 5.5: The UV properties of Milky Way GCs. UV data taken from updated
table of Sohret al. (2006) from the original IUE observations of Dormanal.
(1995). Colours are transformed into t@ALEXfilters using equation 5.3. Grey
points indicate all Galactic GCs while open red circles sliowse with FUV and
NUV data. Due to the large extinction for many of the Gala@iCs, these UV
data are only available for 22 clusters.

5.4.4 Low mass X-ray binaries and other FUV-bright sources

It is generally assumed that, if BHB or EHB stars are preserd GC, then the
integrated FUV luminosity of the cluster will be dominateglthese stars. This is
because most other stars in a cluster will be too cool to egnifgcantly in the FUV.
However, there are other FUV bright sources in GCs. We ceangfte influence of
these on a cluster’s integrated luminosity below.

Low mass X-ray binaries (LMXBs) are found in the cores of m&(ys. These
objects can have very high X-ray luminosities which candiage the accretion
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Table 5.1: FUV luminosity of selected Galactic LMXBs

Name dikpc] Auv F & [erg/cn?/siA] L a0k [10%%erg/sA]
Sco X-1¢ 2.8 2.430 x10 18 18.0
Cyg X-22 8.0 3.645 510 15 11.0
Her X-13 5.5 0.405 &10 4 3.7
AC211 (M15)f 10.3 0.810 1.610°14 2.4
4U1820-30 (NGC6622) 7.9 - 1.8<10°14 1.3
[ M31 GC-B022 780 0.324 401017 40]
[ M31 GC-B338 780 1.134 141015 2000]
[M31 GC-B193 780 0.891 7,810 110]
[ M31 GC-B225 780 0.810 401016 550]

The estimated distance to, extinction (assunmftagy=8.1), FUV flux and extinction cor-
rected FUV luminosity of selected Galactic LMXBs. For comipan, the integrated FUV
luminosity of the the faintest and brightest M31 GCs debigReyet al. (2007) are listed.
Also listed are the FUV bright metal rich clusters in M31, siniare known to host LMXBs.
The Galactic LMXB data are taken front: Vrtilek et al. (1991);2 Vrtilek et al. (1990);3
Borosonet al. (2000);* Dieball et al. (2007);° King et al. (1993).

disks andor donor stars in the systems and heat them to very high texnpes.
The result of these large, hot, accretion disks is that LME&s be very brightin the
FUV. Indeed, the LMXB 4U1820-30 in the Galactic GC NGC 6624niltates the
total FUV luminosity of the cluster (Kingt al, 1993). Even in the GC M15, which
hosts a large population of BHB and EHB stars, the LMXB ACX fhe brightest
FUV source in the cluster core (Dieba&l al,, 2007). In table 5.1 we list the FUV
luminosity of these two Galactic GC LMXBs and three other d8tt LMXBs.
The fluxes of these LMXBs are highly variable. This table #fiere provides only
an estimate of the highest FUV fluxes reached during thesergditsons. It can
be seen that the bright LMXBs Sco X-1 and Cyg X-2 are also veighb FUV
sources. However, in the context of GCs, it should be noted@&Cs are unlikely to
host more than one or two LMXBs in outburst. This means tloaticlusters with a
significant blue-HB population, a single bright LMXB is ukeily to contribute more
than~ 10% to the integrated FUV luminosity of the clusters. Howef@ metal
rich GCs (which generally lack BHB stars) LMXBs could domntm#he emission.
This effect will be enhanced by that fact that metal rich tdus preferentially form
LMXBs (e.g. Kunduet al,, 2002). It can be seen from table 5.1 that a single LMXB
is unlikely to explain the FUV bright, metal rich clusterdentified by Reyet al.
(2007). However, it is interesting to note that two of theslhhmetal rich clusters
they identify do host LMXBs (B225 and B193). In particuldretcluster B225 hosts
an LMXB with Ly > 10%8ergs/s (see chapter 4). Such a source will be very bright
in the FUV.

Single ‘UV bright’ stars, such as post-AGB stars, can alsticoute a significant
fraction of the integrated luminosity of a cluster. Howeausters are also unlikely
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to host many of these sources due to their short lifetimess tihought that the
contribution from such stars, to the integrated luminositg cluster, is unlikely to
be more than 15% (Moehler, 2001).

In addition to these objects, there are several other hatlptipns in GCs. Cat-
aclysmic Variables (CVs), the white dwarf equivalents to XBk, are relatively
common in GCs. Because of their decreased bolometric lusitin@Vs are gen-
erally fainter than LMXBs in the FUV. However, they are morgmerous and can
reach FUV luminosities similar to a typical BHB star. Singlhite dwarf stars also
emit strongly in the FUV. However, the average luminositypoth CVs and white
dwarfs are thought to be too low to make a significant contidlouto the integrated
FUV luminosity of a cluster. The other notable FUV source&i0s are blue strag-
gler stars. These are very bright, blue, objects and carra#d FUV luminosities
similar to BHB stars and bright CVs. However, blue straggtéis bright are likely
to be very rare.

5.5 Conclusions

We have considered the FUV properties of M31's GCs. The presty identified
relationships between the metallicity of a cluster and i liightness are con-
firmed. A weak anticorrelation is found between the FUV-NWaur of a cluster
and its metallicity. While this relationship is not very sificant, it is in the opposite
direction to the general relationship between metallieitg UV luminosity. This
suggests that the metallicity of a cluster may have littfeafon the blue extremes
of the HB distribution.

Our data show no evidence of a relationship between eitleemidiss or density
of a cluster and its UV-optical colours. This suggests thatWV brightness of a
cluster is dominated by other effects, such as metalliditpwever, a significant
relationship is found between the FUV-NUV colour of M31's &@nd their core
densities. We interpret this result in the context of a papah of EHB stars, the
production of which is enhanced in dense stellar environimerhis may be due to
either mass loss or helium enhancement, in close encouptellgnamical forma-
tion of tight binary systems (in which mass loss can occumfog the EHB stars).
This trend is not observed in the smaller sample of Milky Waysters for which
integrated UV colours are available. However, we note thatRUV data for the
Milky Way clusters is less homogeneous and may suffer fromengontamination
than our M31 GC data. It should also be noted that, if suchadiogiship is present,
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it is expected to be relatively weak. It is also found thatitin@st massive clusters
considered in both M31 and the Milky Way appear to have blueddMurs. This
may be related to the same mechanisms suggested for theawsitydrelationship
or it may point to an effect due to self enrichment. This luasity trend is only
identified among the brightest clusters. As such, our canehs are limited due to
the small number of clusters considered.

The relationship between cluster density and the populatidcHB stars is po-
tentially important in understanding the formation and ptmlogy of HB stars. If
a cluster’s density does have a significant influence on it§ Ebhission, then it
is important to consider this when using FUV observationegtimate the ages of
globular clusters. Currently, such work does not take dgrfects into account.

We caution that, while these data suggest interesting letioas, the relation-
ships observed are for a relatively small sample of M31'stets. The FUV data
are not complete and the study of the UV colours of these elsistould benefit
greatly from FUV detections of more clusters. In particutawould be of great
interest to detect the fainter FUV emission from more metdi clusters. More
accurate measurements of the structural parameters,liciged and reddening of
all of these clusters would also be of great benefit. Howehere are no known
reasons why our data should bias us towards the observeidnslaips.

The FUV emission from other sources in a GC are also congideihese
sources are unlikely to dominate the integrated FUV emissfa cluster if it con-
tains a significant population of BHB/EHB stars. Howeveigbt LMXBs in these
clusters are likely to contribute a significant fraction te fotal FUV luminosity.
These sources may also dominate the FUV output of clusters avily red HB
populations (such as metal rich clusters).



Summary

This work has investigated the properties of M31's globwaster system. We
have presented a new catalogue of these clusters, includimgand K-band pho-
tometry, based on SDSS and WFCAM observations of the galakg. difficulty
in studying and obtaining accurate aperture photometnoofesof these clusters,
due to the complex background of M31 itself, was discussed.b@lieve that the
catalogue presented in this study contains the most reletdl homogeneous pho-
tometry of this cluster system to date. Using these data we femoved signifi-
cant contamination from non-cluster sources listed in joev cluster catalogues.
However, we note that there may still remain some contananamong the faint
clusters in our catalogue. This study has not searched ferchesters in M31 and
it is likely that the galaxy may contain a large populatiorogér 450 old clusters.
A detailed survey to identify new clusters in the galaxy,dzhen wide field, high
spatial resolution data, remains an important projecttierftture.

The colours of M31's clusters were used to confirm a large fajmun of young
clusters in the galaxy. We note that, while these clustersat believed to be mas-
sive enough to evolve into the ‘normal’ old cluster popuwatitheir presence and
association with star forming regions is interesting in ¢toatext of cluster forma-
tion. Itis likely that the photometry presented in this studll be useful for future
investigation of the ages and metallicities of M31’s clusten more detail. The
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cluster catalogue presented here is also one of the lamyestnost complete, GC
datasets in the SDS®yrizfilters. Therefore, it should be of use in comparing with
future observations of other GC systems, which are incngdgsbeing obtained in
these filters. In particular, we note that it is possible tadgtM31’s clusters, both
photometrically and spectroscopically, in greater detsin any other extragalac-
tic clusters. As such it provides an important intermedsaép between studies of
Galactic and extragalactic GCs.

We have also estimated the structure of M31’s old clusterSttaiyg PSF con-
volved models to their profiles. We noted the difficulty in yiding accurate er-
rors on these parameters and the limitations of this metbptbiv signal-to-noise
sources. However, from comparisons with higher spatialtg®n images, it was
found that these parameters are relatively reliable fosétausters with high signal
to-noise observations. In the future, this work can be ededrio cover all of M31's
clusters using high spatial resolution ground based imadg#¢®vever, to obtain
more reliable parameters than those presented here wayldeebservations that
resolve the cluster cores. Currently, only a very limitechpée of M31’s clusters
have such data. Obtaining new observations of the othetectiould require sig-
nificantHST time (~1 orbit per cluster). While the case for obtaining such data i
strong, it is likely that such observations will not be aghik in the near future.

Using the superb spatial coverage that is now available &rhivalXMM New-
ton observations of M31, we have investigated LMXBs in the M31 §Gtem.
From these data, we confirmed a weak, but significant relsiipnbetween the
metallicity and the formation of LMXBs. This effect is weakbkan that observed in
many elliptical galaxes. We attribute this to the relatwe&iall population of metal
rich clusters in M31, compared with typical elliptical gales. For such studies, it
should also be noted that, there are potentially large €warboth the reddening
estimates and the spectroscopic metallicities currentiyiable for these clusters.
This is something that is likely to improve in the near futurée X-ray data hint at
a spectral hardening with decreasing metallicity in onénefX-ray hardness ratios.
However, this result has a relatively low significance. Wegehdemonstrated that
the LMXBs are found preferentially in more luminous clustand those with high
stellar collision rates. By considering the relative effet these parameters we
have shown that LMXB hosting clusters have high stellarisiolh rates for their
mass. This result provides strong observational evidehdgramical formation of
LMXBs in GCs, with little direct dependence on the mass ofdluster.

By considering the ultraviolet colours of M31's GCs, fromigished GALEX
observations, we have identified a relationship betweenJ¥iecolour of a GC
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and its core density. From these results we suggest thabtheafion of extreme
horizontal branch stars may be enhanced in dense stellmoements. This is con-
sistent with theories which predict that dynamical intéiats should enhance the
formation of these stars. A similar relationship has alserbsuggested from opti-
cal colour magnitude diagrams of GCs in the Milky Way. Thisuleis potentially
important in understanding the formation of these starsiamplaining the FUV
emission of nearby globular clusters and galaxies. Howewvean be seen from
the data that the properties of HB stars are complex and thaignificant scatter
in the observed relationship. There is a clear need to exten#nowledge of HB
morphology to extragalactic clusters in order to provideettdr statistical sample
for comparison with stellar models. While this is not easyltgp M31 represents
the only realistic location to study this in detail. Deep&hNFobservations of these
clusters and more accurate metallicity estimates may hetpaking this result more
significant. However, conclusive evidence of dynamicatiiattions playing a sig-
nificant role, would be that the EHB stars should be centredigcentrated in the
clusters. This is something that can be tested in the futitrel\ST observations at
FUV wavelengths.



APPENDICES



Catalogue of old clusters in M31
(table 2.1: old clusters)

This table lists all objects classified as old clusters in M3(rr classification criteria
are discussed in chapter 2. We also include the previousifitagions of these
sources from the catalogues of Galletial. (2004) and Caldwelkt al. (2009).
Where available, we include optical and near infrared pimativy of these clusters
intheu,qg,r,i,zand K-bands. Details of this catalogue are discussed inteh2pThis
table is also available in electronic form from the VizieRlave. The electronic
version of this table also includes data for young (appeBdixandidate (appendix
C) and previously misclassified clusters (due to spaceicéstrs, objects that we
have reclassified as non-clusters a printed in these appendices. These are
available from the full electronic version).
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GC Namé RA? DEC? ClassificatioR Photometry

f frec fcog Ré 9 (u-=g) (g-r) (=) (-2 03.101 Ou-g O9g-r OG-y Gl Ks OK tot
H1 6.69917 39.74631 1 1 old - - - - - - - - - - - - - -
H2 7.01367 40.04894 1 1 old - - - - - - - - - - - - - -
HEC2 7.13177 37.52328 1 8 old 12.0 19.300 - 0.938 0.665 - 0.076 - 0.093 0.073 - -
H3 7.37562 41.84225 1 1 old - - - - - - - - - - - - - -
H4 7.43754 41.21933 1 1 old - - - - - - - - - - - - - -
H5 7.61375 41.60556 1 1 old - - - - - - - - - - - - - -
H6 7.79095 37.90000 1 1 old 10.6 16.123 1.319 0.597 0.278 00.19.028 0.022 0.013 0.013 0.016 - - -
H7 797715 40.11312 1 1 old 7.6 17.909 1.321 0.516 0.238 0.186053 0.071 0.020 0.022 0.040 - - -
GO001-Mll 8.19389 39.57791 1 1 old 10.6 14.042 1.541 - - 0.211.02® 0.014 0.011 0.011 0.011 - - -
G002-MllI 8.39076 39.52187 1 1 old 10.6 16.067 1.230 0.547 26®. 0.164 0.021 0.021 0.013 0.013 0.017 - - -
H8 8.56421 39.88123 1 1 old 5.8 19.590 - 0.592 0.375 0.095 60.19 - 0.048 0.052 0.157 - - -
H9 857191 3751195 1 1 old 6.4 18.014 1.197 0.574 0.256 0.18¥026  0.049 0.020 0.020 0.035 - - -
B289 8.58700 41.79753 1 1 unknown - - - - - - - - - - - - - -
B290 8.58725 4147169 1 1 unknown - - - - - - - - - - - - - -
H10 8.09886 35.68439 1 1 old 8.8 16.459 1.318 0.619 0.264 90.00.023 0.030 0.013 0.013 0.018 - - -
B291-G009 9.02071 42.03592 1 1 old - - - - - - - - - - - - - -
B292-G010 9.06941 40.97404 1 1 old 5.8 17.502 1.446 0.560 720.2 0.213 0.031 0.042 0.016 0.017  0.025 4.6 14.794  0.107
B293-G011 9.08691 40.89363 1 1 old 8.8 16.607 1.348 0.548 690.2 0.172 0.025 0.026 0.014 0.014 0.018 6.4 13.989 0.060
HEC3 9.13217 44.73797 1 8 old - - - - - - - - - - - - - -
B295-G014 9.19471 40.32842 1 1 old 7.6 17.002 1.228 0.558 780.2 0.177 0.021 0.032 0.015 0.015 0.024 4.6 14.458 0.038
H11 9.36717 44.19028 1 1 old - - - - - - - - - - - - - -
B422 9.41034 41.99995 1 1 old 5.2 18.327 1.478 0.649 0.312 950.0 0.025 0.085 0.021 0.022 0.041 - - -
B298-G021 9.50106 40.73223 1 1 old 8.8 16.781 1.330 0.518 550.2 0.149 0.025 0.030 0.014 0.015 0.023 5.8 14.359 0.050
SKO04A 9.50564 42.06848 1 1 unknown 34 19.132 1.498 0.651 2970. - 0.028 0.140 0.028  0.029 - - - -
H12 9.51604 37.73350 1 1 unknown 7.6 16.814 1.100 0.540 0.253.075 0.028 0.030 0.014 0.014 0.019 - - -
HEC4 9.51919 40.74429 1 8 old 12.0 18.185 - 0.654 0.427 - 0.030 - 0.041 0.043 - -
HEC5 9.58121 41.78747 1 8 old 12.0 18.328 - 0.548 0.203 - 0.036 - 0.051 0.058 - -
B301-G022 9.58998 40.06029 1 1 old 7.0 17.505 1.590 0.753 710.3 0.235 0.027 0.049 0.016 0.016 0.024 4.6 14.277  0.047
B167D 9.59362 41.90974 1 1 old 5.2 18.177 1.139 0.539 0.254 1810. 0.043 0.061 0.020 0.021 0.038 - - -
B302-G023 9.63964 41.34790 1 1 old 5.8 17.091 1.336 0.558 760.2 0.166 0.074 0.032 0.015 0.015 0.022 4.6 14.572  0.081
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H13

HECG6

H14
B304-G028
B305-D024
SKOO05A
B306-G029
B307-G030
B309-G031
B310-G032
B436
B181D
B311-G033
B312-G035
B313-G036
B001-G039
B316-G040
B317-G041
B002-G043
B003-G045
H15
B004-G050
B005-G052
B328-G054
B330-G056
B331-G057
B244
B006-G058
B333
B008-G060
B009-G061
B010-G062
B011-G063

9.64018
9.64833
9.70587
9.73726
9.74522
9.74647
9.78627
9.82689
9.85262
9.85724
9.87773
9.87860
9.89052
9.91738
9.93587
9.96253
9.97329
9.98030
10.01072
10.03917
10.05506
10.07462
10.08462
10.10237
10.10669
10.10896
10.11020
10.11031
10.12344
10.12613
10.12794
10.13154
10.13282

41.74805
44.28028
42.37969
41.17456
40.27559
41.67426
40.57250
40.54948
40.24141
41.39256
40.30570
41.47394
40.52075
40.95068
40.88195
40.96963
40.69416
41.79614
41.19822
41.18478
35.87695
41.37787
40.73287
41.67289
41.71497
41.70118
41.30965
41.45740
41.67382
41.26907
41.61548
41.23956
41.65474

P R R RPRPRP o ppRpPoppRrRrpRrpRrPRrpPRrPPRP oo p PR PR

PR P RPRNENpEp ORrRRrRPrPPRMRPRRPRPRPRPRPRNNp R pRp PR P o0R

old
old
old
old
young
unknown
old
interm
old
old
interm
old
old
old
old
old
interm
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old

5.8

5.8
6.4
6.4
4.6
8.8
7.6
6.4
6.4

6.4

3.4

10.0
9.4
8.8
7.6
9.4
8.8
4.6
5.2

7.6
5.2
5.8
3.4
4.6
3.4

4.6

10.6

4.0
6.4

6.4

7.0

5.2

18.009

18.747
17.172
18.152
19.771
16.880
17.582
17.903
17.398
18.619
18.193
15.846
15.947
16.764
17.576
17.159
16.915
17.857
17.944
18.641
17.398
16.123
18.314
18.003
18.738
18.577
15.917
19.199
17.230
17.236
17.035
17.055

0.960

1.324
1.309
1.776
1.095
1.890
1.631
1.501
1.295
1.809
1.326
1.407
1.457
1.701
1.806
1.439
1.277
1.289
1.485

1.664
1.744
1.306
1.410
1.518
1.268
1.766
1.140
1.802
1.314
1.420
1.360

0.449 0.229 00.07.061

0.684 0.429 70.3m®.087

0.591 790.2 0.162  0.022
0.598.2960 0.219  0.038
0.728 2130. 0.434 0.081
1.125 060.6 0.395 0.021
0.600.384  0.153  0.056
0.694 260.3 0.201  0.037
0.598 870.2 0.201  0.028
0.743 0.360.241  0.074
0.610 0.2421290. 0.031
0.719 3910. 0.227  0.021
0.751 850.3 0.255 0.018
0.877 520.4 0.328 0.030
0.967 400.5 0.374 0.020
0.620.265 0.179  0.023
0.537 520.2 0.141  0.019
0.516 2830. 0.160 0.025
0.5793730. 0.174 0.040
0.505 0.244  -0.0940650
0.761 3620. 0.228  0.022
0.803 4190. 0.284 0.019
0.638 3470. 0.075 0.261
0.568 3790. 0.142  0.030
0.679 3440. 0.340 0.105
0.667 0.3531720. 0.025
0.758.3740 0.261  0.023
0.736 0.506.1550 0.078
0.763 3970. 0.215 0.030
0.607 2970. 0.141  0.040
0.655 3620. 0.223  0.025
0.626 2940. 0.165 0.016

0.052
0.117
0.033
0.093
0.178
0.047
0.070
0.063
0.037
0.142
0.055
0.021
0.022
0.041
0.069
0.049
0.029
0.053
0.066
0.045
0.026
0.059
0.058
0.095
0.090
0.024
0.117
0.051
0.035
0.037
0.031

0.020
0.027
0.015
0.022
0.047
0.014
0.019
0.019
0.016
0.027
0.019
0.012
0.012
0.015
0.017
0.017
0.015
0.019
0.019
0.027
0.016
0.013
0.022
0.021
0.026
0.025
0.012
0.037
0.015
0.016
0.015
0.015

0.022

0.027
0.015
0.023
0.053
0.013
0.020
0.020
0.016

0.028

0.020
0.012
0.012
0.014
0.016
0.019
0.015
0.021
0.021

0.030
0.015
0.012
0.022
0.022
0.027

0.027
0.012

0.036
0.015
0.016
0.015
0.015

0.042

0.048
0.021
0.042
0.099
0.016
0.035
0.033
0.023

0.050

0.033
0.014
0.015
0.018
0.022
0.031
0.021
0.040
0.039

0.068
0.020
0.015
0.036
0.033
0.040

0.057
0.014

0.072
0.023
0.023
0.023
0.020

5.2
4.6

8.2
5.2
4.6

4.6

7.6
7.6
7.6
5.8
5.2

2.8
4.6

4.0
5.8

2.8
9.4
2.8
4.0
3.4
5.2
4.0

14.510
15.075

12.521
14.691
15.096

15.461

12.764
12.705
13.105
13.720
14.806

15.469
15.092

14.173
12.561

15.692
12.547
16.149
14.023
14.666
14.164
14.171

0.05
0.04

0.03
0.05
0.05

0.085

0.03
0.03
0.02
0.05
0.11

0.09
0.10:

0.03
0.02

0.105
0.02
0.364
0.06
0.07
0.03
0.04
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B012-G064
H16
B013-G065
B335-V013
B449-V11
B015-V204
B016-G066
DAO38
B336-G067
B337-G068
B017-G070
B019-G072
KHM31-74
B020-G073
B338-G076
B021-G075
B022-G074
B339-G077
B023-G078
B247
SKO19A
B248
B341-G081
BO17D
B024-G082
B025-G084
SKO020A
B027-G087
B026-G086
B028-G088
B020D-G089
B029-G090
B030-G091

10.13525
10.15756
10.16022
10.17365
10.17608
10.18757
10.18821
10.19581
10.19837
10.20202
10.20303
10.21887
10.22055
10.23026
10.24530
10.24591
10.24616
10.25296
10.25494
10.25926
10.27068
10.28309
10.28813
10.29175
10.29938
10.30230
10.30564
10.31055
10.31057
10.31871
10.32182
10.32433
10.32806

41.36226
39.75831
41.42328
40.64118
40.60120
40.99893
41.36939
40.68278
42.14503
42.20304
41.20197
41.31483
40.58880
41.69037
40.59659
41.09414
41.41172
39.93169
41.22938
41.00876
41.47720
40.88359
40.59805
40.96978
41.76369
41.00781
41.16170
40.93081
41.41116
40.98422
41.13588
41.00640
40.95434

PR RrRRrRRrRRrRPppPpPPPopppRprprpRrPrerprrPerrPrPrRpPo

P RrRr RPN P NRE P

PR RrRRPRRPRRPP RPN PRPPE O L LR R R

old
old
old
interm
interm
old
old
interm
old
old
old
old
interm
old
old
old
old
old
old
interm
na
old
old
interm
old
old
na
old
old
old
old
old
old

10.0
8.2
7.6
6.4
5.8
5.2
5.2
4.6
6.4
5.8
8.8
8.2
6.4
9.4
10.6
7.0
5.8
6.4
10.6
8.2
2.8
4.0
7.0
5.8
5.8
4.0
2.8
5.2
5.2
5.2
4.0
6.4
3.4

15.428
17.861
17.631
18.408
18.605
18.615
17.990
19.065
18.137
17.136
16.478
15.427
18.512
15.290
14.559
18.010
17.739
17.301
14.790
17.664
19.723
18.616
16.763
18.323
17.294
17.276
20.279
16.050
18.025
17.312
18.113
17.211
18.198

1.328
1.497
1.556
1.759
1.446
2.126
1.989
1.478
1.224
1.362
1.790
1.663
1.767
1.521
1.408
1.835
1.371
1.759
1.821
1.487

1.651
1.722
1.680
1515

1.446
1.945
1.442
1.692
1.980

0.601.3040 0.171 0.017
0.490 0.221 0140. 0.051
0.751 4150. 0.273  0.052
91.090.605 0.388 0.126
0.614€.299  0.197 0.065
1.186 72%0. 0.444  0.037
0.813 4340. 0.318 0.038
0.620 060.4 0.105 0.039
0.543 2460. 0.137  0.046
0.6313230. 0.184 0.018
0.969 5410. 0.375 0.024
0.781 4040. 0.253 0.014
0.668.332  0.298  0.139
0.697 3280. 0.192 0.016
0.627.3330 0.194 0.022
1.0455710. 0.341 0.064
0.566 2930. 0.118 0.051
0.737 4010. 0.296  0.025
0.990 - - 0.017
0.741 30.390.300 0.064
1.106 0.462  0.06D100
0.798 0.385  0.3140780
0.727 3750. 0.207 0.018
0.557 750.3 0.219  0.048
0.772 3720. 0.227  0.036
0.807 4030. 0.221  0.016
0.763 0.527  0.270109
0.698 3460. 0.201  0.047
0.856 4710. 0.362  0.024
0.660 3830. 0.238  0.026
0.964.4780 0.379  0.063
0.876 5020. 0.354  0.043
1.248 0.651.4900 0.050

0.018
0.076
0.062
0.120
0.108
0.202
0.100
0.149
0.057
0.036
0.033
0.019
0.141
0.017
0.015
0.119
0.054
0.052
0.017
0.074

0.033
0.123
0.043
0.044

0.023
0.100
0.043
0.092
0.061

0.012
0.020
0.018
0.026
0.032
0.028
0.019
0.041
0.021
0.015
0.013
0.012
0.032
0.012
0.011
0.025
0.018
0.015
0.011
0.023
0.036
0.029
0.015
0.030
0.015
0.017
0.081
0.013
0.019
0.017
0.023
0.017
0.021

