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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS

SCHOOL OF PHYSICS AND ASTRONOMY

Doctor of Philosophy

A multiwavelength analysis of M31’s globular clusters and their low mass X-ray

binaries

by Mark B. Peacock

Globular clusters (GCs) are dense groups of thousands to millions of stars. They
are often very old systems with ages similar to those of theirhost galaxies and
the early Universe. These clusters provide unique laboratories for astrophysical re-
search and have been used by countless studies to improve ourunderstanding of
the Universe. In particular, they are ideal locations for studying stellar evolution
and the formation and evolution of galaxies. They also provide unique locations for
studying individual exotic objects, such as X-ray binaries. In this study, I investi-
gate the properties of GCs in the nearby spiral galaxy, M31. This galaxy hosts the
largest GC population in the Local Group. This, combined with its relative proxim-
ity to us, makes it an important bridge between studies of Galactic and extragalactic
GCs. However, previous catalogues of these clusters have suffered from significant
inhomogeneity and contamination from both stars and galaxies. In this contribution
I present new, homogeneous, optical and near infra-red photometry of the M31 GC
system. In addition to this, the structural parameters for over half of the known clus-
ters are determined through fitting point spread function convolved King models to
their density profiles. This photometry is used to remove significant contamination
from non-cluster sources in previous cluster catalogues and to confirm a large pop-
ulation of young clusters in the M31 cluster system. Determining the properties of
these clusters is very important in investigating both this, and other, GC systems. It
is also of great benefit in investigating the exotic objects hosted by these clusters.
I combine these data with archivedXMM Newtonobservations, to study the low
mass X-ray binaries (LMXBs) in M31’s clusters. LMXBs are known to be rela-
tively common in GCs and, through studying the properties ofthe GCs which host
them, it is possible to investigate the effects of cluster environment on the formation
and evolution of these systems. From this work, I demonstrate that the presence of
LMXBs is proportional to the stellar collision rate of a GC. This provides good ob-
servational evidence that these LMXBs are formed through dynamical interactions.
These data are also used to consider the morphology of horizontal branch stars in
M31’s GCs. PublishedGALEXultraviolet observations of these clusters are used as
a probe into their hot stellar populations. From this work, Ipropose a relationship
between the core density of these clusters and their ultraviolet colour. This result
suggests that the formation of (FUV bright) extreme horizontal branch stars may be
enhanced in dense stellar environments through stellar interactions.
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THESISOUTLINE

This study is broken down as follows.Chapter 1is intended as a general intro-

duction to the subjects addressed in this work.Chapters 2-5contain the research

presented in this thesis.Chapter 6summarises the overall findings of this con-

tribution. The research chapters constitute studies in their own right, so readers

interested in a particular section should be able to read them independently. Below

is a brief description of the subjects addressed in the following chapters. I have also

highlighted the contributions of others to the work presented. All of the research

presented was primarily performed by myself but has also benefited from the ideas

and comments of Tom Maccarone.

In Chapter 2, I present the results of a new survey of the M31 globular cluster

(GC) system based on optical images from the Sloan Digital Sky Survey and near

infrared observations from the Wide Field Camera on the UK Infrared Telescope.

This chapter presents the colours of these clusters, considers the old and young clus-

ters in the galaxy and investigates potential contamination in previous catalogues.

The properties of these clusters are further considered inchapter 3. Here we

consider their structure by fitting PSF convolved King models to the cluster profiles.

The code used to perform this King model fitting was kindly provided by Chris

Waters. The details of this code itself I claim no credit for.These two chapters

are based on work already published in the papers Peacocket al. (2009, 2010).

Both of these papers benefited from detailed comments from Arunav Kundu and

Christian Knigge. They also benefited from comments and ideas from Steve Zepf,

Chris Waters and Dave Zurek.

The X-ray properties of M31’s GCs are considered inchapter 4. This is based

on data from the 2XMMi catalogue and provides the most homogeneous, deep,

high spatial resolution X-ray survey of M31’s GCs to date. The properties of the

clusters hosting LMXBs are investigated using these data and the cluster properties

determined in chapters 2 and 3. This chapter includes some work published in

Peacocket al. (2009), but presents new, more homogeneous, data and includes a

more complete discussion.

In chapter 5, I consider the influence of cluster density on the far ultraviolet prop-

erties of M31’s GCs. This uses the newly derived structural parameters, combined

with previously publishedGALEXnear and far ultraviolet luminosities of the clus-

ters. These data are used to investigate the horizontal branch population of M31’s

GCs. This work has benefited from ideas and suggestions from Christian Knigge

and Andrea Dieball.

xii



1
Introduction

This study is primarily concerned with investigating the properties of extragalactic

globular clusters and the X-ray binaries they host. In this chapter, a general intro-

duction is given to both globular cluster and X-ray binary systems. A more specific

introduction to the topics investigated in each of the following science chapters is

provided at the start of each chapter.

1.1 Globular Clusters

Globular clusters (GCs) are dense, roughly spherical groups of thousands to mil-

lions of stars. The GCs in our Galaxy have been observed for hundreds of years

and some can even be seen with the naked eye. The Milky Way is now known to

contain at least 150 of these clusters (although there are likely to be∼20 unknown

clusters hidden behind the Galaxy, Harris, 1996). Because of their relatively faint

magnitudes, and small sizes, it took significantly longer for extragalactic GCs to

be identified. However, in the pioneering work of Hubble (1932), GCs were de-

tected around the local group galaxy M31 and were subsequently suggested from

an excess of point sources in the giant elliptical M87 (e.g. Baum, 1955; Sandage,

1961; Racine, 1968). Globular clusters are now identified around almost all galaxies

1
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that are observed with sufficient detail. This includes galaxies of all morphologi-

cal types, including some dwarf galaxies. The number of GCs in different galaxies

varies significantly. For example, M31 (the focus of this study) contains 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. Tamuraet al., 2006a). To first order,

the number of GCs in a galaxy is related to its mass (discussedin more detail be-

low). Due to their proximity to us, the Galactic GCs remain the best studied. The

properties of the Galactic GC system are available from the commonly used Harris

catalogue (Harris, 1996). Throughout this study (unless otherwise stated), we use

data from the Harris catalogue1 to indicate the properties of the Milky Way’s GCs.

Many observational results are still based primarily on these clusters. However, in

the era of theHubble Space Telescope (HST)and large ground based telescopes, the

data available for extragalactic GCs have improved dramatically. In this study we

investigate the properties of extragalactic GC systems, inparticular M31’s GCs.

For many years, GCs have been used to study different aspectsof astrophysics.

For example, in a series of papers studying the distributionand distance to known

GCs, Shapley (1918) provided some of the earliest estimatesof the size of the

Galaxy, noting that the Sun is significantly offset from the Galactic centre. More re-

cently, GCs have been used to determine the distances to nearby galaxies (through

measurement of the luminosity distribution of their GC systems, see e.g. Kissler-

Patig, 2000), to investigate galaxy formation and evolution (see e.g. the review of

Brodie and Strader, 2006), to investigate star formation and evolution and to study

exotic objects hosted by the clusters. The properties of GCsand their application to

such studies are described below.

1.1.1 Stellar populations

Figure 1.1 shows agri-band image of the Galactic GC M15, as seen by the Sloan

Digital Sky Survey (SDSS; see e.g. Adelman-McCarthyet al., 2007). This image

demonstrates the general structure of GCs. They are roughlyspherical systems with

small, very dense cores extending out to regions of much lower densities. A large

number of bright, red stars can also be seen in this image. These red giant stars

demonstrate the evolved stellar population of this cluster.

The colour magnitude diagram (CMD) of this cluster, based onthese SDSS data,

is shown in figure 1.2. This diagram shows the typical stellarpopulations observed

in GCs. The large group of stars at the bottom of the plot are the core hydrogen

1taken from the February 2003 version: http://physwww.physics.mcmaster.ca/ harris/mwgc.dat
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Figure 1.1: The Galactic globular cluster M15. Constructed from optical g,r and
i-band images from the Sloan Digital Sky Survey (SDSS; mosaiced together using
the programMONTAGE, http://hachi.ipac.caltech.edu: 8080/montage/).

burning main sequence (MS) stars. This CMD stops at r∼21 mag, due to both

crowding and the detection limits of these data. However, the MS is known to

extend down to the lower right region of this plot, with decreasing stellar mass. The

old age of M15’s stellar population is demonstrated by the distinctive truncation of

the main sequence. This is a common feature of Galactic GC CMDs and is due to

massive stars evolving off of the MS to brighter, redder colours. The location of

the MS turn-off, provides one of the best methods of estimating the age of a simple

stellar population, with a single star formation epoch. Direct measurements of this

MS turn-off have been used to determine the age of the Milky Way’s GCs (with the

most homogeneous estimates to date coming from theHSTACS survey of Marı́n-

Franchet al., 2009). Extending up from the MS to the bright, red region of figure
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Figure 1.2: Colour magnitude diagram of M15 based ong and r-band observa-
tions from the Sloan Digital Sky Survey. This is produced using the published
photometry of Anet al. (2008). Labelled are the main stellar populations in the
cluster. These are the main sequence (MS), blue straggler (BS), red giant branch
(RGB) and horizontal branch (HB) stars.

1.2 are the red giant branch (RGB) stars in the cluster. The large cool envelopes of

these stars gives them their distinctive colour and luminosity.

A small group of stars can be seen which lie on the MS, but beyond the observed

main sequence turn-off. These are referred to as blue straggler stars (BS). Their high

luminosities mean that these stars should have already evolved off the cluster main

sequence long ago. It is therefore believed they must have gained mass at some stage

of their evolution. The exact mechanism for the formation ofthese stars remains

an area of active research. However, several methods have been proposed. These

include: the merger of stars through stellar collisions (Hills and Day, 1976); mass
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transfer or coalescence of stars in binary systems (McCrea,1964); or the evolution

of triple systems, which can drive the coalescence of a very tight inner binary system

(Perets and Fabrycky, 2009). No clear relationship betweenthe stellar collision rate

of a cluster and its BS population is observed in the GalacticGCs (e.g. Leighet al.,

2007). Instead the core mass of a cluster is found to correlate with the BS population

(Kniggeet al., 2009). This suggests that the binary formation scenario may be the

dominant process in forming these stars. However, the fraction of BSsis found to

increase towards the centre of some clusters, suggesting that stellar interactions in

the dense cores of these clusters does play a role in their formation. It should also

be noted that, the binary fraction itself may increase in clusters with high stellar

collision rates. This is because of the dynamical formationof binary systems.

A further population of stars can be seen in figure 1.2, which extends blueward

from the RGB. It can be seen that these stars have similarr-band luminosity, but

a large spread in colour. Because of their appearance in optical CMDs (such as

figure 1.2), these stars are referred to as horizontal branch(HB) stars. They were

identified by Hoyle and Schwarzschild (1955) as being post RGB stars with helium

burning cores and a thin hydrogen burning shell. It is currently thought that these

stars have similar core masses of∼0.5M⊙ and thin hydrogen envelopes of mass

0.02-0.2M⊙ (see e.g. Moehler, 2001). The observed spread in colour of these stars

is thus related to the mass and opacity of their hydrogen envelopes. Those stars with

less massive envelopes have higher effective temperaturesand bluer colours. The

production of these HB stars is thought to require significant mass loss while on

the RGB. Furthermore, the spread in colour of HB stars, within individual clusters,

probably suggests a spread in this mass loss (Rood, 1973).

Explaining the observed distribution of HB stars in Galactic GCs has been a long

standing challenge, and is still not fully resolved (see e.g. the reviews of Moehler,

2001; Catelan, 2009). At an early stage in the investigationof these stars, the metal-

licity was identified as the primary parameter related to theHB population in a

cluster (e.g. Sandage and Wallerstein, 1960). This is due tothe fact that, for the

same mass, metal rich HB stars will generally have redder colours than metal poor

HB stars because of their increased opacity. However, the metallicity alone can not

explain the observed HB populations in all Galactic GCs. Perhaps the most striking

example of this is the different HBs observed in clusters with similar metallicities

(e.g. NGC 288 and NGC 362: Bellazziniet al., 2001). This has led to the long stand-

ing search for a ‘second parameter’ to explain the HB stars observed. This second

parameter problem dates back as far as the proposed ‘first parameter’ (metallicity)

(Sandage and Wallerstein, 1960). Investigating the secondparameter has been the
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focus of many subsequent studies (as reviewed by: Fusi Pecciand Bellazzini, 1997;

Catelan, 2009). Many processes have been proposed as the second parameter, and

it is likely that more than one may play a role. Indeed, it has been proposed that

‘non-global’ parameters may also effect the HB population of individual GCs (e.g.

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

Age of the stellar population: The effect of increasing the age of a stellar popula-

tion is to make the HB stars bluer (e.g. Leeet al., 1994, 2000; Maraston, 2005).

For GCs older than∼10Gyr, the core mass of HB stars is thought to be roughly

constant. Because older stellar populations will generally have lower masses, this

means that, for the same mass loss on the RGB, the effective temperature of the HB

stars will increase with age. The age of a cluster became one of the prime second

parameter candidates following the work of Searle and Zinn (1978), where an ob-

served variation with galactocentric radius was interpreted in terms of an age effect.

The age of a stellar population certainly has an influence on the HB morphology.

However, whether the age spread in the Milky Way’s GCs is large enough to ex-

plain the observed HBs remains uncertain. For example, it was proposed by Rey

et al. (2001) that the different HB populations of the clusters M13and M3 could

be produced by a difference in the age of the clusters. However, Catelan (2009)

used the age estimates of Salaris and Weiss (2002) to show that the age difference

between these clusters is unlikely to be large enough to explain the different HB

populations. Age variations are also unlikely to explain the bimodal HBs observed

in some clusters, where significant populations of both blueand red HBs are ob-

served (e.g. NGC 6388 and NGC 6441 Richet al., 1997; Piottoet al., 2002). This

would require a large internal spread in ages.

Helium abundance: The helium fraction of a cluster has been another popular expla-

nation. A stellar envelope with a higher helium fraction will have fewer electrons

per unit mass. The resulting decrease in opacity will produce smaller envelopes

and hence bluer colours. The helium abundance has gained impetus in recent years

with the discovery of multiple main sequences in clusters, which may indicate a

spread in helium abundance within the same cluster (e.g.ω Cen and NGC 2808:

Leeet al., 2005). Enhanced helium abundance has also been proposed asan expla-

nation for the excess far-ultraviolet radiation observed in the brightest GCs in M87

(Sohnet al., 2006; Kavirajet al., 2007).

Stellar core rotation: It is thought that stars with faster rotating cores will delay the

onset of a helium flash. This results in HB stars with more massive cores and less
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massive envelopes. This means that faster core rotation mayproduce bluer HB stars

(e.g. Mengel and Gross, 1976; Fusi-Pecci and Renzini, 1978;Peterson, 1985).

Mass loss: Ultimately the amount of mass loss on the RGB will determinethe

colour of the HB stars in a cluster. Hence a spread in this massloss will produce a

spread in the colours of HB stars (Rood, 1973; Peterson, 1982; Catelan, 2000).

Cluster core density: The stellar density in a cluster core might be expected to en-

hance the the mass loss from RGB stars, and hence produce bluer HB stars. Such

a relationship is observed in the Milky Way’s clusters for the ‘blue tail’ of the HB

stars (extreme-HB/subdwarf B) (Fusi Pecciet al., 1993; Buonannoet al., 1997).

This can also help to help explain the presence of extreme-HBstars in the metal

rich, high density clusters, NGC 6388 and NGC 6441 (Richet al., 1997).

Due to the complexity of the observed HBs, and the limited sample of Galactic

GCs, observations of extragalactic GCs would be of great benefit in investigating

these parameters. Most of the observational data on HB starsis currently limited

to the Galactic field, its GCs and the GCs of the LMC and SMC. This is due to the

difficulty in resolving stellar populations in extragalactic GCs. It is possible to pro-

duce limited colour-magnitude diagrams for GCs at the distance of M31 using high

spatial resolutionHST images of the clusters (e.g. Mackeyet al., 2006). Unfortu-

nately, for most extragalactic GCs, such colour magnitude diagrams are not avail-

able. However, it is possible to infer the HB morphology of extragalactic GCs indi-

rectly by using UV observations (e.g. in M87 and M31 Sohnet al., 2006; Reyet al.,

2007). Because of their sensitivity to high temperature objects, such wavelengths

are known to be a good probe into the HB population of a GC (e.g.O’Connell, 1999;

Brownet al., 2004). In chapter 5 we investigate the effect of cluster core density on

the HB stars in M31’s GCs by usingGALEXfar-UV photometry.

1.1.2 Integrated colours, age and metallicity

As can be seen from figure 1.2, the Galactic GCs are found to represent a good ap-

proximation to a simple stellar population, hosting a population of stars with similar

ages (as shown by the single MS turn-off) and metallicities (as demonstrated by the

narrowness of the MS and RGB). This makes GCs unique locations to study stel-

lar evolution and test models of simple stellar populations. It should be noted that

recent observations suggest that the stellar populations of GCs are more complex

than this. DeepHST observations have resolved the main sequence into multiple
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branches in some clusters (e.g. NGC 2808: Piottoet al., 2007). Also spectroscopic

abundances are found to vary between stars in the same cluster (e.g. red giants in

NGC 2808; Carrettaet al., 2006). While this recent work provides interesting clues

into the formation of GCs, these variations are small. In this study, we are con-

cerned primarily with the properties of extragalactic GCs.Therefore such internal

variation in age or metallicity of the stellar population ofa cluster are likely to be

much smaller than the errors on these parameters. For the remainder of this study,

we therefore consider clusters to have a single age and metallicity.

Investigating the properties of extragalactic GCs is very important in order to

study a larger and more diverse sample of clusters than the 150 clusters currently

known in the Milky Way. However, given the increased distance of these extragalac-

tic clusters from us, it is very difficult to resolve the individual stellar populations

in these clusters. At the distance of M31, it is possible to produce colour magni-

tude diagrams for bright stars outside the cores of these clusters by using the superb

spatial resolution ofHST images (Mackeyet al., 2006; Perinaet al., 2009). For

one of M31’s GCs (B379) very deep HST exposures have been usedto produce a

colour-magnitude diagram for the cluster to the main sequence turn-off in the clus-

ter. This allows a direct determination of its age (Brownet al., 2004). However,

this is the only cluster in M31 for which such data are available. For the majority

of M31’s GCs the properties of their stellar population haveto be inferred from the

integrated emission of the cluster. Fortunately, it is possible to estimate many clus-

ter properties from integrated colours. With this in mind wepresent, as part of this

study, a multiwavelength survey of the M31 GC system. This photometry, presented

in chapter 2, provides self consistent, integrated coloursfor M31’s GCs which are

very useful in investigating their properties. The effectsof age and metallicity on

the colour of a cluster are discussed below.

It can be seen from the CMD in figure 1.2, that the integrated colour of a cluster

will be strongly dependent on its stellar population. Clusters with an older stellar

population will have a more truncated main sequence. This isbecause more massive

stars exhaust their core hydrogen quicker and hence evolve off of the MS at earlier

ages. The result of this is that older stellar populations will have fewer bright (blue)

MS stars and more RGB stars. Hence, older GCs will have redderintegrated colours

than younger clusters. The metallicity of the stellar population in a cluster also

has an influence on its colour. This is because, increasing the metallicity of a star

increases the opacity of its atmosphere making it cooler than an equivalent metal

poor star. The result of this is that both MS and RGB stars in metal rich clusters

will have redder colours.
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Figure 1.3: An example of using optical and near-infrared photometry toestimate
the ages and metallicities of GCs. This figure is taken from Kunduet al. (2005).
It shows the colour of globular clusters in NGC 4365 and NGC 1399 obtained
from deepHST photometry. Also indicated are the expected colours of clusters
with certain ages (blue, dashed lines; 1, 3, 5, 8, 11, and 15 Gyr left to right) and
metallicities (red, solid lines; -1.7, -0.7, -0.4, 0, 0.4 dex from bottom to top). The
predicted colours are from the SSP models of Bruzual and Charlot (2003). These
data demonstrate the potential of near-infrared and optical colours to separate age
and metallicity effects. It can be seen that there is a population of clusters in
NGC 4365 that have colours consistent with intermediate ages of∼3 Gyr.

These effects suggest that the integrated colours of a GC canbe used to estimate

the age and metallicity of the underlying stellar population. However, there is a

notorious degeneracy between both of these parameters (e.g. Worthey, 1994). This

is because increasing the age and the metallicity of the stars in a cluster both result

in the cluster having redder colours. One method for (at least partially) breaking this

degeneracy is to consider a combination of optical and near infrared colours of the

cluster (e.g. Kissler-Patig, 2000; Puziaet al., 2002; Kunduet al., 2007). At optical

wavelengths, the bright, blue stars, just below the main sequence turn-off, make

a significant contribution to the total cluster luminosity.The colour of these stars

is a function of both the age and the metallicity of the cluster. However, the near

infrared is more sensitive to the cooler RGB stars in the cluster. The colour of these

stars is primarily related to their metallicity. The resultof this is that a combination

of these colours can potentially discriminate between the effects of cluster age and

metallicity.

Simple stellar population (SSP) models, such as those presented by Bruzual and

Charlot (2003) and Maraston (2005), are found to reproduce the observed colour

magnitude diagrams of GCs relatively well. These models canbe used to estimate

the integrated colours of a GC for a given age and metallicity. These colours are

found to be in good agreement with observations of the Galactic GCs at optical and
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near infrared wavelengths (e.g. Bruzual and Charlot, 2003). Comparing these SSP

models with optical and near infrared observations of extragalactic GCs is one of the

most efficient ways of determining their ages and metallicities. An example of this

method is shown in figure 1.3 (Kunduet al., 2005). This shows the colour of GCs in

NGC 4365 and NGC 1399 compared with the SSP models of Bruzual and Charlot

(2003). It can be seen that some of the clusters in NGC 4365 have colours consis-

tent with intermediate ages of around 3 Gyr (as originally proposed in this galaxy

by Puziaet al., 2002). This method has also been used to suggest a population of in-

termediate age GCs in several other galaxies: NGC 4365 (Puziaet al., 2002; Kundu

et al., 2005); IC 4051, NGC 3311 (Hempelet al., 2005); NGC 5813 (only a small

sample: Hempelet al., 2007). However, the ages determined for GCs in some other

galaxies are consistent with only an old population: NGC 3115 (Puziaet al., 2002);

NGC 1399 (Kunduet al., 2005); NGC 4472, NGC 4594, NGC 3585 (Hempelet al.,

2007). Spectral energy distribution (SED) fitting to SSP models from UV, opti-

cal and near infrared photometry have also been used to suggest a population of

intermediate age clusters in M31 (Fanet al., 2006). This is in agreement with a

suggested population of old, intermediate and young clusters in 70 of M31’s GCs,

estimated from spectroscopy by Puziaet al. (2005). However, this population of

intermediate age clusters in M31 is not identified in opticaland near-infrared SED

fitting by Jianget al.(2003). It has also been noted that the spectroscopically identi-

fied intermediate age clusters in M31 may be old clusters whose spectra are effected

by the population of HB stars in the clusters (e.g. Reyet al., 2007; Straderet al.,

2009).

In this study, we do not attempt such fitting. However, we do note that the more

accurate multiwavelength data of M31’s GCs presented in chapter 2 should be of

great use for such work in the future. We do make use of these colours, in chapter

2, to distinguish purely between young and old (&1Gyr) clusters, based on the age

sensitiveg-r colour.

1.1.3 Globular clusters and galaxy formation

Globular cluster systems are very useful probes into galaxyformation and evolu-

tion. Because of this, we outline below some of the observed properties of GC sys-

tems and their implications in the context of galaxy formation. While the research

presented in this study does not directly deal with such questions, we do note that

determining the properties of M31’s GCs are of benefit to suchstudies. This is be-

cause, along with the Milky Way’s GCs, this is one of the few spiral galaxies in
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which the full GC system can be studied in detail. Many extragalactic GC observa-

tions focus on the cleaner, and more numerous, GC systems of early type galaxies.

However, determining GC properties across a range of galaxymorphologies is very

important in the context of constraining models.

Many GCs are known to have very old ages, similar to that of their host galax-

ies and the early Universe. It is also believed that major star formation periods in

galaxies are accompanied by significant GC formation. This theory is supported

by observations of interacting gas rich galaxies. In these systems significant star

formation is triggered, and young, massive clusters are observed (e.g. the Antennae

galaxy: Whitmore and Schweizer, 1995). Indeed, observations of massive, young

clusters suggests that the number of these clusters is proportional to the star forma-

tion rate of the galaxy (Larsen and Richtler, 2000). Over time, some of these young

clusters are disrupted, but the surviving systems are observable as old GC systems

(for a description of the proposed evolution of a young cluster system, see e.g. Fall

and Zhang, 2001). Because of the old ages of these clusters, and their link to star

formation, the ages, metallicities and dynamics of a GC system provide a record of

the formation and evolution of their host galaxies.

One of the most interesting observational results in the context of galaxy for-

mation was the discovery of a bimodality in the colour of GC systems (e.g. in

NGC 1399, NGC 4472 and NGC 5128; Ostrovet al., 1993; Zepf and Ashman,

1993). This bimodality in colour has been attributed to a bimodality in the metal-

licity of these GC systems and the Milky Way is also known to host a population of

metal rich and metal poor GCs. Since these early studies, cluster bimodality is now

found in most galaxies observed in sufficient detail (e.g. Larsenet al., 2001; Kundu

and Whitmore, 2001). Bimodality has also been confirmed in M87 in the metal-

licity sensitive I-H bands (Kundu and Zepf, 2007). In the Milky Way, and other

galaxies, it is found that the metal rich clusters are more centrally concentrated than

the metal poor clusters, possibly providing a clue to their origins (e.g. Geisleret al.,

1996; Bassinoet al., 2006). This is demonstrated by figure 1.4 (taken from Tamura

et al., 2006b), which shows the bimodality is present in M87 and NGC4552 and

that the fraction of blue clusters increases at larger galactocentric radii. For a large

survey of 100 early type galaxies in the Virgo cluster, Penget al. (2006) confirmed

bimodality in most bright galaxies observed. This bimodality is less obvious for the

fainter galaxies, but this is likely due to it being harder toidentify in the smaller

GC systems of fainter galaxies. This, clearly peaked, bimodality suggests multiple

major star formation episodes in the galaxies (e.g. Zepf andAshman, 1993). The

large datasets available from ACS observations of Virgo cluster galaxies have also
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Figure 1.4: The colour of GCs as a function of projected galactocentric radius.
This figure is taken from Tamuraet al. (2006b). This figure shows that both of
these globular cluster systems are bimodal. It can also be seen that the relative
number of red to blue clusters decreases with the distance from the centre of these
two galaxies.
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Figure 1.5: The mean metallicities of the red (top, solid points), blue (bottom,
open bottom) and all globular clusters (points) as a function of luminosity of their
host galaxies. This figure, taken from Penget al. (2006), is the average of all
galaxies observed in the ACS Virgo cluster survey. It can be seen that the average
metallicity of both the red and blue cluster systems increases as a function of host
galaxy luminosity.

demonstrated that, while most galaxies host a population ofblue GCs, the fraction

of red GCs increases significantly with the luminosity of their host galaxies (e.g.

Penget al., 2006; Straderet al., 2006). This result was in fact observed even be-

fore cluster bimodality was suggested. It was found that themean metallicity of

a GC system was related to the magnitude of the host galaxy (Brodie and Huchra,

1991). Interestingly, it is also found that the peak metallicity of both the metal rich

and metal poor clusters increase (with similar slopes) withgalaxy luminosity (Peng

et al., 2006; Brodie and Strader, 2006). This is demonstrated by figure 1.5 (taken

from Penget al., 2006).

Ashman and Zepf (1992) predicted the bimodal (or multimodal) metallicity dis-

tribution in GC systems before it was first observed. They proposed that, in the

formation of early type galaxies through major mergers between gas rich spiral

galaxies, significant GC formation occurs. The resulting GCsystem is a combina-
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tion of the original surviving metal poor GCs from the progenitor galaxies and the

new GCs produced from the relatively metal rich gas. In addition to predicting the

bimodality of GC systems, this scenario explains the largerspecific frequency of

GCs in elliptical galaxies compared with spirals. It also provides an explanation for

the observed radial distributions of metal rich and metal poor clusters, with metal

rich clusters being more centrally concentrated. However,there are some problems

with the major merger model and additional scenarios have been proposed. Forbes

et al. (1997) proposed in situ formation of GCs. The idea behind this model is that

metal poor GCs form from fragmentation in the early stages ofgalaxy formation.

This formation is then truncated by some process, before a second period of cluster

formation occurs and produces the second population of higher metallicity clus-

ters. The exact reason for this truncation remains unclear,although reionisation is

a leading candidate (e.g. Santos, 2003). It has also been proposed that the accretion

of GCs from less massive galaxies may produce the observed cluster systems (Côté

et al., 1998). If all galaxies host an initial population of GCs, whose metallicity is

related to the mass of the galaxy, it is found that these models can produce the GC

systems observed (Côtéet al., 2002).