0.012
0.022
0.018
0.023
0.035
0.023
0.019
0.045
0.022
0.015
0.013
0.012
0.034
0.012
0.011
0.024
0.020
0.015
0.011
0.023
0.032
0.031
0.015
0.033
0.015
0.017
0.087
0.013
0.019
0.018
0.023
0.016
0.018

0.014
0.044
0.029
0.031
0.063
0.030
0.031
0.087
0.041
0.020
0.015
0.013
0.057
0.013
0.012
0.033
0.038
0.020
0.012
0.036
0.073
0.048
0.019
0.058
0.020
0.023
0.148
0.016
0.029
0.026
0.032
0.020
0.021

7.0
5.8

5.2

5.2

4.6
4.0
3.4
3.4
4.0
6.4
6.4

7.6

4.0
3.4
5.2
10.6
4.6
2.8
2.8
5.8
4.6
4.6
4.0
2.8
4.0
4.6
4.0
4.0
5.8
3.4

12.734
15.874
14.445
14.071
13.674
14.443
16.117
15.855
14.359
12.527
12.039

12.167
14.053
15.277
13.877
10.744
13.960
15.262
15.300
13.547
15.405
13.984
13.924
16.243
12.982
14.331
14.239
14.411
13.235
13.341

0.03
0.147
0.03
0.10
0.11
0.09
0.21
0.12
0.04
0.02
0.02

0.02
0.10
0.04
0.04:
0.028
0.172
0.050
0.107
0.06
0.27
0.04
0.05
0.160
0.05
0.06
0.12
0.06
0.05
0.045
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B031-G092
B032-G093
SKO026A
B033-G095
B034-G096
B457-G097
B035

B036
B037-V327
B038-G098
B039-G101
B041-G103
B042-G104
B044-G107
B343-G105
B045-G108
B046-G109
B048-G110
B047-G111
B050-G113
B051-G114
SKO035A
SKO36A
B054-G115
B055-G116
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B056-G117
B057-G118
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B061-G122
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10.33716
10.33965
10.35263
10.35999
10.36715
10.37170
10.38578
10.38677
10.39570
10.39979
10.40779
10.42006
10.42367
10.42876
10.42958
10.42961
10.43593
10.43965
10.43982
10.44285
10.44454
10.44700
10.44742
10.44867
10.45994
10.46055
10.46322
10.47005
10.47083
10.47539
10.48750
10.50050
10.50360

40.98449
41.29170
40.60104
41.00382
40.89714
42.31032
41.64238
41.43478
41.24859
41.32077
41.34716
41.24597
41.12394
41.33505
40.20623
41.57224
41.77450
41.22517
41.70107
41.53846
41.42199
41.87620
40.85227
41.01539
41.20341
41.27391
40.96118
40.86805
40.78602
41.18354
41.08735
41.49328
41.48602

P RPrPPPPPPPrPprpPPp R ppRprRrPRPPRPPRPPPRPPPRPRPPEPPRP AR R,P B

PR RPRRPRRPRRPRLPNppPPppRprRrRrRrRrRrRPRPRrPRrRRPPRP O LD RPE LR

old
old
unknown
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
unknown
na
old
old
old
old
old
old
old
old
old
old

3.4
4.6
2.8
3.4
7.6
9.4
5.2
4.0
7.0
4.6
7.6
4.0
4.6
5.8
8.8
7.6
4.0
5.2
5.2
5.8
8.2
2.8
2.8
3.4
5.2
3.4
5.2
5.2
8.2
4.0
5.2
7.0
7.6

18.410
18.207
19.869
18.365
15.898
17.338
17.886
17.916
17.962
16.975
16.643
18.725
17.039
17.319
16.597
16.235
18.262
17.069
17.798
17.246
16.738
20.470
20.269
18.682
17.314
19.117
17.739
17.887
15.356
17.850
17.066
17.251
16.313

1.848
1.618
1.457
1.693
1.277
1.552
1.649
2.343
1.542
2.016
1.492
2.320
1.717
1.357
1.641
1.298
1.710
1.274
1.741
1.818
1.063

1.932
2.509
1.720
1.983
1.291
1471
1.920
1.251
1.950
1.888

1.007 0.501.3250
1.028 5600. 0.355
0.829.3840 0.095
0.806 4250. 0.268
0.7713990. 0.274
0.604 2870. 0.141

0.775 0.3802970.
0.842 0.413 2840.

2.007 1431. 0.824
0.801 4030. 0.250
1.089 5910. 0.389
0.473 2940. 0.179
1.421 6780. 0.452
0.971 4970. 0.332
0.562 2680. 0.196
0.778 3970. 0.232
0.644 3230. 0.135
0.842 4660. 0.312
0.632 2860. 0.213
0.763 3980. 0.233
1.004 5170. 0.338
1.268.4220 0.385

0.051
0.085
0.155
0.130
0.015
0.036

0.033

0.051
0.086
0.047
0.031
0.083
0.021
0.050
0.031
0.018
0.039
0.028
0.029
0.026
0.021
0.087

0.950 0.472  0.11B332

0.789 5210. 0.287
1.1556280. 0.457

0.680 0.4133650.

0.860 5000. 0.402
0.582 2960. 0.155
0.645 3180. 0.196
1.007 5430. 0.333
0.581 3090. 0.189
1.055 5510. 0.383
1.063 5740. 0.397

0.079
0.127
0.049
0.023
0.021
0.016
0.046
0.025
0.039
0.014

0.119
0.229
0.081
0.023
0.041
0.066
0.071
0.159
0.039
0.046
0.133
0.065
0.056
0.028
0.027
0.063
0.046
0.052
0.049
0.039
0.226

0.133
0.103
0.193
0.077
0.053
0.017
0.092
0.034
0.058
0.031

0.024
0.027
0.041
0.024
0.013
0.017

0.019
0.018
0.023
0.017
0.015
0.045
0.015
0.019
0.014
0.013
0.021
0.017
0.018
0.015
0.014
0.053
0.068

0.029
0.018

0.048
0.020
0.022
0.012
0.023
0.017
0.015
0.013

0.022
0.027
0.040
0.024
0.013
0.017

0.019
0.018
0.015
0.017
0.014
0.060
0.013
0.019
0.014
0.013
0.021
0.018
0.020
0.015
0.013
0.040
0.069

0.029
0.017

0.057
0.020
0.026
0.012
0.022
0.018
0.014
0.012

0.032
0.036
0.080
0.040
0.014
0.028

0.031
0.029
0.015
0.023
0.017
0.106
0.015
0.024
0.018
0.016
0.036
0.022
0.035
0.023
0.016
0.066
0.128

0.043
0.020

0.086
0.025
0.042
0.013
0.029
0.027
0.018
0.014

2.8
3.4
2.8
2.8
6.4
6.4

3.4

4.0
8.8
3.4
7.6
2.8
4.6

5.2
6.4
2.8

4.0
3.4

2.8
2.8
2.8

4.0
3.4
5.8

4.0
5.2
7.0

14.494
14.019
17.095
15.244
12.421
14.846

14.582

14.427
10.999
13.733
12.377
16.490
12.201

14.014
12.919
15.330

15.015
13.900

15.682
16.391
14.496

13.618
15.313
12.392

14.222
12.977
12.008

0.039
0.04
1.43
0.17
0.04
0.10

0.078

0.085
0.02
0.03
0.02
0.10
0.03

0.04
0.03
0.08

0.05
0.04

0.11
0.340
0.08

0.09
0.09
0.03

0.08
0.03
0.03
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B064-G125
B065-G126
B344-G127
B067-G129
B068-G130
B257-V219
B461-G131
B041D
B070-G133
BO71
B073-G134
B072
B074-G135
B075-G136
MITA140
B045D
B076-G138
B077-G139
B078-G140
B080-G141
B345-G143
B462
B082-G144
B083-G146
B084
B085-G147
B086-G148
B259
SKO049A
B087
BO51D
B088-G150
B090

10.50799
10.50807
10.51239
10.51326
10.51336
10.51371
10.51773
10.51969
10.52876
10.52968
10.53048
10.53087
10.53354
10.53668
10.53956
10.54115
10.54264
10.54640
10.55068
10.55160
10.55888
10.56134
10.56597
10.56852
10.57267
10.57599
10.57773
10.57903
10.58117
10.58250
10.58562
10.58777
10.58779

41.18541
40.67026
41.86726
41.07326
40.98062
40.97052
42.05738
41.27972
41.13233
41.20336
40.98925
41.37990
41.72269
41.33922
41.29600
41.35397
41.08946
41.12612
41.29969
41.31685
40.29345
42.02681
41.02069
41.75572
41.31552
40.66588
41.23389
41.70415
40.87288
41.63788
41.07720
41.53729
41.04932

P prPPRPRPPLO PP pperPrPPR P PP bR R bR R R

P RrPPPRPRPRARNRRPRRPR

PR NP PN aNppP AR NoR R

old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
interm
na
old
interm
old
old

5.8
7.0
7.0
5.2
6.4
4.6
5.2
2.8
4.0
2.8
7.0
4.6
7.0
4.0
2.8
2.8
4.6
4.0
3.4
4.6
6.4
5.2
7.6
6.4
2.8
5.8
6.4
3.4
2.8
3.4
4.0
10.6
4.0

16.665
17.253
16.281
17.564
16.931
18.491
17.818
19.064
17.220
18.592
16.412
18.302
17.007
17.955
18.007
19.752
17.203
17.961
18.546
17.917
17.045
18.377
16.359
17.454
18.866
17.212
15.426
19.556
20.481
19.123
19.181
15.945
18.852

1.361
1.549
1.476
1.332
2.043
2.256
1531
1.916
1.298
1.955
1.733
2.641
1.413
1574

1.598
1.460

2.294
2.103
1.359
1.323
2.611
1.387

1.296
1.259
1.453

1.628

1.399
1.640

1.680

0.641 3430. 0.221  0.043
0.655 3250. 0.136  0.035
0.676 3110. 0.183 0.020
0.5722940. 0.170 0.048
1.052 5600. 0.394  0.025
1.226 6820. 0.461 0.044
0.729 3280. 0.232  0.037
1.247 0.615.3640 0.096
0.626 3410. 0.165 0.025
0.925 0.3883250. 0.071
0.756 3790. 0.266  0.022
1.419 0.7535010. 0.069
0.636 3210. 0.193  0.027
0.8654180. 0.210 0.062
1.490 0.779 30.5 0.031
1.146 0.657.3620 0.078
0.704 3720. 0.173  0.042
0.998 0.540.3250 0.082
1.341 6770. 0.384  0.030
1.1315820. 0.390 0.076
0.583 3050. 0.200 0.035
0.564 0.2891410. 0.042
1.4517530. 0.450 0.023
0.664 3370. 0.202  0.037
1.163 0.607  0.3641130
0.637 2890. 0.174  0.025
0.5782980. 0.174  0.041
0.866 80.490.153  0.075
0.767 0.404 70.16.124
0.810 0.3611920. 0.080
0.747 620.3 0.375 0.041
0.986.5290 0.360 0.024
0.706 0.4012560. 0.040

0.030
0.042
0.023
0.045
0.046
0.174
0.055
0.183
0.039
0.127
0.029
0.255
0.035
0.078
0.256
0.038
0.195
0.116
0.034
0.072
0.047
0.046
0.035
0.018
0.200
0.160
0.155
0.024
0.148

0.016
0.016
0.013
0.020
0.015
0.026
0.018
0.034
0.019
0.028
0.014
0.028
0.015
0.026
0.020
0.060
0.017
0.022
0.029
0.024
0.015
0.023
0.013
0.017
0.033
0.016
0.012
0.038
0.087
0.030
0.048
0.012
0.039

0.017
0.016
0.013
0.023
0.014
0.022
0.017
0.030
0.021
0.030
0.014
0.023
0.015
0.027
0.016
0.052
0.018
0.021
0.024
0.022
0.015
0.024
0.012
0.017
0.029
0.016
0.013
0.037
0.097
0.031
0.055
0.012
0.044

0.023
0.023
0.015
0.036
0.016
0.027
0.025
0.040
0.031
0.043
0.017
0.025
0.023
0.039
0.018
0.070
0.025
0.027
0.030
0.028
0.021
0.042
0.013
0.028
0.038
0.022
0.015
0.082
0.235
0.066
0.084
0.014
0.070
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B092-G152
B347-G154
B348-G153
B093-G155
H17
B094-G156
B095-G157
B096-G158
B098
B097-G159
B099-G161
B515
BO56D
B350-G162
B100-G163
B101-G164
B103-G165
B104-NB5
B105-G166
B106-G168
B108-G167
B107-G169
B109-G170
B110-G172
NB16
B111-G173
B260
B112-G174
B114-G175
B117-G176
NB17-AU014
B115-G177
B116-G178

10.59323
10.59537
10.59550
10.59639
10.59870
10.60434
10.60748
10.60863
10.61408
10.61438
10.61495
10.61687
10.61820
10.61847
10.62071
10.62093
10.62390
10.62473
10.62810
10.62934
10.62996
10.63022
10.63401
10.63793
10.63800
10.63822
10.63829
10.63853
10.64292
10.64321
10.64333
10.64337
10.64390

41.13574
41.90760
41.87455
41.36207

37.24308
40.95489
41.09343
41.32072

40.99333
41.42561
41.16747

41.55681

41.57421
40.41423
40.83220
41.13767
41.29928

41.29045
41.50759
41.20513
41.14763
41.32748
41.17442
41.05787

41.33800
41.00733

41.52351
41.29511
41.21247
40.95259

41.29206
41.23387
41.54760

e

P RrPRrRRrpRrRPRrP o p R pRprRrPRrRprpRrRrpPRP P R P

P RrPRrRRPRRrRNpP o b bR RPPRrRRrRRrRrPPPRP PR P bR

old
old
old
old
old
old
old
old
old
old
old
old
na
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
na
old
old

4.6
7.6
4.6
4.0
6.4
8.2
4.6
4.6
4.6
4.0
4.6

3.4
8.2
4.0
5.8
5.2
5.2
5.2
5.8
4.6
4.0
4.6
7.0

4.0
4.0
5.8
4.6
6.4

4.0
4.6

17.375
16.744
17.393
17.271
18.022
15.989

17.083
16.703
17.420
17.217

19.311
16.949
18.231
17.268
15.685
17.649
17.707
16.568
17.850
16.292
16.923
15.607

17.173
19.448
16.805
17.364
16.722

16.552
17.613

1.476
1.284
1.630
1.587
1.328
1.789

2.370
1.658
1.726
1.391

1.409
1.627
1.393
1.817
1.502
1.528
1.732
1.881
1.568
1.871
1.631

1.381

2.096

1.372

1.314

2.141
2.078

0.682 3350. 0.172  0.035
0.568 2680. 0.158  0.022
0.762 3520. 0.233  0.027
0.834 4560. 0.229  0.047
0.570 0.247 610.2 0.037
0.787 4270. 0.290 0.023
- - - 0.052
1.009 5680. 0.364  0.127
0.750 0.3582230. 0.047
0.912 4420. 0.276  0.023
0.671 3550. 0.255 0.029
0.995 0.479  0.4140780
0.580 2990. 0.196  0.026
0.780 3760. 0.303  0.041
0.646 3370. 0.285  0.047
0.821 4540. 0.307 0.026
0.683 870.2 0.055 0.068
0.768 4410. 0.195 0.030
0.801 4190. 0.264  0.020
0.806 4590. 0.337  0.025
0.808 3980. 0.220 0.024
0.837 4420. 0.365 0.031
0.711 3740. 0.241  0.015
0.6413280. 0.158 0.031
1.496 0.889  0.6501490
0.929 5220. 0.376  0.133
0.592 3500. 0.313  0.047
0.602 2800. 0.185  0.037
0.8015370. 0.394 0.021
1.322 6810. 0.498 0.058

0.042 0.018 0.020
0.027 0.014 0.014
0.044 0.016 0.015
0.048 0.019 0.019
0.056 0.019 0.019
0.025 0.013 0.013
0.039 1%.0 0.014
0.076  0.017 0.017
0.032 0.015 0.015
0.057  0.019 0.019
0.037 0.019 0.021
- 0.032  0.030
0.034 0.015 0.015
0.083 0.022 0.022
0.040 0.020 0.022
0.023 0.013 0.013
0.063  0.024 0.028
0.062 0.021  0.023
0.032 0.015 0.015
0.081 0.024 0.026
0.027 0.014 0.014
0.042 0.016 0.017
0.020 0.012 0.012
0.035 0.017 0.019
- 0.050 0.035
0.052 0.016 0.016
0.041  0.020 0.023
0.028 0.015 0.016
0.043 0.015 0.015
0.086 0.019 0.016

0.029
0.019
0.020
0.026
0.030
0.015
0.016
0.020
0.019
0.026
0.028

0.052
0.020
0.032
0.030
0.014
0.046
0.033
0.019
0.034
0.017
0.020
0.014

0.026
0.038
0.019
0.031
0.022

0.017
0.019

5.2
4.0

5.8
4.0

4.0

5.2
3.4

6.4

3.4

3.4

14.217
14.023

12.467
12.784

13.486

14.270
14.908

12.233

14.312

14.100

0.052
0.030

0.038
0.070

0.091

0.059
0.034

0.031

0.095

0.087
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NB35-AU4
B064D-NB6
B119-NB14
SKO052A
B351-G179
NB21-AU5
B352-G180
B122-G181
B123-G182
SKO53A
B124-NB10
B125-G183
DAO55
B126-G184
B127-G185
NB89
SKO054A
B072D
NB18
B354-G186
B128-G187
B129
B130-G188
B262

BH18
B131-G189
B132-NB15
B134-G190
SKO55A
BO78D
B135-G192
B264-NB19
B136-G194

10.64396
10.64805
10.65043
10.65548
10.65821
10.65825
10.65911
10.66703
10.66941
10.67003
10.67261
10.67612
10.67715
10.68205
10.68550
10.68658
10.68781
10.69079
10.69308
10.69835
10.69919
10.70135
10.70356
10.70854
10.71132
10.71167
10.71421
10.71522
10.71609
10.71629
10.71653
10.72162
10.72336

41.31122
41.24284
41.29322
41.84822
42.19192
41.26636
42.03696
41.56299
41.17595
40.29801
41.25663
41.09197
40.49079
41.21190
41.24486
41.24561
41.13753
41.45750
41.30900
42.00712
41.18718
41.41852
41.49794
41.32447
41.17596
41.28542
41.26117
41.23433
40.73608
41.36811
41.51895
41.27067
41.32626

PP RpPPpRr PP P pPRPRPRPRE P R, R PR R R R

interm
old
old
unknown
old
old
old
old
old
unknown
old
old
old
old
old
old
na
old
old
old
old
old
old
old
old
old
old
old
unknown
old
old
old
old

5.2
2.8
4.0
5.2

8.2
4.0
5.2
4.0
4.6
6.4
5.8
3.4
10.0

4.0
2.8

5.8

5.8
2.8

5.2

3.4
5.2
5.2
6.4
5.2

6.4

4.6

16.660
17.976
18.796
17.935

16.836
18.592
17.721
18.960
15.020
16.814
19.081
17.540
14.500

18.828
19.561

18.094

17.405
18.480

17.467

18.650
15.789
18.119
16.759
19.041

16.441

17.220

1.596
1.646
1.252
1.320

1.260

1.485
1.322
1.994
1.273
1.181
1.286
1.487

1.367
1.556

1.420
1.689

1.808

1.705
1.596

1.562
0.918

1.531

1.472

0.684 34%. 0.233
0.903 4800. 0.353
0.638.3000 0.083
0.642 2650. 0.204
0.571 2840. 0.127
1.408 0.758.4260
0.754 4400. 0.232
0.799.4450 0.303
0.737 -

0.581 2880. 0.144
0.568 0.311.1830
0.652 2710. 0.138
0.940.4200 0.251
0.740 0.240.103

0.031
0.138
0.085
0.022
0.020
0.063
0.034
0.047
- 0.152
0.033
0.080
0.045
0.051

0.069

0.584 2690. 0.114 0.044
0.766 4040. 0.379  0.026
1.921 0.976  0.6241340
0.963 5060. 0.281  0.031
0.762 0.3652270. 0.086
0.682 3540. 0.219  0.069
1.109 0.573 - 0.042
0.592 2990. 0.292  0.028
0.717.3410 0.221  0.081
0.778 3990. 0.234  0.030
0.553 3140. 0.274  0.023

0.034
0.064
0.104
0.052

0.027
0.057
0.123
0.019
0.029
0.130
0.039
0.016

0.116

-0.057 010.1 0.203

0.063
0.053

0.063
0.114
0.021
0.033
0.097

0.029

0.044

0.016
0.022
0.029
0.018

0.014
0.029
0.023
0.028
0.012
0.017
0.034
0.020
0.012

0.044

0.020

0.020
0.022

0.019

0.035
0.013
0.028
0.017
0.035

0.014

0.020

0.017
0.022
0.032
0.019

0.014
0.023
0.025
0.026
0.012
0.018
0.037
0.023
0.011

0.055

0.021

0.022
0.015

0.018

0.040
0.013
0.026
0.018
0.038

0.014

0.023

0.022
0.028
0.076
0.030

0.019
0.028
0.035
0.046
0.013
0.024
0.076
0.034
0.012

0.111
0.141

0.036

0.028
0.016

0.024

0.061
0.016

0.024
0.067

0.018

0.032

2.8
4.6

4.6

4.0

5.2
3.4

15.964
15.218

14.244

15.569

13.969
16.592

15.455

13.140

0.137
0.050

0.037

0.086

0.134
0.155
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B137-G195
HEC7
AU010
B140-G196
B087D
B141-G197
B143-G198
B144
BO90D
B091D-D058
B145

B265

B146
B147-G199
B266
B148-G200
B149-G201
B467-G202
B268

B269
B150-G203
PHF6-1
B151-G205
B152-G207
B356-G206
B153
SKO60A
B154-G208
B468
B357-G209
B155-G210
SKO61A
B156-G211

10.72495
10.72917
10.74212

10.74478
10.74546

10.74703

10.74850
10.74942
10.75508

10.75598
10.75659
10.75814
10.76212

10.76375
10.76465

10.76607

10.77280

10.77679
10.77997
10.78072

10.78128
10.78325
10.78976
10.79167
10.79316
10.79421
10.79939
10.80183
10.80228
10.80513
10.80576
10.80641
10.80719

41.53732
43.95778
41.28132
41.14799
41.15242
41.54651
41.32206
41.26829
41.26955
41.50481
41.20747
40.88396
41.25630
41.35604
41.67541
41.30136
41.57421
42.03033
41.19677
41.45907
41.33883
41.30506
41.35892
41.30447
41.84199
41.24760
40.93483
41.26806
39.79926
40.18236
41.05782
41.64102
41.02159

PP RppRpPpPP oo pRrRpPRPRP o P PR R R R LR R

NN b b P R P EN R RPN P

PP RrRrPpRpPRPP AR

old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
na
old
old
old
old
unknown
old

4.0

5.8
5.2
4.0
4.6
6.4
4.0
2.8
5.2
4.0
3.4
4.0
7.6
3.4
4.0
5.8
5.8
2.8
4.6
3.4
3.4
4.6
5.2
5.8
4.0
4.0
3.4
5.8
6.4
3.4
2.8
5.8

18.406

17.570
17.880
17.997
17.412
16.485
17.254
17.944
15.863
18.518
18.964
17.421
16.137
19.004
16.263
17.503
17.819
18.878
19.176
17.234
18.125
15.456
16.570
17.415
16.688
19.742
17.312
18.372
17.009
18.451
20.036
17.275

2.054
1.868
1.508
1.504
1.997
1.955
2.039
1.750
1.443
1.440
1.656
1.959
1.678
1.435
1.653
1.464

1.888
2.090
2.022
1.605
1.469
1.809

1.754
1.530
1.607
1.735
1.274
1.413

1.058 0.556.3350 0.031
0.675 0.356.3780 0.146
0.834 3760. 0.244  0.043
0.660 0.383.1300 0.043
0.828 4360. 0.242  0.021
0.821 4510. 0.276  0.043
0.830 0.5083580. 0.034
0.881 0.535.4440 0.047
0.795.4740 0.233  0.028
0.678 0.3332380. 0.116
0.817 0.3612040. 0.054
0.782 0.4493410. 0.018
0.8313970. 0.297  0.020
1.060 0.5883280. 0.079
0.678 3500. 0.221  0.038
0.892 4750. 0.281  0.020
0.623 2490. 0.118 0.027
0.839 0.530  0.3480410
1.203 0.534  0.4511170
0.8314540. 0.332 0.024
0.808 0.416.358  0.185
1.023 5340. 0.345 0.036
0.745 4580. 0.250 0.037
0.746 3860. 0.240 0.018
0.804 0.4383330. 0.030
1.050 0.395  0.22¥094
0.803 3520. 0.246  0.059
0.668 0.3682780. 0.054
0.723 3660. 0.265 0.024
0.8434630. 0.292 0.021
0.589.3420 -0.086 0.061
0.637 3180. 0.194 0.048

0.090
0.085
0.068
0.048
0.036
0.056
0.075
0.024
0.096
0.112
0.051
0.032
0.162
0.024
0.059
0.054

0.047
0.105
0.022
0.030
0.046
0.035

0.046
0.081
0.038
0.094
0.234
0.038

0.028

0.025
0.025
0.027
0.018
0.015
0.019
0.021
0.013
0.037
0.029
0.020
0.013
0.034
0.014
0.018
0.018
0.034
0.046
0.017
0.026
0.012
0.015
0.016
0.016
0.049
0.018
0.024
0.014
0.022
0.070
0.016

0.027

0.029
0.027
0.031
0.018
0.015
0.019
0.022
0.013
0.044
0.029
0.022
0.014
0.031
0.015
0.018
0.019
0.036
0.042
0.018
0.029
0.012
0.016
0.016
0.016
0.045
0.019
0.023
0.014
0.021
0.087
0.016

0.037

0.038
0.039
0.048
0.025
0.018
0.024
0.026
0.015
0.068
0.049
0.027
0.016
0.044
0.018
0.025
0.030
0.048
0.057
0.022
0.038
0.013
0.019
0.025
0.019
0.081
0.026
0.038
0.018
0.030
0.201
0.023

3.4

14.256

14.073

12.300

0.160

OET



B157-G212
B158-G213
SKO062A
B159
B160-G214
B161-G215
B162-G216
B163-G217
B358-G219
B164-V253
B165-G218
SKO064A
B167

B168

B169
B170-G221
SKOG66A
B272-V294
B171-G222
B172-G223
B173-G224
B174-G226
B176-G227
B177-G228
B178-G229
B179-G230
B180-G231
B181-G232
H18
B182-G233
B183-G234
B185-G235
B184-G236

10.80821
10.80996
10.81053
10.81099
10.81224
10.81421
10.81834
10.82346
10.82438
10.82553
10.82590
10.82668
10.83802
10.84385
10.84579
10.84787
10.85032
10.85623
10.85665
10.85832
10.86983
10.87623
10.87690
10.87713
10.87825
10.87960
10.88221
10.88523
10.90012
10.90280
10.90388
10.90534
10.90626

41.18880
41.12253
41.89633
41.42040
41.02652
41.19027
41.40127
41.46252
39.82032
41.20813
41.18186
40.98994
41.23563
41.73489
41.25704
40.84489
41.64507
41.61995
41.26032
41.35884
41.37699
41.64896
40.81964
41.09509
41.35459
41.30407
41.12952
41.48537
44.98314
41.13670
41.03396
41.24543
41.60961