It is clear that both high quality photometry and spectroscopy of extragalactic GC

systems can be used to help constrain these models and provide important cosmo-

logical clues. Over the past decade,HSTACS observations, such as the Virgo clus-

ter survey (Côtéet al., 2004) and Fornax cluster survey (Jordánet al., 2007a), have

produced a wealth of data on the GC systems of early type galaxies. These surveys

are, by necessity of the field of view of the ACS, limited to thecentral regions of the

massive galaxies in these clusters. Constraining the totalGC systems out to larger

radii is currently less well studied, although this situation is being improved through

the use of large field of view detectors on ground based telescopes (e.g. Rhode and

Zepf, 2004; Harris, 2009). The GC systems of extragalactic spiral galaxies are also

comparatively poorly studied. This is primarily due to the increased complexity in

these studies due to structure and extinction from the host galaxies. However, ob-

servations of the GC systems of spiral galaxies is improvingfrom studies of edge

on spiral galaxies (e.g. Rhodeet al., 2005, 2007) and improved wide field and high

resolution observations of M31’s GCs (partially aided by the work presented in this

study and by e.g. Galletiet al., 2004; Huxoret al., 2008; Caldwellet al., 2009).

To investigate the cluster population in different galaxies, the specific frequency

(SN) of the GCs in a galaxy was proposed by Harris and van den Bergh(1981). This

is a measure of the number of GCs (NGC) normalised to the galaxies luminosity
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Figure 1.6: The specific frequency of red GCs (top) and blue GCs (bottom) as a
function of the mass of their host galaxies. Open squares areelliptical galaxies,
filled squares are elliptical galaxies in clusters and open circles are spiral galaxies.
It can be seen that the specific frequency of both the blue and the red cluster sys-
tems appear to be larger in massive galaxies. This figure is taken from Brodie and
Strader (2006) using data from Rhodeet al. (2007).

(MV). It is defined as:

SN = NGC10−0.4(MV+15) (1.1)

While this measure provides an intuitive normalisation, itscales the number of GCs

to the luminosity of a galaxy and not to the desired mass. The mass-to-light ratios of

different galaxies are known to vary, particularly for different morphological types.

An alternative approach was used by Zepf and Ashman (1993). They defined the

parameterT as:

T =
NGC

MG/109M⊙

(1.2)

This has an advantage overSN since it scales the number of clusters directly by
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galaxy mass (MG). However, it should be noted that MG is harder to estimate, and

often comes from assuming a certain mass-to-light ratio fordifferent galaxy types.

Studies of bothSN (e.g. Harris, 1991) andT (e.g. Ashman and Zepf, 1998) sug-

gested that bright elliptical galaxies appear to have higher fractions of GCs than

spirals. Ashman and Zepf (1992) noted that this excess of clusters in elliptical

galaxies could be explained by the formation of clusters in major mergers. Such

a process would result in an increased number of red clustersin elliptical galaxies

and hence make its GC system larger than the sum of its progenitor galaxies. Inter-

estingly, it has recently been found that the specific frequency of blue GCs is also

higher in more massive galaxies (figure 1.6, taken from Rhodeet al., 2007). Such a

result is not expected from the major merger scenarios. Instead, Rhodeet al.(2007)

suggest that the result is consistent with biased hierarchical formation (West, 1993;

Santos, 2003). It has also been proposed that dwarf galaxiescan have high specific

frequencies (e.g. Milleret al., 1998; Penget al., 2008). Penget al. (2008) note

that the specific frequency of dwarf galaxies in the Virgo cluster increases towards

the centre of the cluster, which may also suggest a bias in cluster formation due

to the increased potential near the centre of the cluster. However, studying the GC

systems of dwarf galaxies is very difficult due to a combination of their small GC

populations, contamination from non-cluster sources and from GCs associated with

nearby giant galaxies. It is important to note that, while specific frequencies are

of use in constraining models of galaxy and GC formation, they remain relatively

poorly constrained. This is because accurate measures of this quantity require high

spatial resolution (in order to minimise contamination) and large fields of view (to

measure the entire GC system). In several cases, where GC specific frequencies

are remeasured, the derived specific frequencies are found to be lower than earlier

studies (e.g. Rhode and Zepf, 2004; Brodie and Strader, 2006; Rhodeet al., 2007).

There are also difficulties in determining the correct mass of the galaxies, which

can influence the specific frequencies (e.g. McLaughlin, 1999; Dirschet al., 2003,

2005).

1.1.4 Exotic objects in globular clusters

Globular clusters are known to host relatively exotic objects among their stellar

population. Many of these are likely to be related to the dense stellar environments

at the centre of these clusters, which can be as high as 105L⊙/pc3. These objects

include tight binary systems such as cataclysmic variables(e.g. Pooley and Hut,

2006), LMXBs and qLMXBs (e.g. Verbunt and Hut, 1987; Heinkeet al., 2003) and
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millisecond pulsars (e.g. Lyneet al., 1987). All of these sources are discussed in

more detail in section 1.2. As discussed above, GCs contain stellar populations with

similar ages and metallicities. These stars are also at distances which are relatively

easy to determine, compared with sources in the field of the Galaxy. This makes

it relatively easy to determine source luminosities from fluxes in order to compare

populations. For objects located in the field of the galaxy such parameters are often

very difficult to estimate. This makes GCs useful locations for studying the indi-

vidual objects they contain. Accurate estimates of the global properties of GCs are

hence very useful in the investigation of these objects. In chapters 2 and 3, we in-

vestigate the colours and structure of M31’s GCs. These are used in chapters 4 and

5 to investigate the bright LMXBs and HB stars in these clusters. These data could

also be of use in investigating other sources in the future (e.g. milli-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 mass from a secondary

donor star. The compact object, often referred to as the primary star, can be either

a neutron star or a black hole. As such, these systems provideimportant locations

for investigating the properties of both neutron stars and black holes. Indeed, X-ray

binaries provided some of the first observational evidence for the existence of black

holes (McClintock and Remillard, 1986; Casareset al., 1992; Casares, 2007). They

can also be used to test general relativity, in the extreme conditions around compact

objects (e.g. Kaaretet al., 1997; van der Klis, 2000), and to estimate the equation

of state for neutron stars (e.g. Lattimer and Prakash, 2004). The properties of X-

ray binary systems and accretion processes are discussed indetail in the excellent

reviews of Lewin and van der Klis (2006) and Franket al. (2002).

X-ray binaries are primarily split into two groups. These are based, not on the

nature of their compact object, but on the mass of theirdonorstars. Low mass X-ray

binaries (LMXBs) have donor stars less massive than the accreting compact object.

In these systems, mass can be transferred, from the donor star to the compact object,

via Roche lobe overflow. In this process, an accretion disk forms around the com-

pact object. The hot inner regions of this disk make LMXBs very bright at X-ray

wavelengths, while the cooler outer regions of the disk often dominate the system’s

optical emission. It is also possible for a compact object toaccrete matter from a

star which does not fill its Roche lobe. In these systems, known as high mass X-

ray binaries (HMXBs), accretion can occur via a stellar windfrom a very massive

(&10M⊙) donor star. The X-ray emission from HMXBs is also dominatedby the

inner regions of an accretion disk around the compact object. However, their optical

or near infrared emission can be dominated by the massive (and hence very bright)

donor stars in the system. The magnitude of the donor stars inHMXBs makes it

relatively easy to associate X-ray emission with an opticalcounterpart. Because of

the high mass of the donor star in HMXBs, they have relativelyshort lifetimes com-

pared with LMXBs. This is confirmed by the distribution of HMXBs and LMXBs

in the Galaxy, where HMXBs are found in a thinner disk than LMXBs (Grimm

et al., 2002). An additional class of X-ray binaries exist in whichthe compact ob-

ject is a white dwarf star. Known as cataclysmic variables (CVs), these systems

also accrete mass via Roche lobe overflow. However, they are generally fainter than

LMXBs due to the lower mass, and larger size, of the compact object.

In chapter 4 the X-ray emission from M31’s GCs is considered.These clusters

are not expected to host HMXBs. This is because massive donorstars should not
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be present in these old stellar populations. Instead, the X-ray emission from GCs

is likely to originate from a combination of: LMXBs (Lx .1038erg/s); LMXBs

which are not in outburst, ‘quiescent’ LMXBs (qLMXBs: Lx .1035erg/s); and CVs

(Lx .1032erg/s). All of these X-ray binaries are observed to be relatively com-

mon in the Galactic GCs [e.g.: LMXBs, Verbunt and Hut (1987),Liu et al. (2001);

qLMXBs, Heinkeet al. (2003) and CVs, Pooley and Hut (2006)]. As can be seen

from these luminosities, if a GC hosts LMXBs in outburst, then these systems are

expected to be the dominant source of X-ray emission from thecluster. For Galactic

GCs, the sub-arcsecond spatial resolution of theChandraobservatory makes it is

possible resolve and detect these different X-ray sources in the cores of GCs [e.g.

47 Tuc (Grindlayet al., 2001a); NGC 6397 (Grindlayet al., 2001b); NGC 6752

(Pooleyet al., 2002a); NGC 6440 (Pooleyet al., 2002b);ω Cen (Rutledgeet al.,

2002); NGC 6626 (Beckeret al., 2003); NGC 6121, M4 (Bassaet al., 2004); M15

(Hannikainenet al., 2005); NGC 288 (Konget al., 2006); NGC 2808 (Servillat

et al., 2008)]. However, for extragalactic GCs, the detection limits of the available

observations usually limit us to studying only the (relatively bright) LMXBs in out-

burst. It is also not possible to resolve the individual X-ray sources in extragalactic

GCs. Instead, X-ray surveys of extragalactic GCs (such as that presented in chapter

4) study the integrated X-ray luminosity. They therefore study whether a cluster

hosts one, or more, LMXBs in outburst. Because LMXBs are the dominant X-ray

sources in extragalactic GCs we focus on these systems in more detail below.

1.2.1 Low mass X-ray binaries

Our current understanding of an LMXB system is illustrated by figure 1.7. The

compact object is in a binary system with a donor star which isclose enough to fill

its Roche lobe. This means that matter can be transferred from the donor star onto

the compact object. However, the angular momentum of this accreting material is

too large for it to accrete directly onto the compact object.Instead, it forms a ring

of material orbiting the compact object at a radius consistent with its angular mo-

mentum. As this material accumulates it is subject to dissipative processes which

cause it to lose some of its orbital potential energy. This causes the material to spi-

ral closer to the compact object, forming an accretion disk around it. For this to

occur the gas must also lose angular momentum. In the absenceof external torques

(for example from magnetic fields), this requires that angular momentum is trans-

ferred outwards within the disk. Thus we have a situation where the inner accretion

disk loses angular momentum and spirals inwards, while the outer accretion disk
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Figure 1.7: A schematic view of a low mass X-ray binary, produced by Robert
Hynes. Annotated are the key features of these systems.

gains angular momentum and spirals outwards. This materialforms an accretion

disk around the compact object which increases in temperature as the material falls

further into the potential of the compact object. These hot inner regions emit high

energy radiation, which may irradiate and heat the outer disk and inner face of the

donor star. Highly energetic outflows (jets) are observed from some LMXBs. These

are observed in both black hole and neutron star systems, although they are much

stronger in black hole systems. While these jets are interesting in their own right,

they are beyond the scope of this work and not considered further here.

An estimate of the theoretical limit on the luminosity of an accreting object is set

by the Eddington limit. As matter accretes onto the compact object it experiences

a force due to radiation pressure. This force is due to Thompson scattering off the

electrons in the material. The force on the protons is negligible, since the Thompson

cross section is∝ 1/(mass of particle)2. However, the accretion of protons is also

resisted due to the electrostatic attraction between the protons and electron. The Ed-

dington limit is defined as the maximum luminosity the systemcan have before the

radiation pressure balances the gravitational force, hence stopping further accretion.

By assuming steady accretion flow and spherical symmetry, this limit is found to be:
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LEdd =
4πGMmpc

σT
≈ 1.3×1038

(

M
M⊙

)

erg/s (1.3)

Here M is the mass of the compact object, M⊙ is the mass of the Sun,mp is the

mass of a proton,c is the speed of light andσT is the Thompson cross section. For

neutron stars with M∼1.4M⊙, this corresponds to∼ 2×1038erg/s. This provides

a relatively crude, order of magnitude, estimate of the maximum luminosity of an

X-ray binary. Systems with anisotropic accretion can exceed this limit. However, if

an object is observed with luminosities significantly larger than this limit, then this

suggests that the compact object is larger than the theoretical limit for a neutron star

and may be a black hole.

The energy of photons emitted from these LMXB systems can be estimated by

considering the likely temperatures of the inner accretiondisk. For an optically

thick accretion disk, the emission will have a black body spectrum. The total flux

(Fbb) from a black body of temperature (Tbb) is given byFbb = σT4
bb, whereσ is the

Stefan-Boltzmann constant. From this,Tbb can be estimated via:

Tbb =

(

Lacc

4πR2
⋆σ

)1/4

(1.4)

whereLacc is the luminosity of the system andR⋆ is the radius of the black body.

This provides an estimate for the lowest temperature of the emitted radiation. How-

ever, if the accretion disk is not optically thick, then the radiation temperature can

be higher than this. It is also possible to estimate an upper limit on temperature

of the emitted radiation by assuming that all the gravitational energy gained by the

accreting material (Egrav) is converted to thermal energy (Eth). This temperature

(Tth) can be estimated via:

Eth = Egrav

2× (3/2)kBTth = GM(mp+me)/R⋆

Tth =
GMmp

3kBR⋆
(1.5)

where mp is the mass of a proton,me is the mass of an electron (assumed to

be negligible) andkB is the Boltzmann constant. The radiation temperature of

the emitted photons (Trad, where the typical emitted photon energy, hν=kTrad)
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should lie in this temperature range. Hence, for a typical neutron star (with mass,

M=1.4M⊙ and radius,R⋆=10km) with Lacc∼LEdd, the expected radiation temper-

ature is∼ 107 < Trad < 1011K. This corresponds to photon energies of∼1keV-

60MeV. As such, LMXBs are expected to be X-ray to soft gamma ray sources.

When in outburst, the X-ray to optical emission from LMXBs isusually dom-

inated by emission from the accretion disk. The high energy emission from the

central regions of an accreting LMXB is likely to irradiate both the outer accretion

disk and inner face of the donor star, heating it to higher temperatures (e.g. de Jong

et al., 1996; van Paradijs, 1996). This has been observed in some X-ray binaries as

a lag of a few seconds between the X-ray and optical variability of the systems (e.g.

Hyneset al., 2006). In this explanation the optical variability lags behind that of the

X-ray variability due to the time it takes the X-rays to reachthe outer disk. Irradi-

ated disk models can also be used to explain the very high far ultraviolet luminosity

of some of these systems. In this regime a larger region of theaccretion disk is

heated to very high temperatures, making LMXBs very bright in the far-ultraviolet.

For black hole LMXBs, outbursts are often accompanied by strong jets. These jets

often influence the near and far infrared emission from the systems. In quiescent

LMXBs the donor star in the system often dominates the emission; this provides an

opportunity to study the donors.

Many of the LMXBs observed in the Galaxy (e.g. Bradtet al., 2000; Lewin and

van der Klis, 2006) and GCs (e.g. Jordánet al., 2004; Verbunt and Lewin, 2006) are

transient in nature. These systems can remain in a faint quiescent state for months

or years between periods of bright outburst. It is currentlythought that the transient

behaviour of LMXBs is due to instabilities in the accretion disk due to hydrogen

ionisation. If the accretion disk is hot enough that hydrogen is ionised, then the

accretion flow can be stable and the source persistent. It is thought that irradiation

of the accretion disk is capable of keeping the outer disk temperatures above this

limit in some neutron star LMXBs, hence producing the observed persistent sources

(van Paradijs, 1996; Kinget al., 1996; King, 1999). However, if disk temperatures

are lower than this limit, then regions of neutral hydrogen are present. This lowers

the viscosity of the disk which can suppress the accretion ofmatter. Instead, this

material builds up in the outer accretion disk. It has also been noted that, while both

persistent and quiescent neutron star LMXBs are observed, most proposed black

hole LMXBs are transient systems (Kinget al., 1996). This may be a result of

black hole LMXBs being less efficient at irradiating their accretion disks (since the

lower temperatures of non-irradiated disk models predict transient behaviour). In

the Galactic GCs, it has been suggested that the proportion of qLMXBs to LMXBs
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in outburst is∼ 7 : 1 (Heinkeet al., 2003).

In neutron star LMXBs, type I X-ray bursts are sometimes observed. These

occur when the accreting material accumulates on the surface of the neutron star.

As this material builds up it can reach temperatures and densities high enough for

thermonuclear burning to occur. The result is that the system’s luminosity rapidly

increases for periods of seconds. Since the production of these bursts requires the

presence of a surface for the accreting material to collect on, it provides a good

method for distinguishing between neutron star and black hole binary systems. A

similar phenomenon is observed in CVs, where material accumulates on the surface

of a white dwarf. The resulting thermonuclear explosion, known as a classical nova,

rapidly increases the luminosity of the system for a short period (e.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 through the evolution of

primordial binary systems. The theories of such formation have to overcome two

major obstacles. Firstly, the formation of the compact object in the binary system

must be proceeded by a supernova explosion. This may disruptthe binary system

if too much mass is lost. The survival of such systems has beenexplained by sig-

nificant mass transfer prior to this supernova (the explanation originally proposed

for Cyg X-3 van den Heuvel and Heise, 1972). Secondly, the formation of observed

X-ray binaries with orbital periods of minutes to hours requires the loss of signif-

icant angular momentum to tighten the binary. Most theoriesof binary evolution

achieve this loss of angular momentum through a common envelope phase (first

proposed by Ostrikeret al., 1976; Paczynski, 1976). During this phase, the binary

orbit decreases substantially due to frictional drag. It also results in significant mass

loss from the stellar envelope; aiding the survival of the binary post supernova. Fig-

ure 1.8 shows a diagram for the potential formation mechanism of an LMXB from

a primordial binary (taken from the review of Tauris and van den Heuvel, 2003).

The initial binary system must clearly contain a star massive enough to produce the

compact object. A period of mass loss and tightening of the binary must then follow

(likely involving a common envelope phase). A supernova explosion then produces

the neutron star, which the binary must survive. Another period of binary tightening

may then be necessary in order for the secondary star to fill its Roche lobe, before

accretion can occur and the X-ray binary is produced. The final stage expected in
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Figure 1.8: Cartoon of the possible evolution of a low mass X-ray binary system
form a primordial binary. This figure is taken from Tauris andvan den Heuvel
(2003).

the evolution of an LMXB, shown in this figure, is the production of a millisecond

pulsar. This is predicted due to the ‘spin up’ effect of sustained accretion onto the

neutron star.

1.2.2.2 Dynamical formation

The production of LMXBs in the Galaxy is relatively inefficient, 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 because LMXBs may

be formed via dynamical interactions in the dense cores of the GCs (e.g. Clark,

1975; Katz, 1975). In these mechanisms, isolated neutron stars can be captured

by donor stars to form LMXBs. Three primary methods have beenproposed for
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dynamical formation of these systems. They may be formed viathe tidal capture of

a neutron star in a close encounter with a main sequence star (Fabianet al., 1975),

via direct collisions of a neutron star with a giant star (Sutantyo, 1975) or they could

be formed through three body interactions between a neutronstar and a primordial

binary system (Hills and Day, 1976; Hut and Verbunt, 1983). These dynamical

formation mechanisms are strongly related to the density ofstars and so they will

be most important in the cores of the GCs, where the stellar densities can be very

high. Dynamical formation may be further enhanced by mass segregation, which is

likely to enhance the number of neutron stars in the cores of the clusters. For the

Galactic GCs Verbunt and Hut (1987) investigated how the stellar collision rate in

a cluster effected the presence of an LMXB. The stellar collision rate (Γ) of a GC

can be studied via:

Γ =

∫

nNSnMSσ12v12dV

where the integral is over the volume of the cluster,nNS andnMS are the number

density of neutron stars and main sequence stars,σ12 (∝ 1/v2
12) is the cross section

for the interaction andv12 is the velocity between the stars. The velocity between

the interacting stars will be similar to the velocity dispersion (σ ) in the cluster. This

equation can be simplified by assuming that the stellar collision rate in the cluster

is dominated by collisions occurring in a constant density core. This is a reasonable

assumption for a typical cluster where the stellar density is similar across the core

region, but decreases rapidly at larger radii. From this approximation it is found

that:

Γ ∝ ρ2
c r3

c/σ

whererc is the cluster core radius andρc is the cluster core density. Measuring the

velocity dispersion of a cluster requires accurate spectroscopy, which is often not

available. However,σ can be estimated asρ1/2
c rc by assuming virial equilibrium.

This implies thatΓ can be estimated via:

Γ ∝ ρ3/2
c r2

c (1.6)

This equation can be used to estimateΓ from photometry alone. Verbunt and Hut



1.2 X-ray Binaries 26

(1987) demonstrated that the formation of the known Galactic GC LMXBs was

proportional to this stellar collision rate. This result lends excellent support to the

theory that LMXBs are formed via dynamical interactions. Itwas 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. This work included all X-

ray sources with Lx &1031erg/s. Because of the low luminosity limit, this study

includes contributions from CVs, qLMXBs and LMXBs in the clusters. The strong

correlation found by Pooleyet al. (2003) suggests that the formation of these bina-

ries is likely to be related to dynamical interactions. In chapter 4 we investigate the

relationship between the stellar collision rate of M31’s GCs and the formation of

LMXBs.

1.2.3 Low mass X-ray binaries in globular clusters

Globular clusters are very interesting locations to study LMXBs. Firstly, they are

found to be a rich source of LMXBs which is a likely consequence of the dynamical

formation described above. Also, the distance to, metallicity, and stellar densities

of sources in GCs are much easier to estimate than those of LMXBs in the field of

the Galaxy. The effects of such parameters are often very hard to study using field

LMXBs. The Galactic GC system is relatively small, with 14 LMXBs currently

known in 12 GCs. Despite the small number of systems, they have provided a

useful dataset for many studies. Over recent years the studyof GC LMXBs has

been extended to extragalactic GCs due to the availability of large ground based

telescopes, high spatial resolutionHSTphotometry and high resolution X-ray data

from Chandra. The study of LMXBs in the larger GC systems of nearby galaxies

has greatly enhanced our understanding of these systems.

Given the efficiency of GCs in forming LMXBs, it has been proposed that some,

if not all, LMXBs in galaxies may have been originally formedin GCs (Grindlay

and Hertz, 1985; Mirabelet al., 2001; Mirabel and Rodrigues, 2003; Whiteet al.,

2002). In this situation, these LMXBs are either ejected from their host clusters

or have had their host clusters disrupted due to tidal interactions. Ifall LMXBs are

formed primarily in a galaxies GCs, then we expect the numberof LMXBs detected

in both the GCs and the field of these galaxies to be related to the size of their GC

population. This would imply that the ratio of LMXBs in a galaxies GCs to the

LMXBs in the field of the galaxy should be similar for different galaxies. This is

not consistent with current observations (Verbunt and Lewin, 2006). 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 Stefanoet al., 2002; Trudolyubov and Priedhorsky,

2004, ; and chapter 4) to∼50% in some elliptical galaxies (e.g. Whiteet al., 2002;

Randallet al., 2004; Jordánet al., 2004; Kunduet al., 2007). However, considering

only elliptical galaxies, Whiteet al. (2002) demonstrated that the luminosity of all

X-ray sources in a galaxy scales with the number of GCs. Whilethis suggests that

a large number of LMXBs in elliptical galaxies may come from their GCs, there

are uncertainties in this relationship and the results are not yet conclusive (Kim and

Fabbiano, 2004; Verbunt and Lewin, 2006). These uncertainties mainly arise from

errors in the estimated GC systems of these galaxies and contamination in the X-ray

data from non-LMXB sources. Another test for the ejection ofLMXBs from GCs is

the spatial distribution of field LMXBs and GC LMXBs. If field LMXBs are ejected

from GCs then they should follow the same radial distribution as GC LMXBs and

the GC system. Kunduet al. (2007) find that, for their sample of galaxies, the field

LMXBs are more centrally concentrated than the GC system. This suggests that

they are unlikely to have been ejected from GCs. However, it is noted that, this does

not rule out the disruption of clusters hosting LMXBs. Indeed, this disruption is

likely to be more severe in inner regions of the galaxies.

Figure 1.9 shows the colour and luminosity of LMXB hosting clusters in a sam-

ple of elliptical galaxies, taken from Kunduet al. (2007). This figure identifies two

of the key properties of LMXB hosting GCs that are observed. Firstly, it can be

seen that the LMXBs favour the brighter (more massive) clusters. This is a result

also seen in the Milky Way, M31 (e.g. Trudolyubov and Priedhorsky, 2004), Cen A

(Jordánet al., 2007b), M87 (e.g. Jordánet al., 2004) and many other galaxies (e.g.

Angelini et al., 2001; Kunduet al., 2002; Sarazinet al., 2003; Kimet al., 2006;

Kunduet al., 2007). Kunduet al. (2002) noted that such a relationship is likely to

be the result of the larger number of stars in a more luminous GC. The luminosity of

a cluster correlates well with its stellar collision rate (e.g. Davieset al., 2004, and

figure 4.8 in chapter 4), so it would be expected that dynamical formation would

lead to a relationship between luminosity and the formationof LMXBs. However,

it is also possible that LMXBs will favour high mass clustersbecause they may re-

tain more of the neutron stars they produce. Neutron stars that are formed by core

collapse may be formed with large kick velocities (e.g. Hobbs et al., 2005). In this

case, the higher escape velocities of high mass clusters, may result in more neu-

tron stars being retained by these clusters. However, it is also possible that neutron

stars with lower kick velocities can be formed via electron capture (e.g. Pfahlet al.,

2002; Ivanovaet al., 2008). Smitset al. (2006) demonstrated that the GC systems

in their sample are consistent with these clusters retaining neutron stars from a low
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Figure 1.9: The magnitude (left) and colour (right) of all GCs (open) and LMXB
hosting GCs (solid) in five elliptical galaxies. Taken from Kunduet al. (2007).
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kick mode.

It is also found that LMXBs are preferentially formed in metal rich GCs. Such

a trend is suggested in observations of GCs in the Milky Way and M31 (Bellazzini

et al., 1995). However, the significance of this relationship in these galaxies is

limited due to the low number of metal rich clusters in both ofthese galaxies. Most

of the metal rich clusters are also located at low galactocentric radii. This makes

it hard to distinguish between tidal and metallicity effects. The data available for

M31’s GCs are improved slightly by the work presented in thisstudy (section 4.6).

However, the significance of this result is still much stronger when considering

the GCs of early type galaxies. The large GC population of these galaxies and

particularly their larger fraction of metal poor clusters,make it easier to study such

a relationship. This relationship is demonstrated by the right panel of figure 1.9. It

can be seen from this figure that, with the exception of NGC 3379, the GC LMXBs

favour metal rich clusters. Kunduet al. (2002) find that the metal rich clusters

in NGC 4472 are around three times more likely to host LMXBs than metal poor

clusters. A similar fraction is found between the red and blue clusters in M87 (e.g.

Jordánet al., 2004) and the effect is observed in many other galaxies (e.g. Angelini

et al., 2001; Sarazinet al., 2003; Kimet al., 2006; Kunduet al., 2007).

As discussed above, it is likely that LMXBs in GCs form primarily through dy-

namical mechanisms. If this is the case, then one would expect to see a direct

relationship between the stellar collision rate (as definedby equation 1.6) and the

formation of LMXBs. Such a relationship is observed in the Milky Way. How-

ever, this relationship is limited to the relatively small sample of 14 LMXBs in 12

Galactic GCs. Investigating this relationship in extragalactic GCs, while highly de-

sireable, has proved relatively problematic. This is primarily due to the need to

determine the core size and density of the GCs in order to estimate their stellar

collision rate (see equation 1.8). To date, this has only been attempted using the

excellent spatial resolution ofHST images of selected GCs in M31 (Barmbyet al.,

2007), and GCs in Cen A (Jordánet al., 2007b) and in M87 (e.g. Jordánet al., 2004;

Waters, 2007). In Cen A, Jordánet al. (2007b) demonstrated that the GC LMXBs

do favour higher collision rate clusters. However, this result is limited by signal-to-

noise to the brighter clusters. A relationship is also suggested in M87, although the

increased distance of GCs in Virgo cluster galaxies make measurements of the GC

core radii less reliable. In chapter 3 we present the structural parameters for M31’s

GCs. These are estimated from deep ground based photometry.Using these data,

the effect of stellar collision rate on the formation of LMXBs in these clusters is

discussed in chapter 4.



2
The M31 globular cluster system: a

WFCAM and SDSS photometric survey

2.1 Abstract

In this chapter, we present an updated catalogue of globularclusters (GCs) in M31

based on images from the Wide Field Camera (WFCAM) on the UK Infrared Tele-

scope and from the Sloan Digital Sky Survey (SDSS; Adelman-McCarthyet al.,

2007). Our catalogue includes new, homogeneousugrizand K-band photometry of

these clusters. We discuss the difficulty of obtaining accurate photometry of clusters

projected against M31 due to small scale background structure in the galaxy. We

consider the effect of this on the accuracy of our photometryand provide realistic

photometric error estimates. We investigate possible contamination in the current

M31 GC catalogues using the excellent spatial resolution ofthese WFCAM images

combined with the SDSS multicolour photometry. We identifya large population of

clusters with very blue colours. Most of these have recentlybeen proposed by other

work as young clusters. We distinguish between these, and old clusters, in the final

classifications. Our final catalogue includes 416 old clusters, 156 young clusters

and 373 candidate clusters. One GC (B383) is found to be significantly brighter in

30
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previous observations than observed here. We investigate all of the previous pho-

tometry of this GC and suggest that this variability appearsto be genuine and short

lived. We propose that the large increase in its luminosity may have been due to a

classical nova in the GC at the time of the previous observations in 1989.

2.2 Introduction

As discussed in section 1.1, GCs are among the oldest known stellar systems. They

typically have ages similar to those of their host galaxies,making them ideal probes

into galaxy formation and evolution. The properties of GCs vary significantly. How-

ever, individual clusters contain populations of stars with similar ages and metallic-

ities. This makes them unique locations for studying stellar evolution. While the

study of GCs in the Milky Way has led to many advances, the Milky Way contains

relatively few GCs (∼150 GCs: Harris, 1996), many of which have high foreground

extinction, making them hard to study. By determining the properties of extragalac-

tic GCs, we are able to study a more diverse population and ensure our current

conclusions are not biased by the Milky Way’s clusters beingatypical.

For extragalactic GCs, it is very difficult to resolve individual stars in the clus-

ters. However, it is possible to estimate many properties ofa GC from its integrated

light. For example: the masses of GCs can be estimated by assuming a mass to light

ratio; combined optical and near infrared colours of GCs canbe used to (at least par-

tially) break the age and metallicity degeneracy and estimate these parameters (e.g.

Puziaet al., 2002; Jianget al., 2003; Hempelet al., 2007); and their structural pa-

rameters can be estimated by fitting their density profiles (e.g. Barmbyet al., 2007;

Jordánet al., 2007b; McLaughlinet al., 2008; Peacocket al., 2009). The colours of

GCs and GC candidates are also very useful in selecting genuine GCs from stellar

asterisms and background galaxies. Good multi-wavelengthphotometry of GCs is

therefore highly desireable.

2.2.1 The M31 globular cluster system

The proximity of M31, and its relatively large GC populationcompared with the

Milky Way (∼400: Barmbyet al., 2000), makes it the ideal location to study extra-

galactic globular clusters. Its clusters have been the focus of many studies dating

back to the early work of Hubble (1932) and Vetešnik (1962).However, attempts

to study its clusters have faced several challenges. Photometry of these clusters is

complicated by many of them being projected against the bright and non-uniform
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Figure 2.1: (open)The radial velocity distribution of M31’s GCs, taken from
the spectroscopic survey of Perrettet al. (2002). (filled grey)The radial velocity
distribution of Milky Way halo stars, from Brownet al. (2010). To compare the
populations, the number of halo stars plotted is 25% of the total Brown et al.
(2010) sample. The dashed line indicates the radial velocity of M31 (-304 kms−1;
de Vaucouleurset al., 1991).

structure of M31 itself. The galaxy’s proximity also results in the GC system ex-

tending over a wide region of the sky, with clusters recentlyfound beyond 4◦ from

the centre of the galaxy (Huxoret al., 2008). This means that surveys with large

fields of view are required in order to study the GC system. It is also difficult to

confirm GCs in M31 based on spectroscopy alone. Figure 2.1 compares the veloc-

ities of known GCs in M31 (taken from Perrettet al., 2002) with the velocities of

stars in the halo of the Milky Way (Brownet al., 2010). It can be seen that the radial

velocity distribution of M31’s GC system overlaps that of Milky Way halo stars.

Over the past decades there have been several large catalogues of M31’s GCs in-

cluding those of: Battistiniet al.(1987); Barmbyet al.(2000); Galletiet al.(2004);

Kim et al. (2007). In addition to these catalogues many new clusters and can-

didates have been proposed (e.g. Battistiniet al., 1993; Mochejskaet al., 1998;

Barmbyet al., 2002; Galletiet al., 2006, 2007; Huxoret al., 2008; Caldwellet al.,

2009). These studies have made considerable progress in removing contamination

from the cluster catalogues due to either background galaxies (e.g. Racine, 1991;



2.2 Introduction 33

Barmby et al., 2000; Perrettet al., 2002; Galletiet al., 2004; Kim et al., 2007;

Caldwellet al., 2009) or stars and asterisms both in the Milky Way and M31 itself

(e.g. Barmbyet al., 2000; Cohenet al., 2005; Huxoret al., 2008; Caldwellet al.,

2009). However, despite this work, it is likely that there remains significant con-

tamination in the current catalogues of M31 clusters, especially at the faint end of

the GC luminosity function. These studies have also resulted in a large number

of unconfirmed candidate clusters (currently over 1000: Galleti et al., 2004) whose

true nature remains uncertain.

It has been known for many years that some of the proposed GCs in M31 have

very blue colours. Recent work has identified that a large number of the clusters

in the current catalogues are young clusters (e.g. Beasleyet al., 2004; Fusi Pecci

et al., 2005; Reyet al., 2007). A comprehensive catalogue of young clusters in

M31 has recently been published from the spectroscopic survey of Caldwellet al.

(2009). Compared with the young open clusters in the Milky Way, these clusters

have relatively high masses (< 105M⊙), akin to the young clusters observed in

the Large Magellanic Cloud. A recentHubble Space Telescope (HST)study of 23

of these young clusters suggested that on average they are larger and more concen-

trated than typical old clusters (Barmbyet al., 2009). Most of the clusters studied by

Barmbyet al.(2009) are found to have dissolution timescales (the time that it takes

dissipative process to disrupt the cluster) of less than a few Gyr. Therefore, they

are not expected to evolve into typical old globular clusters. Whether these clus-

ters are massive open clusters, young globular clusters or amix of both, it is clear

that they represent a different population to the classicalold GCs also observed in

M31 (which are the focus of this study). We therefore distinguish between the two

populations in our classifications and conclusions.

While these previous studies have provided a wealth of information on the M31

GC system they have also resulted in a rather heterogeneous sample. For example,

the excellent and commonly used Revised Bologna Catalogue (hereafter RBC) of

M31 GCs by Galletiet al.(2004) includes photometry from many different authors

using different telescopes and in some cases different (homogenised) filters. This

has been previously noted by Caldwellet al. (2009) (hereafter C09) who recently

published new V-band photometry for many RBC sources which were located in the

Local Group Galaxy Survey images of M31 (LGGS: Masseyet al., 2006). While

this work provides excellent deep V-band photometry, the survey does not cover

the outer clusters and candidates and does not provide colour information. The

most complete set of optical colours, derived in a consistent manner, is still that of

the Barmby catalogue (Barmbyet al., 2000). This work presented homogeneous
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UBVRI colours for many of their clusters. However, it is incomplete in some of

these bands and only provides new photometry for 285 clusters. For these reasons

we chose to produce new, homogeneous, optical photometry for the proposed GCs

and GC candidates in the RBC using images from the Sloan Digital Sky Survey

(SDSS). The excellent calibration and large field of view of this survey is ideal

for studying such an extended system. Details of this photometry are presented in

section 2.3.2.

The study of M31’s GCs in the near infrared (NIR) is very useful both for con-

firming genuine GCs and for estimating their ages and metallicities (e.g. Barmby

et al., 2000; Galletiet al., 2004; Fanet al., 2006). The first major survey of M31’s

GCs in the NIR was by Barmbyet al.(2000) who used pointed observations of indi-

vidual clusters to obtain K-band photometry of 228 clusters. More recently Galleti

et al. (2004) obtained NIR photometry in the J,H and K-bands of 279 of their con-

firmed GCs from the 2 Micron All Sky Survey (2MASS). The spatial coverage of

2MASS makes it ideal for such a project. However, the survey is relatively shallow

and has relatively poor spatial resolution. We have obtained new deep K-band pho-

tometry using the Wide Field Camera on the UK Infrared Telescope to determine the

K-band magnitude of M31’s GCs across the entire GC luminosity function. Some

results of this survey are already published in Peacocket al. (2009). In addition

to providing the first K-band photometry for 126 GCs marked asconfirmed in the

RBC, the excellent spatial resolution of these images is very useful for removing

stellar sources from genuine clusters, and for investigating the density profiles of

the clusters. Details of this new K-band photometry are presented in section 2.3.3,

while the classifications of the proposed clusters and candidates 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 candidates listed in the

RBC [their confirmed clusters (class 1), confirmed extended clusters (class 8) and

candidate clusters (class 2)]. Based on the original catalogue of Battistiniet al.

(1987), this catalogue has been regularly updated to include the results from most

new studies. This version of the catalogue (v3.5) includes the newly discovered

GCs in the outer regions of M31 (Mackeyet al., 2006; Huxoret al., 2008) and the

new GCs and candidates from Kimet al. (2007) (hereafter K07: their class A and
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B/C objects, respectively). We also consider the catalogue ofC09 which includes

some additional clusters and gives updated locations and classifications for many

of the objects in the RBC based on images from the LGGS or Digital Sky Survey

and/or Hectospec spectroscopy. This combined catalogue isused to identify the

known GCs and candidates in the following analysis.

2.3.2 Optical photometry

2.3.2.1 ugriz data

To obtain homogeneous optical photometry of M31’s clustersand candidates we

extracted images of M31 from the SDSS archive. Since M31 is ata relatively low

Galactic latitude of -21◦, it is not included in the standard survey field. However

drift scan images of M31 were obtained by the SDSS 2.5m telescope (Adelman-

McCarthyet al., 2007) in 2002 as part of a special run during a period when the

survey’s primary field was not available (Zuckeret al., 2004). The runs used (3366,

3367, 6426 and 7210) provide images in the five SDSS bandpasses (ugriz: Fukugita

et al., 1996). Each of the observations takes images in these bandssimultaneously

meaning that they are taken under the same atmospheric conditions. The seeing

for different observations varied significantly between 1.1-2.1 arcsec ing (meaning

that faint GCs could appear as point sources in some of these images). The 3σ
detection limits of these images were verified to be similar to the standard survey

(u < 22.0,g < 22.2, r < 22.2, i < 21.3,z< 20.5). These data were found to cover

and detect 92% (gri), 90% (z) and 73% (u) of the 1558 clusters and candidates in

the current RBC. Two of these GCs were saturated in ther andi bands and one was

saturated in theg-band. We do not provide new photometry for these clusters but

good photometry is already available for these very bright clusters from previous

studies.

We extracted all images covering the locations of confirmed and candidate clus-

ters from the SDSS Supplemental Archive. Figure 2.2 shows the coverage of these

data and demonstrates that most known clusters and candidates (red circles) are

covered. These images have been processed through the standard SDSS pipeline

(Stoughtonet al., 2002) which both reduces the raw images and produces a cata-

logue of sources in each image. Since the SDSS extraction andphotometry routines

are not designed to work in crowded fields (like M31), the default catalogues pro-

duced by the pipeline can not be used for photometry of the clusters. Instead we

performed photometry on the images as described in the next section.
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Figure 2.2: Coverage of the SDSS and WFCAM images used. For reference allobjects listed in the RBC are shown in red. Only images
covering the locations of these objects were extracted fromthe SDSS archive. The green ellipse indicates the D25 ellipse of M31. The grid
represents 2◦×2◦ squares on the sky (13.6×13.6 kpc at the distance of M31) and highlights the spatial extent of the GC system.
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The photometric zero points for these images were calculated using the cali-

bration coefficients produced by the pipeline. These calibrations place the mag-

nitudes on the AB photometric system [Oke and Gunn (1983); the u-band ze-

ropoint has previously been found to be slightly offset fromthe AB system by

uAB = uSDSS−0.04 mag (Bohlinet al., 2001), this correction isnot applied to our

photometry]. This calibration is known to give magnitudes accurate to∼0.01 mag.

2.3.2.2 Identification and locations of clusters

Catalogues of all sources in each of theugriz images were produced using the pro-

gram SEXTRACTOR (Bertin and Arnouts, 1996). This detected and located every

source in each filter, performed initial aperture photometry, and gave an estimate

of the stellarity of each source based on the PSF of its host image. Sources were

identified using a minimum detection area (DETECT MINAREA ) of 3 pixels and a

detection (DETECT THRESH) and analysis threshold (ANALYSIS THRESH) of 1.5σ .

Through examination of the resulting catalogues, these values were found to detect

the majority of sources in the images and to include the majority of their profiles in

our analysis. It is important to identify and resolve as manysources as possible in

order to distinguish between stellar and extended sources as accurate as possible.

This source catalogue was matched to our combined catalogueof known M31

GCs and candidates (described in section 2.3.1) based on astrometry. We identified

all objects within 3 arcsec of the locations quoted in the RBCand (separately) to

their locations in C09. Some genuine clusters in the SDSS images may not appear

extended due to the poor angular resolution of some of the images. Also, we wish

to provide photometry for potentially misclassified stars in addition to the extended

clusters. The M31 GC catalogue was therefore matched to sources with stellar

profiles in addition to those with extended profiles. In the few cases where multiple

sources were located within 3 arcsec of the quoted location,priority was given first

to sources flagged as extended and then to the closest source to the quoted location.

Figure 2.3 shows the difference between our positions and the positions quoted

in RBC (solid) and C09 (open). We find excellent agreement between our locations

and those of C09. However, we find that the difference in the positions of many

sources in the RBC are greater than 1 arcsec. The offsets between the proposed

cluster locations are found to be in all directions. They aretherefore unlikely to be

due to a single systematic offset. The large errors in the positions of some sources

in the RBC were noted and discussed by C09. We note the strong agreement be-

tween our locations and those of C09 and use their locations to identify GCs and
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Figure 2.3: Difference between the location of objects in our images andtheir
location in the RBC (solid) and C09 (open). In both cases, data are grouped into
0.2 arcsec bins.

candidates.

2.3.2.3 Photometry

Photometry of all clusters and candidates was obtained using SEXTRACTOR’s sim-

ple aperture photometry. We also considered using theIRAF:APPHOT routines to

perform the aperture photometry but SEXTRACTOR was found to deal better with

contamination from neighbouring sources. This is a significant problem when using

aperture photometry to obtain magnitudes of extended sources in a crowded region

like M31. To minimise the effects of neighbouring sources within the GC aperture,

SEXTRACTOR masks all other sources detected in the aperture and replaces them

with pixels from symmetrically opposite the source.

For background estimation we considered the use of both local and global so-

lutions. To produce a global estimate of the background SEXTRACTOR produces a

smoothed background map for each image. We chose to create this with a BACK

FILTERSIZE of 3 and aBACK SIZE of 64 pixels. By examination of the background

maps produced by SEXTRACTOR, this method was found to give a good estimation

of genuine background variation (due mainly to structure inM31 itself) without
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subtracting flux from the sources of interest. This was compared with the photome-

try produced using local backgrounds (calculated around the isophotal limits of the

sources). In most cases good agreement was found between thetwo methods. How-

ever the local background estimates were found to deal better with the most strongly

varying background regions (near the centre of the galaxy and its spiral arms). For

this reason local background estimation was used for the final photometry.

To determine the total luminosity of each cluster, we produced curves of growth

from g-band photometry obtained through apertures with radii in the range 2.8−

10.6 arcsec with 0.6 arcsec increments. These were used to determine the aperture

size required to enclose the total cluster light. The best aperture was determined in-

dependently for each object. This method ensures that we measure the total cluster

luminosity correctly for the largest clusters. The use of smaller apertures for smaller

clusters also maximises the signal to noise and minimises the contamination from

nearby sources. The aperture size used to determine the total magnitude of each

cluster is quoted in table 2.1. Figure 2.4 shows the aperturesizes used to obtain the

total g-band (and K-band) magnitude of all GCs located in our images. The aver-

age aperture radius used was∼5.8 arcsec, with 87% of the apertures≤8.2 arcsec.

The ugriz colours of the clusters were measured through 4 arcsec apertures. We

also measured the colours using the aperture determined forthe totalg-band magni-

tude. This confirmed that there were no significant aperture effects due to the use of

smaller apertures. For the final colours we chose to use the smaller aperture size in

order to maximise the signal to noise and minimise the contamination from nearby

sources.

The statistical errors across the GC luminosity function are in most cases less

than 0.05 mag ingri. In general theu andzbands have slightly larger errors as they

have slightly lower signal to noise. However, there are additional systematic errors

which need to be considered.

Firstly, the errors in the zero point calculation are estimated at 0.01 mag. This

error dominates over the statistical errors for many of the bright clusters. The other

significant source of error for some of the clusters is due to contamination from

nearby sources and the error on the background estimation. In the bluer wavelengths

there is significant small scale structure in M31. For clusters projected against the

densest regions of the galaxy, this makes background subtraction difficult as it can

vary on scales smaller than the cluster of interest. The issue of background estima-

tion is found to be particularly significant for theg-band photometry. In this filter

there is significant small scale structure across M31 (this structure is less significant

in the shalloweru-band images where the statistical errors are larger). In order to
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Figure 2.4: The aperture radii used to measure the totalg-band (open) and K-band
(solid, grey) magnitudes of M31’s clusters.

estimate the error on our background estimation we repeatedour photometry with

apertures 1.8 arcsec larger than the aperture used for the total magnitudes. With per-

fect background estimation, the determined flux should be the same through both

apertures (within the photometric errors). The differencein luminosity of the clus-

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

the background estimation. In most cases this estimated error is quite small, with

a median value∼0.015 mag, but for a few clusters it can reach∼0.1 mag. This

additional error is combined with the calibration and statistical error and included

in table 2.1 asσg,tot.

The error on theugriz colours should be less affected by these effects. This is

because they are often taken through smaller apertures, also we expect that possible

errors in the background level in each filter should, at leastpartially, cancel. For this

reason the errors in the colours quoted in table 2.1 are only the statistical errors.
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Table 2.1: Classifications and photometry of clusters in M31(sample)

GC Name1 RA2 DEC2 Classification3 Photometry

f fRBC fC09 R4
g g (u−g) (g− r) (r − i) (i−z) σ5

g,tot σ(u−g) σ(g−r) σ(r−i) σ(i−z) R4
K Ks σ5

K,tot

... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

H13 9.64018 41.74805 1 1 old 5.8 18.009 0.960 0.449 0.229 0.070 0.061 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 0.307 0.087 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 0.279 0.162 0.022 0.033 0.015 0.015 0.021 5.2 14.510 0.052

B305-D024 9.74522 40.27559 1 1 young 6.4 18.152 1.776 0.598 0.296 0.219 0.038 0.093 0.022 0.023 0.042 4.6 15.075 0.048

SK005A 9.74647 41.67426 1 1 unknown 4.6 19.771 1.095 0.728 0.213 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 0.606 0.395 0.021 0.047 0.014 0.013 0.016 8.2 12.521 0.030

B307-G030 9.82689 40.54948 1 1 interm 7.6 17.582 1.631 0.6000.384 0.153 0.056 0.070 0.019 0.020 0.035 5.2 14.691 0.055

B309-G031 9.85262 40.24141 1 1 old 6.4 17.903 1.501 0.694 0.326 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 17.398 1.295 0.598 0.287 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 0.3690.241 0.074 0.142 0.027 0.028 0.050 4.6 15.461 0.085

B181D 9.87860 41.47394 1 2 old 3.4 18.193 1.326 0.610 0.242 0.129 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 0.719 0.391 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 15.947 1.457 0.751 0.385 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 0.452 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 7.6 17.576 1.806 0.967 0.540 0.374 0.020 0.069 0.017 0.016 0.022 5.8 13.720 0.050

B316-G040 9.97329 40.69416 1 1 interm 9.4 17.159 1.439 0.6210.265 0.179 0.023 0.049 0.017 0.019 0.031 5.2 14.806 0.117

B317-G041 9.98030 41.79614 1 1 old 8.8 16.915 1.277 0.537 0.252 0.141 0.019 0.029 0.015 0.015 0.021 - - -

B002-G043 10.01072 41.19822 1 2 old 4.6 17.857 1.289 0.516 0.283 0.160 0.025 0.053 0.019 0.021 0.040 2.8 15.469 0.099

... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

The locations, classifications and photometry of clusters in M31. The full version of this table is printed in appendix A,it is also available electronically from the VizieR archiveor from the supplementary

material accompanying Peacocket al. (2010). The optical photometry (in theugriz-bands) is described in section 2.3.2 and the near-infraredphotometry (in the K-band) is described in section 2.3.3 .
1Cluster name, taken from the Revised Bologna Catalogue (Galleti et al., 2004)
2Position of the object in SDSSr-band image [J2000, degrees]
3Classification of source as described in section 2.4. Options for flag, f: 1-old globular cluster; 2-candidate cluster (21-candidate old cluster, 23-candidate young cluster); 3-young cluster; 4-galaxy; 5-HII

region; 6-stellar source. Flags fRBC and fC09 indicate the previous classifications of the source from theRBC v3.5 of Galletiet al. (2004) and from the catalogue of Caldwellet al. (2009), respectively.
4Aperture size used to measure the total magnitude of the cluster [arcsec]
5Error on the total magnitude, includes the statistical, calibration and systematic errors
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2.3.2.4 Comparison with previous photometry

To date the best set of optical colours of M31 GCs derived in a homogeneous man-

ner is that of the Barmby catalogue. This includes colours for 285 clusters in the

Johnson UBVRI bands obtained through 8 arcsec apertures. The catalogue also

contains photometry for an additional 160 clusters collated from other studies. This

collated photometry is taken mainly from the work of: Reedet al. (1992, 1994);

Battistini et al. (1993); Mochejskaet al. (1998); Sharov and Liutyi (1983); Sharov

et al. (1987, 1992); Sharov and Alksnis (1995). For full details ofthe sources and

reliability of this additional photometry we refer the reader to the description in

Barmbyet al. (2000) and the references therein.

There is little previous optical photometry in theugrizbands with which to com-

pare our results. However it is possible to compare our colours with those of the

Barmby catalogue by transforming between the UBVRI andugriz bands. This was

done using the following the transformations from Jesteret al. (2005)

V = g−0.59× (g− r)−0.01±0.01 (2.1)

u−g = 1.28× (U−B)+1.13±0.06 (2.2)

g− r = 1.02× (B−V)−0.22±0.04 (2.3)

r − i = 0.91× (Rc− Ic)−0.20±0.03 (2.4)

These transformations are based on all stars studied by Jesteret al.(2005). Applying

these to the colours of globular clusters may introduce a slightly larger error than the

quoted rms residuals as globular clusters are stellar populations rather than single

stars. However, they can be used to check for consistency with this previous work.

Figure 2.5 compares our colours for confirmed clusters with the transformed

colours from the Barmby catalogue. The errors quoted include the residual from

the transformations and the errors in our photometry only. The scatter is therefore

expected to be larger than 1σ due to errors in the previous photometry. It can

be seen that reasonable agreement is found between theu-g andr-i colours of the

clusters. For theg-r colours a slight offset of 0.035 mags is found. However, thisis

within the rms scatter of the transformations. We believe this offset may be due to

the errors in the transformations (due to the difference in the spectrum of a typical

globular cluster compared with a single star), rather than agenuine offset between

the colours. We therefore believe that for most clusters ourcolours 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 those from
C09. Bottom: comparison between our total cluster magnitudes and colours and
those from the Barmby catalogue (B2000). In all cases the y axis is our photometry
minus that obtained previously. The highlighted point indicates the cluster B383.
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The top panels of figure 2.5 compare the total magnitudes of the clusters obtained

here with V-band photometry from the Barmby catalogue and the more recent pho-

tometry of C09. To compare the total magnitudes of the clusters, ourg-band pho-

tometry was transformed to the V-band using equation 2.1. For most clusters good

agreement is found between our magnitudes and those in the Barmby catalogue

(again errors in the Barmby catalogue photometry are not included). However, it

can be seen that there are some significant outliers. Three ofthe brightest clusters

are brighter in our photometry than found previously. This is likely due to our use

of larger apertures for larger clusters. Many of these bright clusters are found to

extend beyond the 8 arcsec apertures used to obtain the Barmby catalogue photom-

etry. For the fainter clusters we identify a group of 7 clusters which are fainter

than expected. These clusters all have nearby neighbours, the effects of which we

attempt to remove from our photometry but believe are included in the previous

photometry. We therefore believe our values for these clusters to represent the ac-

tual cluster magnitudes better. Another group of faint clusters are found which are

brighter than expected. The majority of these clusters are in dense regions near the

galaxy centre or spiral arms and we believe the differences are due to errors in the

background estimation. It is very difficult to estimate the background accurately for

regions with variations on the scales of the clusters themselves. It is unclear which

photometry is more accurate for these few clusters, although our use of smaller

apertures for smaller clusters should minimise this effect. In the Barmby catalogue

they subtract light from the bulge of M31 before performing photometry using a

ring median filter. We repeated our photometry using a similar method but did not

find significant differences in our photometry. Background estimation for clusters

in these dense regions is an inherent problem in finding theirabsolute magnitudes.

It should be noted that, while we attempt to account for this in the quoted errors in

our photometry, the errors for some clusters in these dense regions may be larger

than quoted.

It can also be seen that excellent agreement is found betweenbetween our pho-

tometry and that of C09. The errors in this comparison are larger due to the inclu-

sion of the errors quoted by C09. The group of clusters which were fainter in our

photometry than the Barmby catalogue are found to agree wellwith this photom-

etry. This is likely due to C09 also subtracting the effects of nearby sources from

their photometry. They also use a similar method of increasing their aperture size

for larger clusters, and our photometry for brighter clusters agrees with theirs. We

again identify a few clusters in dense background regions whose magnitudes are

slightly fainter than expected. However, not all of these are the same outliers as
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Table 2.2: Photometry of B383
Source of photometry Observation date Detector ∆U ∆B ∆V ∆R
SDSS (This study) 2002October06 CCD [ 17.15 16.70 15.72 15.06 ]⋆

Sharovet al. (1992) 1990October15-18 Photoelectric -0.13 -0.06 -0.06 -
Reedet al. (1992) 1989August23-30 CCD - 0.54 0.39 0.18
Sharov and Liutyi (1983) 1980October8-13 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 photometry presented here and that found by previous
work.
⋆ The total magnitude of the cluster in the SDSS images (transformed to Johnson filter system)

those found in the Barmby catalogue. This highlights the difficulty of accurately

obtaining integrated magnitudes for clusters in these regions.

2.3.2.5 Variability in B383: a classical nova?

Figure 2.5 identifies one relatively bright cluster (B383) which is significantly fainter

(∆V = 0.39) in our photometry than found in previous photometry. This cluster

was not observed by Barmbyet al. (2000) and its BVR band photometry in both

the Barmby catalogue and the RBC are from the work of Reedet al. (1992). This

cluster has high signal to noise, a relatively clean background, and its magnitude

was obtained through a similar sized aperture to that used previously (7.8 arcsec).

The cluster is present in two different SDSS observations and the magnitudes ob-

tained from each agree very well. Table 2.2 compares our photometry with other

previous observations of B383. It can be seen that there is good agreement between

our photometry and the previous photometry of Sharov and Liutyi (1983), Sharov

et al. (1992) and Battistiniet al. (1987). We therefore believe that our photometry

of this cluster is reliable.

We note that, for other clusters our photometry agrees well with that of Reed

et al. (1992) and that B383 is brighter in all of their observations(B, V and R

bands). We therefore believe that this discrepancy is unlikely to be due to an error

in their photometry. This raises the possibility that the cluster luminosity may have

genuinely varied between our observations. The increase inluminosity of B383

could have been produced by a transient in the cluster. To explain the observed

variability, this transient would have to have bluer colours than the cluster and a

brightness of MV ∼−7.9.

A potential candidate for this increase would be a classicalnova in the cluster

at the time of the Reedet al. (1992) observations. Novae have typical luminosities

of −6 < MV < −9 and could explain this blue excess in the Reedet al. (1992)

observations. A classical novae of this brightness would beexpected to have a very
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short outburst duration (e.g. Warner, 1995) and would therefore be expected to have

faded by the time of our observations and even those of Sharovet al. (1992)∼10

months later.

Globular clusters are expected to host classical novae. There is evidence for

Classical novae in the Galactic GCs M80 (Pogson, 1860; Wehlau et al., 1990) and

(possibly) M14 (Hogg, 1964; Margonet al., 1991). Classical novae have also been

detected in a GC in M87 (Sharaet al., 2004) and two of M31’s other GCs [B111:

Quimbyet al. (2007); Shafter and Quimby (2007) and B194: Henzeet al. (2009)].

Confirmation of a classical nova in B383 is very difficult as any remaining signa-

tures of the event will be very faint. However, it offers a plausible 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 M31 were obtained

using the Wide Field CAMera (WFCAM) on the UK Infrared Telescope (UKIRT)

under the service program USERV1652. The large field of view of the WFCAM

makes it ideal for such a project. The coverage of these data is shown in figure 2.2.

They do not currently cover the whole GC system, missing boththe most central and

most distant clusters. The details of these observations were originally presented in

Peacocket al. (2009) but are summarised again below.

The data were taken on the nights of 2005 November 30 and 2007 August 06

with K-band seeing of 0.85-1.00 arcsec and 0.6-0.8 arcsec respectively. To ensure

the images were well sampled, each observation was taken with 2×2 microstepping

to give an effective pixel size of 0.2 arcsec. Five observations were taken of each

field giving a total exposure time of 225s and a 3σ detection limit of∼19 mag.

The images were reduced using the standard WFCAM pipeline (see e.g. Dye

et al., 2006). The pipeline processing reduced and stacked the rawimages and in-

terlaced (Fruchter and Hook, 2002) the microstepped imagestogether. The pipeline

also applies an accurate astrometric solution to the imagesbased on matching sources

to the 2MASS catalogue. This method has been shown to give positions accurate

to 80mas (Dyeet al., 2006). We determined the photometric zero point for each

observation by calibrating against the 2MASS catalogue. This was done by com-

paring instrumental magnitudes of bright, unsaturated, stars in each field with the

2MASS Point Source Catalogue. This places the K-band photometry on the stan-
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dard 2MASS (Vega-based) photometric system. This method has previously been

shown to give zero points for K-band WFCAM images to better than 0.02 mag

(Hodgkinet al., 2009).

2.3.3.2 Photometry

Photometry was obtained for all GCs and candidates with WFCAM images using

SEXTRACTOR. SEXTRACTOR was run in the same way used to obtain the optical

magnitudes (described in section 2.3.2.3). The aperture required to determine the

total K-band luminosity was again selected for each clusterfrom curves of growth.