P rrRprRrPRrPRrRRrPRPRRPRPP PP PRAoORLRRERRRRPERPR AL

e

P RrRrRrPPoORRrRRPRNYMNRPRNMNNRRPRPPRRPRPRPR O, RrRr R, R PR o

old
old
unknown
old
old
old
old
old
old
old
old
unknown
old
old
old
old
na
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old

4.0
7.6
2.8
3.4
4.6
4.6
4.6
8.8
10.6
3.4
5.8
2.8
4.0
3.4
5.2
5.2
3.4
4.0
7.0
5.2
2.8
8.2
7.0
4.0
8.8
7.6
6.4
5.8

10.0
7.0
5.2
6.4

17.913
15.079
19.869
18.111
18.232
16.725
18.007
15.497
15.383
18.366
16.762
20.361
17.824
18.770
17.732
17.848
20.030
18.871
15.733
17.154
18.138
15.949
16.886
18.651
15.362
15.739
16.540
17.351

15.838
16.441
16.040
17.796

1171
1.623
1.451
2.227
1.158
1.406
1.706
1.935
1.254
1.896
1.243
1.159
1.826
1.782
2.046

2.283
1.821
1.662
1.624
1.642
1.367
1.255
1.359
1.502
1.566
1.599

1.600
1.745
1.695
2.261

0.574 2380. 0.073  0.049
0.734 3590. 0.232 0.016
0.515.3290 -0.081 0.096
1.042 0.5543420. 0.032
0.520 2740. 0.043  0.027
0.666 3260. 0.216 0.031
0.827 4410. 0.355  0.040
0.850 4590. 0.338 0.015
0.499.2450 0.150 0.023
0.855 4730. 0.348 0.069
0.547 2750. 0.180 0.028
0.701.5170 0.227  0.054
0.823 0.4542780. 0.025
1.340 0.7505140. 0.066
0.930 0.4652860. 0.097
0.777 0.397.2120 0.025
0.765 0.553  0.48x201

0.947 6560. 0.339 0.089
0.8054150. 0.294  0.021
0.764 4320. 0.347 0.034
0.780 4500. 0.312 0.104
0.8454340. 0.256  0.017
0.597 2970. 0.165 0.037
0.764 4130. 0.333  0.027
0.621 3110. 0.198 0.013
0.690 3080. 0.194 0.018
0.763 3670. 0.220 0.017
0.778 3930. 0.257  0.025
0.826.4270 0.274 0.016
0.800 4060. 0.267  0.026
0.767 3940. 0.253  0.023
0.914 5030. 0.342 0.032

0.051
0.017
0.218
0.125
0.060
0.029
0.089
0.023
0.016
0.109
0.028
0.239
0.077
0.145
0.090

0.281
0.023
0.044
0.063
0.025
0.032
0.086
0.018
0.021
0.028
0.051

0.022
0.029
0.024
0.119

0.026
0.012
0.046
0.022
0.023
0.016
0.024
0.012
0.012
0.029
0.017
0.065
0.024
0.026
0.023
0.019
0.057
0.035
0.013
0.019
0.022
0.013
0.015
0.027
0.012
0.013
0.013
0.018

0.012
0.013
0.013
0.021

0.033
0.012
0.054
0.021
0.026
0.017
0.026
0.012
0.012
0.031
0.019
0.066
0.026
0.021
0.024
0.019
0.051
0.033
0.013
0.020
0.023
0.012
0.015
0.027
0.013
0.013
0.013
0.019

0.012
0.013
0.014
0.021

0.055
0.013
0.164
0.028
0.048
0.022
0.036
0.013
0.014
0.042
0.025
0.115
0.035
0.025
0.032
0.027
0.091
0.047
0.015
0.025
0.030
0.015
0.021
0.040
0.015
0.016
0.016
0.026

0.014
0.015
0.016
0.028

4.0

11.575
13.625
14.620
15.623
14.497

IeT



B186
B187-G237
B188-G239
B189-G240
B190-G241
B194-G243
B193-G244
SKO71A
SKO072A
B103D-G245
B472-D064
SKO73A
B196-G246
B197-G247
B199-G248
B198-G249
B200
B201-G250
B202-G251
B203-G252
B204-G254
B361-G255
B205-G256
B206-G257
B110D-V296
B207-G258
B208-G259
MO009
G260
B209-G261
B211-G262
B212-G263
B213-G264

10.90923
10.91093
10.92297
10.92663
10.93074
10.93828
10.93962

10.94336

10.94450
10.94804
10.95173

10.95221
10.95239
10.95716
10.95759
10.95874

10.96007
10.97016
10.97784
10.98260
10.98510
10.98787
10.99239
10.99424
10.99638
10.99776
11.00032

11.00348

11.00352
11.01097
11.01214
11.01281
11.01463

41.60681
41.49634
41.40721
41.58984
41.56832
41.10239
41.61601
41.65794
41.37451
41.45221
41.44809
41.13006
40.71025
41.50281
40.97071
41.53133
41.48960
41.16611
41.00895
41.54306
41.36747
40.23375
41.41065
41.50502
41.61153
41.10297
41.38654
41.28679
42.58008
41.42406
41.33464
41.08231
41.51075

PR R, PP PN L NRrRrRrRrRrPRrPPRPPRrRprRr R, P PRrRrRPPRP LR R R RN

old
old
old
old
old
old
old
na
na
old
old
na
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old

4.6
4.6
5.2
7.0
7.6
4.6
10.6
3.4
52
4.0
8.8
4.0
5.2
4.6
5.8
4.6
3.4
7.0
4.6
5.2
5.2
8.8
8.2
8.2
3.4
4.6
4.0
4.6
9.4
5.8
5.8
10.0
4.6

18.670
17.724
17.364
17.558
17.235
17.555
15.781
20.282
17.958
18.170
15.549
18.611
17.719
18.269
17.884
18.191
19.014
16.464
18.203
17.151
16.152
17.247
15.819
15.432
18.785
17.702
18.359
18.225
17.264
17.000
16.925
15.774
17.362

1.644
1.332
2.216
1.474
1.380
1.939

1.915
1.718
1.425
1.562
1.348
2.241
1.337
1.463
2.006
1.478
1.545
1.602
1.687
1.257
1.484
1.467
1.890
1.404
1.675
1.293
1.449
1511
1.267
1.285
1.612

0.981 0.563  0.2960780
0.8824530. 0.275 0.043
0.564 2930. 0.200 0.031
0.910 4790. 0.327 0.038
0.7333980. 0.213 0.033
0.613 3250. 0.177  0.029
0.831.4460 0.290 0.028

1.088 0.538  0.191241
0.815 0.4403400 0.088
0.752.4290 0.182 0.071
0.667 3020. 0.185 0.017
0.840 0.4663480 0.030
0.686 3550. 0.232  0.026
0.888 5460. 0.320  0.026
0.583 3110. 0.149  0.039
0.682 3720. 0.048 0.056
0.894 0.5122450. 0.047
0.652 3270. 0.190 0.049
0.703 3350. 0.150 0.056
0.713 3350. 0.210 0.038
0.740 3670. 0.229 0.018
0.5552620. 0.161  0.039
0.681 3420. 0.211  0.020
0.6653090. 0.201  0.016
0.594.3910 0.176 0.219
0.622 2910. 0.137 0.034
0.858 4510. 0.371  0.038
0.630 0.286 3660. 0.108
0.610 0.3011760. 0.029
0.664 3170. 0.159 0.018
0.579 2920. 0.176  0.038
0.587.2810 0.137 0.019
0.778 3980. 0.234  0.028

0.067
0.040
0.098
0.045
0.044
0.027

0.092
0.090
0.019

0.106
0.051
0.151
0.054
0.083

0.197
0.027
0.077
0.040
0.025
0.038
0.021
0.018
0.160
0.049
0.101

0.070

0.041
0.036
0.031
0.019
0.045

0.031
0.020
0.019
0.019
0.018
0.017
0.012

0.074

0.024
0.027
0.012

0.026
0.017
0.027
0.020
0.026

0.039
0.014
0.022
0.017
0.013
0.016
0.013
0.012
0.031
0.018
0.029

0.029

0.016
0.017
0.017
0.012
0.018

0.030
0.020
0.022
0.019
0.018
0.018
0.012

0.066

0.025
0.029
0.013

0.025
0.017
0.026
0.021
0.029

0.039
0.014
0.023
0.018
0.014
0.016
0.013
0.012
0.034
0.019
0.030

0.035

0.016
0.018
0.019
0.012
0.018

0.044
0.028
0.032
0.026
0.026
0.026
0.014

0.122

0.034
0.043
0.015

0.036
0.026
0.036
0.034
0.052

0.058
0.017
0.037
0.024
0.016
0.024
0.015
0.014
0.062
0.030
0.041

0.050

0.023
0.025
0.026
0.015
0.025

4.6
3.4
5.2
4.6
4.0
8.8

3.4

4.0
3.4
4.0
2.8
2.8
4.0
3.4

5.2
4.6
2.8
3.4
4.0
3.4
5.2
3.4
4.0
6.4
4.0

14.444
14.127
13.485
14.176
14.849
12.067

16.037

0.044
0.04
0.14
0.08
0.05
0.04

0.575



B214-G265
B215-G266
SKO083A
G268
B217-G269
B218-G272
H19
B219-G271
B363-G274
B220-G275
B221-G276
SKO86A
B224-G279
B279-D068
B225-G280
B228-G281
B229-G282
B230-G283
B365-G284
B231-G285
B232-G286
B233-G287
B281-G288
B234-G290
B366-G291
B255D-D072
B283-G296
B235-G297
SKO093A
B236-G298
B237-G299
B370-G300
B238-G301

11.01641
11.02663
11.04164
11.04174
11.04416
11.05968
11.06212
11.06263
11.07179
11.08102
11.09609
11.10863
11.11286
11.11671
11.12316
11.13842
11.14085
11.14660
11.15185
11.16079
11.16762
11.17549
11.17858
11.19334
11.19452
11.20232
11.23083
11.24136
11.24356
11.28712
11.28852
11.31000
11.31121

41.43850
41.52882
41.85794
42.78273
41.39752
41.32206
38.42848
40.94646
40.55972
41.50969
41.55177
41.58734
41.48049
41.73623
41.35993
41.69107
41.64127
40.95342
42.28902
41.46302
41.25012
41.73180
41.33570
41.48827
42.06399
42.10370
41.28332
41.48998
41.94375
40.84132
41.37624
41.96132
41.32694

P RrRrRRPPRrRRrRRrRRrRRrRRPRRPRPRRPRPRPRERRPRPRPPLppRpRpP PP o
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old
old
unknown
old
old
old
old
old
old
old
old
na
old
old
old
old
old
old
old
old
old
old
interm
old
old
na
old
old
unknown
old
old
old
old

4.0
6.4
2.8
9.4
7.0
10.0
6.4
7.0
5.8
5.8
5.8
5.8
10.6
4.6
8.8
5.2
9.4
8.2
8.2
4.6
7.0
5.8
6.4
5.2
7.6
6.4
4.6
6.4
3.4
6.4
8.8
7.6
6.4

18.048
17.608
20.010
16.966
16.905
15.079
17.754
16.867
18.143
16.946
17.237
18.341
15.592
18.977
14.590
17.277
16.745
16.325
16.985
17.696
15.994
16.220
18.072
17.272
16.500
18.474
18.256
16.736
20.342
17.702
17.489
16.613
16.905

1.273
1.922
1.163
1.674
1.545
1.567
1.472
1.665
1.225
1.307
1.565

1.287
1.784
1.736
1.622
1.213
1.272
1.303
1.400
1.341
1.405
1.624
1.659
1.319
1.735
1.637
1.516

1.409
1.316
1.442
1.561

0.668 3280. 0.242  0.028
0.765 4300. 0.289 0.064
0.966.4730 0.305 0.118
0.760 0.3972890. 0.021

0.7333920. 0.227 0.030
0.703.3640 0.237  0.026
0.588 0.279 490.1 0.035

0.760 3730. 0.281  0.026
0.523 2560. 0.125  0.052
0.622 2870. 0.174  0.027
0.7553900. 0.231  0.026
0.872 0.478  0.3@B0O66

0.599.2780 0.156  0.032
0.879 5510. 0.543  0.045
0.767 3960. 0.288 0.016
0.820 4050. 0.232  0.038
0.568 2740. 0.170 0.020
0.544 2600. 0.177 0.024
0.624 3020. 0.167 0.029
0.686 3540. 0.195 0.024
0.605 3030. 0.156  0.020
0.654 3550. 0.223  0.022
80.720.433  0.217 0.103
0.756 3550. 0.236  0.019
0.5753160. 0.110 0.071
0.7633910. 0.275  0.060
0.781 4040. 0.160 0.043
0.693 4050. 0.277  0.015
0.713 0.410.128 0.231
0.569 2360. 0.180  0.050
0.650 3250. 0.162  0.047
0.7333860. 0.245 0.017
0.753 3810. 0.205 0.026

0.059
0.070
0.205
0.037
0.036
0.017
0.061
0.037
0.066
0.031
0.042

0.020
0.203
0.016
0.048
0.029
0.023
0.034
0.050
0.020
0.024
0.084
0.045
0.029
0.134
0.087
0.031

0.057
0.046
0.030
0.034

0.026
0.020
0.053
0.014
0.016
0.012
0.018
0.014
0.021
0.016
0.017
0.031
0.013
0.036
0.011
0.016
0.016
0.013
0.015
0.020
0.013
0.013
0.022
0.017
0.014
0.024
0.022
0.015
0.086
0.018
0.018
0.014
0.014

0.029
0.021
0.052
0.014
0.017
0.012
0.018
0.014
0.022
0.017
0.018
0.031
0.013
0.035
0.011
0.016
0.017
0.013
0.015
0.022
0.013
0.013
0.022
0.018
0.014
0.025
0.022
0.015
0.091
0.018
0.019
0.014
0.014

0.044
0.028
0.088
0.018
0.022
0.013
0.026
0.017
0.039
0.024
0.024
0.045
0.016
0.048
0.012
0.023
0.024
0.017
0.024
0.033
0.015
0.016
0.034
0.024
0.021
0.049
0.035
0.019
0.200
0.029
0.028
0.018
0.018

3.4
4.0
2.8
7.0
5.2
8.2

5.8
4.0
4.0
5.2
52
7.6
4.0
7.0
4.0
6.4
6.4
5.2
2.8
4.6
5.8
4.0
3.4
7.0
4.6
4.6
5.8

5.2
6.4
5.8
5.2

14.841
14.131
16.317
13.532
13.657
11.833

13.543
15.705
14.232
13.865
14.792
13.025
14.302
11.031
13.789
14.301
13.823
14.232
14.800
13.279
13.071
14.597
13.895
13.940
15.557
14.842
13.259

15.148
14.811
13.473
13.679




B239-M74
B240-G302
HECS8
B287
B372-G304
B373-G305
SK104A
V129-BA4
B375-G307
B377-G308
H20
B378-G311
B379-G312
B381-G315
B486-G316
B382-G317
B383-G318
B384-G319
B386-G322
B387-G323
G327-MVI
B391-G328
B393-G330
SK109A
B396-G335
B397-G336
G339-BA30
SK110A
B398-G341
B399-G342
B400-G343
B401-G344
SK111A

11.31499
11.35437
11.36205
11.36873
11.38908
11.42436
11.43463
11.43624
11.43983
11.45114
11.46881
11.48848
11.49511
11.52728
11.53571
11.54312
11.54978
11.59138
11.61255
11.63959
11.70622
11.74205
11.75501
11.82022
11.85482
11.86348
11.95927
11.98245
11.99074
11.99811
12.00599
12.03546
12.06096

41.58809
41.10616
40.22977
41.50128
42.00678
41.75929
41.95772
41.86657
41.66175
40.63456
39.93116
41.89188
40.70873
41.34969
40.96769
41.62790
41.32822
40.28322
42.03132
40.73711
42.74636
41.56579
41.40185
41.05324
40.36168
41.20290
43.15457
41.45902
41.81264
41.59126
42.42583
41.67830
41.48873

P hrhprPPRP PR e

P PR R PP PR PP

=

P RrrRrRrPRPPRPPRrRPRPR

PR RrRrRrPRPRPRPRPPRRpOR, LN R

=

P RrrRrPRrPRPPRPPRrRPRPR

old
old
old
old
old
old
unknown
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
unknown
old
old
star
unknown
old
old
old
old
unknown

4.6
10.6
12.0
4.6
5.8
7.6
4.0
5.8
4.6
5.8
7.0
4.6
8.2
10.0
5.2
4.6
7.6
7.0
8.2
8.2
7.6
6.4
8.2
4.0
5.8
6.4
10.0
2.8
5.2
6.4
7.6
7.0
3.4

17.600
15.534
19.402
18.294
16.934
16.095
18.357
17.352
18.038
17.437
18.980
17.945
16.561
16.046
17.953
17.714
16.195
16.293
15.973
17.318
16.272
17.596
17.300
19.490
17.603
16.763
17.528
19.839
17.970
17.654
16.839
17.100
19.600

1.599
1.359

1.438
1.388
1.731
1.545

1.373
1.687
1.436

1.278
1.748
1.566
1.244
1.282
1.702
1.680
1.549
1.321
1.341
1.447
1.527
0.865
1.262
1.400
1.278

1.866
1.200
1.466
1.240

0.683 320.3 0.200 0.042
0.611.2850 0.182 0.018
0.639 0.561
0.534 0.3512370. 0.087
0.6753240. 0.179 0.030
0.793 4280. 0.295 0.021
0.782.3000 0.275 0.039
0.613 09.3 0.155 0.056
0.7753520. 0.178  0.027
0.564 2640. 0.174  0.022
0.429 0.198  0.0250560.
0.570 3110. 0.115 0.029
0.7513840. 0.299  0.022
0.711.3260 0.209  0.020
0.551 2590. 0.195 0.028
0.618 2650. 0.099  0.023
0.764 4070. 0.286  0.019
0.7553740. 0.252  0.017
0.678 3420. 0.223  0.015
0.551 2740. 0.149 0.042
0.593 0D.3 0.162 0.020
0.677 2950. 0.170 0.024
0.708 3190. 0.237  0.029
0.574.1900 0.133 0.051
0.499 2520. 0.135 0.063
0.626 2910. 0.191  0.024
0.640.312  0.223  0.037
0.570 0.216.316  0.060
0.758 4240. 0.267  0.024
0.5252720. 0.153 0.035
0.668 3340. 0.199  0.023
0.518 2600. 0.166  0.037
0.794 0.260.161  0.081

0.052
0.019

00.11 -

0.078
0.034
0.025
0.085
0.039
0.077
0.038
0.053
0.034
0.024
0.056
0.045
0.026
0.024
0.022
0.035
0.024
0.049
0.047
0.137
0.039
0.031
0.043
0.082
0.044
0.030
0.033

0.019
0.012
0.135
0.024
0.015
0.013
0.024
0.017
0.022
0.016
0.033
0.021
0.013
0.013
0.019
0.018
0.013
0.013
0.013
0.016
0.013
0.017
0.016
0.039
0.017
0.014
0.017
0.039
0.019
0.017
0.014
0.015
0.036

0.020
0.012
0.117
0.026
0.015
0.013
0.025
0.018
0.023
0.016
0.038
0.023
0.013
0.012
0.019
0.019
0.012
0.012
0.012
0.016
0.013
0.017
0.016
0.044
0.018
0.014
0.017
0.043
0.018
0.018
0.014
0.015
0.036

0.030
0.014
0.042
0.022
0.015
0.041
0.027
0.037
0.025
0.088
0.039
0.015
0.015
0.032
0.031
0.014
0.014
0.015
0.025
0.017
0.026
0.023
0.103
0.028
0.018
0.025
0.087
0.027
0.031
0.019
0.023
0.076

vET



B402-G346
BA1l

H21

B337D
B403-G348
B405-G351
H22
B407-G352
G353-BA13
MGC1
HEC9
EXT8

H23
HEC10
HEC11
H24
HEC12
HEC13
H26

H25

B517

H27

12.15023
12.19003
12.21081
12.29681

12.32344

12.41585
12.43605

12.54149
12.57577
12.67688
12.69137
13.31045
13.60396
13.65148
13.82202
13.93309
14.56425
14.57054
14.86404
14.89392
14.99961
16.85958

42.02624
42.39384
41.14340
41.12245

41.58564

41.59160
38.31052

41.68366
42.59559
32.91631
41.69264
41.55686
39.71554
44.97887
38.85081
42.77114
38.05056
37.23081
37.69281
44.09412
41.90184
35.77958

P R RPRPRRPRPRRRPRR Ao LR L LR R

P R, PP o0okF o0ookR,FPOR R LR LD NP P

unknown
old
old
old
old
old
old
old
unknown
old
old
unknown
old
old
old
old
old
old
old
old
unknown
old

7.0
6.4
5.8
4.0

7.6

8.8
7.6

8.2

8.2
12.0
10.0
7.0
12.0
8.0
7.6

8.2
10.6

17.707
18.035
19.165
18.476

16.698

15.493
17.371

16.515

17.469

19.035
15.873
17.205
19.316
18.872
18.244

17.197
16.892

1.468
1.288
1.614
1.462

1.607
1.388
1.523
1.738
1.367

1.319
1.203

060.7 0.385 0.266 0.041 0.054
0.609 0.264 0680. 0.043  0.058
0.786 0.296 870.20.122 0.176
0.606 0.308.1440 0.054 0.078
0.7523520. 0.261 0.022 0.033
0.608 2910. 0.182 0.017 0.019
0.561 0.261 420.10.034 0.048
0.759 4010. 0.280 0.026  0.033

350.5 0.283  0.090 0.046 0.044
0.731 0.171 - 70.07 -
0.545 2220. 0.106 0.018 0.020
0.693 0.302 550.10.022  0.045
0.487 0.179 - 8100 -
0.540 0.225 - 30.04 -
0.705 0.296 990.1 0.032 0.088
0.577 0.295 640.1 0.058 0.039
0.6422950. 0.131 0.031 0.033

0.017
0.020
0.037
0.024

0.014
0.012
0.016
0.013
0.017
0.092
0.012
0.015
0.118
0.055
0.023

0.016
0.015

0.017
0.021
0.035
0.024

0.013
0.012
0.016
0.013
0.017
0.100
0.012
0.015
0.147
0.064
0.023

0.016
0.014

0.025
0.041
0.067
0.044

0.016
0.013
0.023
0.015
0.028

0.023
0.022

5.2
3.4

6.4

5.8

14.423
15.443

12.660

13.101

0.06
0.067

0.028

0.032

1Cluster name, taken from the Revised Bologna CatalogudeiGet al., 2004)

2position of object in SDS&-band image [J2000, degrees]
3Classification of source as described in chapter 2. Optionfig, f: 1-old globular cluster; 2-candidate cluster (Zirdidate old cluster, 23-candidate young cluster); 3agaluster; 4-galaxy; 5-Hll
region; 6-stellar source. Flagggc and tog indicate the previous classifications of the source fromRBE v3.5 of Galletiet al. (2004) and from the catalogue of Caldwetlal. (2009), respectively.

4Aperture size used to measure the total magnitude of théecl[acsec]
SError on the total magnitude, includes the statisticalipcation and systematic errors

GeT



Catalogue of young clusters in M31
(table 2.1: young clusters)

This table lists all objects classified as young clusters BLMOur classification
criteria are discussed in chapter 2. We also include theique\classifications of
these sources from the catalogues of Gadletil. (2004) and Caldwekt al. (2009).
Where available, we include optical and near infrared pimativy of these clusters
in theu,g,r,i,zand K-bands. Details of this catalogue are discussed intehap
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GC Namé RA? DEC? Classificatiod Photometry
f frec fcoo Rg 9 (u-g9) (g-r) (=i (-2 Ggs.tot Ou-g Y9g-r Or-i) Yig Re Ks O ot
B431-G027 9.72821 40.58231 3 1 young 5.8 17.709 1.226 0.224.2730 -0.084 0.092 0.053 0.021 0.024 0.057 3.4 15964 0.287
SKO07A 9.93363 40.85526 3 1 unknown 4.0 17.724 0.238 -0.082.0860 -0.012 0.031 0.028 0.023 0.031 0.073 2.8 15932 0.130
B314-G037 9.93581 40.23553 3 7 young 7.6 17.647 1.354 0.375.1710 0.247 0.054 0.052 0.020 0.023 0.041 4.0 16.269 0.268
B315-G038 9.95223 40.52513 3 1 young 10.0 16.314 0.961 0.236.150 0.183 0.026 0.021 0.014 0.015 0.021 5.2 14393 0.041
DAO30 9.96162 40.30409 3 1 young 5.8 18.596 1.558 0.611 0.226.306 0.050 0.113 0.028 0.031 0.057 3.4 15.814 0.232
KHM31-22 9.99457 40.59006 3 - young 34 19.997 1.008 0.465 364. 0.506 0.213 0.193 0.074 0.085 0.137 - - -
WH2 9.99996 40.55755 3 - young 4.6 18.763 0.939 0.033 -0.1990340 0.077 0.080 0.042 0.074 0.188 - - -
B318-G042 10.00358 40.56890 3 1 young 6.4 16.859 0.762 0.010.031 -0.117 0.022 0.023 0.017 0.021 0.041 - - -
B319-G044 10.01279  40.56620 3 1 young 6.4 17.466 0.911 0.116.154 0.178 0.027 0.034 0.021 0.025 0.045 - - -
KHM31-37 10.04573 40.60316 3 - young 3.4 18.162 0.692 0.060.0260 -0.368 0.035 0.039 0.026 0.036 0.104 - - -
B321-G046 10.06409 40.46276 3 1 young 7.6 17.637 1.105 0.17@.100 0.110 0.058 0.043 0.021 0.026  0.053 - - -
B189D-G047 10.06455 40.66653 3 1 young 6.4 18.024 0.842 90.220.112 0.216  0.031 0.047 0.026 0.038 0.075 34 16.178 0.109
B322-G049 10.07186  40.65123 3 1 young 5.8 17.523 0.716 0.008.028 -0.195 0.043 0.032 0.022 0.030 0.074 2.8 17.107 0.154
B323 10.07620 40.54580 3 2 young 7.0 17.639 1.558 0.272 0.113128 0.076  0.065 0.023 0.029 0.056 - - -
B442-D033 10.08081 40.62475 3 2 young 6.4 18.038 1.156 0.268.114 0.296 0.036 0.058 0.026 0.033  0.059 - - -
B324-G051 10.08529 41.68036 3 1 young - - - - - - - - - - - - - -
B443-D034 10.08661 40.55615 3 6 young 3.4 18.464 0.938 0.05R.049 0.099 0.065 0.055 0.030 0.043 0.093 - - -
B325 10.09632 40.51310 3 1 young 10.6 17.070 1.376 0.519 90.27.231 0.053 0.045 0.019 0.020 0.031 - - -
B327-G053 10.10047  40.60620 3 1 young 8.2 16.531 0.641 0.113.100 0.192 0.021 0.020 0.015 0.017 0.026 - - -
VDBO0-B195D 10.12250 40.60414 3 1 young 10.6 14.878 0.601 59.0 0.117 0.124 0.029 0.014 0.012 0.013 0.016 - - -
BHO5 10.12714  40.75814 3 2 young 5.8 15.700 0.398 -0.127 050.0 0.065 0.012 0.015 0.013 0.015 0.022 6.4 14.125 0.059
B196D 10.14498 40.44369 3 2 young 5.2 18.527 0.026 -0.035 3040. 0.033 0.090 0.038 0.034 0.059 0.165 - - -
B448-D035 10.15211 40.67088 3 1 young 7.0 17.823 1.312 0.430.182 0.198 0.115 0.066 0.026 0.031 0.057 4.6 15.639 0.220
BHO9 10.15481 40.55596 3 2 young 2.8 20.032 - 0.584 0.235 40.1%.060 - 0.062 0.072 0.152 - - -
B006D-D036 10.15576  40.81265 3 1 young 5.2 18.437 1.286  40.130.206 0.112  0.069 0.091 0.034 0.046 0.100 4.0 15934 0.160
BH10 10.18705 40.88559 3 2 young 4.6 19.371 1.663 0.474 0.230.198 0.157 0.260 0.053 0.068 0.146 2.8 15578 0.082
PHF7-1 10.19342 40.86136 3 - old 3.4 18.688 1.182 0.263 0.140.107 0.181 0.084 0.032 0.043 0.094 34 15802 0.145
V202 10.19906 40.92631 3 2 young 3.4 19.116 1.181 0.099 - 730.0 0.118 0.049 - - 28 17.128 0.715
B452-G069 10.20138 40.58498 3 2 young 6.4 17.793 1.024 0.090.107 -0.002 0.033 0.045 0.024 0.032 0.068 - - -
PHF7-2 10.20155 40.86618 3 - young 6.4 17.967 0.696 0.131 400.1 0.237 0.058 0.044 0.026 0.035 0.068 2.8 15.252 O.Cda
N



B018-G071 10.20583  40.69220 3 1 young 6.4 17.849 1.540 0.638.394 0.195 0.059 0.065 0.022 0.023 0.036 4.6
B0O10D 10.21280 41.25136 3 2 young 40 19.110 1.687 0.492 50.210.130 0.114 0.193 0.036 0.044 0.114 238
B011D 10.21508 40.73504 3 2 young 46 17.872 0.951 0.662 70.710.718 0.076 0.042 0.021 0.020 0.023 4.6
B012D-D039 10.21776  40.97812 3 1 young 46 19.033 1.566 80.550.341 0.323 0.052 0.180 0.044 0.051 0.089 4.6
SKO018A 10.22351 41.27076 3 1 young 40 19.661 1.683 0.668 720.3 0.405 0.204 0.310 0.048 0.054 0.111 2.8
KHM31-77 10.22368 40.61405 3 - young 2.8 20.200 - 0.814 0.609.303  0.148 - 0.064 0.060 0.098 -
KHM31-81 10.23226  40.58955 3 - young 2.8 19.746  0.443 0.168.2290 0.442 0.157 0.088 0.059 0.080 0.139 -
KHM31-85 10.23597 40.57361 3 - young 40 18.880 - 0.130 0.168.331  0.036 - 0.043 0.059 0.180 -
KHM31-97 10.24505 40.57337 3 - young 3.4 19.216 1.082 0.105.090 0.234 0.057 0.107 0.048 0.071 0.146 -
B014D 10.25437 41.10911 3 2 young 2.8 19.046 1.496 0.552 90.35 - 0.044 0.123 0.036 0.044 - 2.8
B015D-D041 10.26137  41.11007 3 1 young 5.2 18.696 1.699 50.680.303 0.287 0.091 0.159 0.037 0.044 0.075 34
KHM31-113 10.26147 40.57895 3 - young 5.2 18455 1.119 0.0740.135 -0.098 0.081 0.074 0.035 0.060 0.157 2.8
BH12 10.26208 40.58287 3 2 young 3.4 18.220 0.980 -0.007 50.030.008 0.090 0.047 0.027 0.039 0.090 238
B453-D042 10.26379  41.01539 3 young 46 18250 0.904 70.520.262 0.478 0.110 0.058 0.045 0.090 0.170 2.8
LGS04105.6..-SK0678  10.27338  41.12849 3 2 young 2.8 19.174 1.722 0.918 0.476 50.20.042 0.164 0.035 0.035 0.059 238
B200D-D043 10.27856  40.57466 3 2 young 40 18586 0.884 60.000.082 0.286 0.032 0.063 0.037 0.056 0.108 2.8
B201D-D044 10.28451 40.54778 3 2 young 40 18913 1.533 50.470.362 0.069 0.074 0.131 0.032 0.035 0.070 2.8
V031 10.30100 41.09133 3 1 young 6.4 18.048 1572 0.444 0.358.532 0.086 0.097 0.030 0.037 0.052 4.0
G083-V225 10.30177 41.16369 3 2 young 40 18.854 - 0.409 60.290.036 0.233 - 0.044 0.057 0.127 2.8
G085-V015 10.30333  40.57144 3 2 young 8.2 17.405 0.970 0.1002.219 0.218 0.030 0.035 0.019 0.022 0.036 4.0
V014 10.30755 40.56607 3 2 young 6.4 17.485 0.976 0.156 0.103.003 0.051 0.035 0.019 0.022 0.042 4.0
B342-G094 10.35046  40.61310 3 1 young 6.4 17.878 0.927 0.048.033 -0.465 0.047 0.044 0.023 0.031 0.098 34
DAOA47 10.37284  40.75470 3 1 young 3.4 19.214 1301 0.295 80.190.193 0.080 0.124 0.046 0.063 0.124 2.8
LGS04131.1404612 10.37977  40.77027 3 - young 4.0 18.938 1.407 0.271 0.165 20.14€.112 0.123 0.043 0.060 0.124 -
G099-V022 10.40333 40.79010 3 2 back 6.4 17.535 1.465 0.477.3430 0.186 0.050 0.051 0.020 0.023 0.036 4.6
B040-G102 10.41198 40.68176 3 young 6.4 17.380 0.936 0.198.136 0.071 0.035 0.033 0.018 0.021 0.038 34
PHF8-1 10.41460 40.67594 3 - young 3.4 19.252  0.967 0.245 470.3 0.130 0.031 0.098 0.040 0.048 0.096 2.8
B206D-D048 10.41909 40.83523 3 1 young 46 18737 1.420 00.360.032 -0.148 0.089 0.109 0.037 0.054 0.139 -
B521-SK034A 10.42387 40.86712 3 2 young 40 19.272 1.629 110.6 0.439 0.019 0.101 0.196 0.049 0.057 0.112 2.8
B043-G106 10.42629 40.71111 3 1 young 6.4 16.980 0.925 0.158.092 0.107 0.030 0.026 0.017 0.021 0.036 2.8
B458-D049 10.43595 40.85628 3 1 young 7.0 17989 1.381 0.298.196 -0.082 0.086 0.067 0.028 0.037 0.079 238
B049-G112 10.43987 40.83194 3 1 young 5.8 17.708 1.493 0.37@.244  0.222 0.110 0.057 0.022 0.027 0.044 34
B032D 10.44150 41.21706 3 2 young - - - - - - - - - - - -




B0O35D
KHM31-345
KHM31-151
KHM31-152
B255
B066-G128
B040D
B069-G132
B081-G142
B091-G151
B349

B061D
B067D
B133-G191
B081D
B095D
B097D
B098D
B0O89D

B271
B192-G242
MO001

B195

MO003

B106D
B108D-SK150B
MO005
LGS04359.1413843
B210-M11
B111D-D065
B240D-D066
MO016
B216-G267

10.45999
10.47437
10.48560
10.48714
10.50003
10.51287
10.51789
10.52297
10.55664
10.59046
10.60053
10.63564
10.66247
10.71516
10.72996
10.80850
10.81976
10.82230
10.82250
10.84620
10.93547
10.93786
10.95231
10.97613
10.97687
10.98793
10.99167
10.99655
11.01159
11.02040
11.02866
11.03352
11.03659

41.33424
40.83594
40.76650
40.77571
40.80945
40.74642
41.30204
41.43594
40.81083
41.36817
40.62886
41.36164
41.61204
41.39167
41.05205
41.14579
41.10927
41.52483
41.52500
41.42395
41.62417
41.30334
41.04101
41.23659
41.25381
41.75911
41.35933
41.64549
41.24013
41.65158
41.67444
41.39839
41.63217
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young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young

4.0

3.4
3.4
5.8
7.0
2.8
5.8
5.8
4.0
4.0
2.8
4.0
5.2
4.0
2.8
4.6
5.2
2.8
3.4
4.6
2.8
5.2
4.0
4.0
5.8
3.4
5.8
6.4
5.2
5.2
3.4
8.2

18.677
19.891
19.705
18.187
17.438
19.103
18.305
17.205
17.915
18.497
19.291
19.386
17.491
18.177
19.362
18.770
18.746
19.277
19.046
18.245
19.254
18.745
18.603
18.320
18.565
19.759
18.125
17.725
17.972
17.827
19.579
17.190

1.375

0.828

1.585
0.726
1.774
1.247
1.540
1.357
1.337
1.199
1.203
0.509
1.084

1.335
1.195
1.639
1.149
1.104
1.414
0.694
1.205
1.615
1.265
1.148
1.208
0.873

0.411 00.360.324
2.010.252 0.612
0.339 (®.360.188
0.424 0.367.329
0.0:0.231  0.296
0.458 80.430.365
0.288.128 0.034
0.418.350  0.286
0.218.159 0.144
0.606 0.433309
-0.284 470.1 -0.014
0.552 40.370.196
0.208.264  0.262
0.420 10.180.142

0.111
0.208
0.090
0.094
0.022
0.264
0.056
0.030
0.127
0.052
0.085
0.044
0.091
0.046

0.415 0.470 290.4 0.117
0.746 0.413 880.2 0.120

0.149 40.090.548 0.096
- - -0.0350750
0.799 0.481241 0.085
0.068.147  -0.140 0.067
0.200 0.409.036  0.115
0.423 0.242351  0.047
0.384 0.373.313  0.100
0.347 20.280.216  0.073
3970. 0.331 0.133 0.074
0.233  90.070.356  0.198
-0.180 -0.004.2760 0.065
0.383.1920 0.133  0.046
00.05-0.047 0.051 0.061
-0.037 2510. -0.137 -0.123 0.068

1.157

0.205 0.067 70.3%.149

0.318.056  0.076

0.057

0.118

0.149

0.085
0.030
0.170
0.088
0.040
0.065
0.082
0.126
0.163
0.031
0.056

0.123
0.120
0.167
0.068
0.103
0.110
0.063
0.072
0.134
0.201
0.066
0.046
0.048
0.028

0.039

0.048

0.090
0.064
0.027
0.020
0.048
0.043
0.016
0.032
0.025
0.087
0.042
0.024
0.028
0.057
0.043
0.047

0.040
0.031
0.062
0.032
0.046
0.039
0.034
0.089
0.034
0.020
0.027
0.028
0.079
0.019

0.061

0.135
0.082
0.032
0.029
0.059
0.063
0.017
0.045
0.026
0.147
0.049
0.031
0.037
0.071
0.050
0.074

0.044
0.043
0.085
0.039
0.061
0.053
0.042
0.162
0.054
0.023
0.041
0.048
0.130
0.025

0.093

0.208
0.159
0.050
0.051
0.085
0.123
0.024
0.078
0.040
0.312
0.114
0.048
0.066
0.097
0.074
0.116
0.147
0.069
0.109
0.159
0.064
0.089
0.084
0.082
0.482
0.165
0.039
0.093
0.129
0.218
0.048

2.8

2.8

2.8
2.8

4.0

16.960
16.874
14.938

16.521

14.024

15.018

15.148
16.842

15.417

16.540

15.7871960.

16.268
15.699

0.292
0.268
0.074

0.180

0.030

0.089

0.471

0.506

0.068

40.24

0.588
0.201
0.451

0.21

8
0.15@3
©




M020

M023

M025
B112D-M27
B278-M30
M031
B222-G277
B223-G278
M039

M040

M042

M043
DAOG69
M045
B118D-M049
MO050
B367-G292
B368-G293
KHM31-234
KHM31-246
B475-vV128
B256D
B257D-D073
M057

M059
KHM31-264
M062
B477-D075
V133

M068

MO069
WH28
M072-SK167C

11.05811
11.07884
11.08197
11.08825
11.09718
11.10113
11.10563
11.11271
11.13061
11.13128
11.14153
11.14310
11.14500
11.15156
11.16540
11.16948
11.19654
11.19917
11.20572
11.22806
11.23356
11.24469
11.24791
11.26150
11.26696
11.27445
11.28185
11.28471
11.29383
11.29581
11.29696
11.30597
11.30754

41.37188
41.35267
41.40248
41.31949
41.58440
41.56615
41.23665
41.57699
41.50129
41.46537
41.35081
41.38657
41.89090
41.59253
41.40774
41.50181
42.09218
41.85252
41.32654
41.48093
41.90021
41.91020
41.91301
41.78396
41.77242
41.59535
41.75857
41.66053
42.00334
41.64897
41.82214
41.62666
41.70733
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young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
young
interm
young
young
young
young
young
young
young
young
young
young
young
young
young

4.0
5.2
4.0
3.4
2.8
4.0
8.2
5.2
3.4
5.8
5.8
3.4
6.4
4.6
4.6
6.4
5.2
4.0
3.4
2.8
8.8
4.6
5.8
3.4
3.4
4.0
2.8
4.6
5.2
4.0
4.6
4.6
4.0

18.588
18.550
18.919
18.900
19.121
19.092
17.741
17.714
19.015
19.564
18.855
19.957
17.325
19.216
18.468
18.610
18.203
18.003
20.564
20.125
17.408
17.234
18.049
20.319
19.087
20.254
20.187
18.202
18.187
19.175
19.647
17.531
18.570

0.276
1.515
1.285
1.390
1.370
1.064
1.532
1.103
1.329

1.104

0.766

1.119

1.569
1.069
0.598

1.089

1.482
0.845
1.316

1.625
1.863
0.899
1.319
-0.054
0.429
1.659
0.989
1.301

-0.134 30.090.016  0.029
0.177 0.038.255  0.045
0.026 0.110.116 0.064
0.490.415 0.331 0.049
0.233.2300 0.209 0.049
0.361 0.380.201  0.059
0.496.354  0.224  0.028
0.070.006 0.153  0.027
0.181 0.118.099 0.041
0.539 0.832  70.320.090
0.199 50.00.134  0.082
0.378 0.309 50.53.150
-0.000 54€0. 0.202 0.031
0.831 0.539 90.13.043
60.340.286 0.186  0.137
0.325 0.286.114 0.131
0.310.169 0.253  0.027
70.140.074 -0.048 0.140
0.182 4£€.330.605 0.081
®.25 0.156 0.002 0.091
0.300.281 0.263  0.050
0.439 00.400.326  0.022
10.090.155 -0.155 0.052
0.928 0.687 80.1%.108
0.514 0.336.130  0.075
0.748.356 0.358  0.207
0.437 0.542.144 0.171
0.118.049 - 0.045
0.084 130.4-0.186 0.028
-0.365 80.270.047  0.090
0.391 0.516.343  0.265
0.321 0.170.035  0.036
160.1 0.093 0.067  0.068

0.047
0.113
0.117
0.108
0.105
0.109
0.062
0.043
0.110

0.098

0.031

0.073
0.135

0.060

0.040

0.192
0.059
0.030

0.069

0.144
0.571
0.170
0.067
0.032
0.073
0.299
0.035
0.085

0.052
0.045
0.060
0.030
0.043
0.052
0.020
0.026
0.047
0.080
0.038
0.091
0.020
0.044
0.035
0.045
0.023
0.028
0.112
0.090
0.021
0.017
0.027
0.081
0.039
0.098
0.076
0.031
0.027
0.079
0.074
0.020
0.037

0.086
0.073
0.097
0.033
0.060
0.066
0.022
0.038
0.072
0.082
0.057
0.118
0.035
0.045
0.046
0.060
0.028
0.043
0.150
0.138
0.024
0.018
0.036
0.073
0.046
0.114
0.088
0.048
0.047
0.122
0.087
0.025
0.054

0.178
0.186
0.224
0.051
0.105
0.113
0.034
0.068
0.164
0.110
0.123
0.182
0.077
0.077
0.078
0.131
0.061
0.114
0.228
0.302
0.041
0.025
0.093
0.123
0.086
0.190
0.160

0.165
0.262
0.139
0.044
0.115

3.4
2.8

3.4
4.0
3.4
3.4
2.8
2.8
4.0

2.8
2.8
4.0
2.8
4.0
2.8
2.8
2.8
2.8
3.4
4.0
2.8
2.8
2.8
2.8
2.8
2.8

3.4

4.0

2.8
2.8

16.231
17.184

15.431
16.337
15.692
14.613
15.679
17.783
15.804

15.750
15.719
15.934
15.494
16.661
16.260
16.705
16.283
16.300
15.952
13.646
16.782
16.835
16.384
16.337
16.300
17.152

16.864

15.935

15.820
17.424




MO073 11.31303 41.79223 3 2 young 2.8 20.092 0.975 0.362 0.270.529 0.199 0.167 0.074 0.098 0.151 2.8 16.785
MO076-SK170C 11.31711 41.72280 3 2 young 2.8 20.176  1.253 480.2 - - 0.303 0.224  0.084 - - - -
MO078 11.32401 41.69791 3 2 young 28 20.321 1.185 0.077 0.464.213 0.142 0.239 0.104 0.137 0.249 2.8 16.951
MO079 11.32418 41.68276 3 2 young 46 19.453 1.144 0.258 40.160.256 0.125 0.163 0.068 0.121 0.375 - -
M080 11.33168 41.80842 3 2 young 46 18942 0.779 0.092 0.17@.373 0.235 0.081 0.050 0.073 0.126 2.8 16.085
M081 11.34281 41.79913 3 2 young 2.8  20.628 - 0.622 0.173 - 0003 - 0.099 0.131 - 2.8 16.814
M082 11.35931 41.76446 3 2 young 40 19.436  1.007 0.241 90.020.412 0.066 0.135 0.064 0.104 0.187 2.8 16.345
B371-G303 11.36314 41.72908 3 1 young 9.4 17.790 1.335 0.316.094 -0.009 0.047 0.064 0.026 0.035 0.074 2.8 16.891
M085 11.36672 41.70101 3 2 young 2.8 19.715  1.530 0.444 0.245.083 0.041 0.190 0.053 0.069 0.143 2.8 17.098
M086 11.36870 41.82488 3 2 young 8.2 18.289 1411 0.386 0.018181 0.036 0.093 0.033 0.047 0.092 2.8 16.651
M087 11.38363 41.82557 3 2 young 5.8 18577 1.655 0.692 0.440.473 0.099 0.118 0.030 0.033 0.045 4.0 14.947
M088 11.38546  41.72522 3 2 young 5.8 18.895 1.509 0.735 0.502.326  0.102 0.148 0.039 0.041 0.063 3.4 14.985
M091 11.38792 41.70533 3 2 young 3.4 19375 1.655 0.517 0.379.222 0.090 0.188 0.047 0.055 0.098 2.8 15.699
M092 11.39824  41.75502 3 2 young 4.0 19.545 - 0.608 0.385 00.19.048 - 0.058 0.067 0.123 3.4 15.801
M093 11.40607 41.66979 3 2 young 3.4 20.057 - 0.688 0.115 520.40.177 - 0.072 0.095 0.320 - -
B374-G306 11.43550 41.69863 3 1 young 5.2 18.399 1.239 0.390.122 -0.058 0.046 0.074 0.030 0.040 0.089 2.8 16.240
B480-V127 11.43981 41.76458 3 1 young 52 18.169 1.285 0.16R.119 0.043 0.057 0.065 0.029 0.041 0.083 2.8 15.500
M101 11.44282 41.80580 3 2 young 3.4 19.622 1.618 0.537 0.410.316 0.143 0.221 0.051 0.057 0.100 3.4 15.845
B376-G309 11.45161 41.71108 3 1 young 5.2 18.144 1.010 0.26@.130 0.050 0.062 0.053 0.028 0.037 0.074 2.8 16.236
M104 11.45339 41.80560 3 2 young 46 18.786  1.342 0.301 0.030.158 0.059 0.104 0.036 0.052 0.140 - -
M105 11.45705 41.65729 3 2 interm 40 19.398  1.549 0.630 70.430.069 0.122 0.199 0.042 0.044 0.090 3.4 16.947
DAO84 11.46803 41.71360 3 1 young 40 19.329 0.909 0.363 60.230.707 0.096 0.115 0.055 0.074 0.293 - -
B484-G310 11.47457 41.79362 3 1 young 4.0 18.503 1512 0.370.235 -0.129 0.080 0.093 0.029 0.036 0.084 2.8 16.277
B483-D085 11.47472  42.03834 3 1 young 5.8 18.436  1.379 0.200.294  0.295 0.071 0.097 0.030 0.037 0.073 2.8 16.412
B380-G313 11.52583 42.01472 3 7 young 8.2 17.040 1.398 0.216.115 0.090 0.031 0.036 0.017 0.020 0.035 3.4 15.407
B392-G329 11.75383 4191236 3 6 young 9.4 17.073 1.415 0.460.208 0.169 0.017 0.038 0.016 0.017 0.026 5.8 14.868

1Cluster name, taken from the Revised Bologna CatalogudeiGei al., 2004)

2position of object in SDS&-band image [J2000, degrees]

3Classification of source as described in chapter 2. Optionfidg, : 1-old globular cluster; 2-candidate cluster (Zirdidate old cluster, 23-candidate young cluster); 3agaluster; 4-galaxy; 5-Hll
region; 6-stellar source. Flagggc and tog indicate the previous classifications of the source fromRBE v3.5 of Galletiet al. (2004) and from the catalogue of Caldwetlal. (2009), respectively.

4Aperture size used to measure the total magnitude of théecl[acsec]

SError on the total magnitude, includes the statisticalipcation and systematic errors

vt



Catalogue of candidate clusters in M31
(table 2.1: candidate clusters)

This table lists all potential (but unconfirmed) clusterdMB81. Our classification
criteria are discussed in chapter 2. We also include theique\classifications of
these sources from the catalogues of Gadletil. (2004) and Caldwekt al. (2009).
Where available, we include optical and near infrared pimativy of these clusters
in theu,g,r,i,zand K-bands. Details of this catalogue are discussed intehap
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GC Namé RA? DEC? Classificatiod Photometry

f frec fcog Rg 9 (u-g) (g-r (=i (-2 Ggs.tot Ou-g Y9g-r OG-y Yi-g Re Ks R tot
SK002C 8.31599 40.00704 2 2 unknown 5.2 19.389 - 1.310 0.467.3940 0.128 - 0.033 0.026 0.041 - - -
SK001B 8.34617 40.07819 2 2 unknown 5.2 18.650 1.617 0.827 3860. 0.296 0.061 0.110 0.024 0.023 0.038 - - -
SK002B 8.38421 39.85920 2 2 unknown 5.2 18.138 0.975 0.360 2530. -0.039 0.082 0.049 0.021 0.023  0.048 - - -
SK004C 8.39568 40.13807 2 2 unknown 4.6 20.008 - 1.277 0.590.4650 0.165 - 0.048 0.036 0.056 - - -
SK003B 8.40440 39.68317 2 2 unknown 8.8 17.147 1.278 0.702 3430. 0.295 0.033 0.037 0.015 0.015 0.023 - - -
SK005C 8.40866 39.59334 2 2 unknown 5.8 19.509 - 1.240 0.534.3130 0.122 - 0.037 0.029 0.062 - - -
SKO006C 8.44221 39.81025 2 2 unknown 5.8 19.281 1.883 0.9404100. 0.350 0.118 0.259 0.034 0.031 0.053 - - -
SKO007C 8.47779 39.57689 2 2 unknown 5.2 19.468 - 1.508 0.591.3440 0.133 - 0.035 0.024 0.045 - - -
B133D 8.54579  39.84726 2 2 star 7.6 18.361 1.230 0.880 0.3932800 0.053 0.085 0.022 0.021 0.041 - - -
SKO009C 8.55076 40.10846 2 2 unknown 5.8 18.884 2.090 1.256 5080. 0.316 0.065 0.214 0.026 0.021 0.031 - - -
SK010C 8.61195 39.90169 2 2 unknown 4.0 19.459 - 0.978 0.408.3540 0.034 - 0.034 0.031 0.068 - - -
SK004B 8.64255 40.04724 2 2 unknown 4.6 19.986 - 1.124 0.452.3180 0.048 - 0.050 0.040 0.074 - - -
SK011C 8.71320 39.92606 2 2 unknown 4.6 19.863 - 1.207 0.500.5330 0.077 - 0.044 0.035 0.066 - - -
SK012C 8.78661 40.12594 2 2 unknown 3.4 19.926 1.502 0.868 3890. 0.314 0.058 0.245 0.043 0.040 0.075 3.4 15.979 0.068
SK013C 8.78840 40.09463 2 2 unknown 5.2 19.720 - 1.084 0.461.3030 0.131 - 0.043 0.037  0.085 - - -
B413 8.80411 41.48547 2 2 unknown 7.0 18.648 1.903 1.049 80.500.369 0.095 0.180 0.025 0.021  0.033 - - -
BA22 8.80672 39.76033 2 2 unknown 5.8 18.812 1.147 0.752  30.410.322 0.074 0.104 0.026 0.026  0.052 - - -
SK014C 8.81215 39.69452 2 2 unknown 4.6 19.501 1.647 1.208 4800. 0.420 0.083 0.272 0.035 0.028 0.054 - - -
SK015C 8.83561 39.58459 2 2 unknown 6.4 19.160 - 1.238 0.474.4290 0.154 - 0.031 0.025 0.046 - - -
SK005B 8.83833 41.92572 2 2 unknown - - - - - - - - - - - - - -
SK016C 8.84167 41.82983 2 2 unknown - - - - - - - - - - - - - -
SK017C 8.86887 39.54045 2 2 unknown 2.8 20.217 - 1.196 0.475.2280 0.071 - 0.043 0.034 0.078 - - -
SK018C 8.87217 41.70925 2 2 unknown - - - - - - - - - - - - - -
B134D 8.87612 40.74031 2 2 unknown 6.4 18.381 1.138 0.735 140.4 0.217 0.048 0.067 0.022 0.022 0.037 4.6 14560 0.082
SKO006B 8.89266 41.19814 2 2 unknown 4.0 19.524 1.869 0.846 5030. 0.150 0.125 0.323 0.037 0.034 0.066 - - -
SKO007B 8.93874 39.65600 2 2 unknown 4.6 19.747 - 1.057 0.479.1130 0.128 - 0.042 0.035 0.092 - - -
SK020C 8.95725 41.83400 2 2 unknown - - - - - - - - - - - - - -
SK021C 8.96204 39.60028 2 2 unknown 4.6 19.417 1.607 1.052 4310. 0.374 0.068 0.243 0.034 0.029 0.060 - - -
SK022C 8.96564 40.90338 2 2 unknown 5.2 19.357 1.423 1.322 4870. 0.347 0.047 0.167 0.032 0.025 0.040 5.2 14.343  0.102
SK023C 8.97125 41.85658 2 2 unknown - - - - - - - - - - - - - - '_E
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SK024C
SK025C
SK008B
SK009B
SK010B
SK011B
SK012B
SK026C
SK028C
SK029C
B139D

SK030C
SKO031C
SK013B
SK032C
B142D

SKO002A
B144D

SKO033C
SK034C
SK035C
SK036C
SK037C
B150D

SK039C
SK040C
SK041C
SK042C
SK043C
SK045C
SK046C
SK017B
SK018B

8.97429
8.97592
8.99246
9.00095
9.00721
9.00846
9.02122
9.02335
9.07066
9.09281
9.10324
9.11409
9.13096
9.13220
9.13911
9.14113
9.14580
9.15270
9.15787
9.18104
9.19442
9.19671
9.20509
9.24949
9.25410
9.26421
9.27127
9.27616
9.28791
9.30386
9.37058
9.37687
9.37844

41.72850
41.78161
39.62658
40.93885
39.81411
41.24552
40.92229
39.96814
41.42682
39.86804
39.75210
41.58738
42.10683
41.19494
41.50093
41.15224
41.01902
41.61775
42.24617
39.58239
41.44004
40.06954
39.66226
41.42505
39.55779
41.55619
40.01866
41.74697
39.81965
41.44353
41.91742
40.61236
40.30691

NNV NNNDNODMNOMNNNNNNDONOMNNNMNRNODRNODNNDNNMNDNPODNODMNOMNMNNPODNODMNOMNNDNNDNDDNDNDDN

N NVMN NN NOMNOMNMNNNPRONNMNNMNNONNOMNNMNENPODNOMDOMNOMNRDODNOMNOMNNNDNDDNDNDDN

unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown

5.2
3.4
5.2
5.2
7.0
4.0
3.4
5.8
2.8
2.8

4.0
2.8
4.6
2.8
3.4

6.4
2.8
3.4
4.6
4.6
2.8
2.8
4.0
4.6
2.8
2.8
2.8
6.4
4.0

18.780
20.266
19.092
19.724
18.724
19.867
19.822
19.631
18.862
22.240

19.491
20.747
19.152
19.553
18.442

18.810
20.554
20.205
19.282
17.777
20.652
20.498
19.747
18.708
19.987
19.504
20.706
18.816
19.553

0.988 4440. 0.433
1.274 0.522.3510
0.958 4790. 0.235
0.629 3980. 0.031
1.300 5240. 0.385
1.044 0.569.2200
0.942 4750. 0.229
1.295 0.528.5030
0.607 470.2 0.162
1.632 0.808.5400
1.105 5050. 0.368
1.355 0.412.4200
0.794 020.3 0.338
0.548 1960. 0.092

0.953 0.425 2870.