The aperture size was selected independently of the aperture used to determine the

total g-band magnitude of the cluster. In many cases a smaller aperture was re-

quired to enclose all the K-band light of the cluster, with anaverage aperture size

of ∼4.6 arcsec selected and 84% of the apertures≤ 6 arcsec. The use of smaller

apertures for the K-band images is expected because of the smaller PSF 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. The zero point calibration

error of the WFCAM images is estimated to be 0.02 mag. This is larger than the

statistical errors for most of the clusters. The K-band luminosity of the clusters also

suffers from errors in the background estimation and contamination from neigh-

bouring sources. We estimate the effect of this on the accuracy of our photometry

using the same method used for the totalg-band magnitude (by retaking photometry

through a larger aperture). The median estimated error, dueto contamination, was

found to be 0.025 mag. The estimated error due to contamination and background

variation was combined with the statistical and calibration errors and quoted as the

final errorσK,tot in table 2.1.

2.3.3.3 Comparison with previous photometry

The most complete NIR data currently available for M31’s GCsis that from the

RBC. This includes K-band magnitudes of 279 confirmed GCs in the RBC ob-

tained from the 2MASS archive (Galletiet al., 2004). This 2MASS photometry is

from either the 2MASS Point Source Catalogue or Extended Source Catalogue and

measured through apertures with radii of 4 and 5 arcsec respectively. The bottom

panel of figure 2.6 compares our K-band photometry of all confirmed GCs with the

K-band photometry in the RBC obtained from 2MASS. Errors arenot included for

the K-band photometry in the RBC, so only the total errors in our photometry are
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Figure 2.6: Comparison with previous K-band photometry from the RBC (bottom)
and profile fits to these WFCAM images from Peacocket al. (2009) (top). The
errors quoted are from our photometry only, as errors are notavailable from the
previous work.

included in these plots.

Two clusters are found to have very different magnitudes andlie off this plot.

One of these (B090) is very faint in the previous photometry and has a very blue

J-K colour. We therefore believe the previous photometry for this object is unlikely

to be accurate. The other (B041) is found to be fainter in our photometry. The

WFCAM and 2MASS images for this cluster are shown in figure 2.7. This compar-

ison demonstrates the superior depth and spatial resolution of the WFCAM images

over 2MASS. The circles show the aperture sizes used for our photometry and the

2MASS photometry. The improved spatial resolution helps toseparate clusters from

nearby sources and allows the use of significantly smaller apertures. It is clear from

this image that the previous photometry for these faint sources is unlikely to be as

reliable as that presented here. From examination of the 2MASS catalogues we

can only identify this source in the ‘reject’ catalogue. We therefore believe that the

2MASS photometry of this cluster is unreliable.

The errors in the 2MASS photometry are expected to be larger than those ob-

tained here since 2MASS is significantly shallower than our data. Taking this into

account, most of our photometry is found to be consistent, although there are several

outliers. We believe that most of these differences are due to the improved spatial
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Figure 2.7: WFCAM and 2MASS images of the faint cluster B041. Both images
are 45 arcsec×45 arcsec and demonstrate the improved spatial resolution and sig-
nal to noise of the WFCAM images over 2MASS.

resolution of our data over 2MASS which makes it easier for usto remove con-

tamination from nearby sources and to estimate the background level more reliably.

The poorer resolution could result in both overestimation of the cluster magnitudes

(if nearby sources are included in the cluster aperture) andunderestimation of their

magnitudes (if unresolved background sources result in an overestimation of the

background level). This highlights the importance of spatial resolution, even in ob-

taining integrated magnitudes. The brightest clusters arealso found to be∼ 0.05

mag brighter in our photometry than in the RBC. We believe this is due to our use

of larger apertures for larger clusters. This was identifiedand discussed by Galleti

et al. (2004) who attempt to apply aperture corrections to these clusters. However,

we believe our use of larger apertures should be more reliable.

An alternative method to aperture photometry is to fit the profile of the clusters

and find their integrated magnitudes. This method removes aperture affects because

it integrates the magnitude out to the tidal radius of the cluster. It also accounts for

contamination from nearby sources since it assumes the cluster to have a smooth

profile. This provides a very useful independent method of estimating the total

magnitudes of the clusters. The results of fitting the profiles of these clusters are

presented in chapter 3 and in Peacocket al.(2009). The top panel of figure 2.6 com-

pares this integrated K-band magnitude with the aperture magnitudes found here.

Errors are not available for the profile fit magnitudes (as discussed in chapter 3) but

are expected to be of a similar size to the errors obtained from aperture photometry.

Three of these clusters are found to be brighter in our photometry. Examination of
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these clusters revealed that they all have very bright nearby neighbours. Since these

cause significant background gradients across the cluster profiles, we believe that

the model fits to these will be less reliable and the aperture photometry is probably

more accurate. Some of the fainter clusters are also found tolie slightly outside

2σ . As discussed in chapter 3, we believe this is due to the King model fits be-

ing less reliable for these faint clusters (which have relatively low signal-to-noise).

For these faintest clusters it is likely that aperture photometry gives more accurate

magnitudes.

The scatter in these comparisons highlights the difficulty in determining the NIR

magnitudes of clusters projected onto stars and surface brightness fluctuations from

M31. We believe our approach gives the best estimate of theirmagnitudes and the

most realistic errors to date. In total we present K-band photometry for 319 and 603

sources classified as confirmed and candidate clusters in theRBC respectively. This

includes the first K-band photometry for 126 confirmed clusters and 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 the statistical errors in theugriz

colours and the errors in the totalg and K-band luminosity (which include the cal-

ibration errors and estimated error due to background variation and contamination

from nearby sources).

It should be noted that theugriz photometry presented here is on the standard

SDSS (AB) photometric system, while the K-band photometry is on the standard

2MASS (Vega-based) photometric system. The magnitudes canbe converted be-

tween the two systems using the following offsets taken fromHewettet al. (2006):

uVega= uAB −0.927 (2.5)

gVega= gAB +0.103 (2.6)

rVega= rAB −0.146 (2.7)

iVega= iAB −0.366 (2.8)

zVega= zAB −0.533 (2.9)

KAB = KVega+1.900 (2.10)
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Errors on these transformations are not presented by Hewettet al.(2006). However,

since these transformation only involve applying the filterbandpasses to the SED

of Vega, their errors are likely to be relatively small (compared with observational

errors).

The names of the objects in table 2.1 are taken from the RBC. The positions

of the sources are taken from their locations in ourr-band images and should be

accurate to better than 1 arcsec. Some of the proposed clusters are not detected (or

not located) in the SDSS images. The names, locations and classifications of these

clusters (taken from the RBC or C09) are included in table 2.1. This table lists all

previously proposed clusters and candidates in the RBC. Many of these objects are

found by this (and other) studies not to be genuine clusters.The classifications of

these sources are discussed in the next section. Only those objects with 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 0.6−0.95 arcsec corresponding to

a spatial resolution of 2.3-3.6 pc at the distance of M31. This is a significant im-

provement over most of the images previously used to classify clusters. Typical GCs

at the distance of M31 will have half light radii between 0.5−1 arcsec and should

be detected beyond this radius. These data therefore allow us to investigate possible

contamination in the previous GC catalogues from single stars and previously unre-

solved asterisms of stars. Figure 2.8 shows the SEXTRACTOR K-band stellarity flag

for confirmed and candidates clusters in the RBC (left) and, separately, the clusters

and candidates from K07 (middle). Also included is the stellarity of old and young

clusters from C09 (most of which are re-classifications of sources in the other two

catalogues).

The majority of sources can be identified as either having stellar profiles (with

a stellarity close to 1) or extended profiles (with stellarity close to 0). It can be

seen that some objects with K>15 have uncertain stellarity flags. The ability of

SEXTRACTOR to determine the stellarity of a source is mainly dependent on the

signal to noise of the source, the PSF of the image and crowding around the source.

From visual examination of the sources with uncertain stellarity flags, it was found

that the majority of them have nearby sources contaminatingtheir profiles. In gen-
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Figure 2.8: Stellarity of objects classed as confirmed clusters (red) and candidate clusters (grey) in the RBC (their class 1 and 2 sources
respectively) and from K07 (their class A and B/C sources respectively). Also included are the re-classifications for many of these sources
from C09 (their old and young clusters). The stellarity is based on SEXTRACTOR photometry of the WFCAM images. Extended sources have
a stellarity close to 0 and point sources close to 1.
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eral we consider objects with a stellarity<0.4 to be extended. This choice is rela-

tively arbitrary. However, as can be seen from figure 2.8, theexact choice of this

boundary between stellar and extended has little influence on the classification of

most sources. For the fainter sources, it is clear that this stellarity flag is less reli-

able. For these objects we rely on visual examination of the cluster to estimate their

nature (as described in the next section).

It can be seen from figure 2.8 that excellent agreement is found between our data

and the classifications of C09 with all sources they classifyas old being extended.

We also find that the majority of confirmed clusters in the RBC are extended. How-

ever, there are 12 RBCclass 1objects which have either stellar or uncertain stellarity

flags. We note that some of these clusters have already been reclassified by C09 as

stars. It can also be seen that many of the sources classed as confirmed clusters by

K07 are found to be unresolved. We note that their work was based on images with

poorer spatial resolution and we reclassify many of these objects as being stellar

sources.

Some of the young clusters from C09 are found to be extended and look like

normal centrally concentrated GCs. However, it can be seen from figure 2.8 that

many of the proposed young clusters have stellar, or uncertain, stellarity flags. This

is likely because these young clusters can appear as resolved asterisms in the K-band

images. This has previously been noted by Cohenet al. (2005) who used K-band

images taken with adaptive optics to demonstrate that 4 proposed young clusters

may be asterisms. However, as discussed by C09, young clusters are generally faint

in K and may be dominated by only a few bright (resolved) supergiants making

them appear as resolved asterisms of stars, rather than an extended cluster. Many

of these objects have subsequently been confirmed byHST images to be genuine

clusters. We therefore do not reclassify any of the proposedyoung clusters which

appear as resolved stellar sources in our K-band images.

Our data also allow us to classify many of the previously unclassified candidate

clusters. In total we classify 368 previous candidates as likely to be stellar sources.

For the above reasons, it is possible that we may potentiallyinclude some genuine

young clusters in this classification. Figure 2.8 demonstrates that a large group of

the proposed candidates are extended in our images. These objects are therefore

likely to be either genuine clusters or background galaxies. These candidates repre-

sent ideal targets for followup spectroscopy in order to confirm their nature.
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2.4.2 Visual examination

As discussed above, the stellarity flag for some of the fainter objects is relatively

uncertain. Visual examination of these objects can help in deciding whether they

are extended or stellar sources. Visual examination of the clusters and candidates

which are confirmed as extended also provides a method of identifying background

galaxies. These were identified as either having spiral structure, or extended el-

lipticity. While this method is relatively subjective, it is helpful in classifying an

object. Inspecting the images of the objects also provides auseful check on our

otherwise automated classifications. During this process,we also ensured that our

automated photometry had selected a reasonable aperture size for each cluster, in

order to measure its total luminosity.

We examined theugriz and K-band images of every cluster and candidate stud-

ied1. We first examined the objects in our sample which have recently been clas-

sified from the spectroscopic study of C09 as being background galaxies. We then

examined the previously classified confirmed clusters, followed by the proposed

candidate clusters. In this way, we were able to reclassify some of the objects based

on their appearance. We note that some of the newly confirmed galaxies look very

similar to typical GCs. This highlights the limitations of visual examination on

identifying galaxies. We do not reclassify any of the previously confirmed clusters

as galaxies based on this visual examination. However, we did identify 3 candi-

date clusters with clear spiral structure and 30 other candidates which are likely

background elliptical galaxies (this is in addition to the candidates confirmed to

be galaxies from the spectroscopic study of C09). During this visual examination

it was also found that some of the clusters and candidates with uncertain stellar-

ity flags from our SEXTRACTOR 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 classified as confirmed GCs (red)

and candidate GCs (grey) in the RBC (left) and by K07 (middle). The right panel

shows the colours of the objects which are confirmed by C09 to be old clusters.

Shown in blue are the proposed young clusters from C09 and theconfirmed clusters

from the RBC which are flagged as being potentially young. Forcomparison, the

black points indicate the colours of the Milky Way’s GCs. Theg-K colour for the

1Thumbnail images of these clusters are available at http://www.astro.soton.ac.uk/
∼m.b.peacock/m31gc.html
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Figure 2.9: Colours of clusters and candidates from the RBC (left), K07 (mid-
dle) and C09 (right). Included are objects classified as confirmed old clusters
(red), young clusters (blue), and candidate clusters (grey) from each catalogue.
The black points show the colours of Milky Way GCs. The arrow represents a
reddening ofE(B−V) = 0.1.
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Milky Way GCs were taken from Cohenet al. (2007) and optical colours from

the Harris catalogue (Harris, 1996). The colours of the Milky Way’s GCs were

transformed into theugriz filters using the transformations of Jesteret al. (2005)

and dereddened using the values forE(B−V) quoted in the Harris catalogue. Only

the Milky Way clusters withE(B−V) < 0.4 are included. The Galactic GC system

contains relatively few metal rich clusters and most of these are at a relatively low

galactocentric radius (and hence have relatively high extinction). The Milky Way

clusters plotted are therefore limited to mainly low metallicity clusters. It can be

seen that the Milky Way’s GCs define a tight region in the colour-colour plots. For

this reason, the colours of the proposed GCs and candidates in M31 are very useful

in classifying the objects.

It should be noted that the colours of M31’s GCs are reddened due to both Galac-

tic extinction and extinction intrinsic to M31. The Galactic reddening in the direc-

tion of M31 is relatively uncertain, but it is estimated for the region around the disk

of M31 to beE(B−V)∼0.062 mag (Schlegelet al., 1998). However, the extinction

due to M31 itself can be much larger and varies significantly between GCs due to

their locations in (and line of sight depths through) the galaxy. Previous work (e.g.

Barmbyet al., 2000; Fanet al., 2008) has demonstrated that the reddening for some

of these clusters can be substantial. For example, the very red cluster in figure 2.9

with g-K=6.95 is B037 which is known to be heavily reddened [E(B−V) = 1.38:

Barmbyet al. (2000)].

Figure 2.9 shows that our colours are in good agreement with the classifications

of C09. It can be seen that most of the objects classified by C09as old clusters

define a tight region which is consistent with the (reddened)colours of the Milky

Way’s GCs. In most cases the confirmed clusters in the RBC alsohave colours

consistent with the Milky Way’s GCs. Many of the confirmed clusters from K07,

and a few of the confirmed clusters from the RBC, have colours which are not

consistent with the Milky Way’s GCs or the majority of the confirmed GCs in M31.

This is in agreement with our conclusions from the previous section that some of the

previously confirmed clusters may be misclassified stars. The colours also suggest

that many of the unclassified candidate clusters may be stars, asterisms of stars or

background galaxies.

2.4.3.1 Young clusters

These colours clearly identify the population of very blue clusters that have been

noted by previous studies. It can be seen that our colours arein excellent agreement
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with the spectroscopic classifications of C09. We also find good agreement with the

confirmed clusters in the RBC which are flagged as potential young clusters (flag

yy=1,2 or 3 in the RBC). This flag is based on the work of Fusi Pecciet al. (2005).

Most of the previously identified young clusters are much bluer in g-r than any GC

in the Milky Way. Using a similar method to Fusi Pecciet al. (2005), we define all

objects withg-r<0.3 to be young clusters.

Some of the proposed young clusters have colours which are consistent with

being old clusters. However, these objects are also consistent with being young

clusters with reddened colours. These clusters are also found in high density re-

gions of M31 and look similar to the other young clusters we have observed. We

therefore choose to keep the previous (spectroscopic) classification for these clus-

ters and suspect that their colours may be reddened. It can also be seen from figure

2.9 that two clusters classified as old by C09 (B386 and PHF7-1) have very blue

colours. We reclassify these two objects as young clusters.

2.4.3.2 Old globular clusters

Figure 2.10 shows the colours of all confirmed and candidate clusters following the

removal of all stellar objects based on their stellarity flagor visual examination of

the cluster images. We have also removed those objects identified in the previous

section as being young clusters. It can be seen that, having removed these objects,

the colours of the confirmed clusters are now consistent withthe colours of the old

GC system of the Milky Way. The clusters extend to much reddercolours, but this

is consistent with the expected reddening due to extinctionfrom M31.

The grey points in the bottom panels of figure 2.10 show the colours of the re-

maining candidate clusters after the removal of non-extended objects. Comparison

with the confirmed old clusters shows that many of the candidates have colours

consistent with being old clusters. These clusters are flagged as old candidates in

table 2.1 and should be considered the strongest candidate clusters. We also identify

candidates with very blue colours, consistent with the other young clusters identi-

fied. These are flagged as young candidate clusters in table 2.1. It can be seen that,

despite removing objects identified as stars, the colours ofmany of the candidate

clusters are inconsistent with being either old or young clusters. As we are uncer-

tain of the classification of these objects, we retain their classification as candidates.

However, it is likely that many of these candidates are either background galaxies

or unresolved asterisms.
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Figure 2.10: Top: Colours of previously confirmed clusters which are confirmed
here to be extended (red).Bottom: Colours of proposed candidate clusters which
are confirmed to be extended (grey). The lines indicate linear fits to the colours of
all confirmed M31 GCs. The black points indicate the colours of the Milky Way
GCs and the arrow represents an extinction ofE(B−V) = 0.1.

2.4.3.3 Extended clusters in the halo of M31

Recent studies of the halo of M31 have identified a populationof very extended

clusters (Huxoret al., 2005; Mackeyet al., 2006; Huxoret al., 2008). These clusters

have relatively low surface brightness and larger half light radii than the majority

of the clusters in M31. Colour magnitude diagrams of these clusters suggest that,

beyond their extended nature, they appear to be similar to typical old clusters. These

clusters are similar to the Galactic GC NGC 2419 and begin to fill the ‘gap’ between

classical GCs (which are thought to contain little dark matter) and the (dark matter

dominated) dwarf spheroidal galaxies (see e.g. Huxoret al., 2005). For a description

of these clusters we refer the reader to Huxoret al. (2008, and references therein).
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Seven of these clusters are located in our SDSS images and canbe identified in

table 2.1 from their names which have the prefix HEC (‘Halo Extended Cluster’).

Our colours of these clusters were found to be less reliable than the other clusters

studied. This is because they are resolved, due to the diffuse nature of the clusters,

into multiple sources.

The colours for these clusters were therefore re-measured through 12 arcsec

apertures using theIRAF:APPHOT taskPHOT. A smaller aperture of 8 arcsec was

used for HEC11 due to a bright neighbouring star. This methodgives reliable results

for clusters in the halo of M31 where there is little contamination from neighbouring

sources and the background is relatively smooth. None of these extended clusters

are identified in the inner regions of M31. However, it shouldbe noted that de-

tecting such extended (and low surface brightness) clusters, projected against more

central regions of M31, would be very difficult.

These clusters are identified in figure 2.10 as open green points. It can be seen

that the colours of these clusters are now consistent with the other old GCs in M31.

The errors in the colours of the HECs are larger than those of the other GCs. This is

due to their diffuse nature and the use of large apertures, which increases the total

sky background.

2.4.4 Final classification

Our final classification is based on: the stellarity of the object; its colours; visual

examination of the object in our 6 bands; velocity information and classifications

from previous studies. Table 2.1 lists these classifications for all GCs and candi-

dates. For comparison we also include the previous classifications from the RBC

and C09. For consistency we have tried to keep our classifications similar to those

used in the RBC. If we have no reason to reclassify the sources, we keep the original

classifications (where available from C09, which were foundto agree best with our

classifications, otherwise from the RBC). The classifications used are:

1: old globular cluster:extended and has colours consistent with the Milky Way’s

GCs. Its velocity is confirmed from previous work (K07, C09 orthe RBC) to be

consistent with being in the M31 GC system, or the object is confirmed from high

resolutionHST images.

2: candidate cluster:not confirmed, but previously proposed as being a cluster or

candidate and is found here to be extended (or have uncertainstellarity). Candidate

is sub-divided, depending on whether its colours are consistent with being an old
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Table 2.3: Classifications of sources
Classification Number in Previous classification of these objects

this study RBC1 RBC 2 K07 A K07 B/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: HII 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 potentially young
clusters.

cluster (21), consistent with being a young cluster (23) or inconsistent with being a

cluster (2).

3: young cluster:has colours consistent with being young. If previously classified,

may appear as a resolved asterism in K, but looks like a cluster in the SDSS images.

4: background galaxy:previously classified from spectroscopy by C09 or identified

from our visual examination.

5: HII region: from previous classification of C09.

6: stellar source:object appears to be a single stellar source or a previously unre-

solved asterism of stellar sources.

The total number of sources of each class is shown in table 2.3. For reference we

include whether these objects were previously classified as: clusters or candidates

in the RBC (RBC 1 and RBC 2 respectively); clusters or candidates by K07 (K07 A

and K07 B/C respectively); old or young clusters by C09 (C09 old and C09young

respectively). It can be seen that we have reclassified 10 previously confirmed clus-

ters in the RBC as likely stellar sources. We also reclassify6 of these objects as

candidate clusters, as we are uncertain of their nature, or they lack spectroscopic

confirmation. Some of the candidate clusters in the RBC are confirmed to be old

or young clusters. This is based on the new spectroscopic confirmations by C09.

We are also able to classify many of the candidate clusters inthe RBC as stars.

In most cases we find good agreement with the new classifications of C09. Their

catalogue includes fewer objects because they do not provide classifications for the

whole GC system. All objects classed as young clusters by C09are retained in our

classification.

We have reclassified many of the confirmed clusters from K07 aslikely stellar

sources. We have also been able to classify nearly half of thecluster candidates

from this catalogue as being stellar. We believe this is due to our improved spatial
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Figure 2.11: K-band GCLF for all sources classed as confirmed GCs (solid, red)
and young clusters (open, blue).

resolution compared with the images used for this previous catalogue. We identify

and remove 8 objects from the catalogue of K07 which are within 2 arcsec of an-

other previously identified object in the RBC and we believe are now duplicated

in the RBC. A further 5 objects from the catalogue of K07 appear to be associated

with objects in the catalogue of C09. The names for these objects in 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 all confirmed GCs

(solid bars) and young clusters (open bars) with K-band photometry. These clus-

ters are not corrected for extinction. However, extinctionis not very significant

in the K-band where the maximum correction for the most extreme case of B037

is only 0.5 mag (the width of the bins used). The peak of the GCLF is found to

be at K∼14.2 mag. The K-band luminosity of a cluster is a useful estimate of

its mass. This is because, in addition to being less effectedby extinction, the K-

band mass to light ratio (M/L) is less affected by metallicity than optical bands.

The mass to light ratio of a 12 Gyr cluster in the K-band has previously been es-
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timated to be 0.9<M/L<1.3 for metallicities in the range 0>[Fe/H]>-2 (Bruzual

and Charlot, 2003; Forbeset al., 2008). To estimate the peak mass of the old GCs

in M31, we assume a K-bandM/L ratio of 1.1 for all clusters (as the metallic-

ities are not known for all of the clusters). At the distance of M31 (780 kpc;

McConnachieet al., 2005) and assuming the K-band magnitude of the sun to be

MKs⊙=3.29 mag [this is taken from Cox (2000, MK⊙=3.33) and corrected to the

K ‘short’ filter (Ks) via MKs⊙=MK⊙-0.04 (Carpenter, 2001)], this implies a peak

mass of Mpeak∼ 3×105M⊙. This is slightly higher than that found for Milky Way

GCs (e.g. Cohenet al., 2007). However, this difference is relatively small compared

with the expected uncertainty in the peak mass. This is due toerrors in accurately

estimating the peak in the GCLF combined with errors in the distance to M31 and

the value used for the mass to light ratio.

For the fainter GCs, it is likely that masses estimated from their integrated K-

band luminosities are less accurate due to stochastic effects. Stars at the tip of

the red giant branch at the distance of M31 are expected to reach magnitudes of

K=17.5 (Ferraroet al., 2000; Taburet al., 2009). Stars this bright are relatively

rare. However, it is possible that the integrated light of some fraction of these faint

clusters can be dominated by a relatively low number of thesestars. It is also likely

that some of the faintest clusters in M31 are missing from ourcatalogue. These

clusters should be detected in our data. However, identifying these faint clusters in

front of M31 would be very difficult.

As expected the proposed young clusters peak at fainter magnitudes than the old

GCs. Some of these clusters are found to be relatively bright, reaching luminosities

similar to the peak of the GCLF. This suggests they are more massive than typical

young open clusters in the Milky Way. While this is in agreement with the con-

clusions of other work (e.g. Fusi Pecciet al., 2005), it should be noted that our

conclusions based on this K-band luminosity are limited. The M/L ratio of these

clusters is likely to be significantly lower than theM/L ratio for the older clusters

in the galaxy. Also stochastic effects in these young and faint clusters are likely to

be significant in the K-band.

2.6 Conclusions

Our final catalogue includes 416 old GCs. Where detected, we provide self consis-

tentugriz and K-band photometry for the proposed clusters and candidate clusters.

We note the difficulty in providing accurate photometry for some of these clusters
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due to the complex background of M31. We highlight the need for good spatial

resolution in order to remove contamination from non cluster light when obtaining

integrated magnitudes. Where available, we find our photometry to be consistent

with that previously published. From our multicolour photometry, we confirm the

population of very blue clusters identified previously. We show that these colours

are consistent with their spectroscopic classification by C09 as young clusters. We

note that many of these clusters look like resolved asterisms in our K-band im-

ages. However, some of these are confirmed by HST images to be genuine clusters.

Higher spatial resolution optical images than available here are required in order to

confirm their nature as genuine young clusters.

We have identified that many of the confirmed clusters from Kimet al. (2007)

are likely stellar sources (we retain only 27 of their 111 confirmed clusters as old

clusters). We also identify 10 confirmed clusters in the RBC as likely stellar sources.

While we have considered the classifications from K07 and theRBC separately

in this paper, we caution thatall of the objects confirmed by K07 to be clusters

are included as confirmed clusters in the current version of the RBC (v3.5). We

also provide new classifications for many of the cluster candidates proposed by this

previous work. We identify many of these candidates to be stars and reduce the

number of unclassified candidate clusters to 357.



3
The structural parameters of globular

clusters in M31

3.1 Abstract

In this chapter, we present the structural parameters for a spatially limited sam-

ple of 213 of M31’s old globular clusters. These parameters are based on fitting

King (1966) models (convolved with an estimate of the point spread function of the

cluster image) to Wide Field Camera (WFCAM) images of these clusters. We con-

sider the reliability of the derived parameters and show them to be consistent with

those of 33 clusters which were previously determined usinghigher spatial reso-

lution HST observations. We note that the reliability of the structural parameters

decreases significantly for the faintest clusters considered. This is likely to be due

to the relatively low signal to noise of these clusters. We caution on the use of this

method for low signal to noise images. We demonstrate that the structural param-

eters of old globular clusters in M31 are similar to those of the globular clusters in

the Milky Way. We investigate the relationship between the structure of these clus-

ters and galactocentric radius. This confirms the relationship found by some other

studies of half light radius increasing with galactocentric radius.

64
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3.2 Introduction

Determining the structure of globular clusters (GCs) is useful for investigating both

the initial formation of the clusters and their subsequent dynamical evolution. The

density profiles of clusters in the Milky Way are known to be relatively well mod-

elled by King models (King, 1966). The structure of globularclusters is best in-

vestigated via direct counts of all stars in the clusters. However, even for Galactic

clusters, it is difficult to resolve stars in the dense cores of the clusters. Also the

number counts often suffer from incompleteness for faint stars. For extragalactic

clusters the integrated luminosities of the clusters can beused to give a good esti-

mate of the structure of the clusters. Due to the relatively small size of the Milky

Way’s cluster system, determining the structural parameters for extragalactic GCs is

highly desireable. These can be used to help constrain models of cluster formation

for a much larger sample of clusters than is available from the Milky Way alone. It

is also of interest to consider any differences in the structure of clusters in different

galaxies, as this can give insights into different formation or evolutionary histories.

The structure of a cluster is also likely to affect the population of stars contained

in the cluster. For example the dense cores of GCs are likely to be ideal locations

for forming tight binary systems through stellar interactions. These include exotic

objects such as low mass X-ray binaries, cataclysmic variables and blue straggler

stars.

The proximity of M31 makes it the ideal location for studyingthe structure of

extragalactic GCs. The structural parameters for some of M31’s GCs have been

measured usingHubble Space Telescope (HST): Faint Object Camera (FOC) images

of 13 clusters (Fusi Pecciet al., 1994); Wide Field Planetary Camera (WFPC2)

images of 50 clusters (Barmbyet al., 2002); Advanced Camera for Surveys (ACS)

and Space Telescope Imaging Spectrograph (STIS) images of 15 and 19 clusters

respectively (Barmbyet al., 2007). However, the large angular size of the M31

GC system, combined with the small field of view of theHSTcameras, means that

many of M31’s clusters do not have estimates of their structural parameters. Here

we use ground based images obtained using the Wide Field Camera (WFCAM)

on the UK Infrared Telescope (UKIRT) to estimate the structural parameters for

a much larger sample of clusters. The core radii of GCs at the distance of M31

are typically smaller than the PSF of these WFCAM images of them. However, it

is possible to infer their structure by fitting PSF convolvedKing models to their

profiles. This method has previously been used in order to estimate the structure of

GCs in M31 (Barmbyet al., 2007; Peacocket al., 2009), Cen A (Harriset al., 2006;
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Jordánet al., 2007b; McLaughlinet al., 2008), M87 (Waters, 2007) and other Virgo

cluster galaxies (e.g. Jordánet al., 2009).