1.1154790. 0.403
1.169 0.508.3080
1.283 0.581.4110
1.331 0.542.3850
0.518 490.2 0.169
1.384 0.862.5000
1.034 0.462.1640
1.107 0.567.3070
0.911 4500. 0.338
0.913 0.304.3820
0.524 4350. 0.161
1.360 0.816.5050
1.117 0.463.2850
0.825 0.500.2220

0.070
0.087
0.102
0.079
0.060
0.068
0.088
0.163
0.042
0.504

0.037
0.133

0.092
0.075
0.039

0.094
0.065
0.160
0.060

0.037
0.300
0.072
0.148

0.109
0.067

0.056
0.061
0.059
0.081

0.025
0.050
0.030
0.049
0.025
0.045
0.040
0.042
0.023
0.194

0.035
0.061

0.031

0.033
0.020

0.026
0.055
0.049
0.030

0.018
0.056
0.054
0.041

0.024
0.039

0.032
0.058
0.026
0.042

0.022
0.038
0.026
0.050
0.020
0.037
0.035
0.031
0.024
0.094

0.028
0.043

0.031

0.038
0.018

0.022
0.042
0.035
0.023

0.018
0.036
0.044
0.033

0.022
0.038

0.033
0.037
0.023
0.039

0.039
0.065
0.056
0.120
0.029
0.085
0.065
0.058
0.055
0.144
0.046
0.076
0.055
0.086
0.027
0.036
0.076
0.069
0.037
0.030
0.052
0.093
0.070
0.036
0.074
0.065
0.054
0.044
0.085

3.4

5.8
3.4

15.346

14.369
15.419

0.19

0.077

0.05
0.08

4
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SK019B
SK020B
SK048C
SK049C
SK050C
SK051C
SK021B
SK022B
B423
SK052C
SK023B
SKO053C
SK054C
SKO055C
SKO056C
SK057C
SK058C
SK060C
DAO23
SHO5
SK061C
SK062C
SK063C
SK064C
SK028B
SK066C
SHO6
SK067C
SK029B
SKO030B
SK069C
SHO7
SK032B

9.38949
9.39873
9.40504
9.40540
9.42196
9.42418
9.47169
9.47630
9.48630
9.49212
9.50189
9.50333
9.52545
9.55368
9.59388
9.68138
9.70177
9.72457
9.72640
9.73000
9.74662
9.75514
9.78073
9.79051
9.80708
9.81334
9.83042
9.83263
9.84934
9.86286
9.86844
9.90587
9.93742

40.09152
40.58752
40.09456
41.90131
40.07878
40.08856
41.51939
40.29102
40.95987
41.39358
41.57107
42.04930
40.40861
41.87998
40.84925
41.97742
40.05055
40.64424
40.44623
41.17444
41.73293
42.06519
40.67038
41.58769
41.96444
42.38080
41.17472
40.63327
42.02704
42.11561
42.04898
42.16564
42.11805

N NN NPNDNRNONNRONNONMNNONNNMNRNNMNRNOOMNNNDONOMNNMNNOMNNONNONNNNDNRONNDNNDMNONNNDNN

N NN NPNDMNRNONNRNONNONMNNONNMNNNMNRNOMNNPEP ONMNMNNMNRNOMNNOMNNNDMNRNODENMNNDMNNODNNNDNODN

unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
star
noobject
unknown
unknown
unknown
unknown
unknown
unknown
noobject
unknown
unknown
unknown
unknown
unknown
unknown

5.2
4.0
5.8
2.8
2.8
2.8
2.8
4.0
6.4
2.8
2.8
4.0
2.8
2.8
3.4
2.8
4.0
2.8
5.2

2.8
4.6
3.4
4.0
3.4
2.8

4.0
2.8
2.8
4.0
10.6
4.0

19.466
19.940
18.526
21.035
19.982
19.911
19.939
19.571
18.164
20.050
19.463
19.915
18.618
21.079
19.489
21.039
19.701
20.064
19.940

19.996
19.925
19.057
19.511
19.286
19.224

19.039
19.619
19.722
19.923
16.734
17.731

1.113 0.441.2960
1.369 0.507.3210
1.127 4890. 0.405
1.786 0.560.3510
1.205 0.548.4690
1.1954240. 0.444
0.525 2030. 0.301
1.468 0.529.3170
0.581 50.300.216
0.492 1220. 0.232
0.525 2180. 0.188
1.306 0.498.4140
0.866 3450. 0.138
1.068 0.567.2350
0.952 4680. 0.397
1.544 0.440.4190
1.010 0.439.3020
0.706 0.304

1.370 0.471

0.841 2450. 0.291
1.252 0.502.3700
0.106 2720. 0.280
1.016 0.432.4330
0.537 4320. 0.249
0.738 3120. 0.186
1.2116610. 0.407
0.539 1790. 0.077
0.410 1390. 0.179
1.355 0.522.2720
0.454 510.3 0.221
0.618 2280. 0.157

0.068
0.099
0.079
0.270
0.070
0.050
0.095
0.073
0.074
0.062
0.052
0.139
0.031
0.283
0.055
0.202
0.062
0.079
0.080
0.083
0.055
0.098
0.071
0.084
0.089
0.050
0.059
0.051
0.097
0.043
0.024

0.037
0.046
0.023
0.071
0.039
0.037
0.042
0.038
0.021
0.046
0.032
0.044
0.021
0.082
0.034
0.074
0.043
0.052
0.060

0.040
0.047
0.039
0.036
0.032
0.026

0.030
0.035
0.038
0.044
0.015
0.017

0.032
0.033
0.020
0.038
0.030
0.030
0.048
0.027
0.022
0.057
0.035
0.033
0.021
0.063
0.031
0.046
0.038
0.058
0.028

0.039
0.035
0.050
0.032
0.032
0.027

0.024
0.039
0.046
0.031
0.016
0.017

0.066
0.071
0.032
0.068
0.053
0.057
0.099
0.049
0.036
0.129
0.073
0.056
0.038
0.127
0.060
0.081
0.073

0.079
0.059
0.108
0.052
0.060
0.052

0.037
0.092
0.106
0.055
0.022
0.028

4.6
4.0
5.2

2.8
2.8

5.8
4.6

2.8

3.4

4.0

3.4

15.103
14.933
14.010

15.229
15.396

14.376
15.570

15.558

15.370

15.524

15.750

0.07
0.07
0.0

0.071

0.1

0.072

0.1

0.0

0.0

0.130

0.05

(=3

52

R4

32

44

59

87
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B0OO1D
SKO071C
B186D
SKO073C
SK039B
SK074C
SKO075C
SK040B
BHO2
SK042B
SK043B
SKO077C
SKO078C
SKO079C
SK044B
SK080C
BHO3
SKO15A
SK082C
BHO04
SK047B
BHO6
SHO08
SKO16A
SKO050B
SK086C
SK087C
B450
SK088C
BO09D
BH11
SK054B
B198D

9.97750

9.99059
10.00940
10.01791
10.02098
10.02201
10.02871
10.03156
10.04287
10.05852
10.06402
10.06427
10.06469
10.06914
10.07848
10.08387
10.09429
10.10896
10.11261
10.11333
10.12079
10.12768
10.13083
10.13229
10.14680
10.18106
10.19316
10.19451
10.20030
10.20826
10.21183
10.21407
10.21441

41.38692
41.01604
39.38665
40.23652
41.78833
41.44339
41.71941
41.96991
40.60728
41.69327
40.61511
41.90658
40.77312
41.56805
40.52091
41.91871
41.67900
40.75886
41.55522
41.70664
41.70489
40.74829
40.44083
40.76887
41.79242
41.59300
41.68387
41.67395
40.67775
41.02777
40.67730
41.71309
40.55774

NPONNPOPNMNNONNODMPRNODNNNNNPONDONMNMOUNMNPODNOMNNMNNMNRNOMNDD DD N DO

NN PP PDMDNOMNMNEPEPNMNNON OERERNOONMNNOMNMNNDMNDNNMNNNDODO YN DN

unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
star
unknown
unknown
unknown
unknown
unknown
na
star
unknown
old
star
na
noobject
star
unknown
unknown
unknown
noobject
unknown
unknown
interm
unknown
unknown

4.0
9.4
4.0
2.8
2.8
3.4
4.0
4.0
3.4
4.0
2.8
2.8
2.8
4.0
2.8

2.8

3.4
4.6

2.8
2.8
3.4
4.0
4.0
4.0
2.8
2.8
3.4
7.0

19.367
17.945
19.740
19.359
19.878
19.739
19.937
18.510
20.299
18.300
19.855
19.837
19.451
19.323
20.159

19.830

19.756
17.070

20.541
19.728
19.513
21.539
20.233
19.165
20.475
21.099
18.231

1.758
1.563

0.998
1.232
1.478
0.977
0.844
1.014
0.903

1.027
1.082

1.074 4980. 0.395
0.696 3440. 0.201
1.405 0.588.356
0.555.2620 0.125
0.412.0890 0.092
0.551.0380 -
0.301.2430 -0.031
0.234 380.2 0.287
0.753 - -
0.107 0.1403630.
0.776 0.188.129
0.559.3720 0.017
0.436.0530 0.144
1.186 0.640.463
1.447 0.978.545
-0.001
0.513.2950 0.145

-0.218  0.1403060.
- 0.775  0.389
1.157 0.346.231
0.696.3130 -0.118
0.901.2690 0.128
0.084 0.769.9530
0.667 0.708.305
0.490 2600. 0.120
0.797 0.630 530.3
1.713 0.570@.346

0.497 3740. 0.264

0.067 0.254
0.052 0.084
0.085 -
0.040 0.086
0.070 0.158
0.058 0.201
0.081 0.178
0.026 0.060
0700. 0.222
0.084 0.054
0.067 -
0.060 0.157
0.058 0.102
0.084 -
0.090 -
198.010 -
0.062 0.139
0.075
0.027 0.022
0.111 -
0.079 0.114
0.110 0.200
0.315 -
0.230 -
0.052 0.135
0.113 -
0.211 -
0.095 0.087

0.023

0.056
0.034
0.045
0.072
0.131
0.217
0.072
0.070
0.091
0.138
0.096
0.043
0.032
19D.
0.101

0.040

4.060.097

0.051
0.051
0.039

0.341

0.089
0.045

0.074

0.052
0.032

0.099
0.113
0.076

0.332

0.144
0.091

0.118

0.083
0.053

2.8 14.788 0.052
5.2 14.863 0.046
46 14518 0.045
2.8 16.788 0.567
2.8 16.393 0.265
28 17.262 0.437
.8 216.300 0.093
4.0 14579 0.204
2.8 15905 0.245
2.8 16.473 0.082
3.4 16.405 0.213
3.4 16524 0.114
3.4 16.440 0.259
2.8 16.542 0.097
28 16.760 1.1p2
2.8 16.622 0.127
3.4 15589 0.154
R R =
"
(&)}



B246 10.21782 40.89900 2 2 old 6.4  18.626 - 0.793 0.537 0.097 .0580 - 0.033 0.033 0.062 3.4 15.486
SK090C 10.22113  40.01217 2 2 unknown 3.4  20.096 - 1.141 0.398.569 0.140 - 0.046 0.039 0.063 3.4  15.252
SK059B 10.23836  40.74192 2 2 unknown 2.8  20.490 - 0.489 0.21@.379 0.320 - 0.091 0.119 0.218 2.8 16.818
SK091C 10.23878  40.36533 2 2 unknown 6.4 18595 1.181 0.962.5030 0.345 0.093 0.096 0.027 0.024 0.036 6.4  14.400
SK062B 10.24362 41.13105 2 2 unknown 2.8 21.001 - 1.521 0.490.398 0.445 - 0.118 0.086 0.136 2.8 16.663
SK063B 10.25506 41.74149 2 2 unknown 4.6 18.144 0.444 0.090.0110 0.005 0.039 0.035 0.023 0.031 0.067 - -
SK092C 10.26062  40.80425 2 2 unknown 5.2 19.421 - 1.272 0.624.579 0.098 - 0.048 0.037 0.048 5.2 14.359
SK066B 10.27334  42.21541 2 2 unknown 52 19.165 2.085 0.820.4030 0.167 0.083 0.249 0.031 0.031 0.060 3.4 15.482
SK068B 10.27668 41.16035 2 2 unknown 2.8 18991  0.869 0.02®.084 -0.101 0.170 0.074 0.045 0.079 0.207 - -
BO16D 10.28031 40.83698 2 2 maybestar 4.6  18.481 0.206 60.020.241 -0.038 0.037 0.041 0.038 0.070 0.182 - -
SK095C 10.28263 41.85912 2 2 unknown 2.8 20.346  0.868 0.713.4180 0.190 0.085 0.173 0.054 0.054 0.107 2.8 16.780
SKO070B 10.28720 41.16546 2 2 unknown 52 18.182 1.817 1.012.5460 0.306 0.084 0.113 0.025 0.024 0.034 4.6 14.084
SKO071B 10.29552  40.38510 2 2 unknown 46  19.040 1.104 0.839.4140 0.204 0.183 0.109 0.031 0.030 0.053 4.6 15.097
SKO072B 10.30064 41.60291 2 2 unknown 3.4  18.969 1.143 0.394.1050 -0.025 0.091 0.085 0.032 0.040 0.086 - -
B249 10.30254  41.02000 2 2 old 5.8 18.436 1.945 1.017 0.5724510. 0.035 0.168 0.029 0.026 0.036 5.2 15.025
SK074B 10.30288 41.66051 2 2 unknown 3.4 19.210 0.924 0.263.0060 0.236 0.088 0.087 0.035 0.049 0.099 - -
B019D 10.31727 41.08545 2 2 interm 3.4 19.384 1.760 0.772 060.5 0.515 0.043 0.242 0.048 0.051 0.073 3.4 15.049
SK097C 10.35195 42.33738 2 2 unknown 52 18.620 1.580 0.970.4440 0.328 0.066 0.124  0.023 0.021 0.032 - -
SK078B 10.35585 40.51484 2 2 unknown 28  20.739 - 1.438 0.620.362 0.222 - 0.066 0.044 0.068 3.4 15.543
SK080B 10.36252 40.69361 2 2 unknown 3.4 18.831 1.224 0.291.2370 0.207 0.195 0.085 0.035 0.044 0.084 34 16.302
B022D 10.37504 41.28870 2 1 maybestar 2.8  18.539 1.505 0.3434.143 0.082 0.029 0.086 0.033 0.047 0.089 2.8 16.413
B024D 10.39157 41.02353 2 2 unknown 2.8  20.140 - 0.923 0.408.5220  0.199 - 0.069 0.073 0.109 2.8 16.230
SK085B 10.41936  40.97182 2 2 unknown 4.0 19.433 - 1.226 0.360.108 0.203 - 0.046 0.042 0.078 3.4 14.838
SK100C 10.42083 41.06825 2 2 unknown 2.8 19567 2224 1.318.5670 0.412 0.057 0.353 0.041 0.034 0.048 2.8 14.481
BH13 10.44048 41.55697 2 2 unknown 2.8 22169 - 2.100 0.659 0670. 0.516 - 0.206 0.084 0.206 2.8 15.943
B522-sk038A  10.46228  40.88002 2 2 old 5.8 18.688 1.443 0.684 0.496 0.391.0420 0.118 0.036 0.039 0.057 58 14.717
B460 10.47824  39.59029 2 2 star 6.4 18.500 1.317 0.607 0.3582320 0.048 0.078 0.026 0.025 0.045 4.0 15.094
SKO090B 10.48736  40.49512 2 2 unknown 3.4  20.223 - 1.128 0.498.396 0.106 - 0.056 0.046 0.073 34  15.567
BO37D 10.49623 41.36611 2 2 maybestar 2.8  19.426 1.071 0.300.059  -0.060 0.079 0.127 0.066 0.106 0.234 - -
B038D 10.50177  41.20395 2 2 unknown 3.4 19.303 1.546 0.779 4890. 0.397 0.041 0.196  0.053 0.059 0.085 - -
SK104C 10.51279  40.06371 2 2 unknown 40 19493  1.279 0.867.4680 0.461 0.129 0.183 0.036 0.033 0.053 2.8 15.470
B258 10.53256  41.15737 2 2 unknown 40 18.532 1.512 0.560 720.0 0.151 0.116 0.115 0.038 0.054 0.103 - -
B048D 10.55233 40.81051 2 2 maybestar 2.8  18.337  0.116 90.010.029 -0.082 0.038 0.029 0.024 0.034 0.079 - -




SK096B 10.56891 41.41298 2 2 unknown 2.8 20.069 - 1.304 0.520.228 0.328 - 0.073 0.062  0.095 - - -
SK097B 10.56983 41.40458 2 2 - - - - - - - - - - - - - - -
SK102B 10.59450 40.37323 2 2 unknown 4.0 19.281 1.297 1.048.4230 0.288 0.060 0.154 0.032 0.028 0.049 3.4 14.920 0.043
SK108C 10.59749  40.64348 2 2 unknown 3.4 21.160 - 1.922 0.658.449 0.388 - 0.107 0.050 0.072 3.4 15.209 0.122
SK104B 10.60392 40.60808 2 2 unknown - - - - - - - - - - - - - -
NB31 10.60458 41.29858 2 2 maybestar - - - - - - - - - - - - - -
NB66 10.60698 41.32983 2 2 maybestar 4.0 18.745 0.758 -0.240.247 0.043 0.104 0.079 0.074 0.162 0.357 - - -
NB60 10.61117  41.30297 2 2 noobject - - - - - - - - - - - - - -
NB108 10.62200 41.25433 2 2 unknown - - - - - - - - - - - - - -
NB107 10.62614  41.25550 2 2 maybestar 3.4 18564  1.118 0.306 - - 0.067 0.078  0.041 - - - - -
NB77 10.62883 41.26061 2 2 maybestar - - - - - - - - - - - - - -
NB63 10.63016  41.33662 2 2 maybestar 5.8 17.297 1.424 0.3221800 0.054 0.038 0.048 0.023 0.030 0.052 - - -
NB24 10.63254 41.26253 2 2 unknown - - - - - - - - - - - - - -
SK107B 10.63777 41.18107 2 2 cluster 40 18769 1.572 0.720.5090 0.296 0.279 0.130 0.043 0.048 0.067 - - -
SK110C 10.63815 40.08177 2 2 unknown 40  20.100 - 1.206 0.388.245 0.191 - 0.051 0.040 0.079 - - -
V229 10.64375 40.92889 2 2 noobject - - - - - - - - - - - - - -
SK110B 10.64661 41.50514 2 2 unknown 4.0 17.965 0.248 -0.058.027 -0.135 0.110 0.034 0.033 0.053 0.123 - - -
NB29 10.64708 41.29644 2 2 na - - - - - - - - - - - - - -
NB57 10.65054  41.22033 2 2 noobject - - - - - - - - - - - - - -
B068D 10.66625 41.34442 2 2 old - - - - - - - - - - - - - -
NB62 10.68421 41.23975 2 2 unknown - - - - - - - - - - - - - -
BH16 10.69204 41.29333 2 2 unknown - - - - - - - - - - - - - -
B523 10.69283 41.30900 2 2 - - - - - - - - - - - - - - -
SK112B 10.69317 41.30917 2 2 - - - - - - - - - - - - - - -
SK114C 10.70062  40.30692 2 2 unknown 40 19437 1.046 0.822.4120 0.244 0.065 0.143 0.036 0.035 0.068 3.4 15.690 0.072
NB41 10.70075 41.26683 2 2 na - - - - - - - - - - - - - -
NB39-AU6 10.70229 41.26322 2 2 na - - - - - - - - - - - - - -
AU008 10.70401 41.30313 2 2 old 28 17.970 1.606 0.679 0.393.2690  0.209 0.062 0.023 0.025 0.035 - - -
BH17 10.71188 40.97817 2 2 na 2.8  20.596 - 0.690 0.493  -0.177.2320 - 0.110 0.124 0.280 - - -
NB59 10.71304 41.24350 2 2 star - - - - - - - - - - - - - -
SK113B 10.72955 40.99595 2 2 na 2.8 19.215 0.958 0.454  -0.0@6071 0.058 0.085 0.043 0.065 0.133 - - -
B138 10.73165 41.30981 2 6 old 5.2 17.023 1.964 0.648 0.4713160. 0.154 0.052 0.019 0.020 0.025 - - -
B524 10.73274  41.05361 2 2 unknown 2.8 19.605 1.530 0.457 150.1 0.182 0.092 0.179 0.056 0.082 0.154 - - -
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SK115B
SK116B
B088D
SK117C
B092D
BH23
SK118C
SK120C
BH25
B225D
SK125B
SK126B
SK128B
SK133B
SK134B
SK126C
B274
SK138B
B233D
SK128C
SK140B
B102D
B104D-M2
SK133C
SK147B
SK135C
M012
SK136C
SK137C
SK138C
SKO084A
SH14
SK140C

10.73529
10.73670
10.74741
10.75496
10.75684
10.76554
10.77185
10.79255
10.80000
10.80599
10.82882
10.83885
10.84552
10.86192
10.86661
10.87521
10.91399
10.91400
10.92214
10.92460
10.92844
10.93715
10.95458
10.96568
10.97160
11.00499
11.01181
11.01857
11.02389
11.04995
11.05143
11.06167
11.06939

40.68536
40.50349
41.07149
40.74973
41.21920
41.34117
41.24127
41.28903
41.04689
40.02066
42.25318
41.32277
42.02845
40.41686
40.59998
40.28531
41.52172
41.16908
39.61274
40.40053
40.98263
41.34098
41.23770
40.62890
40.33290
41.06827
41.36120
40.08882
41.26443
42.18521
41.35300
41.92331
40.60742

NN N NN PPN OPRPRONNNPOPDNONRPODNONNDNNONNNMNNDN ODDNDDNDDODNDNDN

NNEFP OO NOMNDOPDPONNNRPODPONNOONNBONNMNNMNNDRNODMNMNN OODDNNDN NN

unknown
unknown
na
unknown
old
na
cluster
na
na
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
maybestar
maybestar
unknown
unknown
unknown
interm
unknown
unknown
unknown
na
missing
unknown

2.8
3.4
4.0
2.8
4.6
4.0
4.0
2.8
3.4
3.4
5.2
2.8
5.2
2.8
3.4
3.4
3.4
4.0
9.4
2.8
2.8
3.4
4.0
3.4
5.2
4.6
4.6
2.8
2.8
5.8
2.8

3.4

20.578

20.348
18.189

20.490
18.747

18.875
19.186
18.680
18.428
16.055
19.697
19.417
20.447
19.453
19.335
19.330
16.288
16.723
19.782
20.483
19.338
18.506
20.228
19.115
19.810
19.032
19.271
20.201
19.188
19.684

0.722 - - 40.25 0.101
- 1111 0.460.345 0.143
1.378 - - - 0.152
- 1.156 0.400.302 0.095
- 0.737 0.543  0.481.063
- - 0.221 0.244 -
2.161 0.904.6110 0.550 0.063
2.329 1.078 0.4961260 0.570
1.106 -0.025 0.113.03t0 0.214
1.112 0.258 0430. 0.131 0.023
1.970 0.850.3010 0.146 0.019
- 0.977 0.510.379 0.464
- 0.980 0.570.219 0.065
- - - - 0.105
1.033 0.703.5100 0.141 0.050
0.791 0.315.2100 - 0.062
- 0.812 0.346 1490. 0.074
0.558 0.174.002 0.077 0.111
1.255 0.666 4520. 0.215 0.028
1.036 0.509.3630 0.179 0.076
- 1.155 0.448.345 0.082
1.123 0.433.274 0.298 0.225
0.982 4030. 0.279 0.147 0.085
0.918 1.006.5580 0.321 0.142
0.859 0.472.2140 0.216 0.177
- 1.662 0.578.416 0.132
1.436 0.768  60.500.555 0.111
1.503 0.522.2410 0.055 0.045
- 1.670 0.900.580 0.169
- 1.323 0.550.299 0.135
0.775 0.931 0.5602380 0.166
- - 0.435  0.398 -

0.202 -
- 0.057
10.070.035
- 0.062
- 0.044
0.241  0.045
0.262  0.041
0.070  0.033
0.052  0.023
0.025 0.012
- 0.060
- 0.040
0.127  0.035
0.096  0.036
- 0.044
0.018 0.015
0.026  0.014
0.138  0.039
- 0.062
0.127  0.058
0.071  0.043
0.222  0.054
0.104  0.035
- 0.048
0.152  0.048
0.111  0.030
- 0.074
- 0.033
0.110  0.053