3.3 Wide Field Camera data

To investigate the properties of the GCs in M31, we obtained K-band photometry

using the Wide Field Camera (WFCAM) on the UK Infrared Telescope (UKIRT)

under the service program USERV1652. These data cover most of the disk of M31,

but avoid the central regions where surface brightness fluctuations are largest. They

also do not cover some of the clusters in the outer halo of M31.The regions covered

by these WFCAM images were shown previously in chapter 2 (figure 2.2).

Each observation consisted of microstepped 5s exposures with a nine point jit-

ter pattern. The 2×2 microstepping was used to give an effective pixel size of

0.2 arcsec and ensure the images were well sampled. Five observations were taken

of each field to give a total exposure time of 225s. This gives adetection limit of

K=19 at 3σ . Our observations were taken on the nights of 2005-11-30 and2007-

08-06 with seeing of 0.85-1.00 arcsec and 0.6-0.8 arcsec, respectively. This corre-

sponds to a spatial resolution of 3.21-3.78 pc and 2.26-3.04pc at the distance of

M31.

The images were processed using the standard WFCAM pipeline(for details on

the WFCAM and its pipeline see e.g. Dyeet al., 2006). The pipeline reduces and

stacks the raw images and adds an accurate astrometric solution to the final images

by fitting sources to the Two Micron All Sky Survey (2MASS). For combining

our microstepped images we chose not to use the standard pipelines interleaving

method. Instead the reduced images were drizzled together (Fruchter and Hook,

2002) using theIRAF STSDAS task DRIZZLE. Drizzling has the advantage that it

produces combined images with smoother PSFs than interlacing.

3.4 M31 globular clusters

3.4.1 Selection of globular clusters

We select M31 clusters from the catalogue of Peacocket al.(2010) (see chapter 2 for

details). This catalogue provides sub-arcsec locations and updated classifications

for all clusters identified in most major M31 cluster surveysto date (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 observations, we must first consider

the effects of seeing on their appearance. The images of the clusters studied are the

result of a convolution of their physical size with the pointspread function (PSF) of

the observations. To account for this, we create a model for the PSF of each image

so that we can convolve it with our model for the underlying structure of the cluster.

We modelled the PSF for the images with a Moffat profile using theDAOPHOT tasks

ALLSTAR/SEEPSF. To determine the shape of the PSF we fit the brightest 40 stars

in each image which were unsaturated, had no bright neighbours and were greater

than 100 pixels from the detector edges (where the noise is significantly higher).

No significant variation in the PSF was observed across the images so we select a

single PSF model for each detector of each observation.

The structural parameters of the clusters were determined by identifying the best

fitting King model to their profiles using the programSUPERKING (Waters, 2007).

Details of this code are presented in Waters (2007), where its application to HST

observations of M87’s GCs is also presented. For a given cluster image and PSF

model, this code selects the best fitting King model to fit the data based onχ2 min-

imisation. Three parameters are required in order to constrain a King model. We

use this code to fit the clusters based on their central potentials (W0), total K-band

magnitudes (K) and tidal radii (rt ). In addition to these parameters, it is also neces-

sary to fit the center of the clusters (xo,yo) and the flux of the clusters backgrounds.

Before fitting the GC profiles, bright stars (above 5σ ) were removed from the re-

gion around the cluster using theDAOPHOT task ALLSTAR. Each cluster was fit

out to a radius of 20 arcsec. This was chosen to extend beyond the expected tidal

radius for 85% of the clusters (based on Milky Way GCs in the Harris catalogue;

Harris, 1996). This allows for the tidal radius and background level to be accurately

computed.

In table 3.1 (for full table see appendix D), we present the best fitting structural

parameters for the 213 old clusters studied. Where clusterswere present and in more

than one observation, we select the observation with the best seeing. We assign a

flag to each cluster based on visual examination of the cluster and its residual after

subtraction of our best fitting model. These flags are used to identify poorly fitting

models, as well as clusters contaminated by very bright stars. The parameterΓ in
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Table 3.1: Structural parameters of old clusters in M31 (sample)
GC Name(1) χ2/ν (2) W(3)

0 c(3) K(4) r(5)
c r(5)

h r(5)
t log(ρc)

(6) log(Γ)(6) Flag(7)

B001-G039 1.07 6.25 13.70 1.31 1.25 2.71 25.9 3.87 6.00 1
B002-G043 1.07 8.10 15.34 1.86 0.34 1.93 24.8 4.55 5.90 1
B003-G045 1.15 9.55 14.91 2.25 0.24 4.05 42.7 4.82 5.99 1
B004-G050 1.69 6.45 14.18 1.37 0.92 2.13 21.4 4.05 6.01 1
B005-G052 1.20 8.25 12.54 1.91 0.36 2.27 29.1 5.57 7.47 12
B006-G058 0.85 9.60 12.64 2.26 0.20 3.47 36.2 5.97 7.55 1
B008-G060 11.15 4.30 14.04 0.89 2.16 2.77 16.8 3.31 5.63 1
B009-G061 1.35 7.40 14.63 1.65 0.56 2.00 24.6 4.35 6.02 1
B010-G062 1.02 6.00 14.00 1.25 2.70 5.37 48.2 2.79 5.05 1
B011-G063 1.28 7.00 14.20 1.52 0.63 1.84 21.1 4.44 6.26 1
B012-G064 0.95 7.25 12.69 1.60 0.91 3.00 36.1 4.52 6.70 1
B013-G065 1.06 3.35 14.47 0.73 4.90 5.08 26.1 2.21 4.70 1
B015-V204 1.33 6.30 13.48 1.33 1.78 3.91 37.9 3.50 5.74 1
... ... ... ... ... ... ... ... ... ... ...

The full version of this table is presented in appendix D. This table is also available in electronic
form from the VizieR archive or from the supplementary material of Peacocket al. (2009).
1Cluster names are taken from table 2.1 and are the same as those in the Revised Bologna Catalogue
of M31 GCs (Galletiet al., 2004).
2Theχ2 per degree of freedom for the best fitting model to the clusterprofile.
3The central potential (W0) and concentration parameter [c = log(rt/rc)] of the cluster.
4The K-band magnitude of the cluster (from profile fitsnot aperture photometry) [mag].
5The core, half light and tidal radii of the cluster (assumingthe distance of M31 to be 780 kpc
McConnachieet al., 2005) [pc].
6The cluster core density [LK,⊙pc−3] and stellar encounter rate [as defined by equation 1.6;
L2

K,⊙pc−3km−1s].
7Flag based on visual examination of the cluster image and itsresidual after subtraction of the best
fitting model. Flags are: 1-clean cluster image and residual; 2-elliptical profile; 3-poor residual
after subtraction; 4-bright source close to the cluster which may potentially influence its profile;
5-potential asterism; 6-potentially stellar profile/ unphysical parameters.

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

1.2.2.2. This is calculated from equation 1.6:Γ ∝ ρ3/2
c r2

c.

3.5 Reliability of parameters

Having identified the best fitting King model to describe eachcluster, we investigate

the reliability of the parameters found. The reliability ofthis method of modelling

the cluster profile is primarily dependent on the spatial resolution of the GC images,

the accuracy of the PSF model used in the deconvolution and the signal-to-noise

(S/N) of the cluster images. The spatial resolution of the WFCAM images at the

distance of M31 is 2.3-3.8 pc. This is only slightly larger than the spatial resolution

of HSTobservations of Cen A (∼1.8 pc) and significantly smaller than that ofHST

observations of Virgo cluster galaxies (∼8 pc). The effect of S/N on the reliability

of PSF convolved King model fits toHSTimages of GCs at the distance NGC 3597,

NGC 1275 and the Virgo cluster were investigated by Carlson and Holtzman (2001).
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By simulating GCs with varying S/N, they suggested that an integrated S/N∼90 was

required to recover the correct cluster concentration 50% of the time for clusters at

the distance of Virgo. The reliability of the fits was found toimprove significantly

with S/N, increasing to∼80% for a S/N∼150. Our WFCAM images of M31’s

GCs benefit from better spatial resolution thanHST observations of GCs in Virgo

cluster galaxies. However, for the WFCAM images this S/N limit corresponds to a

magnitude of K∼15.3. Carlson and Holtzman (2001) also found that the profilefits

were more reliable for lower concentration clusters as their larger cores are easier

to measure.

3.5.1 Consistency checks

Due to the small spatial scale of the clusters we are fitting, it is likely that the

errors on these parameters will be dominated by errors in thePSF model which is

convolved with the cluster.

To investigate the magnitude of the typical measurement errors, we compare the

results obtained from fitting the same cluster from different observations. In total,

115 clusters are present in multiple images. These observations have all been taken

under slightly different conditions and will have different PSF models. Therefore,

by fitting these clusters independently and comparing the resulting parameters, we

can estimate the reliability of the parameters calculated.Figure 3.1 shows the dif-

ferences between the derived parameters for the clusters fitin more than one image.

For clusters brighter than K∼15mag we find good agreement between the pa-

rameters measured. However it can be seen that the scatter increases significantly

for clusters with K>15mag. This suggests that the errors on the parameters found

for these faint clusters are significantly higher. This compares well with the ex-

pected reliability limit due to signal-to-noise proposed by Carlson and Holtzman

(2001).

We expect that the variation observed in figure 3.1 gives a reasonable estimate of

the errors on the parameters found for all the GCs studied. Inthe following analysis,

we include all 213 GCs studied but note that the errors on individual parameters for

the faintest clusters will be large. Since most of the GCs studied are brighter than

this limit, we do not believe our conclusions are sensitive to this increased error on

the faintest clusters.
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Figure 3.1: Comparison between the core radius (rc, top), integrated K-band mag-
nitude (K,middle) and stellar collision rate (Γ, bottom) 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 by theHST under several different

programs. Using these data the structural parameters for 96clusters have already

been estimated from either ACS, STIS or WFPC2 observations (Barmby et al.,

2002, 2007). As these observations have better spatial resolution than those used in

this study, they provide a useful test for this method of PSF convolution. Figure 3.2

compares these previously determined parameters with those found in this study.

There are 33 clusters present in both datasets.

For clusters brighter than K∼15 mag, we find reasonable agreement between

the radii found in this study and those found by Barmbyet al. (2007). For clusters

fainter than this we find significant differences between both the core and tidal radii
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Figure 3.2: Comparison between the core radii (rc), half light radii (rh), tidal radii
(rt ) and stellar collision rates (Γ) measured in this study and those measured by
Barmbyet al. (2007, B07). The Barmbyet al. (2007) parameters were obtained
usingHSTSTIS/ACS (solid circles) and WFPC2 (open circles) observations.
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found. However, this is within the large errors predicted inthe previous section for

these fainter clusters. It can be seen that the derived core radius of the faintest cluster

in this comparison (B041), is significantly smaller than that previously found. This

is a very faint and diffuse cluster, projected against a relatively crowded region of

M31, as such it is likely that our fits to this cluster are unreliable.

For all the cluster parameters compared we find greater discrepancies between

our results and those based on WFPC2 observations (open circles). The likely rea-

son for this is the differing methods used to estimate these parameters. We fit the

whole profile of the cluster and select the best fitting tidal radius, where as the

WFPC2 observations are fit to the inner region of the cluster (where the signal to

noise is greater) and the tidal radius is inferred from the best fitting model (Barmby

et al., 2002). The tidal radius inferred from the second method is much more sus-

ceptible to slight deviations from a pure King model. We therefore believe our tidal

radii may better represent the actual tidal radii of the clusters.

It can be seen that the half light radii are found to be the mostreliable of the

structural parameters. These radii compares well, even forclusters with relatively

low S/N. This has been found by other studies (e.g. Kundu and Whitmore, 1998;

Carlson and Holtzman, 2001) and is likely due to the half light radius being rela-

tively robust to errors on the concentration of the cluster.

The stellar collision rates found by both studies show a clear scaling difference.

The stellar collision rate is calculated from the cluster core density (using equation

1.6). The core density is a luminosity density andnot a mass density. This offset

is therefore expected because, in this study, we measure theK-band core density,

whereas the previous work presents V-band core densities. This offset is therefore

most likely due to the difference between the V and K-band mass-to-light ratios of

the clusters. Since our analysis is relative only to values measured in this study, this

offset should not affect our conclusions. Also since stellar mass is more closely cor-

related with K-band luminosity than any optical band, comparisons 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 concentration [c =log(rt/r0)], core radii (r0), half light radii

(rh), tidal radii (rt) and core density (ρ0) of M31’s GCs. For comparison the same

parameters for the Milky Way’s GCs are shown on the bottom row(Harris, 1996).

Before comparing these populations there are two importantdifferences which need
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Figure 3.3: Structural parameters of M31 GCs (top) and Milky Way GCs (bottom). The dashed line indicates the GCs in the Milky Way
over a similar galactocentric radius. It should be noted that the core densities are K-band luminosity densities for theM31 GCs and V-band
luminosity densities for the Milky Way clusters.
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to be considered. Firstly, the M31 parameters are based on the K-band, rather than

the V-band luminosity of the clusters. As a result we expect offsets in parameters

such as the core luminosity density due to the different massto light ratios. How-

ever, this is unlikely to have a significant effect on the sizeof the clusters (Cohen

et al., 2007). Secondly, due to a lack of WFCAM data, the sample of M31 GCs

does not include the most central or distant GCs in the galaxy. For the Milky Way

GCs it is known that several structural parameters are correlated with galactocentric

radius (Djorgovski and Meylan, 1994).

It can be seen that, compared with the Milky Way, there is a lack of very con-

centrated clusters in our sample. The group of clusters thatcan be seen in the Milky

Way data to have concentration, c=2.5 is actually an artificial peak. All clusters

in the Harris catalogue which have c>2.5 are set to this limit. These clusters are

known as the core collapsed clusters. They have no clear coreregion (instead their

density profiles continue to increase towards the center of the clusters). None of

these core collapsed clusters are observed in our sample of M31 clusters. This can

be partially explained by the exclusion of the innermost GCs(where most core col-

lapsed GCs are located in the Milky Way). Taking this into account, we still find

fewer of these clusters than expected. Potentially some faint core collapsed clus-

ters may be missed by GC surveys as they would be the most difficult clusters to

resolve. However, it is also possible that these clusters may be present, but have

their concentrations underestimated. This is because their core radii will be much

smaller than the PSF of our images, making it very hard to deconvolve and measure

them. Comparison of the core radii of the clusters does show that we are missing,

or overestimating, the core radii of some of the very smallest core radii clusters. A

lack of core collapsed clusters can also be seen in similar profile fits to HST im-

ages of Cen A clusters (Jordánet al., 2007b). Allowing for these effects, we see

no strong evidence for differences between the structure ofthe old GCs in M31 and

Milky Way.

In the Milky Way, it is known that some GC properties are related to position

in the Galaxy. In figure 3.4 we plot the structural parametersof M31’s GCs as a

function of their projected galactocentric radius (Rgcp : taken from the RBC). To

help identify potential trends in these plots, we have binned the clusters into groups

of 25 and determined the median value of their parameters foreach group (bold

points). It can be seen that the luminosity of the GCs appearsto decrease slightly

with Rgcp. This is confirmed by a Spearman-rank test (run over the raw data) which

suggests a significant correlation (with number of clusters, N=191, Spearman rank

correlation coefficient,ρs=0.25 and P-value for non-correlation, P=5×10−4). How-
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Figure 3.4: Properties of M31’s GCs (crosses) as a function of projecteddistance
to the centre of M31 (Rgcp). Bold points show the median values for clusters
binned onRgcp. The line demonstrates the relationship found by Barmbyet al.
(2007) between rh andRgcp.

ever, this correlation is mainly driven by a deficit of faint clusters in central regions.

This is likely due to selection effects, as it is very difficult to identify fainter clus-

ters projected against the dense central regions of M31. It is therefore likely that

some of these clusters are missing from our catalogue. The most massive clusters

also appear to be centrally located. Selection effects can not explain the lack of

very massive clusters in the outer regions. However, there are few of these very

bright clusters. These data also suggests that more centralclusters have smaller

cores (with N=191,ρs=0.20 and P=0.005). This relationship may be expected from

the evolution of the GC system (because central GCs are expected to evolve more

quickly due to greater interactions with their host galaxy). This effect is observed in
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the Milky Way’s GCs (Djorgovski and Meylan, 1994). However,we again caution

that this correlation may be artificially enhanced by selection effects (which could

potentially prejudice us against the identification of extended, low density clusters

in the inner regions).

The half light radius is found to be strongly correlated withRgcp (with N=191,

ρs=0.28 and P=1×10−4). This correlation has previously been observed for a smaller

number of GCs in M31, but over a greater range ofRgcp by Barmbyet al. (2007).

The line included in the bottom right panel of 3.4 is not a fit toour data, but the

relationship found by Barmbyet al. (2007):

log(rh) = C+ γ log(R∗
gcp) (3.1)

WhereC = 0.43, γ = 0.20 andR∗
gcp = (11/92)Rgcp for M31. Figure 3.4 demon-

strates the excellent agreement between this relationshipand that found here for

a larger number of clusters. A similar trend is also found forGCs in the Milky

Way (van den Berghet al., 1991; Djorgovski and Meylan, 1994) and in Virgo clus-

ter galaxies (Jordánet al., 2005). Unlike other cluster sizes, the half light radius

of a cluster is thought to be largely unaffected by evolution(e.g. Spitzer Jr. and

Thuan, 1972; Lightman and Shapiro, 1978; Murphyet al., 1990; Aarseth and Heg-

gie, 1998). Therefore this relationship may be related to the properties of the glob-

ular cluster system at the time of formation.

3.7 Summary

We present the structural parameters of 213 of M31’s old clusters. We consider the

reliability of these parameters and show our fitting to be self consistent by compar-

ing the results obtained from fitting different images of thesame cluster. Where

available, the derived parameters are compared with those published from fits to

higher spatial resolutionHST images. While some scatter is seen in the derived

parameters, we consider them to be relatively robust. However, we note that the

errors on these parameters are hard to estimate and caution that the particular pa-

rameters of some individual GCs may have large errors. It is also found that the

parameters obtained for the faintest clusters are relatively unreliable. We attribute

this to the lower signal-to-noise of these clusters. Takingselection effects into ac-

count, we find the structure of M31’s old cluster system to be similar to that of the

Milky Way’s. We note a potential lack of both core collapsed and very extended
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GCs in our M31 sample. We caution that some (or all) of this effect may be due to

selection effects in identifying these clusters, or difficulties in accurately measuring

their parameters, rather than an intrinsic difference in the populations. We confirm

the relationship previously observed in a smaller sample ofM31 clusters, between

the half light radius of a cluster and its distance from the centre of the galaxy. These

data show no significant evidence for other trends with galactocentric radius.



4
Low mass X-ray binaries in M31

globular clusters

4.1 Abstract

We investigate low mass X-ray binaries (LMXBs) in the M31 globular cluster (GC)

system using data from the 2XMMi catalogue. These X-ray dataare based on all

publicly availableXMM-Newtonobservations of the galaxy. This survey therefore

provides the most complete and homogeneous X-ray survey of M31’s GCs to date,

covering> 80% of the confirmed old clusters in the galaxy. We associate 41 X-

ray sources with confirmed old clusters in the M31 cluster catalogue of Peacock

et al. (2010). Comparing these data with previous surveys of M31, it is found that

three of these clusters are newly identified, including a bright transient source in

the cluster B128. A further four clusters are found in the literature which are not

detected in these data, resulting in a total catalogue of 45 clusters associated with

X-ray emission. By considering the latest optical GC catalogues, we identify that

three of the previously proposed X-ray clusters are likely to be background galaxies

and two have stellar profiles. We consider the properties of LMXB-hosting clusters

and demonstate a highly significant trend between the presence of an LMXB and

78
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the mass and stellar collision rate of a cluster. A weaker trend is also confirmed

between the metallicity and the presence of an LMXB. Considering the relationship

between the luminosity and stellar collision rate of a cluster, we note that LMXB

hosting clusters have higher than average stellar collision rates for their mass. This

strongly suggests that the stellar collision rate is the dominant parameter related to

the presence of LMXBs. This finding is consistent with the formation of LMXBs

in GCs through dynamical interactions with little direct dependence on the neutron

star retention fraction or cluster mass.

4.2 Introduction

Globular clusters (GCs) are known to be a rich source of low mass X-ray binaries

(LMXBs). In early studies of the Milky Way’s X-ray population, it was realised

that many more LMXBs were located in GCs than would be expected based on

their masses alone. Of the∼150 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 LMXBs,this suggests

that the formation of LMXBs is two orders of magnitude more efficient in GCs than

in the field of the Galaxy. It has long been proposed that this extra efficiency is due

to dynamical formation of these binaries in the dense cluster cores (Clark, 1975).

The proposed mechanisms for dynamical formation of LMXB systems include: a

donor star capturing the neutron star through tidal capture(e.g. Fabianet al., 1975);

exchange interactions between a neutron star and a primordial binary system (Hills

and Day, 1976; Hut and Verbunt, 1983); and direct collisionsof a neutron star with

the envelope of a giant star (Verbunt and Hut, 1987). These interactions are more

likely to occur in the cores of GCs due to their high stellar densities.

The properties of LMXB hosting clusters can be used to investigate the forma-

tion and evolution of these systems. For example, if dynamical formation is the

primary method of forming LMXBs in GCs, then it is expected that there should

be a direct relationship between the stellar collision ratein a cluster and the pres-

ence of an LMXB. Studies of LMXBs in the Milky Way’s GCs are consistent with

dynamical formation scenarios for these tight binaries (e.g. Verbunt and Hut, 1987;

Pooleyet al., 2003). While work based on the Galactic GC system is very useful in

investigating such relationships, it is limited to a relatively low number of GCs and

LMXBs.

In the era ofChandraandXMM-Newtonit has become possible to study many
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more GC LMXB systems by looking at extragalactic sources. These observations of

nearby galaxies confirm that their GCs also contain a large fraction of the galaxies’

LMXBs. Unfortunately, investigating dynamical formationin extragalactic clusters

is difficult due to the small angular sizes of typical clustercores. However, rela-

tionships between the collision rate and presence of LMXBs have been suggested

in Cen A (Jordánet al., 2007b) and possibly in M87 (Jordánet al., 2004; Waters,

2007). It is also found, both in the Milky Way and nearby galaxies, that LMXBs

favour brighter (and hence more massive) GCs (e.g. Kunduet al., 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 stellar interactions and therefore

form more LMXBs through dynamical interactions. However, it is also possible

that LMXBs will favour high mass clusters because they may retain more of the

neutron stars they produce. Neutron stars that are formed bycore collapse may be

formed with large kick velocities (e.g. Hobbset al., 2005). In this case, the higher

escape velocities of high mass clusters, may result in more neutron stars being re-

tained by these clusters. However, it is also possible that neutron stars with lower

kick velocities can be formed via electron capture (e.g. Ivanovaet al., 2008).

Previous work on extragalactic LMXBs has also identified that metal rich clus-

ters are more likely to host LMXBs than metal poor clusters (e.g. Bellazziniet al.,

1995; Kunduet al., 2002, 2003). Several explanations for this have been proposed.

Metal rich stars are likely to be physically larger, which may result in more LMXBs

forming through tidal interactions and direct collisions (Bellazziniet al., 1995). It

was shown by (Maccaroneet al., 2004) that this effect alone is unlikely to explain

the observed factor 3 enhancement of LMXBs in metal rich clusters. They pro-

pose that the irradiation induced winds in these binaries may explain the observed

differences between metal rich and metal poor clusters. These winds are likely to

be stronger in metal poor systems due to decreased line cooling. Ivanova (2006)

suggested that the metallicity relationship is a natural consequence of the properties

of ∼M⊙ donor stars. In this mass range, they show that low metallicity stars lack

an outer convective zone. This is likely to reduce the rate oftidal captures and also

make it harder for a binary to tighten (and hence form an LMXB system).

In this study, we investigate LMXBs in M31’s cluster system using archival

XMM-Newtonobservations. For these clusters we are able to make use of the cluster

properties presented in Peacocket al. (2009, 2010, see chapters 2 and 3 for details)

to investigate the mass, colour and stellar collision rate of LMXB hosting clusters.
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4.3 M31 globular clusters

The M31 GC system has been the focus of many studies. Despite this work, it

is likely that some contamination and incompleteness currently exists in the M31

cluster catalogues (see chapter 2 for a discussion of the difficulties of investigating

clusters in M31). To identify clusters in M31 we use the recent catalogue of Peacock

et al. (2010) (hereafter P10; see chapter 2 for details). This catalogue includes all

clusters and candidates identified in most major studies of the M31 GC system

(including those of: Battistiniet 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 locations of these clusters are found to

be in good agreement with those of Caldwellet al. (2009), but are more accurate

than those used previously to match with X-ray catalogues (e.g. Barmbyet al.,

2000; Galletiet al., 2004). The work of P10 and Caldwellet al. (2009) has also

identified and removed significant contamination in the previous catalogues from

stellar sources, background galaxies and young disk clusters.

M31 has been extensively surveyed by most recent X-ray observatories includ-

ing: Einstein(e.g. Trinchieri and Fabbiano, 1991);ROSAT(e.g. Supperet al., 1997,

2001);XMM-Newton(e.g. Shireyet al., 2001; Trudolyubov and Priedhorsky, 2004)

andChandra(e.g. Kaaret, 2002; Williamset al., 2004). Many of the resulting X-

ray source catalogues have attempted to identify which sources are associated with

GCs. Supperet al.(2001) associated 33 sources in theirROSATsurvey with known

GCs from the combined GC catalogues of Battistiniet al. (1987), Battistiniet al.

(1993) and Magnier (1993).Chandraobservations were used by Di Stefanoet al.

(2002), Konget al. (2002), Kaaret (2002) and Williamset al. (2004) to identify 28,

25, 25 and 26 GC X-ray sources respectively. Currently the most complete M31

GC X-ray catalogue was produced by Trudolyubov and Priedhorsky (2004). They

combinedXMM-Newtonobservations along the disk of M31 with archivedChandra

observations, to investigate 43 X-ray sources which they associated with GCs (from

the GC catalogues of: Battistiniet al., 1987; Magnier, 1993; Barmby and Huchra,

2001; Galletiet al., 2004). Most recently, Fanet al. (2005) collated the results of

these previous studies to identify 54 unique GCs associatedwith X-ray sources.

In this study, we consider the X-ray properties of M31’s GCs using all publicly

availableXMM-Newtonobservations of the galaxy. Since the study of Trudolyubov

and Priedhorsky (2004), theXMM-Newtoncoverage of M31 has increased signifi-

cantly and now covers the entire D25 ellipse of the galaxy. These data provide more

accurate source locations than theROSATstudy of Supperet al. (2001) and cover
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many more clusters than the previous X-ray studies of M31 GCs(Di Stefanoet al.,

2002; Trudolyubov and Priedhorsky, 2004). In this study we restrict our analysis to

only those clusters classed as confirmed clusters in the recent optical catalogue of

M31 GCs of P10. The previous GC X-ray associations have generally considered

all cluster candidates in the galaxy. While the presence of an X-ray source in a

cluster does increase the probability of it being a genuine cluster, 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 severalXMM-Newtonobserva-

tions. The first 10 observations of M31 were obtained as part of the science veri-

fication of the telescope. These observations included five observations along the

disk of the galaxy, four observations of the core of the galaxy and a shorter obser-

vation of the halo GC G1. These data are described by Trudolyubov and Pried-

horsky (2004), who use it for their study of the galaxy’s GCs.Since these initial

observations, several other fields of the galaxy have been observed. These include:

repeated observations of the X-ray sources RXJ20042.6+4115 (a bright Z-source in

M31 Barnard, 2003) and the GC B375 (which hosts the brightestX-ray source in

the galaxy’s GC system; Kong, 2005); an observation of the dwarf galaxy NGC 205

(di Stefano, 2003); an observation on the minor axis of M31 (Bregman, 2005); and

four observations to cover the recently discovered extended halo GCs in the galaxy

(Tanvir, 2006). In addition to these observations a survey was recently completed

to cover the entire D25 ellipse of the galaxy (e.g. Pietsch, 2008). All of these obser-

vations are summarised in table 4.1.

The initial observations along the disk of the galaxy, combined with these new

observations covering the outer regions, provide a relatively homogeneous survey

across the entire D25 ellipse of the galaxy. These observations, identified by theflag

survey=y in table 4.1, provide the basis for our primary survey. It should be noted

that, some of the LMXBs in M31’s GCs are expected to be transient in nature. For

this reason we also search for GC LMXBs in the other observations available. This

allows us to identify as many LMXB hosting clusters as possible. However, it does

bias the detection of transient LMXBs to regions which have been more frequently

observed (such as the central region of the galaxy). We therefore flag in our final

table whether the observed GC X-ray sources would have been identified 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) PN exp (s) M1 exp (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 M31North1 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 M31South1 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 32.5 n
2002-06-29 M31North3 468 109270401 11.63 42.29 52.7 57.1 y
2003-02-06 M31-Halo1 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 19.5 n
2004-07-19 RXJ0042.6+4115 844 202230501 10.63 41.28 9.1 13.1 n
2004-07-19 RXJ0042.6+4115 844 202230401 10.63 41.28 14.3 18.5 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 45.5 y
2006-07-08 Bo375 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 catalogue. The coordi-
nates indicate the approximate centre of each observation.The final column indicates whether the
observation is considered part of our ‘homogeneous’ surveyof M31 GCs.

primary dataset (which essentially gives a single epoch survey across M31).

It can be seen from table 4.1 that the exposure times for each field do vary

slightly. The homogeneous detection limit across this survey is ∼Lx=1036erg/s

corresponding to the relatively short observation of G1. Intotal, theXMM-Newton

observations considered here cover∼82% of the confirmed old GCs from P10.

4.4.2 The 2XMMi catalogue

To identify sources in these observations we use the ‘incremental secondXMM-

Newtonserendipitous source catalogue’ (2XMMi: for details see e.g. Watsonet al.,

2009). This is a pipeline produced catalogue of sources which are identified in over
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4000 publically availableXMM-Newtonobservations1. The catalogue includes the

location, flux and reliability of sources detected in all of the M31 observations listed

in table 4.1.

4.4.3 M31 globular clusters in 2XMMi

The confirmed old, young and candidate clusters from P10 werematched to the

2XMMi catalogue using a matching radius of 2 arcsec+1 arcsec+σpos,2XMMi . This

matching radius was chosen to cover the errors in the opticalcluster locations

(conservatively estimated to be<2 arcsec, to account for systematic and centring

errors for these extended sources) and systematic errors onthe X-ray locations

(<1 arcsec). This identified X-ray sources in 43 old clusters and 2 candidate clus-

ters. No X-ray sources were identified in the young clusters listed in this catalogue.

We investigated chance associations between the clusters and X-ray sources by

shifting the cluster locations by±5 arcsec. The four resulting cluster locations were

matched to the X-ray sources using the same matching criteria. Only two associa-

tions were found from this, with a relatively large offset of> 3 arcsec. We therefore

do not believe that there is significant contamination from chance associations in the

sample. Table 4.2 lists all old and candidate clusters associated with X-ray sources

in the 2XMMi catalogue.

It can be seen that most clusters are well matched, with separations of≤2 arcsec.

However, three of the old clusters have relatively large separations of≥3 arcsec and

may be less reliable. These clusters are shown in figure 4.1. This showsi and K-

band images of the clusters and their locations from the M31 cluster catalogue. The

locations and error circles from the 2XMMi catalogue are marked in blue. It can

be seen that all three sources are located outside of the quoted 1σpos,2XMMi error.

Comparison with publishedChandraobservations (marked in figure 4.1 as blue

crosses and discussed in the next section) confirms that two of these sources (B094

and B146) are associated with the clusters. This justifies the addition of a systematic

error to the 2XMMi locations. The source associated with B094 (and the Chandra

location) is slightly offset from the centre of the cluster.This does appear to align

with an optical source on the edge of the cluster. LMXBs are expected to reside in

the cores of the clusters (where the density is highest), it is therefore possible that

this source is a chance alignment. However, given its proximity to the cluster, we

keep this source in our analysis, but note that its association is relatively uncertain.

It can be seen from this figure that the cluster B035 does not appear to be associated

1The catalogue was taken from http://xmmssc-www.star.le.ac.uk/Catalogue/2XMMi/
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Table 4.2: M31 clusters in 2XMMi
GC NAME1 f1P10 SC NAME SC RA SC DEC SCPOSerr SC L2

x SC Lx,err SC HR3
1 SC HR3

2 SC HR3
3 SC HR3

4 SC SUMFLG4 ∆POS5 survey6

deg deg 1035erg/s 1035erg/s arcsec arcsec
G001-MII 1 2XMM J003246.5+393440 8.194110 39.577931 1.22 17.8 4.6 0.36 0.28 -0.39 -0.83 0 0.61 y
B005-G052 1 2XMM J004020.1+404358 10.083819 40.732910 0.71 2528.7 26.5 0.57 0.33 -0.17 -0.30 3 2.19 y
B024-G082 1 2XMM J004111.7+414547 10.299454 41.763552 0.76 12.2 4.2 0.40 -0.00 -0.52 -0.16 1 0.53 y
B045-G108 1 2XMMi J004143.1+413419 10.429738 41.572200 0.35 2317.5 20.0 0.59 0.32 -0.14 -0.41 3 0.38 y
B050-G113 1 2XMMi J004146.3+413218 10.442963 41.538495 0.63 31.4 3.7 0.71 0.35 -0.10 -0.23 0 0.33 y
B055-G116 1 2XMM J004150.3+411211 10.459870 41.203495 0.44 26.0 2.8 0.83 0.75 0.03 -0.14 1 0.36 y
B058-G119 1 2XMM J004152.9+404708 10.470541 40.786082 0.79 15.7 4.0 0.43 -0.07 -0.27 0.29 1 0.82 y
MITA140 1 2XMM J004209.4+411744 10.539309 41.295845 0.27 82.3 2.8 0.87 0.49 -0.29 -0.52 1 0.88 y
B078-G140 1 2XMM J004212.0+411757 10.550226 41.299417 0.27 98.6 3.0 0.90 0.64 -0.19 -0.41 1 1.57 y
B082-G144 1 2XMM J004215.7+410114 10.565752 41.020601 0.21 2828.8 34.9 0.78 0.63 -0.02 -0.16 1 0.67 y
B086-G148 1 2XMM J004218.6+411401 10.577680 41.233678 0.22 672.0 6.6 0.48 0.35 -0.18 -0.39 1 0.78 y
B094-G156 1 2XMM J004224.9+405720 10.603903 40.955641 0.94 21.4 6.1 0.37 0.36 -0.23 -0.54 1 2.95 y
B096-G158 1 2XMM J004225.9+411914 10.608139 41.320638 0.25 106.2 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 16.3 6.1 0.47 0.13 -0.27 0.18 0 0.95 y
B107-G169 1 2XMM J004231.1+411938 10.629791 41.327346 0.24 231.6 3.6 0.65 0.37 -0.25 -0.46 0 1.26 y
B110-G172 1 2XMM J004233.0+410328 10.637729 41.057884 0.31 57.3 4.3 0.48 0.35 -0.35 -0.27 2 0.55 y
B117-G176 1 2XMMi J004234.3+405710 10.642969 40.952834 1.48 14.2 10.3 0.10 0.84 -0.19 -0.25 0 1.10 y
B116-G178 1 2XMMi J004234.5+413251 10.644032 41.547694 0.39 561.0 19.8 0.73 0.66 -0.02 -0.37 0 0.49 y
B123-G182 1 2XMM J004240.6+411033 10.669252 41.175928 0.44 14.0 1.4 0.70 0.26 -0.43 -0.16 2 0.44 y
B124-NB10 1 2XMM J004241.3+411524 10.672199 41.256867 0.42 49.1 3.4 0.59 0.06 -0.21 -0.59 3 1.40 y
B128-G187 1 2XMM J004247.6+411113 10.698577 41.187145 0.55 570.2 12.6 0.46 0.23 -0.23 -0.36 1 1.66 n
BH18 1 2XMM J004250.8+411032 10.711702 41.175787 1.31 6.0 2.1 0.62 0.81 -0.03 -0.31 0 1.21 y
B135-G192 1 2XMM J004251.9+413108 10.716459 41.519072 0.25 4775.9 45.9 0.69 0.50 -0.11 -0.34 3 0.48 y
B143-G198 1 2XMM J004259.5+411919 10.748114 41.322081 0.22 395.2 4.3 0.46 0.20 -0.30 -0.53 1 1.05 y
B144 1 2XMM J004259.8+411606 10.749205 41.268360 0.22 513.8 5.2 0.49 0.23 -0.19 -0.36 3 0.63 y
B091D-D058 1 2XMM J004301.4+413017 10.755850 41.504758 0.24 860.8 21.8 0.48 0.43 0.09 -0.11 2 0.40 y
B146 1 2XMM J004303.0+411525 10.762521 41.257129 0.22 421.3 4.4 0.48 0.18 -0.32 -0.48 3 3.17 y
B147-G199 1 2XMM J004303.2+412121 10.763346 41.355999 0.24 161.7 3.7 0.43 0.10 -0.39 -0.41 1 1.10 y
B148-G200 1 2XMM J004303.7+411805 10.765745 41.301462 0.23 303.2 4.2 0.44 0.21 -0.31 -0.38 3 0.95 y
B150-G203 1 2XMM J004307.3+412019 10.780786 41.338813 0.36 28.5 1.9 0.49 0.23 -0.28 -0.40 1 1.34 y
B153 1 2XMM J004310.5+411451 10.793951 41.247775 0.22 1176.8 8.0 0.47 0.21 -0.21 -0.36 3 0.94 y
B158-G213 1 2XMM J004314.3+410721 10.809660 41.122499 0.20 1381.5 14.7 0.43 0.42 0.19 -0.02 3 0.82 y
B159 1 2XMM J004314.4+412513 10.810355 41.420344 0.68 13.5 2.7 0.78 0.70 -0.36 -0.17 0 1.73 y
B161-G215 1 2XMM J004315.4+411125 10.814321 41.190373 0.43 16.2 2.1 0.47 0.04 -0.38 -0.34 0 0.48 y
B182-G233 1 2XMM J004336.6+410813 10.902912 41.136951 0.71 57.2 8.6 0.50 0.46 -0.18 -0.07 0 0.95 y
B185-G235 1 2XMM J004337.1+411443 10.905050 41.245554 0.19 867.1 9.5 0.50 0.27 -0.19 -0.25 1 0.90 y
B193-G244 1 2XMM J004345.4+413656 10.939501 41.615799 0.45 52.8 3.6 0.33 0.14 -0.16 -0.52 0 0.82 y
B204-G254 1 2XMM J004356.3+412203 10.985118 41.367648 0.41 62.5 6.6 0.37 0.25 -0.37 -0.25 0 0.64 y
B225-G280 1 2XMMi J004429.5+412136 11.123257 41.360027 0.36 1175.4 22.6 0.45 0.24 -0.26 -0.31 1 0.44 y
B375-G307 1 2XMMi J004545.4+413941 11.439532 41.661614 0.28 7013.5 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 0.19 1573.8 18.5 0.54 0.27 -0.17 -0.27 3 0.24 y
[B035 1 2XMMi J004132.8+413830 10.386671 41.641724 0.58 14.2 2.0 0.47 0.12 -0.26 -0.79 0 3.36 y]
SK091C 2 2XMMi J004057.1+402155 10.238103 40.365344 1.54 5.7 2.2 0.77 -0.64 0.83 -0.28 0 1.86 y
SK182C 2 2XMMi J004527.2+413253 11.363430 41.548188 0.35 143.0 7.2 0.67 0.41 -0.22 -0.36 1 1.23 y

Top: Old GCs associated with an X-ray source in the 2XMMi catalogue. Bottom: candidate GCs associated with an X-ray source in the 2XMMi catalogue. Columns
with an ‘SC ’ prefix are taken from the slim version of the 2XMMi catalogue.
1Cluster name and classification, as in table 2.1 and Peacocket al. (2010).
2X-ray Luminosity (0.2-12keV), assuming all sources to be at780kpc (McConnachieet al., 2005).3X-ray hardness ratios, as defined in section 4.4.3.
4Quality flag from the 2XMMi pipeline, as described in section4.4.3.
5Offset between the optical and X-ray source locations.
6Indicates whether the source was detected in our ‘primary survey’ observations.
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with the X-ray source. Another faint optical counterpart can be seen which is in

good agreement with the X-ray source. We therefore believe that this may be a

chance alignment with a non-cluster object and remove it from our analysis.

For each GC X-ray source, table 4.2 includes hardness ratiosfor the source and

its total luminosity (Lx,0.2−12keV). These data are taken from the 2XMMi ‘slim’

catalogue. This is a reduced version of the main catalogue and contains only unique

sources. Many of these sources are expected to vary during the observations and

some are located in more than one observation. For these sources, this catalogue

quotes the mean locations and fluxes. The hardness ratios (HR) of a source are

defined as:

HRi =
(Bi+1−Bi)

(Bi+1+Bi)
(4.1)

Here, Bi are the narrow energy bands: B1=0.2-0.5keV; B2=0.5-1.0keV; B3=1.0-

2.0keV; B4=2.0-4.5keV; B5=4.5-12 keV. Table 4.2 also includes the summary flag

(SC SUMFLG) from the 2XMMi catalogue. This gives an indication of the relia-

bility of the detection. The relevant flags (taken from Watson et al., 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-zero warning flags. This is likely

due to the crowded nature of M31, with most of the SCSUMFLG=3 sources near

the centre of M31. Watsonet al. (2009) suggest that sources with flags 0-2 should

be genuine, although sources with flags 1 or 2 have some of the automated spurious

detection flags set. Class 3 sources are confirmed by ‘manual’flagging. However,

they have all of the 2XMMi automated detection flags set to spurious, and may

be spurious detections. Of the 43 old clusters associated with X-ray sources, 13

have SCSUMFLG=3. We note, from comparison with previous observations, that

10 of these 13 GCs have already been identified independentlyfrom Chandraob-

servations. These sources are therefore unlikely to be spurious. TheXMM Newton

thumbnail images for all of the 2XMMi GC detections2 were also visually examined

to identify any artifacts (for example due to chip gaps). This examination suggested

that the source in the cluster AU010 was unlikely to be reliable and we remove it

from our catalogue.

2from http //www.ledas.ac.uk/data/2XMMi/
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Figure 4.1: SDSSi-band (left) and WFCAM K-band (right) images of the GCs
B035 (top), B094 (middle) and B146 (bottom, note that no K-band image is avail-
able for this cluster). The GC location from the catalogue ofP10 is indicated by
the red circles of radius 2 arcsec. The blue circle shows the XMM source location
with its 1σ error. The Chandra positions from Di Stefanoet al. (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. This previous work is

summarised in section 4.3. As discussed in chapter 1 (section 1.2.1), some LMXBs

are expected to be transient nature, spending periods in quiescence. During these

periods their X-ray emission will fall below our detection limit. It is therefore likely

that some of the LMXBs in M31’s clusters will only be detectedat certain epochs.

For this reason, we consider which clusters in table 4.2 werepreviously detected

and identify any additional clusters with proposed X-ray emission.

All confirmed clusters were matched to sources identified from ROSATobser-

vations by Supperet al. (2001),Chandraobservations by Di Stefanoet al. (2002);

Kong et al. (2002); Kaaret (2002); Williamset al. (2004) andXMM-Newton and

Chandraobservations by Trudolyubov and Priedhorsky (2004). The cluster cata-

logue used in this study has more accurate locations, and some additional clusters,

compared with those used in these previous studies. We therefore consider all X-ray

sources in these previous catalogues. It can be seen that 38 of the clusters identified

in the 2XMMi catalogue were identified previously by one of these studies, while

three are newly identified. Table 4.3 lists all confirmed clusters which are associated

with X-ray sources from the 2XMMi catalogue or these previous studies.

We identify four GC X-ray sources in the previous work which are not identified

in the 2XMMi catalogue. The cluster B163 was previously detected byROSATand

in one of theChandraobservations of it. This cluster is discussed by Trudolyubov

and Priedhorsky (2004), where they demonstrate its transient nature. The cluster

B213 was detected in a deepROSATHRI observation of the centre of M31 by

Primini et al.(1993). The two other clusters, B164 and B293, were identified in the

ROSATPSPC survey of Supperet al. (2001). These sources have relatively large

offsets from the cluster locations of 10.5 and 9.5 arcsec respectively. One of these

sources is outside the region covered by theXMM observations. The other three

have no 2XMMi counterparts within the X-ray positional error. Since these sources

have no 2XMMi associations, they are likely to be transient in nature. These clusters

are included in our catalogue of X-ray clusters. However, itshould be noted that

the larger size of theROSATpositional error increases the probability of a chance

association.
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Table 4.3: All old clusters from P10 with proposed X-ray emission
GC NAME flagP10 RA DEC 2XMMi mixed ROSAT Chandra

(this study) ∆POS T04/F051 S012 ∆POS D023 ∆POS Ko024 ∆POS Ka025 ∆POS W046 ∆POS
(0.2-12keV) (mixed) (0.1-2.0keV) - (0.3-7keV) - (0.3-7keV) - (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 2317.5 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 83.0 0.52 55.0 1.33 62.0 0.50
B078-G140 1 10.55068 41.29969 98.6 1.57 24-300 - - 26.0 2.63 101.0 0.68 25.0 0.54 108.0 0.27
B082-G144 1 10.56597 41.02069 2828.8 0.67 1735-2330 777.6 3.04 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 17.0 1.47 - - - - - -
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 44.0 1.10 114.0 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 2.51 14.0 1.16 11.0 1.11 20.0 0.62
B124-NB10 1 10.67261 41.25663 49.1 1.40 34-137 - - 11.0 1.89 25.0 0.11 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 1.97 255.0 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 4.71 - - - - 225.0 2.32 - -
B146 1 10.76212 41.25630 421.3 3.17 74-414 731.7 1.80 218.0 1.68 269.0 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 5.64 109.0 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 37.0 0.57 47.0 1.30 37.0 0.14
B153 1 10.79421 41.24760 1176.8 0.94 373-1248 701.8 4.48 843.0 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 5.54 91.0 4.89 197.0 4.39 366.0 0.31 483.0 0.73
B159 1 10.81099 41.42040 13.5 1.73 2 24.5 6.84 - - 12.0 0.63 - - - -
B161-G215 1 10.81421 41.19027 16.2 0.48 16-22 - - 6.0 0.98 14.0 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 418.1 6.74 183.0 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 2.52 - - - - - - - -
B225-G280 1 11.12316 41.35993 1175.4 0.44 1130 650.3 1.80 - - - - - - - -
B375-G307 1 11.43983 41.66175 7013.5 0.94 5148-10372 2936.4 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. The position is the optical location of the cluster. For each X-ray catalogue considered, the source luminosity
(×1035ergs/s) and its offset from the cluster location are shown. In addition to the 2XMMi catalogue, we list matches to the catalogues of1 (Trudolyubov and Priedhorsky,
2004)/(Fanet al., 2005),2 (Supperet al., 2001),3 (Di Stefanoet al., 2002),4 (Kong et al., 2002),5 (Kaaret, 2002) and6 (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-ray emission
GC NAME flagP10 RA DEC 2XMMi mixed ROSAT Chandra

(this study) ∆POS T04/F051 S012 ∆POS D023 ∆POS Ko024 ∆POS Ka025 ∆POS W046 ∆POS
(0.2-12keV) (mixed) (0.1-2.0keV) - (0.3-7keV) - (0.3-7keV) - (0.1-10keV) - (0.3-7keV) -

SK091C 2 10.23810 40.36534 5.7 1.86 - - - - - - - - - - -
SK182C 2 11.36383 41.54835 143.0 1.23 15 39.5 12.91 - - - - - - - -
NB63 2 10.63016 41.33662 - - 5 - - - - 5.0 3.55 - - - -
BH16 2 10.69204 41.29333 - - 9 - - 31.0 1.41 9.0 0.43 - - - -
B138 2 10.73165 41.30981 - - 8-84 - - - - 20.0 0.37 23.0 0.12 35.0 0.19
B007 4 10.10750 41.48667 72.5 16.05 71.5 187.4 20.4 - - - - - - - -
B042D 4 10.52536 41.04669 62.4 0.40 31-73 42.4 8.29 85.0 0.18 - - - - 42.0 0.69
B044D-V228 4 10.52963 41.00458 158.3 0.78 40-100 45.2 2.52 71.0 0.50 - - - - 38.0 1.51
SK059A 5 10.79109 41.31692 14.4 0.47 212 615.3 4.17 - - 74.0 0.33 212.0 0.47 70.0 0.96
B063D 6 10.64586 40.81090 155.0 0.46 154 85.4 5.80 - - - - - - 154.0 1.25
SK119B 6 10.77379 41.26622 - - 43 - - - - - - - - - -
MIT311∗ 0 10.92917 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 10.13500 40.55778 14.9 14.83 9.0 23.6 3.8 - - - - - - - -
MIT317∗ 0 10.9525 41.46278 14.3 15.86 43.2 39.9 - - - - - - - -
MIT165/166∗ 0 10.58167 41.36472 - - 5 - - 8.0 - - - - - - -

Candidate clusters (flag=2) and non-clusters associated with X-ray emission. Non-cluster sources include: background galaxies (flag=4); HII region (flag=5); stars
(flag=6). Columns are as in table 4.3.
∗These clusters are from the study of Magnier (1993) and are not listed in P10 (flag=0). The names and locations of these cluster candidates are taken from Supperet al.
(2001) or Trudolyubov and Priedhorsky (2004).
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4.4.5 Candidate clusters and other sources

As discussed in section 4.3, there has been significant work in classifying and study-

ing the properties of M31’s clusters since the previous X-ray cluster catalogue of

Trudolyubov and Priedhorsky (2004). In this section, we therefore consider the cur-

rent classifications of previously proposed clusters. Table 4.4 lists all X-ray sources

associated with unconfirmed candidate clusters and previously proposed X-ray clus-

ters which have subsequently been reclassified.

Of the 33ROSATsources associated with clusters by Supperet al. (2001), 26

are associated with confirmed old clusters from P10. Two of the sources are now

known to be background galaxies (B007 and B042D) and one is anunconfirmed

candidate cluster. The other four clusters are from the catalogue of Magnier (1993)

and do not have new classifications from P10. We believe that these clusters are not

confirmed through spectroscopy or high resolution imaging.We therefore consider

them as candidate (rather than confirmed) clusters.

The study of Trudolyubov and Priedhorsky (2004) identified 43 X-ray clusters

in M31, 37 of which are confirmed as old clusters by P10. Two of the clusters from

P10 (B138 and SK100C) and two from Magnier (1993) (MIT165/166 and MIT133)

are currently unconfirmed candidate clusters. The other twoproposed GC X-ray

sources in this catalogue are now thought to be background galaxies (B042D and

B044D). We also note that these two galaxies, and an additional unconfirmed cluster

(BH16), are included in the catalogue of M31 GC X-ray sourcesof Di Stefano

et al. (2002). In addition to the GC X-ray sources in these catalogues, the 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, B063D,has been reclassified

as stellar. This source is detected in these 2XMMi data and isassociated with

the object. This object may potentially be an unresolved background galaxy or

possibly a foreground flare star. Another source (SK059A) has been reclassified

as an HII region by Caldwellet al. (2009). This source represents an interesting

object for follow up investigation to determine its true nature. Finally, the source

“WSB85/S3-14” in Fanet al. (2005) is detected in these XMM data, but has no

counterparts in P10. Examination of SDSS images of this cluster location shows

no optical counterpart within the X-ray error circle. Theseimages should detect the

entire GC luminosity function at the distance of M31. We therefore believe that this

source is unlikely to be associated with a cluster and exclude it from table 4.4.
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Figure 4.2: Flux of cluster X-ray sources as a function of the clusters luminosity
(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 whichhost transient LMXBs,

were not detected in these observations. It should also be noted, when considering

M31’s total cluster system, that there is likely to be significant incompleteness in

the current catalogues; especially at the faint end of the GCluminosity function.

However, the total fraction of clusters hosting LMXBs is consistent with that of the

Milky Way.

It can be seen from table 4.2 that, compared with the Milky Way, a relatively

large number of these LMXBs are very luminous, with∼15% having Lx > 1038erg/s.

However, it should be noted that the LMXB AC 211, in the Galactic GC M15, is an

eclipsing (or near eclipsing) source. As such, a large fraction of its X-ray emission

will be reprocessed to longer wavelengths. The intrinsic X-ray luminousity of this

source is estimated to be Lx ∼ 1038erg/s (Nayloret al., 1988). Given that there are

only 12 LMXB hosting GCs in the Milky Way, it is possible that the lack of bright

systems in the Milky Way may be related to the small sample, rather than a dif-

ference in the populations. We also note that LMXBs this bright are also observed

in the field of the Milky Way and in other extragalactic GCs (e.g. Liu et al., 2001;

Kunduet al., 2002). In principle multiple unresolved LMXBs in M31’s GCscould

explain the high luminosities of some of these LMXBs. It is likely that some of these

clusters will host more than one LMXBs. For example, 2 of the 12 LMXB host-

ing clusters in the Milky Way are known to host 2 LMXBs in outburst (White and
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Figure 4.3: The transient X-ray source in B128.

Angelini, 2001; Heinke and Budac, 2009). However, variability observed in some

of M31’s LMXBs, suggests that one object is dominating the integrated luminosity.

It can also be seen from figure 4.2 that we find no evidence of X-ray luminosity

increasing as a function of the stellar collision rate or themass of a cluster. Such a

relationship might be expected if the number of LMXBs in a cluster is≫ 1. This

is because the formation of LMXBs is known to be more efficientin these clusters

(see section 4.6). This suggests that, for these data, the variability in the luminosity

of individual LMXBs appears to dominate over the effects of multiple LMXBs.

Only one of the cluster X-ray sources detected in these observations would not

have been detected in our primary survey observations. Thiscluster (B128) was ob-

served, but not detected, in three previousXMM Newtonobservations of the ‘core’

of the galaxy. Figure 4.3 shows the observations of this cluster. The upper limits

in this plot are taken from the FLIX3 web tool and demonstrate that the source has

increased in luminosity by over two orders of magnitude. This source demonstrates

the benefit of re-observing clusters to identify LMXBs in outburst. In particular,

elusive GC black hole LMXBs are likely to be transient in nature (e.g. Kinget al.,

1996).

To consider the spatial distribution of LMXB hosting clusters, we consider only

those clusters covered by the observations selected as our primary survey. Of the

341 confirmed old clusters covered by these observations, 40are associated with

3http://www.ledas.ac.uk/flix/flix.html
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an X-ray sources from our ‘primary survey’. It is found that the fraction of LMXB

hosting clusters increases slightly towards the centre of the galaxy. However, it

is also found that both the stellar collision rate and the metallicity of the clusters

increase towards the centre of the galaxy. As shown in the next section, both of these

parameters are expected to increase the formation of LMXB systems. Selection

effects in the most central region of the galaxy also bias us against the detection of

faint clusters (which are less likely to host LMXBs). As a result, this incompleteness

may also result in such a relationship. For these reasons we believe these data do

not provide evidence of a direct relationship between galactocentric radius and the

production of LMXBs.

4.6 LMXB-GC relationships

The properties of LMXB hosting clusters provide a useful insight into the effect of

these properties on the formation and evolution of LMXBs. Figure 4.4 shows the

spectroscopic metallicities for all clusters with data collated by Fanet al. (2008)

(from the studies of: Huchraet al., 1991; Barmbyet al., 2000; Perrettet al., 2002).

These data cover∼ 50% of the confirmed old clusters. The currently available spec-

troscopy for M31’s clusters is heavily biased towards the more massive (brighter)

clusters. However, LMXBs are known to reside primarily in more massive clus-

ters, so this work provides metallicities for 72% of the LMXBhosting clusters. We

also consider the (i-K) colour of these clusters from Peacocket al. (2010). These

colours are dereddened using the values of Fanet al. (2008) and provide an al-

ternative estimation of the metallicity of the clusters. Itcan be seen from figure

4.4 that LMXBs favour redder, metal rich clusters. A Kolmogorov-Smirnov (K-S)

test between the colour of all clusters and the LMXB hosting clusters suggests that

there is a 98% likelihood that these clusters are drawn from different populations.

For the spectroscopic metallicities this probability is 91%. This relationship and its

confidence is similar to that found in the previous work of Bellazzini et al. (1995)

and Trudolyubov and Priedhorsky (2004). Despite the statistical significance of

this relationship being relatively weak, it is consistent with the stronger relationship

observed in elliptical galaxies (Kunduet al., 2002; Kimet al., 2006). There are

several reasons why this relationship may be weaker in M31. Firstly, there are rel-

atively few metal rich clusters in M31 compared with many early type galaxies. It

should also be noted that the spectroscopic metallicities of M31’s clusters have rel-

atively large errors (with a mean error of∼0.25 dex). The effect of this would be to
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Figure 4.4: (top) The dereddened colour and metallicity for all clusters (open,
red) and LMXB hosting clusters (solid, black).(bottom) the scaled cumulative
frequency of the two populations. The cluster colours are taken from the catalogue
of P10, while their spectroscopic metallicities taken fromthe collated table of
Fanet al. (2008). It can be seen that the LMXBs tend to favour redder, higher
metallicity, clusters.

weaken any genuine relationships between the clusters. In principle the colours of

the clusters may give a more accurate measure of metallicity. However, the colours

of M31’s clusters are complicated due to variable extinction across the galaxy.

It has also been proposed that decreasing metallicity may lead to hardening of

the soft X-ray emission from GC LMXBs (Irwin and Bregman, 1999; Maccarone

et al., 2004). In figure 4.5 we investigate this using the hardness ratios presented

in table 4.2. It can be seen from this plot that there are no clear relationships be-

tween the parameters. A Spearman Rank test shows that the strongest correlation is

for HR2, which has a probability of correlation of 92%. To investigate any poten-
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Figure 4.5: X-ray hardness as a function of cluster metallicity (hardness ratios are
defined in section 4.4).

tial relationships further, we split these data into metal rich ([Fe/H] > −0.7) and

metal poor clusters. The choice of this split is based on the bimodal peaks in the

metallicity identified by Perrettet al. (2002). The fluxes of the X-ray sources, as

functions of hardness ratio for the rich and poor clusters, are shown in figure 4.6.

The only significant trend identified between the metal rich and poor clusters was

in the HR2 (0.5-1keV and 1-2keV). This relationship has a confidence of99% but

is based primarily on only 5 metal rich clusters. While significant, we do not see

evidence for the relatively strong relationship observed in ROSATobservations of

these clusters by Irwin and Bregman (1999). It is possible that this previous rela-

tionship may be due to the difficulty in modelling the soft excess emission due to

M31 in theseROSATdata. This could potentially have a greater effect on the more

centrally concentrated metal rich clusters.
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Figure 4.6: Hardness of a source as a function of its flux. Red points show metal
rich clusters (with[Fe/H] < −0.7), while blue points indicate metal poor clusters.
It can be seen, particularly in the HR2 plot, that the metal rich clusters do appear
to be softer. While there is found to be a significant difference in the HR2 between
these populations, it can be seen that there are relatively few metal rich clusters in
our sample.