- 0.112 2.8
0.047 0.086 -
0.058 - -
0.054 0.093 238
0.048 0.060 -
0.045 7.0
0.045 0.054 -
0.040 0.062 -
0.045 0.105 -
0.028 0.058 -
0.012 0.014 34
0.062 0.085 -
0.036 0.076 4.6
- - 2.8
0.034 0.067 2.8
0.043 - -
0.050 0.092 2.8
0.020 0.030 -
0.014 0.017 -
0.042 0.085 28
0.053 0.086 2.8
0.078 0.127 -
0.058 0.097 -
0.045 0.082 2.8
0.040 0.084 4.0
0.031 0.043 4.6
0.051 0.065 34
0.032 0.070 -
0.043 0.049 28
0.026 0.049 5.2
0.052 0.078 2.8
.050 0.093 238

16.315 0.062
15.926 0.118
13.086  0.0p7
15.230 0.090
16.470 0.104
15.429  0.089
15.732 0.251
16.516  0.191
16.312 0.241
15.524  0.140
16.216  0.308
14.348 0.135
14.899 0.120
14.324  0.087
14.363 0.116
15.511  0.265
=
15.730 0.095 ~
©



B277-M22
B246D
SK142C
SK167B
SK168B
B115D-M33
SK169B
SK171B
SK147C
SK148C
SK149C
SK175B
M046
M047
SK153C
BH28
SKO090A
SK179B
SK156C
SK157C
SK158C
SK092A
SK159C
SK160C
SK184B
MO053
SK189B
MO055
SK190B
SKO095A
SK192B
SK193B
SK194B

11.07047
11.09512

11.10240
11.10482
11.10958
11.11048
11.11103
11.11872
11.13467
11.13558
11.14321
11.14677
11.15278

11.15757

11.16035
11.16280

11.17726
11.17866
11.19149
11.19305
11.20830
11.21481
11.22263
11.22686
11.22808
11.23877

11.24713
11.24835

11.25680
11.25927
11.26602
11.26732
11.26991

41.23772
42.07584
41.86272
40.93740
40.25143
41.64927
40.71275
40.70669
40.27789
40.64905
41.85508
40.73143
41.45391
41.48115
41.41979
41.74060
41.68606
41.55728
40.58881
40.55196
40.38773
41.84909
41.53229
40.11235
41.87559
41.80054
40.97279
41.56086
40.40317
41.82768
40.49988
40.71878
40.50892

NN NRNOPMNMNNONMNPOPDONNMNNMNONONNMRNODNENONDNDODODPDONNNDNNDNNRNDDNDN

NNNEPNONNONMNPODONMNPRONROMNOMNNEDNONNPODRONOMNNONMNNRNDNNNDRNDNDND

interm
maybestar
unknown
unknown
unknown
na
unknown
unknown
unknown
unknown
cluster
unknown
na
interm
cluster
na
unknown
star
unknown
unknown
unknown
unknown
cluster
unknown
unknown
interm
unknown
na
unknown
unknown
unknown
unknown
unknown

4.6
7.0
4.0
2.8
4.6
5.2
3.4
5.8
5.8
6.4

4.0
4.0
4.0

7.0
4.0

3.4
4.0

2.8

2.8

3.4

3.4

2.8

4.0

4.0
2.8

2.8
4.0

6.4

2.8

5.8

4.6

3.4

19.235
16.305
19.958
20.537
18.032
18.617
20.207
18.837
19.588
18.666

19.658
18.863
19.392

16.811
20.022
19.949
18.077

21.375

20.430

20.283
20.263

20.129

19.619

20.067
19.845

20.226
19.258

18.807

19.666

18.691

19.240

19.038

1.303
0.035

1.172

1.294

1.274

1.641

1.963

1.044

1.256

1.301

0.328

1.201

0.708

0.559.371 0.080 0.134
40.150.135 -0.108 0.014
1.499 0.962.808 0.343
1.230.4320 0.509 0.062
0.563.2660 0.154 0.027
0.397 180.3 -0.157 0.062
1.387 0.510.444 0.123
1.065.5240 0.414 0.066
1.469 0.540.431 0.122
1.229.5180 0.336 0.098
1.054.3600 0.655 0.074
0.171 0.145 620.1 0.102
0.862  30.210.077 0.104
0.73D.733  0.475 0.029
0.602 0.513  0.011 1030.
0.644 0.180.037 0.301
0.480 50.3%0.129 0.039
1.664 0.664.308 0.200
0.610.1230 0.026 0.053
1.470 0.616.304 0.082
0.415 0.078.422 0.300
0.595 0.046.846 0.272
1.004 0.438.436 0.121
0.836 0.090.407 0.104
0.992 0.627 640.4 0.122
0.574.3720 0.288 0.092
0.881 0.287 5250. 0.044
1.301.4410 0.335 0.077
0.836.3860 0.284 0.072
0.623.3550 0.094 0.076
0.981.3780 0.387 0.068
0.362.2940 0.008 0.067

0.150
0.016
0.290
0.050
0.093

0.152

0.199
0.166
0.105
0.169

0.021

0.056

0.195

0.041
0.014
0.060
0.055
0.020
0.036
0.049
0.027
0.046
0.024
0.040
0.048
0.052
0.016
0.082
0.070
0.025
0.097
0.058
0.057
0.092
0.070
0.042
0.076
0.047
0.052
0.044
0.028
0.043
0.026
0.032
0.029

0.047
0.016
0.038
0.044
0.020
0.046
0.035
0.023
0.028
0.020
0.036
0.073
0.062
0.024
0.091
0.092
0.030
0.050
0.068
0.033
0.130
0.109
0.033
0.089
0.043
0.057
0.049
0.021
0.043
0.027
0.028
0.033

0.091
0.035
0.039
0.072
0.035
0.103
0.058
0.035
0.043
0.029
0.055
0.137
0.119
0.036
0.199
0.199
0.048
0.087
0.185
0.055
0.259
0.473
0.052
0.176
0.061
0.117
0.149
0.032
0.079
0.053
0.047
0.075

4.0
4.6
4.0
2.8
4.0
3.4
4.0
5.8
5.8
6.4
3.4
2.8
2.8

10.0

2.8
2.8
4.0
2.8
3.4

3.4
2.8
2.8
2.8
7.0
2.8
3.4
3.4
2.8

16.504
15.932
13.512
15.447
14.838
15.945
15.117
14.276
14.335
13.918
15.472
18.053
16.482
14.454
16.769
16.796
15.126
15.914

14.957




SKO097A
SK162C
B476-D074
SK197B
MO065
SK165C
MO070
SK172C
SK175C
SK174C
SK179C
SK180C
SK181C
SK182C
SK183C
SK202B
SK204B
SK205B
B267D
BH29
SK187C
SK188C
SK207B
M095
SK190C
SK210B
SK192C
B270D
DAOS83
SK193C
SK194C
SH18
SK195C

11.27128
11.27824
11.27992
11.28139
11.29154
11.29597
11.29910
11.33110
11.33818
11.33841
11.35571
11.36219
11.36343
11.36383
11.36489
11.36845
11.37750
11.38863
11.39946
11.40551
11.40723
11.41167
11.41328
11.41611
11.43330
11.44619
11.44904
11.45510
11.45768
11.45822
11.45897
11.46117
11.46387

41.70811
40.73543
41.67534
41.00339
41.70652
40.58738
41.67215
41.38114
41.68222
41.50045
40.31689
41.26253
41.69974
41.54835
41.39000
41.51443
40.79954
40.28576
40.59295
41.61258
41.90121
41.89480
41.83201
41.74490
41.90752
40.75505
41.87146
41.03032
41.80503
40.08590
41.73052
40.50651
40.42925

NN P RN NMNOOPNMOONNNMMMRNOONNNMNNOMNMNNMNNOMNNMNNMNNMNNMNNMNNMNNDNNNOODNDD O

NN RPOMNONNPNNMNOUORNMNROMNNOVRONNMNNNOMNNOMNNOMNMNNOMNNMNRNMNRNMNNMNRNNRNNNNDNNODN DD NP

unknown
unknown
interm
unknown
unknown
unknown
interm
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
maybestar
na
unknown
unknown
unknown
unknown
unknown
unknown
unknown
maybestar
maybestar
unknown
back

unknown

3.4
3.4
5.2
3.4
4.6
4.0
4.0
4.0
2.8
2.8
2.8
3.4
3.4
3.4
6.4
2.8
4.0
2.8
3.4
4.0
4.0
3.4
4.0
3.4
7.0
6.4
2.8
7.0
2.8
7.0
4.0

5.2

19.353
19.760
18.818
19.528
19.138
20.118
19.718
20.234
19.377
21.854
19.929
20.188
19.805
19.778
18.302
20.033
19.983
19.708
17.746
19.805
19.417
20.049
19.263
19.352
18.642
18.859
19.894
17.814
19.870
17.819
20.029

19.511

1.091

1.505
0.808
1.340

1.173

1.091
1.162
1.220
0.627
1.707

1.462
0.840
1.641

1.999
0.841

2.188
1.633
1.460
1.799
1.975

0.368.2150 0.090
1.164 0.463.370
10.730.404  0.247
0.356.2280 -0.232
0.169 2190. -0.047
1.022 0.430.500
0.954 0.501 840.2
1.444 0.520.192
0.469.2510 -
2.179  90.64.717
0.629.3310 0.126
0.960.4910 0.226
0.731.2730 -0.172
1.270.6160 0.366
0.996.4450 0.309
1.169 0.590.155
1.056 0.420.324
0.683 0.410.261
0.542182 0.088
0.399 0.171 1520.
0.562.3240 0.036
0.619 0.260.396
0.679.3950 0.264
0.362 710.3 0.077
1.110 0.769.448
1.094.4100 0.404
0.430.0960 0.089
0.612304 0.188
0.150.175 0.004
0.990.4190 0.257
1.376 0.683 650.4

1.351 0.543.449

0.164
0.235
0.152
0.071
0.192
0.128
0.109
0.331
0.036
0.406
0.047
0.112
0.149
0.091
0.073
0.041
0.118
0.069
0.036
0.137
0.045
0.235
0.089
0.213
0.125
0.032
0.131
0.079
0.050
0.043
0.247

0.130

0.117

0.130
0.111
0.143

0.109

0.135
0.247
0.189
0.113
0.104

0.042
0.157
0.220

0.261
0.097

0.290
0.237
0.063
0.267
0.078

0.049
0.037
0.036
0.041
0.055
0.054
0.059
0.062
0.042
0.158
0.044
0.059
0.059
0.041
0.023
0.044
0.049
0.038
0.017
0.061
0.049
0.067
0.042
0.049
0.034
0.027
0.056
0.019
0.062
0.018
0.066

0.042

0.066
0.029
0.040
0.050
0.101
0.046
0.059
0.045
0.053
0.130
0.043
0.055
0.069
0.032
0.021
0.035
0.041
0.035
0.018
0.081
0.057
0.080
0.045
0.061
0.027
0.023
0.076
0.019
0.110
0.016
0.048

0.027

0.137
0.049
0.065
0.157
0.264
0.076
0.094
0.078

0.224
0.096
0.097
0.172
0.047
0.031

0.060

0.074

0.066
0.029

0.228
0.125

0.143
0.080
0.122

0.035
0.036
0.177
0.033
0.297
0.022

0.064

0.042

2.8
3.4
2.8

3.4
4.0
2.8
2.8

2.8

3.4

6.4
2.8

2.8
2.8

4.0

2.8
7.0

15.546
15.284
15.992

15.418
15.115
16.613
16.931

15.637

14.582

14.101
15.301

0.1

0.108

11

0.306

0.12
0.16
0.42
0.38

0.1

0.1
0.1

0.124

I

01
14

7

0.084

39

IaqT



SK196C
SK105A
SK212B
SK213B
SK214B
SK197C
SK216B
SK198C
SK199C
SK200C
SK217B
SK218B
B276D
SK201C
SK220B
SK202C
SK221B
B281D
SK203C
SK204C
BH32
SK205C
B283D
SK223B
SK206C
SK207C
SK208C
B291D
SK226B
B293D
SK212C
SK227B
SK213C

11.46492
11.46608
11.46729
11.47449
11.47515
11.49022
11.51128
11.51185
11.51576
11.52545
11.53930
11.54201
11.54304
11.57144
11.57429
11.57638
11.58025
11.59274
11.59512
11.59561
11.59820
11.60343
11.61906
11.63737
11.64457
11.65233
11.65352
11.67221
11.69946
11.70015
11.72145
11.72700
11.74498

40.07886
41.96155
41.53054
41.68656
39.94646
40.28601
41.74799
40.38444
41.60803
40.37388
41.48452
40.92035
40.84228
41.60996
41.74560
41.78360
40.39502
40.30234
40.96353
40.34508
42.01617
40.58572
41.88487
40.11049
40.51141
41.17555
40.71702
40.05088
42.03235
40.03930
41.36863
42.01317
42.29593

N NOVMNNPONMPONMNNONRNEMNMNONDODRONNNNDMNNOMNNMNNONMNNOMNNMNNODNNOMNOMNRNDNDDNDDNDDNN

NN RNONNPODPNNONROMROMNNNPONMNBONOMNNMNRNONNOMNNRNOMNNNNMNONNNOMNMNRNONNDNDRPRN

unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
maybestar
unknown
unknown
unknown
unknown
maybestar
unknown
unknown
na
unknown
maybestar
unknown
unknown
unknown
unknown
maybestar
unknown
maybestar
unknown

unknown

3.4
2.8
3.4
3.4
3.4
5.2
2.8
2.8
2.8
5.8
2.8
5.8
2.8
4.6
3.4
4.0
2.8
2.8
3.4
2.8
2.8
7.0
6.4
4.0
3.4
3.4
3.4
3.4
2.8
4.6
4.6

5.2

19.680
19.404
19.814
19.474
19.942
18.692
18.948
21.004
19.771
18.950
19.625
19.004
18.264
20.044
20.400
19.964
20.858
18.451
19.884
20.103
20.488
19.011
17.647
18.234
19.987
19.607
19.720
18.502
20.142
18.160
19.596

19.395

2.143
1.645

1.030

1.093
-0.003

0.804
2.151
1.485
1.445
1.444

1.223

1.067

1.624

1.166

1.933

1.513

1.576

1.310

1.397
1.230

1.270

1.113.4090 0.340 0.087
0.564.4010 0.329 0.210
0.823 0.30@.175 0.054
0.615.3240 0.397 0.198
1.317 0.726.376 0.093
0.639.3680 0.136 0.064
50.280.299 - 0.057
1.632 0.498.337 0.246
0.507.1810 0.021 0.132
1.285.4390 0.452 0.118
0.401.1710 -0.040 0.063
1.001.4230 0.271 0.067
0.610.209 0.083 0.018
1.463 0.610.415 0.175
0.873 0.206.224 0.119
0.785.4340 0.190 0.087
0.851 0.162 - 0.112
0.383123 0.012 0.031
1.081 0.443.391 0.177
1.147.4280 0.366 0.069
0.831 0.339  0.325 1150.
1.318 0.510.430 0.121
0.448.234 0.081 0.046
0.694.2670 0.152 0.065
0.776 0.383.272 0.063
0.738.4130 0.249 0.175
0.968.4740 0.375 0.098
0.502092 0.203 0.022
0.602.1940 0.299 0.042
0.402243 -0.181 0.024
1.309 0.56@.451 0.117
0.677.3690 0.334 0.127

0.316
0.158

0.124

0.076
0.038

0.109
0.233
0.166
0.166
0.063

0.248

0.046

0.244

0.041
0.112
0.225
0.199
0.075
0.232
0.063

0.193

0.039
0.037
0.047
0.048
0.036
0.027
0.046
0.083
0.044
0.031
0.042
0.029
0.019
0.059
0.067
0.067
0.082
0.021
0.041
0.045
0.067
0.035
0.019
0.019
0.051
0.037
0.041
0.021
0.053
0.020
0.038

0.041

0.030
0.042
0.049
0.057
0.026
0.026
0.093
0.041
0.054
0.022
0.053
0.025
0.019
0.041
0.071
0.069
0.076
0.023
0.033
0.033
0.069
0.025
0.021
0.019
0.046
0.035
0.033
0.022
0.063
0.021
0.028

0.042

0.048
0.067
0.096
0.091
0.036
0.048
0.071
0.126
0.032
0.129
0.043
0.032
0.060
0.153
0.134
0.044
0.056
0.054
0.133
0.037
0.038
0.031
0.091
0.067
0.056
0.040
0.135
0.043
0.044

0.094

2.8

2.8

4.6

2.8

15.875

15.550

0.090

0.066

0.089

0.225

0.102

0.095



SK214C
SK230B
SK215C
SK216C
SK231B
BA28
SK232B
SK233B
SK219C
SK234B
DAO93
DAO94
BA10
SK221C
SK222C
SK238B
SK223C
SK224C
SK240B
SK242B
SK243B
SK244B
SK225C
SK249B
SK252B
SK227C
B504
SK228C
B334D
SK255B
SK256B
SK229C
SK257B

11.74550
11.75918
11.75967
11.76569
11.80885
11.80924
11.81019
11.81332
11.85542
11.89690
11.94250
11.97659
11.98445
11.99513
11.99786
12.00710
12.01921
12.03600
12.10062
12.11109
12.11337
12.11437
12.13074
12.13747
12.17169
12.18363
12.18817
12.19374
12.22861
12.26248
12.27252
12.29609
12.31341

40.90068
41.18207
41.05701
41.65406
40.37315
42.36173
40.42749
41.02012
41.03929
41.02536
41.74861
42.73376
42.47871
41.65929
41.90366
41.83245
40.14094
41.81896
40.11206
41.32975
42.04546
41.10475
42.01825
42.04591
41.53178
42.26361
40.14620
41.77946
39.59899
41.91600
41.96070
41.96480
41.02490

N ROMRNNMNONMNBONNMNNMROMRNMNNMNNMNRNOMNNOMNNOMNRNMNRODNOMNNNMNNN YD DYDY NN

NNOMNRNNRONPONOMNOMROMNRNMNRNMNRNMNNNMNNOOMNOMNMNRODRDNNNNDNNN D DYDY DD DD NN N

unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
noobject
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
star
unknown
unknown
unknown
unknown
unknown
unknown

5.2
4.0
3.4
4.0
2.8
4.0
4.0
4.6
2.8
4.0

4.0
4.0
2.8
3.4
3.4
4.6
4.6
2.8
5.2
10.0
3.4
4.6
5.8
3.4
3.4
7.0
2.8
5.8
7.0
4.6
3.4
2.8

19.001
19.659
20.200
19.695
19.217
19.374

19.259
19.233
19.687
19.019

19.113
19.589
20.223
19.849
18.770
18.827
18.870
19.984
20.064
17.676
20.642
18.374
18.968
18.920
19.750
18.129
20.795
18.166
18.033
19.818
20.430
19.065

1.272.4780 0.371
1.000 0.400.454
1.161 0.490.476
1.166 0.466.342
0.308.3080 0.006
0.872 0.493 0530.
0.994 0.44@.454
0.778.3210 0.118

0.398.2200
0.495.2770

1.038 4580.
0.483 0520.
0.458.408

0.760
0.897
0.476.2350
0.288.1210
1.207.4580
1.088.4670
0.748.3470
0.555
1.076.476

0.224

0.379

0.410
0.080
0.327
0.328
0.223

0.386.323

0.395

1.296 0.392.209
1.073.5130 0.364
1.019.4200 0.238
0.643.1890 0.261
0.934 0.408.364
0.983 0.4013000
0.851.3140 0.620
1.161 4530. 0.303
0.698.3510 0.209
1.498 0.498.466
0.819.3580 -
0.491.1970 0.018

0.093
0.086
0.289
0.038

0.085
0.051
0.066

0.055
0.075

0.031

0.083
0.100
0.251

0.184

0.059

0.038

0.060

0.114
0.153

0.044
0.106

0.151

0.050

0.038
0.060
0.042

0.069

0.123

0.059
0.125
0.115

0.047

0.029
0.040
0.049
0.043

0.031
0.036
0.034

0.032

0.038

0.032

0.028
0.041
0.047

0.048

0.027

0.024

0.025

0.041
0.065

0.018
0.076

0.021

0.028

0.025
0.038

0.020

0.070

0.020

0.020
0.042

0.062

0.028

0.022
0.034
0.038
0.035

0.033
0.033
0.027

0.032

0.044

0.034

0.025
0.039
0.043

0.057

0.033

0.020

0.022

0.039
0.069

0.016
0.051

0.018

0.025

0.027
0.034

0.018

0.070

0.017

0.020
0.029

0.062

0.029

0.033
0.057
0.062
0.059

0.071
0.080
0.040

0.067

0.069

0.047
0.104
0.077

0.109

0.074

0.027

0.036

0.069
0.141

0.021
0.106

0.026

0.045

0.051
0.062

0.025

0.124

0.022

0.035
0.047

0.060

14.205
15.625
15.492
15.157

15.081

15.545

15.926

15.909

13.290
13.828
14.809

15.652

16.944

15.321
14.697
16.210

0.069
0.102
0.18
0.069

oo

0.049

0.070

0.068

0.056

0.063

0.045
0.086
0.035

0.120

0.126
0.100
0.07
0.073

[&]
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B338D
B339D
DAO104
SK232C
B340D
SK233C
B344D
B346D
SK258B
B348D
B511
SH25

12.31571
12.32291
12.33889
12.35699
12.37155
12.39852
12.46693
12.51556
12.57280
12.58008
12.68121
12.99458

40.77340
40.75195
42.27119
42.10204
41.07558
42.19533
41.61080
40.62766
42.11196
40.96753
40.18703
41.58806

NN NDDDNDNPpDDNPDDNDNDDN

2

2
2
2
2
2
2
1
2
2
2
2
2

unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
star
noobject

8.2
8.8
5.2
4.0
5.8
4.6
4.6
7.0
4.6
5.2
6.4

18.294
18.232
19.262
19.209
18.498
19.607
17.426
18.345
19.770
19.094
18.013

1.218
2.256

1.141

1.325
1.584

1.309

1.049 0.455.3800
1.124 0.497.3220
0.584.3510 0.227
0.959.4020 0.422
1.047 0.430.3610
1.075.4680 0.506
0.600 2790. 0.175
1.125 5000. 0.292
0.971 0.376.462
1.143 0.452.4050
0.682 0.3881840

0.077
0.065
0.093
0.074
0.074
0.133
0.055
0.062
0.041
0.083
0.034

0.141
0.335

0.173

0.042
0.129

0.070

0.021
0.020
0.035
0.030
0.024
0.039
0.016
0.021
0.043
0.027
0.020

0.019
0.018
0.037
0.028
0.020
0.032
0.016
0.018
0.040
0.022
0.019

0.026
0.024
0.076
0.047
0.028
0.051
0.023
0.024
0.072
0.032
0.027

3.4
4.0
4.0
3.4

3.4

16.094
15.054
15.278
14.700

15.764

0.107
0.054

0.081
0.069

0.075

1Cluster name, taken from the Revised Bologna CatalogudeiGei al., 2004)

2position of object in SDS&-band image [J2000, degrees]
3Classification of source as described in chapter 2. Optionfig, : 1-old globular cluster; 2-candidate cluster (Zirdidate old cluster, 23-candidate young cluster); 3agaluster; 4-galaxy; 5-Hll
region; 6-stellar source. Flagggc and tog indicate the previous classifications of the source fromRBE v3.5 of Galletiet al. (2004) and from the catalogue of Caldwetlal. (2009), respectively.

4Aperture size used to measure the total magnitude of théecl[ascsec]

SError on the total magnitude, includes the statisticalipcation and systematic errors
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The structural parameters of old
clusters in M31
(table 3.1)

This table contains the structural parameters for the 2d &loisters covered by our
WFCAM survey of M31. These parameters are measured from Kiadel fits to
the WFCAM K-band images of these clusters, as presentedaoten3. This table
is the full version of table 3.1, it is also available in eteciic form from the VizieR
archive.

GC Namé)  x2/v®@ ng) @ k@ D r<h5) 1> log(pe)® log(M)®  Flag?