4.6.1 Stellar collision rate and mass

Using the stellar collision rates and K-band luminosities of these clusters presented

in Peacocket al. (2009) (for details see chapter 3), we consider the effect ofthese

parameters on the formation of LMXBs. Stellar collision rates are available for a

spatially limited sample of 213 of M31’s old clusters. Figure 4.7 shows the stel-

lar collision rate and K-band luminosity of these clusters.It can be seen that the

LMXBs are found to favour both brighter (and hence more massive) clusters and

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

tionships are highly significant with probabilities that they are drawn from the same

population of 1×10−3 and 4× 10−7 for luminosity and stellar collision rate, re-

spectively. While still strongly significant, the mass relationship is slightly weaker

than that found by Peacocket al. (2009). This is likely due to the new identifica-

tion of several X-ray sources in fainter than average clusters. In this study, we also

consider an updated cluster catalogue in which young clusters have been removed

from our data (all of these young clusters are relatively faint and not associated with

any X-ray sources). This confirms the result found previously, in M31 and other

galaxies, that LMXBs are found preferentially in more massive clusters. However,

from these data we are also able to demonstrate that the stellar collision rate of the
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Figure 4.8: Stellar collision rate vs magnitude for all GCs (crosses) and LMXB
hosting clusters (solid diamonds). This shows a clear relationship between the two
parameters. This is in good agreement with the predicted relationshipΓ ∝ M1.5

tot
(dashed line). The LMXB hosting clusters are found to have higher than average
collision rates for their magnitude.

clusters is found to be the best discriminator in selecting LMXBs.

Figure 4.8 shows the stellar collision rate as a function of magnitude for all GCs

studied (crosses) and those containing an LMXB (diamonds).It can be seen that

there is a clear relationship between the luminosity of a GC and its stellar collision

rate. In order to explore the relative effects of these parameters on LMXBs, we

need to consider this relationship. Assuming a power law relationship between

these parameters and a K-band mass (M) to light ratio of 1, we find thatΓ ∝ M1.53
tot .

This is consistent with the relationship found for the MilkyWay’s GCs and the

theoretical approximation thatΓ ∝ M1.5
tot (Davieset al., 2004).

It can be seen from figure 4.8 that the LMXB hosting clusters have higher than

average collision rates for their mass. To investigate whether this is a statistically

significant effect, we first detrend the data using the derived relationship betweenΓ
and mass. We then run a K-S test between all GCs and the LMXB hosting GCs and

find a probability of 10−4 that they are drawn from the same distribution. We note

that there is some uncertainty in the actual relationship betweenΓ and mass due to

the scatter in figure 4.8. To ensure our results are robust to errors in this relationship,
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linearly proportional to GC collision rate, they should be evenly distributed along
this plot.

we rerun the tests assumingΓ ∝ M1.25,1.75
tot . This results in probabilities of 10−5 and

10−3 respectively that they are from the same distribution. Thisdemonstrates that,

even for the steepest reasonable relationship, the LMXBs favour GCs with higher

than average stellar collision rates for their mass. This result implies that the stellar

collision rate is the primary parameter related to the presence of an LMXB. This is

consistent with dynamical formation of these systems in clusters, with little direct

influence from the mass (and hence escape velocity) of the cluster.

If these LMXBs are formed by dynamical formation, then theirformation should

be directly proportional to this stellar collision rate. Toinvestigate this, we follow

the method of Verbunt and Hut (1987). First we divide all cluster collision rates by

the total collision rate of all of the clusters considered. We then sort the clusters

by this fractional collision rate and find the cumulative value for each cluster, such

that the cluster values run from 0 to 1. The result of this is that the total collisions

occurring in the GC system should now be evenly distributed between 0 and 1 (i.e.

we expect 10% of the total collisions to occur in clusters with values in the range

0-0.1). In this way, if the formation of LMXBs is linearly proportional to collision

rate, their host clusters should be evenly spaced in this plot. It can be seen from

figure 4.9 that the LMXB hosting clusters (large crosses) areconsistent with this.

The data do suggest a slight excess of LMXB hosting clusters in low collision rate

clusters. However, a K-S test (run between these data and a linear relationship)

suggests that this is not very significant (with a null hypothesis probability of 12%).
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4.7 Conclusions

We associate LMXBs with 41 of M31’s confirmed old clusters using the 2XMMi

catalogue. In addition to these clusters, we identify four other clusters in the litera-

ture which have previously been proposed to host LMXBs. Three of these clusters

are newly identified and for two other clusters, which were previously identified

only in ROSATobservations, we confirm their association with the proposed clus-

ters. By using updated optical catalogues of M31’s clusters, we show that three of

the previously proposed LMXB hosting clusters are now knownto be 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 becauseof incompleteness in

the current M31 GC catalogues. We confirm the previously identified result that

M31’s GCs contain many more very bright LMXBs than the Milky Way’s GCs.

This result is likely due to the small number of GC LMXBs in theMilky Way,

rather than a difference in the LMXB population.

By considering the properties of GCs which host LMXBs, the previously pro-

posed relationship between the metallicity of M31’s clusters and the presence of

an LMXB is identified. This relationship is weaker than, but consistent with, that

found in early type galaxies. Our data suggest some evidencefor the proposed rela-

tionship between metallicity and the hardness ratio of the observed X-ray emission,

but this is relatively weak compared with the previously proposed trend.

We show highly significant relationships between the presence of an LMXB and

both the stellar collision rate and mass of its host GC. The stellar collision rate is

found to be the best discriminator in selecting LMXB hostingGCs. We suggest that

the weaker relationship between mass and LMXB presence may be primarily due

to the relationship between mass and stellar collision rate. Our results demonstrate

that the stellar collision rate is likely to be a fundamentalparameter related to the

formation of LMXBs. This result is in agreement with previous studies of GCs in

the Milky Way and Cen A. The linear relationship found between the presence of

an LMXB and the stellar collision rate is in good agreement with the systems being

formed by dynamical interactions. This also suggests that the current dynamical

properties of the GCs are related to their current LMXB populations.



5
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 the far-ultraviolet (FUV) and

near-ultraviolet (NUV) emission from M31’s GCs. PublishedFUV-NUV colours

from Galaxy Evolution and Explorer (GALEX)observations of these clusters are

used as a probe into the temperature of the horizontal branch(HB) stars in these

clusters. From these data, we demonstrate a significant relationship between the

core density of a cluster and its FUV-NUV colour, with dense clusters having bluer

ultraviolet colours. These results are consistent with a population of (FUV bright)

extreme-HB (EHB) stars, the production of which is related to the stellar density in

the clusters. Such a relationship may be expected if the formation of EHB stars is

enhanced in dense clusters due to dynamical interactions. We caution that, while
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potentially important, this result is based on a relativelylow number of clusters.

Further investigation of this effect would benefit from deeper ultraviolet data, more

spectroscopic metallicity measurements and more reddening estimates for the clus-

ters. We also consider the contribution of low mass X-ray binaries (LMXBs) to

the integrated FUV luminosity of a cluster. We note that two of the three metal

rich clusters, identified by Reyet al. (2007) as having a FUV excess, are known to

host LMXBs in outburst. Considering the FUV luminosity of Galactic LMXBs, we

suggest that a single LMXB is unlikely to produce more than 10% of the observed

FUV luminosities of these clusters.

5.2 Introduction

Horizontal branch (HB) stars are core helium-burning starsthat have evolved off the

red giant branch (RGB). In globular clusters (GCs) they are so named because of

their appearance on optical colour-magnitude diagrams, where they trace a horizon-

tal path blueward of the RGB. These stars are thought to have similar core masses

of ∼0.5M⊙. Their location along the HB is therefore determined primarily by the

mass and opacity of their thin stellar envelopes. To explainthe observed HB stars in

GCs, it is thought that substantial mass loss must occur during a star’s RGB phase

(e.g. Rood, 1973). The HB morphologies of different Galactic GCs are known to

vary significantly. This suggests that the cluster environment has a significant effect

on the evolution of stars onto the HB. The metallicity of a GC has long been pro-

posed as the ‘first parameter’ related to the morphology of a GCs HB, with metal

poor clusters often having bluer HB stars than metal rich GCs(e.g. Sandage and

Wallerstein, 1960; Dormanet al., 1995). The likely reason for this is that, for a

given envelope mass, metal rich stars will have cooler envelopes because of their

higher opacity. However, the metallicity of a cluster aloneis insufficient to explain

the HB morphology in all Galactic GCs. Firstly, the clusterswhich host the bluest

HBs actually have intermediate metallicities (e.g. O’Connell, 1999). Also, some

clusters are observed to have very different HB morphologies, but similar metal-

licities (e.g. NGC 288 and NGC 362: Bellazziniet al., 2001). This has led to the

notorious search for a ‘second parameter’ to describe HB morphology. Many dif-

ferent parameters have been proposed as a second parameter,all of which may play

some role. These include a cluster’s age, its helium abundance, the stellar core ro-

tation, mass loss on the RGB and cluster core density (for a discussion of proposed

second parameters, see e.g. Fusi Pecci and Bellazzini, 1997; Catelan, 2009). De-
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spite decades of reseach, the relative effects of these different parameters are yet to

be fully understood.

The bluest HB stars observed in GCs are the ‘blue tail’ or ‘extreme-HB’ (EHB)

stars. These are analogues to the subdwarf B (sdB) stars observed in the Galactic

field and are considered here to be those stars with Te f f >20,000K (Brownet al.,

2001). These stars have become increasingly important as the leading contenders

in explaining the ‘ultraviolet excess’ (UVX) observed in elliptical galaxies (e.g.

Code, 1969; Dormanet al., 1995; O’Connell, 1999). Because of their high effective

temperatures, they make an important contribution to the FUV emission from old

stellar populations, often dominating the emission. EHB stars are observed in both

metal rich and metal poor clusters (e.g. D’Cruzet al., 1996; Richet al., 1997) and

it is likely that the metallicity may have little direct effect on the formation of these

stars (e.g. Heberet al., 1986; Dormanet al., 1993; O’Connell, 1999). Due to their

very low envelope masses (<∼0.02M⊙; Heberet al., 1986), it is likely that their

formation is more strongly related to the efficiency of mass loss mechanisms than

the metallicity.

In this study, we investigate the effect of a cluster’s core density on its HB pop-

ulation. A relationship has previously been proposed between core density and the

extent of the HB population in the Milky Way’s GCs (Fusi Pecciet al., 1993; Buo-

nannoet al., 1997). There are several reasons to suspect that dense stellar environ-

ments will enhance the formation of EHB stars. Firstly, massloss may be enhanced

through tidal interactions in dense stellar encounters. Close encounters may also

increase mixing in RGB stars and lead to helium enrichment, which will make the

HB stars bluer (Sudaet al., 2007). It has also been proposed that EHB stars may

be formed in binary systems either via white dwarf-white dwarf mergers or from

mass loss through either Roche lobe overflow or common envelope mechanisms

(Hanet al., 2002, 2003, 2007). This theory is supported by observations of Galactic

subdwarf B (sdB) stars, a large fraction of which are found tobe binary systems

(e.g. Maxtedet al., 2001; Reed and Stiening, 2004). Interestingly, current observa-

tions suggest that the binary fraction among EHB stars may bemuch lower in GCs

(Moni Bidin et al., 2009). This may be due to the relative contributions of different

formation mechanisms evolving with time, with white dwarf-white dwarf mergers

becoming increasingly import for old stellar populations,such as GCs (Moni Bidin

et al., 2008; Han, 2008). If EHB stars do have a binary origin, then arelationship

between the core density of a cluster and the population of EHB stars it hosts may

be expected. This is because of dynamical formation of thesebinary systems in the

cores of these clusters.
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Only a few of M31’s GCs have colour magnitude diagrams which allow direct

observation of their HB stars, and these are generally incomplete (e.g. Richet al.,

2005). Even in the Milky Way, measuring all the HB stars in a cluster, particularly

EHB stars, from optical colour-magnitude diagrams is complicated due to the large

bolometric correction for these very hot stars. In the absence of direct stellar counts,

we consider the integrated far-ultraviolet (FUV) and near-ultraviolet (NUV) colours

of M31’s clusters. This photometry provides an indirect probe of the hot stellar pop-

ulations in these GCs. Main sequence and RGB stars are too cool to have significant

emission at these wavelengths and a cluster’s FUV and NUV luminosity are likely

to be dominated by objects brighter than∼10,000K. If a cluster hosts a population

of blue-HB or EHB stars, then these will likely dominate the cluster luminosity at

these wavelengths. In the Milky Way, the FUV-V colour is found to correlate with

the HB morphology of the cluster (e.g. fig. 3 of Catelan, 2009).

RecentGALEXFUV and NUV observations of M31 have been presented by Rey

et al.(2005, 2007). They use this FUV-V colour as an indicator of the HB morphol-

ogy of some of M31’s GCs. In this work, the expected relationship between the

clusters metallicity and both its FUV-V and NUV-V colour were shown. However,

there is significant scatter in the FUV relationship. This confirms the need for a

second parameter to describe the FUV luminosity of clustersin M31. Reyet al.

(2007) also identify three metal rich clusters which have a FUV excess, compared

with both stellar models and other metal rich clusters in thegalaxy. To help explain

their observations, they consider the effects of age and helium abundance on the

FUV luminosities of M31’s GCs. Helium abundance is also usedby Sohnet al.

(2006) and Kavirajet al. (2007) to explain the FUV observations of M87’s GCs. In

this study, we consider correlations between the core density of a GC and its FUV

properties.

5.3 M31 globular cluster data

In the following analysis, we use data from the recent catalogue of the M31’s GCs

from Peacocket al. (2010). This catalogue (described in chapter 2) provides up-

dated classifications,ugriz and K-band photometry and structural parameters for

objects in the Revised Bologna Catalogue of GCs in M31 (RBC: Galleti et al.,

2004). We use this catalogue to identify confirmed old clusters in the galaxy. This

identifies 416 old clusters, of which a spatially limited sample of 213 clusters have

estimates of their structural parameters. As the primary aim of this work is to inves-
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tigate the effect of stellar density on the UV properties of the clusters, we restrict

our sample to those clusters with structural parameters. Wenote that this should

represent a relatively unbiased sample.

We combine this catalogue with the spectroscopic metallicities collated by Fan

et al. (2008) from the studies of Huchraet al. (1991); Barmbyet al. (2000); Perrett

et al. (2002). Where these metallicities are available from more than one study, the

values from the larger catalogue of Perrettet al. (2002) are chosen over Barmby

et al. (2000). We reject the cluster B235 because of a large discrepancy (0.6 dex)

between the metallicities available from Barmbyet al. (2000) and Perrettet al.

(2002). We also remove those clusters with large errors (>0.6 dex) on their metal-

licities (this removes the clusters B214, B229, B352 and BA11 from our analysis).

This gives spectroscopically estimated metallicities for219/416 confirmed old GCs

in our catalogue. Fanet al. (2008) also present reddening estimates for these clus-

ters based on this spectroscopy and on photometry from the RBC. We use these

estimates ofE(B−V) to deredden our photometry using the extinction curves of

Cardelliet al. (1989). The relative extinction in the different bands wereevaluated

from these curves by Schlegelet al. (1998) (for theugriz filters) and by Reyet al.

(2007) (for theGALEXFUV, RFUV=8.16 and NUV,RNUV=8.90). These values are

relatively uncertain. This is because the reddening curve in the UV is known to vary

along different lines of sight in the Milky Way. It is also notguaranteed that M31

has the same extinction curve as the Milky Way, although Barmby et al. (2000)

found no evidence of significant differences in the optical bands. To minimise the

effects of this on our UV colours, we limit our analysis to theclusters 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 from Rey et al.(2005,

2007). These data provide integrated FUV and NUV magnitudesfor 104 and 210

of the 416 confirmed old clusters in Peacocket al. (2010). For full details of these

UV observations, we refer the reader to Reyet al. (2005, 2007). TheGALEXFUV

(1344-1786̊A) and NUV (1771-2831̊A) filters have effective wavelengths of 1528Å

and 2271̊A respectively (Morrisseyet al., 2005). The photometry is on the standard

GALEXABmag photometric system, where:

FUVAB = −2.5× log10(FFUV/1.40×10−15)+18.82 (5.1)

NUVAB = −2.5× log10(FNUV/2.06×10−16)+20.08 (5.2)
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Figure 5.1: Optical colour magnitude diagram for all M31 GCs with data from
Peacocket al. (2010) and E(B-V)<0.16 from Fanet al. (2008). Small grey points
indicate all GCs, while open black circles indicate those clusters detected in the
GALEXFUV observations.

Here, F is the flux of the source (erg sec−1cm−2Å
−1

). 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 magnitude limit. It can

be seen that the blue (metal poor) clusters are detected across the GC luminosity

function. However, very few of the red (metal rich) clustersare detected in the FUV.

This is discussed by Reyet al.(2007) and highlights the effect of metallicity on the

HB properties, and hence FUV brightness, of a cluster. This plot also identifies the

three metal rich clusters that are detected due to proposed excess FUV emission, as

discussed by Reyet al. (2007).

Our final dataset contains 51 confirmed old clusters with which haveE(B−

V) <0.16, NUV and ugriz photometry, core densities and spectroscopic [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 NUV-g and FUV-g properties of the M31’s clusters as a func-

tion of metallicity. It can be seen that the NUV-g and FUV-g colours are correlated

with metallicity. The relationship between the FUV-g and metallicity is relatively

weak, but clear, especially with the inclusion of clusters with upper limits placed on

the FUV magnitude. These relationships are to be expected and highlight the effect

of metallicity on the HB population in a cluster. This resultwas already identified

by Reyet al. (2007). It is included here for completeness, but for a more detailed

discussion, we refer the reader to this work.

The right panel of figure 5.2 shows the metallicity as a function of FUV-NUV

colour. It can be seen that the relationship is much less clear in this colour. A

Spearman rank test actually shows metal rich clusters appear to be slightly bluer

(with number of clusters, N=29, Spearman rank correlation coefficient,ρs=-0.39

and P-value for non-correlation, P=0.03). There is no obvious reason for such a

relationship and it should be noted that selection effects,which bias us against FUV

faint, metal rich clusters, could result in such a relationship. Also, this relationship

is dominated by the two metal rich clusters in our sample. TheFUV luminosity

of these metal rich clusters may follow a different relationship to metal poor and

intermediate metallicity clusters. However, it can be seenfrom these data that, un-

like the optical-UV colour, there is no evidence for the FUV-NUV colour increasing

with the metallicity of a cluster. This suggests that the effect of metallicity is much

weaker on the average colour of the blue HB distribution.

The two metal rich clusters in our sample have very blue UV colours. This could

result from selection effects, as these bias us against all but the FUV brightest metal

rich clusters. However, the blue colours of these clusters could indicate that the

FUV output of metal rich clusters (which generally have redder horizontal branches

and few blue-HB stars) may be dominated by a population of EHBstars. EHB stars

will have similar (or brighter) FUV luminosities to BHB stars. However, they have

significantly bluer FUV-NUV colours (as shown by the UV CMD ofe.g. NGC 2808

and M15: Brownet al., 2001; Dieballet al., 2007).

5.4.2 Density/ Mass relationships

As discussed in section 5.2, one may expect that the density of a cluster could affect

its FUV luminosity. Figure 5.3 shows the optical-UV and UV colour of M31’s GCs
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Figure 5.2: The ultraviolet colours of M31’s GCs as a function of both metallicity
and optical colour. Colours are dereddened using the reddening estimates of Fan
et al. (2008). The grey points/arrows show those clusters detected in the NUV but
not the FUV.
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as a function of luminosity and core density.

No significant trends are observed between either the luminosity or core density

and UV-optical colours. This suggests that the total UV luminosity of a cluster is

dominated by other effects. Since the total UV luminosity islikely dominated by

the average colour of the HB stars, this result is not supprising. As can be seen

from figure 5.2, the metallicity is strongly related to the UVluminosity (although

additional parameters, not considered here, may be involved).

It can be seen from 5.3 that the cluster core density appears to correlate with

the UV colour of the clusters. A Spearman rank test does identify a significant

relationship, with higher density clusters having bluer UVcolours (with N=29,ρs=-

0.65 and P=1×10−4). Since EHB stars are relatively bright at FUV wavelengths,

bluer UV colours could be produced by a larger fraction of EHBstars with respect

to blue-HB stars. The observed relationship is thus suggestive of a population of

EHB stars, the formation of which is related to the core density of the cluster. This

relationship is shown in more detail in figure 5.4. In this figure we have also split the

population based on their density. It can be seen that the densest group of clusters

do appear to be offset to bluer colours. Included in this plotare the upper limits

for all metal poor clusters detected in the NUV but not the FUV. It can be seen

that selection effects can not explain this relationship. This is because the densest

clusters are also the brighter clusters, and hence generally detected. However, it can

be seen that there is significant scatter in the observed relationship. This is to be

expected for two reasons. Firstly, if there is a relationship between the extent of the

HB in a cluster and its core density, this is very unlikely to be the only parameter

involved. Secondly, the UV colour is an indirect measure of the distribution of HB

stars in a cluster. Because of this, other hot populations may weaken genuine trends.

A weaker and less significant correlation is also observed between the total K-

band luminosity of a cluster and its UV colour, with the brightest clusters having

blue UV colours (with N=29,ρs=0.39 and P=0.04). This relationship is dominated

by a lack of FUV faint, massive clusters. Such a relationshipis again unlikely to

be due to selection effects, as much fainter clusters are detected in both the NUV

and FUV. This trend could be due to the same reasons as the coredensity relation-

ship, because of the strong relationship between the density and mass of a cluster

(as discussed in chapter 4). However, the relationship may also be suggestive of

self enrichment. The greater potential of the most massive clusters may result in

them retaining more of the helium they produce. Since higherhelium fractions are

known to produce bluer HB stars, this could potentially produce the observed trend.

Because of the relatively close relationship between the mass and density of a clus-
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Figure 5.4: The dereddened FUV-NUV colour of M31’s GCs as a function of core
density. Solid circles show the densest 50% of clusters. At the top of this figure,
we show the distribution of all clusters (open) and the denseclusters (solid). It can
be seen that the denser clusters appear to have bluer UV colours. The grey arrows
show the upper limits for clusters detected in only the NUV.

ter, and the weakness of the observed relationships, it is very difficult 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 sample, and the observed (and ex-

pected) subtlety of any relationships, it is interesting toconsider the UV properties

of the Milky Way’s clusters. The distances, metallicities and structural parame-

ters of the Milky Way GCs were taken from the Harris catalogue(Harris, 1996).

Ultraviolet observations of the Milky Way’s GCs are complicated due to both con-
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tamination (from foreground stars and background active galactic nuclei) and the

high (and often variable) extinction in the direction of some of these clusters. This

means that data are currently only available for a small sample of clusters. How-

ever, integrated FUV and NUV photometry of the Milky Way’s GCs are available

for 22 clusters from a combination of observations from the Astronomical Nether-

lands Satellite (ANS), Orbiting Astronomical Observatory(OAO) and International

Ultraviolet Explorer (IUE) (published in Dormanet al., 1995; Sohnet al., 2006).

These data, taken from Sohnet al. (2006), are on the STmag system and can be

transformed to theGALEX ABmag system using the relationship quoted in their

paper:

(FUV−NUV)AB = (FUV−NUV)STmag+0.854 (5.3)

Figure 5.5 shows the UV colour of the Milky Way’s GCs as a function of metallicity,

luminosity, and core density. It can be seen that the UV colour does not get redder

with increasing metallicity. In fact, the data again suggest a slight anti-correlation,

although this is not significant (with N=22,ρs=-0.3, P=0.17). In particular there

appears to be a lack of FUV bright, metal poor, clusters. Thisgeneral trend is

in agreement with the observations of M31’s clusters and adds strong support to

metallicity having less of an influence on the UV colour than it does on the UV-

optical colour.

No significant relationships are observed between UV colourof the clusters and

either their luminosity or core density. It can be seen that the three most massive

clusters are all FUV bright. Unfortunately, the lack of clusters this massive stops us

from drawing significant conclusions from this. However, itis interesting to note

that the most massive clusters in both the Milky Way and M31 are FUV bright.

While the Milky Way data do not confirm the density relationships suggested from

the M31 data, it is possible that such a relationship may not be observed in these

data. This could be due to a combination of the lower number ofclusters in the

Milky Way sample, the less homogeneous UV dataset and the increased errors on

the UV colour due to the difficulty of obtaining accurate UV photometry in the

Galaxy. We note that, a relationship between the length of a cluster’s ‘blue tail’

and its core density is observed in colour magnitude diagrams of the 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 Sohnet al. (2006) from the original IUE observations of Dormanet al.
(1995). Colours are transformed into theGALEXfilters using equation 5.3. Grey
points indicate all Galactic GCs while open red circles showthose with FUV and
NUV data. Due to the large extinction for many of the GalacticGCs, 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 present in a GC, then the

integrated FUV luminosity of the cluster will be dominated by these stars. This is

because most other stars in a cluster will be too cool to emit significantly in the FUV.

However, there are other FUV bright sources in GCs. We consider the influence of

these on a cluster’s integrated luminosity below.

Low mass X-ray binaries (LMXBs) are found in the cores of manyGCs. These

objects can have very high X-ray luminosities which can irradiate the accretion
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Table 5.1: FUV luminosity of selected Galactic LMXBs
Name d [kpc] AFUV F

1400Å [erg/cm2/s/Å] L
1400Å [1032erg/s/̊A]

Sco X-11 2.8 2.430 2×10−13 18.0
Cyg X-22 8.0 3.645 5×10−15 11.0
Her X-13 5.5 0.405 7×10−14 3.7
AC211 (M15)4 10.3 0.810 1.0×10−14 2.4
4U1820-30 (NGC6624)5 7.9 - 1.8×10−14 1.3
[ M31 GC-B022 780 0.324 4.0×10−17 40 ]
[ M31 GC-B338 780 1.134 1.1×10−15 2000]
[ M31 GC-B193 780 0.891 7.8×10−17 110]
[ M31 GC-B225 780 0.810 4.0×10−16 550]
The estimated distance to, extinction (assumingRFUV=8.1), FUV flux and extinction cor-
rected FUV luminosity of selected Galactic LMXBs. For comparison, the integrated FUV
luminosity of the the faintest and brightest M31 GCs detected by Reyet al. (2007) are listed.
Also listed are the FUV bright metal rich clusters in M31, which are known to host LMXBs.
The Galactic LMXB data are taken from:1 Vrtilek et al. (1991);2 Vrtilek et al. (1990);3

Borosonet al. (2000);4 Dieballet al. (2007);5 King et al. (1993).

disks and/or donor stars in the systems and heat them to very high temperatures.

The result of these large, hot, accretion disks is that LMXBscan be very bright in the

FUV. Indeed, the LMXB 4U1820-30 in the Galactic GC NGC 6624 dominates the

total FUV luminosity of the cluster (Kinget al., 1993). Even in the GC M15, which

hosts a large population of BHB and EHB stars, the LMXB AC211 is the brightest

FUV source in the cluster core (Dieballet al., 2007). In table 5.1 we list the FUV

luminosity of these two Galactic GC LMXBs and three other Galactic LMXBs.

The fluxes of these LMXBs are highly variable. This table therefore provides only

an estimate of the highest FUV fluxes reached during these observations. It can

be seen that the bright LMXBs Sco X-1 and Cyg X-2 are also very bright FUV

sources. However, in the context of GCs, it should be noted that GCs are unlikely to

host more than one or two LMXBs in outburst. This means that, for clusters with a

significant blue-HB population, a single bright LMXB is unlikely to contribute more

than∼ 10% to the integrated FUV luminosity of the clusters. However, for metal

rich GCs (which generally lack BHB stars) LMXBs could dominate the emission.

This effect will be enhanced by that fact that metal rich clusters 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 clusters, identified by Reyet al.

(2007). However, it is interesting to note that two of the three metal rich clusters

they identify do host LMXBs (B225 and B193). In particular, the cluster B225 hosts

an LMXB with Lx > 1038ergs/s (see chapter 4). Such a source will be very bright

in the FUV.

Single ‘UV bright’ stars, such as post-AGB stars, can also contribute a significant

fraction of the integrated luminosity of a cluster. However, clusters are also unlikely
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to host many of these sources due to their short lifetimes. Itis thought that the

contribution from such stars, to the integrated luminosityof a cluster, is unlikely to

be more than 15% (Moehler, 2001).

In addition to these objects, there are several other hot populations in GCs. Cat-

aclysmic Variables (CVs), the white dwarf equivalents to LMXBs, are relatively

common in GCs. Because of their decreased bolometric luminosity, CVs are gen-

erally fainter than LMXBs in the FUV. However, they are more numerous and can

reach FUV luminosities similar to a typical BHB star. Singlewhite dwarf stars also

emit strongly in the FUV. However, the average luminosity ofboth CVs and white

dwarfs are thought to be too low to make a significant contribution to the integrated

FUV luminosity of a cluster. The other notable FUV sources inGCs are blue strag-

gler stars. These are very bright, blue, objects and can alsoreach FUV luminosities

similar to BHB stars and bright CVs. However, blue stragglers this bright are likely

to be very rare.

5.5 Conclusions

We have considered the FUV properties of M31’s GCs. The previously identified

relationships between the metallicity of a cluster and its UV brightness are con-

firmed. A weak anticorrelation is found between the FUV-NUV colour of a cluster

and its metallicity. While this relationship is not very significant, it is in the opposite

direction to the general relationship between metallicityand UV luminosity. This

suggests that the metallicity of a cluster may have little effect on the blue extremes

of the HB distribution.