B001-G039 1.07 6.25 1370 131 1.25 271 259 3.87 6.00 1
B002-G043 1.07 8.10 1534 186 0.34 193 248 4.55 5.90 1
B003-G045 1.15 955 1491 225 0.24 405 427 4.82 5.99 1
B004-G050 1.69 6.45 1418 137 0.92 213 214 4.05 6.01 1
B005-G052 1.20 825 1254 191 0.36 227 29.1 5.57 7.47 12
B006-G058 0.85 9.60 1264 226 0.20 3.47 36.2 5.97 7.55 1
B008-G060 11.15 430 1404 0.89 216 277 16.8 3.31 5.63 1
B009-G061 1.35 740 1463 165 0.56 2.00 246 4.35 6.02 1
B010-G062 1.02 6.00 14.00 125 270 5.37 48.2 2.79 5.05 1
B011-G063 1.28 7.00 1420 152 0.63 1.84 211 4.44 6.26 1
B012-G064 0.95 725 1269 160 0.91 3.00 36.1 4.52 6.70 1
B013-G065 1.06 3.35 1447 0.73 4.90 5.08 26.1 2.21 4.70 1
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B015-V204
B016-G066
B017-G070
B019-G072
B020-G073
B020D-G089
B021-G075
B022-G074
B023-G078
B024-G082
B025-G084
B026-G086
B027-G087
B028-G088
B029-G090
B030-G091
B031-G092
B032-G093
B033-G095
B034-G096
B0O35

B036
B037-Vv327
B038-G098
B039-G101
B041-G103
B042-G104
B045-G108
B046-G109
B047-G111
B050-G113
B054-G115
B056-G117
B057-G118
B058-G119
B060-G121
B061-G122
B063-G124
B065-G126
B067-G129
B068-G130
B073-G134
B074-G135
B076-G138
B082-G144
B083-G146
B085-G147
B090
B091D-D058
B094-G156
B095-G157
B098
B100-G163
B110-G172
B111-G173

1.33
1.14
0.92
1.12
1.17
1.15
0.98
0.98
1.54
0.94
1.07
1.08
1.02
1.05
1.08
1.06
1.04
1.27
0.45
1.00
1.24
1.13
1.17
1.08
1.00
1.04
0.99
1.14
1.18
1.83
2.19
1.09
1.00
1.36
1.18
1.01
1.26
1.36
1.48
1.03
111
111
1.07
1.12
1.02
1.59
111
1.08

388.85

1.15
0.06
1.21
1.23
1.18
1.26

6.30
9.10
7.70
7.65
7.20
8.95
7.70
6.40
6.25
8.10
5.65
5.90
5.80
5.90
7.15
5.60
5.15
6.70
8.15
7.45
7.55
7.00
5.60
5.55
7.60
13.97
6.35
7.05
6.60
4.40
7.95
6.15
8.15
9.30
7.75
2.40
7.65
7.45
3.65
5.70
7.95
8.50
6.60
8.55
7.80
5.75
7.55
1.80
6.60
7.80
5.25
7.00
4.45
7.50
6.70

13.48
14.41
12.49
12.01
12.17
14.06
13.90
15.23
10.78
13.97
13.95
14.32
12.99
14.33
13.09
13.33
14.52
14.03
14.86
12.45
14.53
14.34
11.00
13.69
12.42
16.47
12.15
12.93
15.27
15.01
13.88
14.46
13.53
15.16
12.38
14.39
12.93
12.03
14.47
15.18
12.60
12.99
14.15
14.14
11.40
14.41
14.34
15.22
12.49
12.49
13.28
13.44
14.82
12.24
14.30

1.33
2.14
1.74
1.72
1.58
2.10
1.74
1.35
1.31
1.86
1.17
1.23
1.20
1.23
1.57
1.16
1.06
1.44
1.88
1.66
1.69
1.52
1.16
1.15
1.71
3.13
1.34
1.54
1.41
0.91
181
1.29
1.88
2.19
1.75
0.57
1.72
1.66
0.78
1.18
1.81
1.98
1.41
1.99
1.77
1.19
1.69
0.47
1.41
1.77
1.08
1.52
0.92
1.68
1.44

1.78
0.21
0.72
0.64
0.84
0.44
0.68
0.94
1.65
0.30
0.94
1.23
1.37
1.25
1.32
1.06
1.15
0.62
0.48
0.59
0.33
0.65
2.20
111
0.69
0.03
0.84
0.96
0.75
2.58
0.34
0.91
0.43
0.22
0.47
2.20
0.58
0.55
241
0.82
0.49
0.31
1.18
0.28
0.46
2.70
0.65
2.81
0.53
0.40
1.84
0.41
2.93
0.43
0.72

3.91
2.59
3.09
2.67
2.72
4.75
2.90
2.14
3.57
1.71
1.69
2.37
2.56
241
4.16
1.88
1.80
1.58
2.78
2.16
1.30
1.89
3.88
1.94
2.76
4.42
1.89
2.87
1.84
3.38
1.74
1.89
2,51
3.08
2.07
1.82
2.40
2.04
2.67
1.48
2.49
2.33
291
2.17
211
4.98
2.52
1.95
1.30
1.84
2.96
1.21
3.88
1.62
1.85

37.9
29.6
39.4
33.9
32.4
55.8
37.0
21.3
34.2
22.1
13.9
20.7
21.8
21.0
49.1
15.3
13.1
17.0
35.8
26.8
16.3
21.7
31.5
155
34.9
39.5
18.5
33.2
19.3
20.9
22.4
17.7
32.4
34.0
26.5
8.2
30.5
25.3
14.4
12.3
32.2
29.2
30.4
27.1
27.0
41.9
317
8.2
13.6
23.6
22.0
13.9
24.2
20.3
19.8

3.50
5.29
4.81
5.16
4.83
4.53
4.33
3.61
4.67
5.25
4.23
3.70
411
3.68
3.89
4.33
3.82
458
4.30
5.15
5.03
4.34
4.32
4.13
4.92
5.95
4.99
4.39
3.85
2.67
5.17
4.00
4.97
4.91
5.41
3.44
4.93
5.39
3.09
3.92
5.21
5.54
3.71
5.21
5.81
2.66
4.25
2.90
5.42
5.55
3.68
5.29
2.58
5.63
4.27

5.74
6.60
6.93
7.36
7.10
6.08
6.15
5.36
7.45
6.85
6.29
5.73
6.44
571
6.08
6.55
5.85
6.46
5.81
7.26
6.59
6.14
7.16
6.29
7.06
5.86
7.34
6.55
5.53
4.83
6.82
5.92
6.72
6.04
7.45
5.85
6.92
7.57
5.40
5.70
7.20
7.28
5.70
6.70
8.04
4.86
5.99
5.25
7.58
7.53
6.06
7.17
4.80
7.71
6.13
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B117-G176
B125-G183
B135-G192
B137-G195
B141-G197
B149-G201
B163-G217
B168
B170-G221
B174-G226
B176-G227
B177-G228
B181-G232
B183-G234
B184-G236
B187-G237
B189-G240
B190-G241
B193-G244
B194-G243
B196-G246
B197-G247
B198-G249
B199-G248
B200
B202-G251
B203-G252
B206-G257
B207-G258
B208-G259
B209-G261
B211-G262
B212-G263
B213-G264
B214-G265
B215-G266
B217-G269
B218-G272
B219-G271
B220-G275
B221-G276
B224-G279
B225-G280
B228-G281
B229-G282
B230-G283
B231-G285
B232-G286
B233-G287
B234-G290
B235-G297
B236-G298
B237-G299
B238-G301
B239-M74

1.23
1.17
1.05
1.10
1.04
1.09
0.90
1.46
1.09
1.16
1.61
121
1.01
1.62
1.15
1.28
1.16
1.05
1.02
1.18
1.75
1.02
1.04
1.13
1.07
4.39
1.53
1.05
1.23
0.99
1.05
0.99
1.15
111
1.06
1.08
1.09
1.03
1.23
1.00
1.19
1.03
1.08
1.65
3.51
0.94
1.58
1.00
1.36
1.10
1.31
1.09
1.00
0.98
1.12

7.30
10.60
7.40
8.05
8.70
8.15
9.10
8.10
7.95
5.60
7.75
11.20
6.90
8.10
6.50
2.10
6.20
7.45
8.10
7.70
6.65
8.75
3.40
5.70
3.80
6.80
14.00
5.65
6.30
8.40
6.00
6.80
7.45
6.90
9.25
7.10
5.50
8.45
7.50
6.00
6.30
4.45
7.20
3.45
3.80
7.90
7.05
7.55
6.60
7.20
7.95
2.50
7.60
7.40
8.10

14.01
14.15
13.12
13.85
13.78
13.73
11.62
13.53

14.56
12.38
13.95
15.13
13.82
12.92
13.72
14.21
13.49
14.17
12.15
14.78
14.55
13.97
15.46
15.24
15.74

15.28
13.85
12.43
15.00
14.32
14.16
14.24
13.10
13.92
14.82
14.09
13.74
11.85
13.54
14.12
14.06
13.11
11.02
13.83
14.26
13.86
14.69
13.21
13.06
13.79
13.26
15.37
14.60
13.55
14.36

1.61
2.47
1.65
1.84
2.04
1.88
2.14
1.86
1.81
1.16
1.75
2.58
1.50
1.86
1.38
0.52
1.30
1.66
1.86
1.74
1.42
2.05
0.73
1.18
0.80
1.47
3.14
1.17
1.33
1.95
1.25
1.47
1.66
1.50
2.18
1.55
1.13
1.96
1.68
1.25
1.33
0.92
1.58
0.74
0.80
1.80
1.54
1.69
1.41
1.58
1.81
0.59
1.71
1.65
1.86

0.58
0.12
0.67
1.00
0.41
0.65
0.25
0.40
0.33
2.57
1.35
0.15
0.78
0.47
1.20
4.10
1.74
0.61
0.36
0.40
1.13
0.35
1.73
1.06
3.08
0.65
0.05
1.57
0.99
0.64
0.73
0.93
0.79
0.50
0.20
0.74
1.39
0.44
0.57
2.05
1.08
5.24
0.66
2.68
6.21
0.43
0.65
0.62
1.07
0.77
0.42
2.84
1.42
0.97
0.39

1.96
3.78
2.38
5.45
3.67
3.78
3.00
2.24
1.68
4.54
5.99
6.52
2.17
2.62
2.83
3.12
3.69
2.24
2.03
1.70
2.83
3.27
1.82
1.92
3.53
1.73
6.98
2.81
2.18
4.52
1.44
2.48
291
1.40
2.72
2.26
2.39
3.19
2.15
4.08
2.37
6.95
2.12
2.84
7.11
2.08
1.93
2.43
2.64
2.48
2.10
2.40
5.72
3.46
2.17

23.8
34.5
29.3
70.3
44.9
48.7
34.3
28.9
21.6
36.8
76.6
57.0
24.4
33.7
28.9
13.5
34.9
27.8
26.2
21.6
29.9
39.6
9.4
16.0
19.5
19.0
62.4
23.1
21.2
57.2
13.0
27.2
36.1
15.7
30.2
26.4
18.9
40.2
26.8
36.6
23.0
43.4
25.2
14.8
39.3
26.8
22.4
30.5
27.5
29.6
27.2
10.9
72.2
42.7
28.0

4.57
5.80
4.73
3.76
4.79
4.35
6.22
5.08
4.94
3.56
3.40
4.96
4.33
5.12
3.88
2.76
3.53
4.41
5.76
4.68
3.60
4.90
3.16
3.56
2.24
4.00
6.41
4.18
3.64
4.07
4.44
3.96
4.50
4.87
5.17
4.26
3.83
5.55
4.75
3.10
3.91
2.50
5.62
3.24
1.92
491
4.20
4.75
4.27
4.30
5.17
2.71
3.11
4.07
4.79

6.38
6.84
6.74
5.64
6.41
6.15
8.12
6.82
6.45
6.16
5.36
5.78
6.28
7.02
5.98
5.36
5.78
6.18
7.76
6.21
5.51
6.45
5.22
5.39
4.34
5.63
6.94
6.66
5.46
5.72
6.38
5.87
6.55
6.70
6.37
6.12
6.03
7.60
6.63
5.27
5.93
5.19
8.06
5.72
4.46
6.62
5.92
6.71
6.47
6.23
6.99
4.96
4.96
6.07
6.36
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B240-G302 0.95 7.85 1280 1.78 0.63 299 385 4.83 6.84 2
B247 1.02 3.90 1396 0.82 9.77 1145 644 1.43 4.13 6
B248 1.17 6.10 15.11 1.28 1.65 3.38 311 2.98 4.90 1
B255D-D072 1.43 3.35 1498 0.73 6.62 6.87 353 1.62 4.07 1
B257-V219 1.01 750 13.69 1.68 0.43 1.62 20.2 5.05 6.84 1
B266 247.44 450 1496 093 1.36 1.82 115 3.52 5.55 1
B269 0.99 9.90 1491 233 0.24 5.01 49.9 4.76 5.88 1
B272-V294 1.04 6.65 14.38 1.42 1.95 490 51.8 2.96 5.02 1
B279-D068 1.31 790 1390 1.80 1.03 5.03 64.8 3.74 5.64 1
B281-G288 1.10 225 1457 054 391 3.10 137 2.65 5.16 1
B283-G296 1.12 560 1482 116 1.95 3.44 279 2.95 5.00 1
B292-G010 0.90 6.75 1474 145 112 294 318 3.51 5.37 1
B293-G011 0.94 7.15 1396 157 1.06 3.33 394 3.83 5.79 1
B295-G014 0.93 6.10 1441 128 152 3.12 287 3.36 5.40 1
B298-G021 0.96 7.05 1435 154 0.93 2.78 322 3.86 5.73 1
B301-G022 1.16 6.20 1425 130 1.22 258 244 3.70 5.72 1
B302-G023 0.92 450 1454 093 3.42 458 28.9 2.48 4.79 1
B304-G028 1.03 6.80 14.44 147 1.22 3.26 35.8 3.51 5.44 1
B305-D024 1.06 9.25 1522 218 0.21 291 323 4.93 6.05 56
B306-G029 0.97 790 1251 180 0.57 2.81 36.2 5.05 7.10 1
B307-G030 1.36 9.35 1437 220 0.33 483 52.7 4.67 6.05 52
B309-G031 2.94 340 1511 0.73 4.89 5.13 26.6 1.95 4.30 1
B311-G033 1.16 7.65 1276 1.72 0.61 252 320 4.94 6.98 1
B312-G035 1.08 7.25 1265 160 1.08 3.59 431 4.31 6.53 1
B313-G036 111 8.05 13.04 184 0.62 3.38 435 4.71 6.65 1
B316-G040 1.03 6.15 1458 129 3.08 6.33 59.0 2.38 4.53 1
B333 1.07 1355 1597 3.04 0.07 8.32 732 5.17 5.40 1
B335-V013 1.18 6.65 13.85 1.42 218 547 57.8 3.02 5.21 1
B336-G067 0.95 295 16.03 0.66 2.55 241 117 2.50 4.57 1
B337-G068 0.96 575 1436 119 116 2.14 18.0 3.79 5.81 1
B339-G077 0.94 825 1382 191 0.38 237 304 5.00 6.65 1
B341-G081 1.41 750 1357 1.68 0.62 237 29.6 4.61 6.50 1
B343-G105 0.88 8.35 1395 194 0.40 2.73 3438 4.83 6.47 1
B344-G127 1.04 7.45 1328 1.66 0.67 246 30.6 4.65 6.62 1
B345-G143 1.66 750 1427 1.68 0.57 2.18 27.2 4.44 6.17 1
B347-G154 111 7.35 14.08 1.63 0.99 3.47 424 3.83 5.73 1
B348-G153 426.75 8.20 1399 1.89 0.28 1.68 21.6 5.34 6.90 1
B350-G162 0.88 6.25 14.18 131 214 462 44.1 2.98 5.13 1
B351-G179 0.95 6.15 1497 129 2.06 430 40.1 2.73 4.72 1
B352-G180 1.04 735 1415 163 0.75 2.63 321 4.16 5.99 5
B354-G186 1.05 150 15.47 041 4.74 297 121 2.18 4.62 2
B356-G206 1.30 755 1410 1.69 0.65 254 320 4.33 6.12 1
B361-G255 0.94 6.65 1469 142 131 3.30 349 3.35 5.26 1
B363-G274 0.98 265 1589 0.61 2.08 1.83 8.5 2.87 4.94 1
B365-G284 3.42 6.30 1423 133 1.76 3.88 37.6 3.20 5.30 1
B366-G291 1.65 415 1401 086 3.40 421 248 2.75 5.19 1
B370-G300 1.38 8.05 1339 184 0.1 2.74 353 4.84 6.67 1
B372-G304 1.44 6.80 1395 1.47 130 3.46 379 3.63 5.68 6
B373-G305 1.43 755 1248 1.69 0.49 192 241 5.35 7.40 1
B375-G307 1.57 9.65 1434 227 0.28 514 532 4.81 6.12 1
B378-G311 1.58 7.75 15.03 1.75 0.70 3.10 39.6 3.82 5.42 1
B382-G317 1.44 525 1497 1.08 1.28 2.06 154 3.48 5.44 1
B386-G322 1.74 7.85 12.86 1.78 0.48 229 295 5.15 7.09 1
B391-G328 0.95 525 1472 1.08 1.69 271 20.2 3.22 5.29 1
B393-G330 0.93 6.10 1432 128 221 454 418 2.90 5.05 1
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B397-G336 2.33 7.80 1394 177 048 219 281 4.74 6.47 1
B398-G341 0.97 505 1441 1.04 2.02 3.08 21.9 3.15 5.33 1
B399-G342 111 7.55 15.00 1.69 0.94 3.68 46.3 3.49 5.18 1
B400-G343 1.00 8.00 13.86 1.83 0.38 2.00 2538 5.03 6.71 1
B401-G344 1.07 8.05 1450 1.84 0.62 3.39 437 4.12 5.77 1
B402-G346 1.23 460 1444 095 2.36 3.24 20.9 2.99 5.23 1
B405-G351 0.97 6.75 12.60 145 147 3.83 415 4.02 6.37 1
B407-G352 0.97 6.90 13.07 150 0.87 242 271 4.49 6.61 1
B436 1.20 575 1538 1.19 2.20 4.06 34.2 2.54 4.50 1
B457-G097 2.81 220 1523 054 6.09 4.77 20.9 1.82 4.30 1
B461-G131 0.95 7.10 1470 155 0.73 225 26.3 4.02 5.76 1
B462 0.94 7.35 1580 1.63 0.99 3.45 422 3.15 4.71 1
B467-G202 1.02 750 1534 1.68 0.96 3.64 455 3.34 4.98 1
BA1l 1.06 1055 1546 246 0.11 342 313 5.38 6.15 2
DAO38 1.14 9.60 16.20 2.26 0.19 3.31 345 4.60 5.46 1
DAO55 0.91 280 1752 0.64 1.69 1.54 7.3 2.47 4.16 1
G260 0.97 720 1455 158 1.35 4.34 517 3.27 5.17 1
G268 1.01 6.25 1358 1.31 1.69 3.65 34.9 3.53 5.75 1
G327-MVI 0.98 6.80 1354 147 1.39 3.72 40.7 3.71 5.85 1
H16 0.90 580 15.30 1.20 5.70 10.67 91.0 1.32 3.50 1
MO009 1.05 6.15 1522 129 1.26 2.64 246 3.27 5.10 1
SKO19A 1.10 790 1523 1.80 0.31 1.49 19.2 4.79 6.16 1
SKO020A 1.14 330 16.21 0.72 271 278 14.2 2.29 4.31 1
SKO026A 1.79 570 16.80 1.18 0.46 0.84 7.0 4.01 5.35 1
SKO35A 111 6.75 15.63 1.45 0.76 198 214 3.67 5.26 1
SKO36A 1.10 405 16.73 0.84 130 1.57 9.1 2.93 4.63 1
SKO052A 1.74 445 1593 092 1.65 219 137 2.88 4.76 1
SKO53A 1.09 9.95 1550 233 0.15 3.32 328 5.09 5.99 1
SKO55A 1.18 525 1538 1.08 2.53 4.07 303 2.43 4.45 1
SKO66A 111 10.05 1566 236 0.14 3.33 324 5.08 5.93 1
SKO71A 1.06 520 16.09 1.07 194 3.07 226 2.50 4.33 1
SKO083A 1.25 9.95 16.23 233 0.09 2.02 20.0 5.44 6.09 1
SKO86A 1.10 5.05 1485 1.04 3.18 486 345 2.37 4.57 1
SK104A 1.48 6.35 1499 134 0.70 156 154 4.10 5.84 1
SK109A 1.15 8.10 15.89 186 0.79 4.44 57.2 3.25 4.66 1
V129-BA4 1.48 520 14.63 1.07 1.49 236 17.4 3.43 5.49 1

This table is available in electronic form from the VizieRhive.
ICluster names are taken from table 2.1 and are the same asithibe Revised Bologna Catalogue
of M31 GCs (Galletiet al,, 2004).
2The x? per degree of freedom for the best fitting model to the clystefile.
3The central potential (W and concentration parameterf log(r¢/rc)] of the cluster.
4The K-band magnitude of the cluster (from profile fitst aperture photometry) [mag].
5The core, half light and tidal radii of the cluster (assumthg distance of M31 to be 780 kpc
McConnachieet al., 2005) [pc].
5The cluster core density [L. pc3] and stellar encounter rate [as defined by equation 1.6;
LZ .pc3km™1s].
7Flyag based on visual examination of the cluster image amésigual after subtraction of the best
fitting model. Flags are: 1-clean cluster image and resjd2wlliptical profile; 3-poor residual
after subtraction; 4-bright source close to the clusterclvhmay potentially influence its profile;
5-potential asterism; 6-potentially stellar profile/ ugplttal parameters.



BIBLIOGRAPHY

Aarseth S. J., Heggie D. C., 1998, MNRAS, 297, 794

Adelman-McCarthy J. Ket al,, 2007, ApJs, 172, 634

An D., Johnson J. A., Clem J. L., Yanny B., Rockosi C. M., Mson H. L., Hard-
ing P., Gunn J. E., Allende Prieto C., Beers T. C., CudwortivK. Ivans I. I.,
lvezi¢ Z., Lee Y. S., Lupton R. H., Bizyaev D., Brewington H., Malahenko
E., Malanushenko V., Oravetz D., Pan K., Simmons A., Sne@&leWatters S.,
York D. G., 2008, ApJs, 179, 326

Angelini L., Loewenstein M., Mushotzky R. F., 2001, ApJ, 5635

Ashman K. M., Zepf S. E., 1992, ApJ, 384, 50

Ashman K. M., Zepf S. E., 199&lobular Cluster Systems

Barmby P., Holland S., Huchra J. P., 2002, AJ, 123, 1937

Barmby P., Huchra J. P., 2001, AJ, 122, 2458

Barmby P., Huchra J. P., Brodie J. P., Forbes D. A., Schroder,|Grillmair C. J.,
2000, AJ, 119, 727

Barmby P., McLaughlin D. E., Harris W. E., Harris G. L. H., Bes D. A., 2007,
AJ, 133, 2764

Barmby P., Perina S., Bellazzini M., Cohen J. G., Hodge PHichra J. P., Kissler-
Patig M., Puzia T. H., Strader J., 2009, ArXiv e-prints

Barnard R., 2003, iXMM-Newton Proposal ID #0202230@p. 120—+

Bassa C., Pooley D., Homer L., Verbunt F., Gaensler B. M.,ihaW. H. G., An-
derson S. F., Margon B., Kaspi V. M., van der Klis M., 2004, ApJ9, 755

Bassino L. P., Richtler T., Dirsch B., 2006, MNRAS, 367, 156

Battistini P., Bonoli F., Braccesi A., Federici L., Fusi BeE., Marano B., Borngen
F., 1987, A&AS, 67, 447

Battistini P. L., Bonoli F., Casavecchia M., Ciotti L., Fede L., Fusi-Pecci F.,
1993, A&A, 272,77

Baum W. A., 1955, PASP, 67, 328

Beasley M. A., Brodie J. P., Strader J., Forbes D. A., ProBtoN., Barmby P.,
Huchra J. P., 2004, AJ, 128, 1623

Becker W., Swartz D. A., Pavlov G. G., Elsner R. F., GrindlayMignani R.,
Tennant A. F., Backer D., Pulone L., Testa V., Weisskopf M.2003, ApJ, 594,
798

Bellazzini M., Pasquali A., Federici L., Ferraro F. R., RdecF., 1995, ApJ, 439,
687

Bellazzini M., Pecci F. F., Ferraro F. R., Galleti S., CateM., Landsman W. B.,

160



Bibliography 161

2001, AJ, 122, 2569

Bertin E., Arnouts S., 1996, A&AS, 117, 393

Bohlin R. C., Dickinson M. E., Calzetti D., 2001, AJ, 122, 811

Boroson B., Kallman T., Vrtilek S. D., Raymond J., Still M.atista M., Quaintrell
H., 2000, ApJ, 529, 414

Bradt H., Levine A. M., Remillard R. A., Smith D. A., 2000, AiXAstrophysics
e-prints

Bregman J., 2005, iXMM-Newton Proposal ID #0404060@p. 151—+

Brodie J. P., Huchra J. P., 1991, ApJ, 379, 157

Brodie J. P., Strader J., 2006, ARA&A, 44, 193

Brown T. M., Ferguson H. C., Smith E., Kimble R. A., Sweigart\A, Renzini A.,
Rich R. M., VandenBerg D. A., 2004, ApJ, 613, L125

Brown T. M., Sweigart A. V., Lanz T., Landsman W. B., Hubeny2001, ApJ, 562,
368

Brown W. R., Geller M. J., Kenyon S. J., Diaferio A., 2010, A39, 59

Bruzual G., Charlot S., 2003, MNRAS, 344, 1000

Buonanno R., Corsi C., Bellazzini M., Ferraro F. R., Pec&.F1997, AJ, 113, 706

Caldwell N., Harding P., Morrison H., Rose J. A., SchiavoniRiessler J., 2009,
AJ, 137,94

Cardelli J. A., Clayton G. C., Mathis J. S., 1989, ApJ, 345 24

Carlson M. N., Holtzman J. A., 2001, PASP, 113, 1522

Carpenter J. M., 2001, AJ, 121, 2851

Carretta E., Bragaglia A., Gratton R. G., Leone F., ReciarBb A., Lucatello S.,
2006, A&A, 450, 523

Casares J., 2007, in V. Karas & G. Matt (edAlJ Symposiumvol. 238 of IAU
Symposiunpp. 3—12

Casares J., Charles P. A., Naylor T., 1992, Nature, 355, 614

Catelan M., 2000, ApJ, 531, 826

Catelan M., 2009, Ap&SS, 320, 261

Clark G. W., 1975, ApJ, 199, L143

Code A. D., 1969, PASP, 81, 475

Cohen J. G., Hsieh S., Metchev S., Djorgovski S. G., Malkaj2d07, AJ, 133, 99

Cohen J. G., Matthews K., Cameron P. B., 2005, ApJ, 634, L45

Coté P., Blakeslee J. P., Ferrarese L., Jordan A., Mévi8rritt D., Milosavljevic
M., Peng E. W., Tonry J. L., West M. J., 2004, ApJs, 153, 223

Coté P, Marzke R. O., West M. J., 1998, ApJ, 501, 554

Coté P., West M. J., Marzke R. O., 2002, ApJ, 567, 853



Bibliography 162

Cox A. N., 2000 Allen’s astrophysical quantities

Davies M. B., Piotto G., de Angeli F., 2004, MNRAS, 349, 129

D’Cruz N. L., Dorman B., Rood R. T., O’Connell R. W., 1996, Ag&6, 359

de Jong J. A., van Paradijs J., Augusteijn T., 1996, A&A, 3184

de Vaucouleurs G., de Vaucouleurs A., Corwin Jr. H. G., Buta.RPaturel G.,
Fouque P., 199IThird Reference Catalogue of Bright Galaxies

di Stefano R., 2003, iXMM-Newton Proposal ID #02047910p. 255—+

Di Stefano R., Kong A. K. H., Garcia M. R., Barmby P., GreingMurray S. S.,
Primini F. A., 2002, ApJ, 570, 618

Dieball A., Knigge C., Zurek D. R., Shara M. M., Long K. S., @ka P. A., Han-
nikainen D., 2007, ApJ, 670, 379

Dirsch B., Richtler T., Geisler D., Forte J. C., Bassino L.Gleren W. P., 2003, AJ,
125, 1908

Dirsch B., Schuberth Y., Richtler T., 2005, A&A, 433, 43

Djorgovski S., Meylan G., 1994, AJ, 108, 1292

Dorman B., O'Connell R. W., Rood R. T., 1995, ApJ, 442, 105

Dorman B., Rood R. T., O’'Connell R. W., 1993, ApJ, 419, 596

Dye S., Warren S. J., Hambly N. C., Cross N. J. G., Hodgkin Slrin M. J.,
Lawrence A., Adamson A. J., Almaini O., Edge A. C., Hirst Riméson R. F,,
Lucas P. W., van Breukelen C., Bryant J., Casali M., CollinSR Dalton G. B.,
Davies J. I., Davis C. J., Emerson J. P,, Evans D. W., Foucau@&zales-
Solares E. A., Hewett P. C., Kendall T. R., Kerr T. H., LeggetK., Lodieu N.,
Loveday J., Lewis J. R., Mann R. G., McMahon R. G., MortlockID Nakajima
Y., Pinfield D. J., Rawlings M. G., Read M. A., Riello M., Seuihi K., Smith
A. J., Sutorius E. T. W., Varricatt W., Walton N. A., WeathaylS. J., 2006,
MNRAS, 372, 1227

Fabian A. C., Pringle J. E., Rees M. J., 1975, MNRAS, 172, 15P

Fall S. M., Zhang Q., 2001, ApJ, 561, 751

Fan Z., Ma J., de Grijs R., Yang Y., Zhou X., 2006, MNRAS, 37848

Fan Z., Ma J., de Grijs R., Zhou X., 2008, MNRAS, 385, 1973

Fan Z., Ma J., Zhou X., Chen J., Jiang Z., Wu Z., 2005, PASP, 1236

Ferraro F. R., Montegriffo P., Origlia L., Fusi Pecci F., 20@J, 119, 1282

Forbes D. A., Brodie J. P., Grillmair C. J., 1997, AJ, 113,265

Forbes D. A., Lasky P., Graham A. W., Spitler L., 2008, MNRA&89, 1924

Frank J., King A., Raine D. J., 2002¢cretion Power in Astrophysics: Third Edition

Freeman K. C., Norris J., 1981, ARA&A, 19, 319

Fruchter A. S., Hook R. N., 2002, PASP, 114, 144



Bibliography 163

Fukugita M., Ichikawa T., Gunn J. E., Doi M., Shimasaku K higeider D. P., 1996,
AJ, 111,1748

Fusi Pecci F., Battistini P., Bendinelli O., Bonoli F., CeaetC., Djorgovski S.,
Federici L., Ferraro F. R., Parmeggiani G., Weir N., Zav&ttil994, A&A, 284,
349

Fusi Pecci F., Bellazzini M., 1997, in A. G. D. Philip, J. Lesh R. Saffer, &
D. S. Hayes (ed.)The Third Conference on Faint Blue Stapp. 255—+

Fusi Pecci F., Bellazzini M., Buzzoni A., De Simone E., Faddr., Galleti S.,
2005, AJ, 130, 554

Fusi Pecci F., Ferraro F. R., Bellazzini M., Djorgovski Sgtd G., Buonanno R.,
1993, AJ, 105, 1145

Fusi-Pecci F., Renzini A., 1978, in A. G. D. Philip & D. S. Haygd.),The HR
Diagram - The 100th Anniversary of Henry Norris Russel. 80 of IAU Sym-
posium pp. 225—+

Galleti S., Bellazzini M., Federici L., Buzzoni A., Fusi Re&., 2007, A&A, 471,
127

Galleti S., Federici L., Bellazzini M., Buzzoni A., Fusi Re€., 2006, A&A, 456,
985

Galleti S., Federici L., Bellazzini M., Fusi Pecci F., Ma@iS., 2004, A&A, 416,
917

Geisler D., Lee M. G., Kim E., 1996, AJ, 111, 1529

Grimm H., Gilfanov M., Sunyaev R., 2002, A&A, 391, 923

Grindlay J. E., Heinke C., Edmonds P. D., Murray S. S., 208tg,292, 2290

Grindlay J. E., Heinke C. O., Edmonds P. D., Murray S. S., GadM., 2001b,
ApJ, 563, L53

Grindlay J. E., Hertz P., 1985, in D. Q. Lamb & J. Patterson)(&htaclysmic Vari-
ables and Low-Mass X-ray Binariegol. 113 ofAstrophysics and Space Science
Library, pp. 79-91

Han Z., 2008, A&A, 484, L31

Han Z., Podsiadlowski P., Lynas-Gray A. E., 2007, MNRAS, 3818

Han Z., Podsiadlowski P., Maxted P. F. L., Marsh T. R., 200BIRAS, 341, 669

Han Z., Podsiadlowski P., Maxted P. F. L., Marsh T. R., Ilvaniy, 2002, MNRAS,
336, 449

Hannikainen D. C., Charles P. A., van Zyl L., Kong A. K. H., Henk.., Hakala P.,
Naylor T., Davies M. B., 2005, MNRAS, 357, 325

Harris W. E., 1991, ARA&A, 29, 543

Harris W. E., 1996, AJ, 112, 1487



Bibliography 164

Harris W. E., 2009, ApJ, 703, 939

Harris W. E., Harris G. L. H., Barmby P., McLaughlin D. E., Bes D. A., 2006,
AJ, 132, 2187

Harris W. E., van den Bergh S., 1981, AJ, 86, 1627

Heber U., Kudritzki R. P., Caloi V., Castellani V., Danzigkr 1986, A&A, 162,
171

Heinke C. O., Budac S. A., 2009, The Astronomer’s Telegrat392 1

Heinke C. O., Grindlay J. E., Lugger P. M., Cohn H. N., EdmoRd®., Lloyd
D. A., Cool A. M., 2003, ApJ, 598, 501

Hempel M., Geisler D., Hoard D. W., Harris W. E., 2005, A&A,31 39

Hempel M., Zepf S., Kundu A., Geisler D., Maccarone T. J.,20pJ, 661, 768

Henze M., Pietsch W., Haberl F., Sala G., Quimby R., HernanzD¥lla Valle M.,
Milne P., Williams G. G., Burwitz V., Greiner J., Stiele H.aHmann D. H., Kong
A. K. H., Hornoch K., 2009, A&A, 500, 769

Hewett P. C., Warren S. J., Leggett S. K., Hodgkin S. T., 2006RAS, 367, 454

Hills J. G., Day C. A., 1976, 17, 87

Hobbs G., Lorimer D. R., Lyne A. G., Kramer M., 2005, MNRAS (03874

Hodgkin S. T., Irwin M. J., Hewett P. C., Warren S. J., 2009, RIS, 394, 675

Hogg D. E., 1964, JRASC, 58, 203

Hoyle F., Schwarzschild M., 1955, ApJs, 2, 1

Hubble E., 1932, ApJ, 76, 44

Huchra J. P., Brodie J. P., Kent S. M., 1991, ApJ, 370, 495

Hut P., Verbunt F., 1983, Nature, 301, 587

Huxor A. P., Tanvir N. R., Ferguson A. M. N., Irwin M. J., IbaRa, Bridges T.,
Lewis G. F., 2008, MNRAS, 385, 1989

Huxor A. P., Tanvir N. R., Irwin M. J., Ibata R., Collett J. lEerguson A. M. N.,
Bridges T., Lewis G. F., 2005, MNRAS, 360, 1007

Hynes R. I., Horne K., O’Brien K., Haswell C. A., Robinson E, King A. R.,
Charles P. A., Pearson K. J., 2006, ApJ, 648, 1156

Irwin J. A., Bregman J. N., 1999, ApJ, 510, L21

Ivanova N., 2006, ApJ, 636, 979

Ivanova N., Heinke C. O., Rasio F. A., Belczynski K., FregdaM., 2008, MN-
RAS, 386, 553

Jester S., Schneider D. P., Richards G. T., Green R. F., Sithvhj Hall P. B.,
Strauss M. A., Vanden Berk D. E., Stoughton C., Gunn J. EnkBniann J., Kent
S. M., Smith J. A., Tucker D. L., Yanny B., 2005, AJ, 130, 873

Jiang L., Ma J., Zhou X., Chen J., Wu H., Jiang Z., 2003, AJ, 125



Bibliography 165

Jordan A., Blakeslee J. P., Coté P., Ferrarese L., lafantMei S., Merritt D., Peng
E. W., Tonry J. L., West M. J., 2007a, ApJs, 169, 213

Jordan A., Coté P., Blakeslee J. P., Ferrarese L., Mchbud. E., Mei S., Peng
E. W., Tonry J. L., Merritt D., Milosavljevic M., Sarazin C.., Sivakoff G. R.,
West M. J., 2005, ApJ, 634, 1002

Jordan A., Coté P., Ferrarese L., Blakeslee J. P., Md8rritt D., Milosavljevic
M., Peng E. W., Tonry J. L., West M. J., 2004, ApJ, 613, 279

Jordan A., Peng E. W., Blakeslee J. P., Coté P., Eyherdyn®n Ferrarese L., Mei
S., Tonry J. L., West M. J., 2009, ApJs, 180, 54

Jordan A., Sivakoff G. R., McLaughlin D. E., Blakeslee J.Bans D. A., Kraft
R. P., Hardcastle M. J., Peng E. W., C6té P., Croston J.uétf A. M., Minniti
D., Raychaudhury S., Sarazin C. L., Worrall D. M., Harris W.\&oodley K. A.,
Birkinshaw M., Brassington N. J., Forman W. R., Jones C.,isu6. S., 2007b,
ApJ, 671, L117

Kaaret P., 2002, ApJ, 578, 114

Kaaret P., Ford E. C., Chen K., 1997, ApJ, 480, L27+

Katz J. I., 1975, Nature, 253, 698

Kaviraj S., Sohn S. T., O'Connell R. W,, Yoon S., Lee Y. W.,, YikS, 2007, MN-
RAS, 377, 987

Kim D., Fabbiano G., 2004, ApJ, 611, 846

Kim E., Kim D., Fabbiano G., Lee M. G., Park H. S., Geisler Dissbh B., 2006,
ApJ, 647,276

Kim S. C., Lee M. G., Geisler D., Sarajedini A., Park H. S., tiggdd. S., Harris
W. E., Seguel J. C., von Hippel T., 2007, AJ, 134, 706

King A. R., 1999, Physical Reports, 311, 337

King A. R., Kolb U., Burderi L., 1996, ApJ, 464, L127+

King I. R., 1966, AJ, 71, 64

King I. R., Stanford S. A., Albrecht R., Barbieri C., BladesCl, Boksenberg A.,
Crane P., Disney M. J., Deharveng J. M., Jakobsen P., KangpefimM., Mac-
chetto F., Mackay C. D., Paresce F., Weigelt G., Baxter Deg@field P., Jedrze-
jewski R., Nota A., Sparks W. B., Sosin C., 1993, ApJ, 413,111

Kissler-Patig M., 2000, in R. E. Schielicke (edReviews in Modern Astronomy
vol. 13 of Reviews in Modern Astronomyp. 13—+

Knigge C., Leigh N., Sills A., 2009, Nature, 457, 288

Kong A., 2005, inXMM-Newton Proposal ID #0403530fp. 138—+

Kong A. K. H., Bassa C., Pooley D., Lewin W. H. G., Homer L., Mant F., Ander-
son S. F., Margon B., 2006, ApJ, 647, 1065



Bibliography 166

Kong A. K. H., Garcia M. R., Primini F. A., Murray S. S., Di Stefo R., McClin-
tock J. E., 2002, ApJ, 577, 738

Kundu A., Maccarone T. J., Zepf S. E., 2002, ApJ, 574, L5

Kundu A., Maccarone T. J., Zepf S. E., 2007, ApJ, 662, 525

Kundu A., Maccarone T. J., Zepf S. E., Puzia T. H., 2003, Ag9, 281

Kundu A., Whitmore B. C., 1998, AJ, 116, 2841

Kundu A., Whitmore B. C., 2001, AJ, 121, 2950

Kundu A., Zepf S. E., 2007, Astrophys. J. Lett., 660, L109

Kundu A., Zepf S. E., Hempel M., Morton D., Ashman K. M., Maawze T. J.,
Kissler-Patig M., Puzia T. H., Vesperini E., 2005, ApJ, 6341

Larsen S. S., Brodie J. P., Huchra J. P., Forbes D. A., Gnitl@aJ., 2001, AJ, 121,
2974

Larsen S. S., Richtler T., 2000, A&A, 354, 836

Lattimer J. M., Prakash M., 2004, Science, 304, 536

Lee H., Yoon S., Lee Y., 2000, AJ, 120, 998

Lee Y., Demarque P., Zinn R., 1994, ApJ, 423, 248

Lee Y., Joo S., Han S., Chung C., Ree C. H., Sohn Y., Kim Y., YBqr¥i S. K.,
Demarque P., 2005, ApJ, 621, L57

Leigh N., Sills A., Knigge C., 2007, ApJ, 661, 210

Lewin W. H. G., van der Klis M., 2006 ompact stellar X-ray sources

Lightman A. P., Shapiro S. L., 1978, Reviews of Modern Phg;st®, 437

Liu Q. Z., van Paradijs J., van den Heuvel E. P. J., 2001, A&8§,3.021

Lyne A. G., Brinklow A., Middleditch J., Kulkarni S. R., BaekD. C., 1987, Na-
ture, 328, 399

Maccarone T. J., Kundu A., Zepf S. E., 2004, ApJ, 606, 430

Mackey A. D., Huxor A., Ferguson A. M. N., Tanvir N. R., Irwin Mibata R.,
Bridges T., Johnson R. A., Lewis G., 2006, ApJ, 653, L105

Magnier E. A., 1993 A study of M31 Ph.D. thesis, AA(Massachusetts Inst. of
Tech.)

Maraston C., 2005, MNRAS, 362, 799

Margon B., Anderson S. F., Downes R. A., Bohlin R. C., Jakold2e 1991, ApJ,
369, L71

Marin-Franch A., Aparicio A., Piotto G., Rosenberg A., Gbger B., Sarajedini A.,
Siegel M., Anderson J., Bedin L. R., Dotter A., Hempel M., &ih, Majewski
S., Milone A. P., Paust N., Reid I. N., 2009, ApJ, 694, 1498

Massey P., Olsen K. A. G., Hodge P. W., Strong S. B., Jacoby.GS¢hlingman
W., Smith R. C., 2006, AJ, 131, 2478



Bibliography 167

Maxted P. f. L., Heber U., Marsh T. R., North R. C., 2001, MNRA36, 1391

McClintock J. E., Remillard R. A., 1986, ApJ, 308, 110

McConnachie A. W., Irwin M. J., Ferguson A. M. N., Ibata R. Agwis G. F.,
Tanvir N., 2005, MNRAS, 356, 979

McCrea W. H., 1964, MNRAS, 128, 147

McLaughlin D. E., 1999, AJ, 117, 2398

McLaughlin D. E., Barmby P., Harris W. E., Forbes D. A., Haré. L. H., 2008,
MNRAS, 384, 563

Mengel J. G., Gross P. G., 1976, Ap&SS, 41, 407

Miller B. W., Lotz J. M., Ferguson H. C., Stiavelli M., Whitm@B. C., 1998, ApJ,
508, L133

Mirabel I. F., Dhawan V., Mignani R. P., Rodrigues I., Gufhetti F., 2001, Nature,
413, 139

Mirabel I. F., Rodrigues I., 2003, A&A, 398, L25

Mochejska B. J., Kaluzny J., Krockenberger M., Sasselov.DSEanek K. Z., 1998,
AcA, 48, 455

Moehler S., 2001, PASP, 113, 1162

Moni Bidin C., Catelan M., Altmann M., 2008, A&A, 480, L1

Moni Bidin C., Moehler S., Piotto G., Momany Y., Recio-BlanA., 2009, A&A,
498, 737

Morrissey P., Schiminovich D., Barlow T. A., Martin D. C.,dKkolb B., Conrow
T., Cooke B., Erickson K., Fanson J., Friedman P. G., GrangddRnsky P. N.,
Lee S., LiuD., Mazer A., McLean R., Milliard B., Randall D ¢l8nitigal W., Sen
A., Siegmund O. H. W., Surber F., Vaughan A., Viton M., Welsh¥B Bianchi
L., Byun Y., Donas J., Forster K., Heckman T. M., Lee Y., MadBr F., Malina
R. F., Neff S. G., Rich R. M., Small T., Szalay A. S., Wyder T, K005, ApJ,
619, L7

Murphy B. W., Cohn H. N., Hut P., 1990, MNRAS, 245, 335

Naylor T., Charles P. A., Drew J. E., Hassall B. J. M., 1988, RAE, 233, 285

O’Connell R. W,, 1999, ARA&A, 37, 603

Oke J.B., Gunn J. E., 1983, ApJ, 266, 713

Ostriker J. P., Weaver R., Yahil A., McCray R., 1976, ApJ, 2081

Ostrov P., Geisler D., Forte J. C., 1993, AJ, 105, 1762

Paczynski B., 1976, in P. Eggleton, S. Mitton, & J. Whelan.e8tructure and
Evolution of Close Binary SystemI. 73 of IAU Symposiunpp. 75—+

Peacock M. B., Maccarone T. J., Knigge C., Kundu A., Waterg.CZepf S. E.,
Zurek D. R., 2010, MNRAS, 402, 803



Bibliography 168

Peacock M. B., Maccarone T. J., Waters C. Z., Kundu A., ZefE.SKnigge C.,
Zurek D. R., 2009, MNRAS, 392, L55

Peng E. W., Jordan A., Coté P., Blakeslee J. P., Ferrdreddei S., West M. J.,
Merritt D., Milosavljevic M., Tonry J. L., 2006, ApJ, 63959

Peng E. W., Jordan A., Coté P., Takamiya M., West M. J.k&&ee J. P., Chen C,,
Ferrarese L., Mei S., Tonry J. L., West A. A., 2008, ApJ, 687 1

Perets H. B., Fabrycky D. C., 2009, ApJ, 697, 1048

Perina S., Federici L., Bellazzini M., Cacciari C., Fusi &lde, Galleti S., 2009,
ArXiv e-prints

Perrett K. M., Bridges T. J., Hanes D. A., Irwin M. J., Brodi€] Carter D., Huchra
J. P.,, Watson F. G., 2002, AJ, 123, 2490

Peterson R. C., 1982, ApJ, 258, 499

Peterson R. C., 1985, ApJ, 294, L35

Pfahl E., Rappaport S., Podsiadlowski P., 2002, ApJ, 573, 28

Pietsch W., 2008, Astronomische Nachrichten, 329, 170

Piotto G., Bedin L. R., Anderson J., King I. R., Cassisi S.lavdé A. P., Villanova
S., Pietrinferni A., Renzini A., 2007, ApJ, 661, L53

Piotto G., King I. R., Djorgovski S. G., Sosin C., Zoccali Maviane |., De Angeli
F., Riello M., Recio-Blanco A., Rich R. M., Meylan G., Renzi, 2002, A&A,
391, 945

Pogson N., 1860, MNRAS, 21, 32

Pooley D., Hut P., 2006, ApJ, 646, L143

Pooley D., Lewin W. H. G., Anderson S. F., Baumgardt H., piépko A. V.,
Gaensler B. M., Homer L., Hut P., Kaspi V. M., Makino J., Mang®., McMillan
S., Portegies Zwart S., van der Klis M., Verbunt F., 2003, A®1L, L131

Pooley D., Lewin W. H. G., Homer L., Verbunt F., Anderson S.Gaensler B. M.,
Margon B., Miller J. M., Fox D. W., Kaspi V. M., van der Klis M2002a, ApJ,
569, 405

Pooley D., Lewin W. H. G., Verbunt F., Homer L., Margon B., @sler B. M.,
Kaspi V. M., Miller J. M., Fox D. W., van der Klis M., 2002b, Ap373, 184

Primini F. A., Forman W., Jones C., 1993, ApJ, 410, 615

Puzia T. H., Perrett K. M., Bridges T. J., 2005, A&A, 434, 909

Puzia T. H., Zepf S. E., Kissler-Patig M., Hilker M., Minni)., Goudfrooij P.,
2002, A&A, 391, 453

Quimby R., Mondol P., Wheeler J. C., Rykoff E., Yuan F., Ak&IC., Shafter A.,
Ofek E., Kasliwal M., 2007, ATel, 1118, 1

Racine R., 1968, PASP, 80, 326



Bibliography 169

Racine R., 1991, AJ, 101, 865

Randall S. W., Sarazin C. L., Irwin J. A., 2004, ApJ, 600, 729

Reed L. G., Harris G. L. H., Harris W. E., 1992, AJ, 103, 824

Reed L. G., Harris G. L. H., Harris W. E., 1994, AJ, 107, 555

Reed M. D., Stiening R., 2004, PASP, 116, 506

Rey S., Rich R. M., Lee Y., Yoon S., Yi S. K., Bianchi L., SohnKtiedman P. G.,
Barlow T. A., Byun Y., Donas J., Forster K., Heckman T. M., Bkel., Jelinsky
P. N., Kim S., Lee J., Madore B. F., Malina R. F., Martin D. C.illidrd B.,
Morrissey P., Neff S. G., Rhee J., Schiminovich D., SiegmOndH. W., Small
T., Szalay A. S., Welsh B. Y., Wyder T. K., 2005, ApJ, 619, L119

Rey S.,RichR. M., Sohn S. T., Yoon S., Chung C., Yi S. K., Le®¥ee J., Bianchi
L., Madore B. F., Lee K., Barlow T. A., Forster K., Friedmar@, Martin D. C.,
Morrissey P., Neff S. G., Schiminovich D., Seibert M., Small Wyder T. K.,
Donas J., Heckman T. M., Milliard B., Szalay A. S., Welsh B, 2007, ApJs,
173, 643

Rey S., Yoon S., Lee Y., Chaboyer B., Sarajedini A., 2001,1&22, 3219

Rhode K. L., Zepf S. E., 2004, AJ, 127, 302

Rhode K. L., Zepf S. E., Kundu A., Larner A. N., 2007, AJ, 13403

Rhode K. L., Zepf S. E., Santos M. R., 2005, ApJ, 630, L21

Rich R. M., Corsi C. E., Cacciari C., Federici L., Fusi PecgiBjorgovski S. G.,
Freedman W. L., 2005, AJ, 129, 2670

Rich R. M., Sosin C., Djorgovski S. G., Piotto G., King I. Remini A., Phinney
E. S., Dorman B., Liebert J., Meylan G., 1997, ApJ, 484, L25+

Rood R. T., 1973, ApJ, 184, 815

Rutledge R. E., Bildsten L., Brown E. F., Pavlov G. G., ZawirE., 2002, ApJ,
578, 405

Salaris M., Weiss A., 2002, A&A, 388, 492

Sandage A., 1961 he Hubble atlas of galaxies

Sandage A., Wallerstein G., 1960, ApJ, 131, 598

Santos M. R., 2003, in M. Kissler-Patig (edE)xtragalactic Globular Cluster Sys-
tems pp. 348—+

Sarazin C. L., Kundu A., Irwin J. A., Sivakoff G. R., Blanton E, Randall S. W.,
2003, ApJ, 595, 743

Schlegel D. J., Finkbeiner D. P., Davis M., 1998, ApJ, 50®, 52

Searle L., Zinn R., 1978, ApJ, 225, 357

Servillat M., Dieball A., Webb N. A., Knigge C., Cornelisse, Barret D., Long
K. S., Shara M. M., Zurek D. R., 2008, A&A, 490, 641



Bibliography 170

Shafter A. W., Quimby R. M., 2007, ApJ, 671, L121

Shapley H., 1918, PASP, 30, 42

Shara M. M., Zurek D. R., Baltz E. A., Lauer T. R., Silk J., 2084J, 605, L117

Sharov A. S., Alksnis A., 1995, AstL, 21, 579

Sharov A. S., Liutyi V. M., 1983, Ap&SS, 90, 371

Sharov A. S., Lyutyj V. M., Esipov V. F., 1987, PAZh, 13, 643

Sharov A. S., Lyutyj V. M., lkonnikova N. P., 1992, SVAL, 181 4

Shirey R., Soria R., Borozdin K., Osborne J. P., Tiengo A.aBazzi M., Hayter
C., La Palombara N., Mason K., Molendi S., Paerels F., Fhétg¢ Priedhorsky
W., Read A. M., Watson M. G., West R. G., 2001, A&A, 365, L195

Smits M., Maccarone T. J., Kundu A., Zepf S. E., 2006, A&A, 4587

Sohn S. T., O'Connell R. W., Kundu A., Landsman W. B., Burst2i, BohlinR. C.,
Frogel J. A., Rose J. A., 2006, AJ, 131, 866

Spitzer Jr. L., Thuan T. X., 1972, ApJ, 175, 31

Stoughton C.et al,, 2002, AJ, 123, 485

Strader J., Brodie J. P., Spitler L., Beasley M. A., 2006, 3R, 2333

Strader J., Smith G. H., Larsen S., Brodie J. P., Huchra 20B9, AJ, 138, 547

Suda T., Tsujimoto T., Shigeyama T., Fujimoto M. Y., 2007 JA§71, L129

Supper R., Hasinger G., Lewin W. H. G., Magnier E. A., van Bgsal., Pietsch
W., Read A. M., Trimper J., 2001, A&A, 373, 63

Supper R., Hasinger G., Pietsch W., Truemper J., Jain A.,néad:. A., Lewin
W. H. G., van Paradijs J., 1997, A&A, 317, 328

Sutantyo W., 1975, A&A, 44, 227

Tabur V., Kiss L. L., Bedding T. R., 2009, ApJ, 703, L72

Tamura N., Sharples R. M., Arimoto N., Onodera M., Ohta Kin'éaa Y., 2006a,
MNRAS, 373, 588

Tamura N., Sharples R. M., Arimoto N., Onodera M., Ohta Kmdéala Y., 2006b,
MNRAS, 373, 601

Tanvir N., 2006, inXMM-Newton Proposal ID #0505900dp. 212—+

Tauris T. M., van den Heuvel E., 2003, ArXiv Astrophysicsraifs

Trinchieri G., Fabbiano G., 1991, ApJ, 382, 82

Trudolyubov S., Priedhorsky W., 2004, ApJ, 616, 821

van den Bergh S., Morbey C., Pazder J., 1991, ApJ, 375, 594

van den Heuvel E. P. J., Heise J., 1972, Nature, 239, 67

van der Klis M., 2000, ARA&A, 38, 717

van Leeuwen J., Stappers B. W., 2010, A&A, 509 (26), A260000+

van Paradijs J., 1996, Astrophys. J. Lett., 464, L139+



Bibliography 171

Verbunt F., Hut P., 1987, in D. J. Helfand & J.-H. Huang (edhe Origin and
Evolution of Neutron Starsvol. 125 oflAU Symposiugpp. 187—+

Verbunt F., Lewin W. H. G., 20085lobular cluster X-ray sourcepp. 341-379

VeteSnik M., 1962, Bulletin of the Astronomical Institgtef Czechoslovakia, 13,
180

Vrtilek S. D., Penninx W., Raymond J. C., Verbunt F., HertzWood K., Lewin
W. H. G., Mitsuda K., 1991, ApJ, 376, 278

Vrtilek S. D., Raymond J. C., Garcia M. R., Verbunt F., HaginG., Kurster M.,
1990, A&A, 235, 162

Warner B., 1995Cataclysmic variable stars

Waters C. Z., 2007High resolution analysis of extragalactic globular cluste
Ph.D. thesis, AA(Michigan State University)

Watson M. G., Schroder A. C., Fyfe D., Page C. G., Lamer Gteda S., Pye J.,
Sakano M., Rosen S., Ballet J., Barcons X., Barret D., BdlleBrunner H.,
Brusa M., Caccianiga A., Carrera F. J., Ceballos M., DellaaCR., Denby M.,
Denkinson G., Dupuy S., Farrell S., Fraschetti F., Freybdrgl., Guillout P.,
Hambaryan V., Maccacaro T., Mathiesen B., McMahon R., MitheMotch
C., Osborne J. P., Page M., Pakull M. W., Pietsch W., Saxtois&wope A.,
Severgnini P., Simpson M., Sironi G., Stewart G., StewaM . Stobbart A.,
Tedds J., Warwick R., Webb N., West R., Worrall D., Yuan WQ20A&A, 493,
339

Wehlau A., Butterworth S., Hogg H. S., 1990, AJ, 99, 1159

West M. J., 1993, MNRAS, 265, 755

White N. E., Angelini L., 2001, ApJ, 561, L101

White R. E., Sarazin C. L., Kulkarni S. R., 2002, ApJ, 571, L23

Whitmore B. C., Schweizer F., 1995, AJ, 109, 960

Williams B. F., Garcia M. R., Kong A. K. H., Primini F. A., King. R., Di Stefano
R., Murray S. S., 2004, ApJ, 609, 735

Worthey G., 1994, ApJs, 95, 107

Zepf S. E., Ashman K. M., 1993, MNRAS, 264, 611

Zucker D. B., Kniazev A. Y., Bell E. F., Martinez-Delgado, Brebel E. K., Rix
H., Rockosi C. M., Holtzman J. A., Walterbos R. A. M., Iveié Brinkmann J.,
Brewington H., Harvanek M., Kleinman S. J., Krzesinski apib D. Q., Long
D., Newman P. R., Nitta A., Snedden S. A., 2004, ApJ, 612, L117