Our data show no evidence of a relationship between either the mass or density

of a cluster and its UV-optical colours. This suggests that the UV brightness of a

cluster is dominated by other effects, such as metallicity.However, a significant

relationship is found between the FUV-NUV colour of M31’s GCs and their core

densities. We interpret this result in the context of a population of EHB stars, the

production of which is enhanced in dense stellar environments. This may be due to

either mass loss or helium enhancement, in close encounters, or dynamical forma-

tion of tight binary systems (in which mass loss can occur, forming the EHB stars).

This trend is not observed in the smaller sample of Milky Way clusters for which

integrated UV colours are available. However, we note that the FUV data for the

Milky Way clusters is less homogeneous and may suffer from more contamination

than our M31 GC data. It should also be noted that, if such a relationship is present,
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it is expected to be relatively weak. It is also found that themost massive clusters

considered in both M31 and the Milky Way appear to have blue UVcolours. This

may be related to the same mechanisms suggested for the core density relationship

or it may point to an effect due to self enrichment. This luminosity trend is only

identified among the brightest clusters. As such, our conclusions are limited due to

the small number of clusters considered.

The relationship between cluster density and the population of EHB stars is po-

tentially important in understanding the formation and morphology of HB stars. If

a cluster’s density does have a significant influence on its FUV emission, then it

is important to consider this when using FUV observations toestimate the ages of

globular clusters. Currently, such work does not take density effects into account.

We caution that, while these data suggest interesting correlations, the relation-

ships observed are for a relatively small sample of M31’s clusters. The FUV data

are not complete and the study of the UV colours of these clusters would benefit

greatly from FUV detections of more clusters. In particularit would be of great

interest to detect the fainter FUV emission from more metal rich clusters. More

accurate measurements of the structural parameters, metallicities and reddening of

all of these clusters would also be of great benefit. However,there are no known

reasons why our data should bias us towards the observed relationships.

The FUV emission from other sources in a GC are also considered. These

sources are unlikely to dominate the integrated FUV emission of a cluster if it con-

tains a significant population of BHB/EHB stars. However, bright LMXBs in these

clusters are likely to contribute a significant fraction to its total FUV luminosity.

These sources may also dominate the FUV output of clusters with only red HB

populations (such as metal rich clusters).



6
Summary

This work has investigated the properties of M31’s globularcluster system. We

have presented a new catalogue of these clusters, includingugriz and K-band pho-

tometry, based on SDSS and WFCAM observations of the galaxy.The difficulty

in studying and obtaining accurate aperture photometry of some of these clusters,

due to the complex background of M31 itself, was discussed. We believe that the

catalogue presented in this study contains the most reliable and homogeneous pho-

tometry of this cluster system to date. Using these data we have removed signifi-

cant contamination from non-cluster sources listed in previous cluster catalogues.

However, we note that there may still remain some contamination among the faint

clusters in our catalogue. This study has not searched for new clusters in M31 and

it is likely that the galaxy may contain a large population ofover 450 old clusters.

A detailed survey to identify new clusters in the galaxy, based on wide field, high

spatial resolution data, remains an important project for the future.

The colours of M31’s clusters were used to confirm a large population of young

clusters in the galaxy. We note that, while these clusters are not believed to be mas-

sive enough to evolve into the ‘normal’ old cluster population, their presence and

association with star forming regions is interesting in thecontext of cluster forma-

tion. It is likely that the photometry presented in this study will be useful for future

investigation of the ages and metallicities of M31’s clusters in more detail. The
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cluster catalogue presented here is also one of the largest,and most complete, GC

datasets in the SDSSugrizfilters. Therefore, it should be of use in comparing with

future observations of other GC systems, which are increasingly being obtained in

these filters. In particular, we note that it is possible to study M31’s clusters, both

photometrically and spectroscopically, in greater detailthan any other extragalac-

tic clusters. As such it provides an important intermediatestep between studies of

Galactic and extragalactic GCs.

We have also estimated the structure of M31’s old clusters byfitting PSF con-

volved models to their profiles. We noted the difficulty in providing accurate er-

rors on these parameters and the limitations of this method for low signal-to-noise

sources. However, from comparisons with higher spatial resolution images, it was

found that these parameters are relatively reliable for those clusters with high signal-

to-noise observations. In the future, this work can be extended to cover all of M31’s

clusters using high spatial resolution ground based images. However, to obtain

more reliable parameters than those presented here would require observations that

resolve the cluster cores. Currently, only a very limited sample of M31’s clusters

have such data. Obtaining new observations of the other clusters would require sig-

nificantHST time (∼1 orbit per cluster). While the case for obtaining such data is

strong, it is likely that such observations will not be available in the near future.

Using the superb spatial coverage that is now available fromarchivalXMM New-

ton observations of M31, we have investigated LMXBs in the M31 GCsystem.

From these data, we confirmed a weak, but significant relationship between the

metallicity and the formation of LMXBs. This effect is weaker than that observed in

many elliptical galaxes. We attribute this to the relatively small population of metal

rich clusters in M31, compared with typical elliptical galaxies. For such studies, it

should also be noted that, there are potentially large errors on both the reddening

estimates and the spectroscopic metallicities currently available for these clusters.

This is something that is likely to improve in the near future. The X-ray data hint at

a spectral hardening with decreasing metallicity in one of the X-ray hardness ratios.

However, this result has a relatively low significance. We have demonstrated that

the LMXBs are found preferentially in more luminous clusters and those with high

stellar collision rates. By considering the relative effect of these parameters we

have shown that LMXB hosting clusters have high stellar collision rates for their

mass. This result provides strong observational evidence of dynamical formation of

LMXBs in GCs, with little direct dependence on the mass of thecluster.

By considering the ultraviolet colours of M31’s GCs, from publishedGALEX

observations, we have identified a relationship between theUV colour of a GC
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and its core density. From these results we suggest that the formation of extreme

horizontal branch stars may be enhanced in dense stellar environments. This is con-

sistent with theories which predict that dynamical interactions should enhance the

formation of these stars. A similar relationship has also been suggested from opti-

cal colour magnitude diagrams of GCs in the Milky Way. This result is potentially

important in understanding the formation of these stars andin explaining the FUV

emission of nearby globular clusters and galaxies. However, it can be seen from

the data that the properties of HB stars are complex and thereis significant scatter

in the observed relationship. There is a clear need to extendour knowledge of HB

morphology to extragalactic clusters in order to provide a better statistical sample

for comparison with stellar models. While this is not easy todo, M31 represents

the only realistic location to study this in detail. Deeper FUV observations of these

clusters and more accurate metallicity estimates may help in making this result more

significant. However, conclusive evidence of dynamical interactions playing a sig-

nificant role, would be that the EHB stars should be centrallyconcentrated in the

clusters. This is something that can be tested in the future with HST observations at

FUV wavelengths.
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A
Catalogue of old clusters in M31

(table 2.1: old clusters)

This table lists all objects classified as old clusters in M31. Our classification criteria

are discussed in chapter 2. We also include the previous classifications of these

sources from the catalogues of Galletiet al. (2004) and Caldwellet al. (2009).

Where available, we include optical and near infrared photometry of these clusters

in theu,g,r,i,zand K-bands. Details of this catalogue are discussed in chapter 2. This

table is also available in electronic form from the VizieR archive. The electronic

version of this table also includes data for young (appendixB), candidate (appendix

C) and previously misclassified clusters (due to space restrictions, objects that we

have reclassified as non-clusters arenot printed in these appendices. These are

available from the full electronic version).
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GC Name1 RA2 DEC2 Classification3 Photometry

f fRBC fC09 R4
g g (u−g) (g− r) (r − i) (i−z) σ5

g,tot σ(u−g) σ(g−r) σ(r−i) σ(i−z) R4
K Ks σ5

K,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 0.150 0.028 0.022 0.013 0.013 0.016 - - -

H7 7.97715 40.11312 1 1 old 7.6 17.909 1.321 0.516 0.238 0.1560.053 0.071 0.020 0.022 0.040 - - -

G001-MII 8.19389 39.57791 1 1 old 10.6 14.042 1.541 - - 0.211 0.025 0.014 0.011 0.011 0.011 - - -

G002-MIII 8.39076 39.52187 1 1 old 10.6 16.067 1.230 0.547 0.265 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 0.196 - 0.048 0.052 0.157 - - -

H9 8.57191 37.51195 1 1 old 6.4 18.014 1.197 0.574 0.256 0.1570.026 0.049 0.020 0.020 0.035 - - -

B289 8.58700 41.79753 1 1 unknown - - - - - - - - - - - - - -

B290 8.58725 41.47169 1 1 unknown - - - - - - - - - - - - - -

H10 8.99886 35.68439 1 1 old 8.8 16.459 1.318 0.619 0.264 0.079 0.023 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 0.272 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 0.269 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 0.278 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 0.095 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 0.255 0.149 0.025 0.030 0.014 0.015 0.023 5.8 14.359 0.050

SK004A 9.50564 42.06848 1 1 unknown 3.4 19.132 1.498 0.651 0.297 - 0.028 0.140 0.028 0.029 - - - -

H12 9.51604 37.73350 1 1 unknown 7.6 16.814 1.100 0.540 0.2540.075 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 0.371 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 0.181 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 0.276 0.166 0.074 0.032 0.015 0.015 0.022 4.6 14.572 0.081
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H13 9.64018 41.74805 1 1 old 5.8 18.009 0.960 0.449 0.229 0.070 0.061 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 0.307 0.087 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 0.279 0.162 0.022 0.033 0.015 0.015 0.021 5.2 14.510 0.052

B305-D024 9.74522 40.27559 1 1 young 6.4 18.152 1.776 0.598 0.296 0.219 0.038 0.093 0.022 0.023 0.042 4.6 15.075 0.048

SK005A 9.74647 41.67426 1 1 unknown 4.6 19.771 1.095 0.728 0.213 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 0.606 0.395 0.021 0.047 0.014 0.013 0.016 8.2 12.521 0.030

B307-G030 9.82689 40.54948 1 1 interm 7.6 17.582 1.631 0.6000.384 0.153 0.056 0.070 0.019 0.020 0.035 5.2 14.691 0.055

B309-G031 9.85262 40.24141 1 1 old 6.4 17.903 1.501 0.694 0.326 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 17.398 1.295 0.598 0.287 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 0.3690.241 0.074 0.142 0.027 0.028 0.050 4.6 15.461 0.085

B181D 9.87860 41.47394 1 2 old 3.4 18.193 1.326 0.610 0.242 0.129 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 0.719 0.391 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 15.947 1.457 0.751 0.385 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 0.452 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 7.6 17.576 1.806 0.967 0.540 0.374 0.020 0.069 0.017 0.016 0.022 5.8 13.720 0.050

B316-G040 9.97329 40.69416 1 1 interm 9.4 17.159 1.439 0.6210.265 0.179 0.023 0.049 0.017 0.019 0.031 5.2 14.806 0.117

B317-G041 9.98030 41.79614 1 1 old 8.8 16.915 1.277 0.537 0.252 0.141 0.019 0.029 0.015 0.015 0.021 - - -

B002-G043 10.01072 41.19822 1 2 old 4.6 17.857 1.289 0.516 0.283 0.160 0.025 0.053 0.019 0.021 0.040 2.8 15.469 0.099

B003-G045 10.03917 41.18478 1 1 old 5.2 17.944 1.485 0.579 0.373 0.174 0.040 0.066 0.019 0.021 0.039 4.6 15.092 0.108

H15 10.05506 35.87695 1 1 old 7.6 18.641 - 0.505 0.244 -0.094 0.065 - 0.027 0.030 0.068 - - -

B004-G050 10.07462 41.37787 1 1 old 5.2 17.398 1.664 0.761 0.362 0.228 0.022 0.045 0.016 0.015 0.020 4.0 14.173 0.038

B005-G052 10.08462 40.73287 1 1 old 5.8 16.123 1.744 0.803 0.419 0.284 0.019 0.026 0.013 0.012 0.015 5.8 12.561 0.028

B328-G054 10.10237 41.67289 1 1 old 3.4 18.314 1.306 0.638 0.347 0.075 0.261 0.059 0.022 0.022 0.036 - - -

B330-G056 10.10669 41.71497 1 2 old 4.6 18.003 1.410 0.568 0.379 0.142 0.030 0.058 0.021 0.022 0.033 - - -

B331-G057 10.10896 41.70118 1 1 old 3.4 18.738 1.518 0.679 0.344 0.340 0.105 0.095 0.026 0.027 0.040 - - -

B244 10.11020 41.30965 1 2 old 4.6 18.577 1.268 0.667 0.353 0.172 0.025 0.090 0.025 0.027 0.057 2.8 15.692 0.105

B006-G058 10.11031 41.45740 1 1 old 10.6 15.917 1.766 0.758 0.374 0.261 0.023 0.024 0.012 0.012 0.014 9.4 12.547 0.029

B333 10.12344 41.67382 1 2 old 4.0 19.199 1.140 0.736 0.506 -0.155 0.078 0.117 0.037 0.036 0.072 2.8 16.149 0.364

B008-G060 10.12613 41.26907 1 1 old 6.4 17.230 1.802 0.763 0.397 0.215 0.030 0.051 0.015 0.015 0.023 4.0 14.023 0.062

B009-G061 10.12794 41.61548 1 1 old 6.4 17.236 1.314 0.607 0.297 0.141 0.040 0.035 0.016 0.016 0.023 3.4 14.666 0.077

B010-G062 10.13154 41.23956 1 1 old 7.0 17.035 1.420 0.655 0.362 0.223 0.025 0.037 0.015 0.015 0.023 5.2 14.164 0.034

B011-G063 10.13282 41.65474 1 1 old 5.2 17.055 1.360 0.626 0.294 0.165 0.016 0.031 0.015 0.015 0.020 4.0 14.171 0.040
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B012-G064 10.13525 41.36226 1 1 old 10.0 15.428 1.328 0.601 0.304 0.171 0.017 0.018 0.012 0.012 0.014 7.0 12.734 0.034

H16 10.15756 39.75831 1 1 old 8.2 17.861 1.497 0.490 0.221 -0.014 0.051 0.076 0.020 0.022 0.044 5.8 15.874 0.147

B013-G065 10.16022 41.42328 1 1 old 7.6 17.631 1.556 0.751 0.415 0.273 0.052 0.062 0.018 0.018 0.029 5.2 14.445 0.039

B335-V013 10.17365 40.64118 1 1 interm 6.4 18.408 1.759 1.099 0.605 0.388 0.126 0.120 0.026 0.023 0.031 5.2 14.071 0.102

B449-V11 10.17608 40.60120 1 2 interm 5.8 18.605 1.446 0.6140.299 0.197 0.065 0.108 0.032 0.035 0.063 - - -

B015-V204 10.18757 40.99893 1 1 old 5.2 18.615 2.126 1.186 0.725 0.444 0.037 0.202 0.028 0.023 0.030 4.6 13.674 0.112

B016-G066 10.18821 41.36939 1 1 old 5.2 17.990 1.989 0.813 0.434 0.318 0.038 0.100 0.019 0.019 0.031 4.0 14.443 0.096

DAO38 10.19581 40.68278 1 2 interm 4.6 19.065 1.478 0.620 0.406 0.105 0.039 0.149 0.041 0.045 0.087 3.4 16.117 0.211

B336-G067 10.19837 42.14503 1 1 old 6.4 18.137 1.224 0.543 0.246 0.137 0.046 0.057 0.021 0.022 0.041 3.4 15.855 0.125

B337-G068 10.20202 42.20304 1 1 old 5.8 17.136 1.362 0.631 0.323 0.184 0.018 0.036 0.015 0.015 0.020 4.0 14.359 0.044

B017-G070 10.20303 41.20197 1 1 old 8.8 16.478 1.790 0.969 0.541 0.375 0.024 0.033 0.013 0.013 0.015 6.4 12.527 0.029

B019-G072 10.21887 41.31483 1 1 old 8.2 15.427 1.663 0.781 0.404 0.253 0.014 0.019 0.012 0.012 0.013 6.4 12.039 0.028

KHM31-74 10.22055 40.58880 1 - interm 6.4 18.512 1.767 0.6680.332 0.298 0.139 0.141 0.032 0.034 0.057 - - -

B020-G073 10.23026 41.69037 1 1 old 9.4 15.290 1.521 0.697 0.328 0.192 0.016 0.017 0.012 0.012 0.013 7.6 12.167 0.028

B338-G076 10.24530 40.59659 1 1 old 10.6 14.559 1.408 0.627 0.333 0.194 0.022 0.015 0.011 0.011 0.012 - - -

B021-G075 10.24591 41.09414 1 1 old 7.0 18.010 1.835 1.045 0.571 0.341 0.064 0.119 0.025 0.024 0.033 4.0 14.053 0.107

B022-G074 10.24616 41.41172 1 1 old 5.8 17.739 1.371 0.566 0.293 0.118 0.051 0.054 0.018 0.020 0.038 3.4 15.277 0.042

B339-G077 10.25296 39.93169 1 1 old 6.4 17.301 1.759 0.737 0.401 0.296 0.025 0.052 0.015 0.015 0.020 5.2 13.877 0.044

B023-G078 10.25494 41.22938 1 1 old 10.6 14.790 1.821 0.990 - - 0.017 0.017 0.011 0.011 0.012 10.6 10.744 0.028

B247 10.25926 41.00876 1 1 interm 8.2 17.664 1.487 0.741 0.393 0.300 0.064 0.074 0.023 0.023 0.036 4.6 13.960 0.172

SK019A 10.27068 41.47720 1 1 na 2.8 19.723 - 1.106 0.462 0.0600.100 - 0.036 0.032 0.073 2.8 15.262 0.050

B248 10.28309 40.88359 1 1 old 4.0 18.616 - 0.798 0.385 0.314 0.078 - 0.029 0.031 0.048 2.8 15.300 0.107

B341-G081 10.28813 40.59805 1 1 old 7.0 16.763 1.651 0.727 0.375 0.207 0.018 0.033 0.015 0.015 0.019 5.8 13.547 0.064

B017D 10.29175 40.96978 1 2 interm 5.8 18.323 1.722 0.557 0.375 0.219 0.048 0.123 0.030 0.033 0.058 4.6 15.405 0.278

B024-G082 10.29938 41.76369 1 1 old 5.8 17.294 1.680 0.772 0.372 0.227 0.036 0.043 0.015 0.015 0.020 4.6 13.984 0.046

B025-G084 10.30230 41.00781 1 1 old 4.0 17.276 1.515 0.807 0.403 0.221 0.016 0.044 0.017 0.017 0.023 4.0 13.924 0.058

SK020A 10.30564 41.16170 1 1 na 2.8 20.279 - 0.763 0.527 0.2770.109 - 0.081 0.087 0.148 2.8 16.243 0.160

B027-G087 10.31055 40.93081 1 1 old 5.2 16.050 1.446 0.698 0.346 0.201 0.047 0.023 0.013 0.013 0.016 4.0 12.982 0.058

B026-G086 10.31057 41.41116 1 1 old 5.2 18.025 1.945 0.856 0.471 0.362 0.024 0.100 0.019 0.019 0.029 4.6 14.331 0.069

B028-G088 10.31871 40.98422 1 1 old 5.2 17.312 1.442 0.660 0.383 0.238 0.026 0.043 0.017 0.018 0.026 4.0 14.239 0.129

B020D-G089 10.32182 41.13588 1 1 old 4.0 18.113 1.692 0.964 0.478 0.379 0.063 0.092 0.023 0.023 0.032 4.0 14.411 0.064

B029-G090 10.32433 41.00640 1 1 old 6.4 17.211 1.980 0.876 0.502 0.354 0.043 0.061 0.017 0.016 0.020 5.8 13.235 0.057

B030-G091 10.32806 40.95434 1 1 old 3.4 18.198 - 1.248 0.651 0.490 0.050 - 0.021 0.018 0.021 3.4 13.341 0.045
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B031-G092 10.33716 40.98449 1 1 old 3.4 18.410 - 1.007 0.501 0.325 0.051 - 0.024 0.022 0.032 2.8 14.494 0.039

B032-G093 10.33965 41.29170 1 1 old 4.6 18.207 1.848 1.028 0.560 0.355 0.085 0.119 0.027 0.027 0.036 3.4 14.019 0.043

SK026A 10.35263 40.60104 1 1 unknown 2.8 19.869 1.618 0.829 0.384 0.095 0.155 0.229 0.041 0.040 0.080 2.8 17.095 1.433

B033-G095 10.35999 41.00382 1 1 old 3.4 18.365 1.457 0.806 0.425 0.268 0.130 0.081 0.024 0.024 0.040 2.8 15.244 0.175

B034-G096 10.36715 40.89714 1 1 old 7.6 15.898 1.693 0.771 0.399 0.274 0.015 0.023 0.013 0.013 0.014 6.4 12.421 0.042

B457-G097 10.37170 42.31032 1 1 old 9.4 17.338 1.277 0.604 0.287 0.141 0.036 0.041 0.017 0.017 0.028 6.4 14.846 0.109

B035 10.38578 41.64238 1 1 old 5.2 17.886 1.552 0.775 0.380 0.297 0.033 0.066 0.019 0.019 0.031 3.4 14.582 0.078

B036 10.38677 41.43478 1 1 old 4.0 17.916 1.649 0.842 0.413 0.284 0.051 0.071 0.018 0.018 0.029 4.0 14.427 0.085

B037-V327 10.39570 41.24859 1 1 old 7.0 17.962 2.343 2.007 1.143 0.824 0.086 0.159 0.023 0.015 0.015 8.8 10.999 0.024

B038-G098 10.39979 41.32077 1 1 old 4.6 16.975 1.542 0.801 0.403 0.250 0.047 0.039 0.017 0.017 0.023 3.4 13.733 0.030

B039-G101 10.40779 41.34716 1 1 old 7.6 16.643 2.016 1.089 0.591 0.389 0.031 0.046 0.015 0.014 0.017 7.6 12.377 0.029

B041-G103 10.42006 41.24597 1 1 old 4.0 18.725 1.492 0.473 0.294 0.179 0.083 0.133 0.045 0.060 0.106 2.8 16.490 0.106

B042-G104 10.42367 41.12394 1 1 old 4.6 17.039 2.320 1.421 0.678 0.452 0.021 0.065 0.015 0.013 0.015 4.6 12.201 0.030

B044-G107 10.42876 41.33505 1 1 old 5.8 17.319 1.717 0.971 0.497 0.332 0.050 0.056 0.019 0.019 0.024 - - -

B343-G105 10.42958 40.20623 1 1 old 8.8 16.597 1.357 0.562 0.268 0.196 0.031 0.028 0.014 0.014 0.018 5.2 14.014 0.042

B045-G108 10.42961 41.57224 1 1 old 7.6 16.235 1.641 0.778 0.397 0.232 0.018 0.027 0.013 0.013 0.016 6.4 12.919 0.030

B046-G109 10.43593 41.77450 1 1 old 4.0 18.262 1.298 0.644 0.323 0.135 0.039 0.063 0.021 0.021 0.036 2.8 15.330 0.081

B048-G110 10.43965 41.22517 1 1 old 5.2 17.069 1.710 0.842 0.466 0.312 0.028 0.046 0.017 0.018 0.022 - - -

B047-G111 10.43982 41.70107 1 1 old 5.2 17.798 1.274 0.632 0.286 0.213 0.029 0.052 0.018 0.020 0.035 4.0 15.015 0.056

B050-G113 10.44285 41.53846 1 1 old 5.8 17.246 1.741 0.763 0.398 0.233 0.026 0.049 0.015 0.015 0.023 3.4 13.900 0.046

B051-G114 10.44454 41.42199 1 1 old 8.2 16.738 1.818 1.004 0.517 0.338 0.021 0.039 0.014 0.013 0.016 - - -

SK035A 10.44700 41.87620 1 1 unknown 2.8 20.470 1.063 1.268 0.422 0.385 0.087 0.226 0.053 0.040 0.066 2.8 15.682 0.110

SK036A 10.44742 40.85227 1 1 na 2.8 20.269 - 0.950 0.472 0.1160.332 - 0.068 0.069 0.128 2.8 16.391 0.340

B054-G115 10.44867 41.01539 1 1 old 3.4 18.682 1.932 0.789 0.521 0.287 0.079 0.133 0.029 0.029 0.043 2.8 14.496 0.086

B055-G116 10.45994 41.20341 1 1 old 5.2 17.314 2.509 1.155 0.628 0.457 0.127 0.103 0.018 0.017 0.020 - - -

B254 10.46055 41.27391 1 2 old 3.4 19.117 1.720 0.680 0.413 0.365 0.049 0.193 0.048 0.057 0.086 - - -

B056-G117 10.46322 40.96118 1 1 old 5.2 17.739 1.983 0.860 0.500 0.402 0.023 0.077 0.020 0.020 0.025 4.0 13.618 0.092

B057-G118 10.47005 40.86805 1 1 old 5.2 17.887 1.291 0.582 0.296 0.155 0.021 0.053 0.022 0.026 0.042 3.4 15.313 0.097

B058-G119 10.47083 40.78602 1 1 old 8.2 15.356 1.471 0.645 0.318 0.196 0.016 0.017 0.012 0.012 0.013 5.8 12.392 0.035

B059-G120 10.47539 41.18354 1 1 old 4.0 17.850 1.920 1.007 0.543 0.333 0.046 0.092 0.023 0.022 0.029 - - -

B060-G121 10.48750 41.08735 1 1 old 5.2 17.066 1.251 0.581 0.309 0.189 0.025 0.034 0.017 0.018 0.027 4.0 14.222 0.087

B061-G122 10.50050 41.49328 1 1 old 7.0 17.251 1.950 1.055 0.551 0.383 0.039 0.058 0.015 0.014 0.018 5.2 12.977 0.038

B063-G124 10.50360 41.48602 1 1 old 7.6 16.313 1.888 1.063 0.574 0.397 0.014 0.031 0.013 0.012 0.014 7.0 12.008 0.030
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B064-G125 10.50799 41.18541 1 1 old 5.8 16.665 1.361 0.641 0.343 0.221 0.043 0.030 0.016 0.017 0.023 - - -

B065-G126 10.50807 40.67026 1 1 old 7.0 17.253 1.549 0.655 0.325 0.136 0.035 0.042 0.016 0.016 0.023 4.0 14.474 0.045

B344-G127 10.51239 41.86726 1 1 old 7.0 16.281 1.476 0.676 0.311 0.183 0.020 0.023 0.013 0.013 0.015 5.2 13.313 0.034

B067-G129 10.51326 41.07326 1 1 old 5.2 17.564 1.332 0.572 0.294 0.170 0.048 0.045 0.020 0.023 0.036 3.4 15.021 0.127

B068-G130 10.51336 40.98062 1 1 old 6.4 16.931 2.043 1.052 0.560 0.394 0.025 0.046 0.015 0.014 0.016 5.8 12.619 0.032

B257-V219 10.51371 40.97052 1 2 old 4.6 18.491 2.256 1.226 0.682 0.461 0.044 0.174 0.026 0.022 0.027 4.0 13.680 0.096

B461-G131 10.51773 42.05738 1 1 old 5.2 17.818 1.531 0.729 0.328 0.232 0.037 0.055 0.018 0.017 0.025 4.6 14.721 0.116

B041D 10.51969 41.27972 1 1 old 2.8 19.064 1.916 1.247 0.615 0.364 0.096 0.183 0.034 0.030 0.040 - - -

B070-G133 10.52876 41.13233 1 1 old 4.0 17.220 1.298 0.626 0.341 0.165 0.025 0.039 0.019 0.021 0.031 - - -

B071 10.52968 41.20336 1 1 old 2.8 18.592 1.955 0.925 0.388 0.325 0.071 0.127 0.028 0.030 0.043 - - -

B073-G134 10.53048 40.98925 1 1 old 7.0 16.412 1.733 0.756 0.379 0.266 0.022 0.029 0.014 0.014 0.017 5.2 13.001 0.084

B072 10.53087 41.37990 1 1 old 4.6 18.302 2.641 1.419 0.753 0.501 0.069 0.255 0.028 0.023 0.025 - - -

B074-G135 10.53354 41.72269 1 1 old 7.0 17.007 1.413 0.636 0.321 0.193 0.027 0.035 0.015 0.015 0.023 4.6 14.177 0.037

B075-G136 10.53668 41.33922 1 1 old 4.0 17.955 1.574 0.865 0.418 0.210 0.062 0.078 0.026 0.027 0.039 - - -

MITA140 10.53956 41.29600 1 - old 2.8 18.007 - 1.490 0.779 0.530 0.031 - 0.020 0.016 0.018 - - -

B045D 10.54115 41.35397 1 1 old 2.8 19.752 1.598 1.146 0.657 0.362 0.078 0.256 0.060 0.052 0.070 - - -

B076-G138 10.54264 41.08946 1 1 old 4.6 17.203 1.460 0.704 0.372 0.173 0.042 0.038 0.017 0.018 0.025 4.0 14.187 0.069

B077-G139 10.54640 41.12612 1 1 old 4.0 17.961 - 0.998 0.540 0.325 0.082 - 0.022 0.021 0.027 - - -

B078-G140 10.55068 41.29969 1 2 old 3.4 18.546 2.294 1.341 0.677 0.384 0.030 0.195 0.029 0.024 0.030 - - -

B080-G141 10.55160 41.31685 1 1 old 4.6 17.917 2.103 1.131 0.582 0.390 0.076 0.116 0.024 0.022 0.028 - - -

B345-G143 10.55888 40.29345 1 1 old 6.4 17.045 1.359 0.583 0.305 0.200 0.035 0.034 0.015 0.015 0.021 5.2 14.259 0.033

B462 10.56134 42.02681 1 1 old 5.2 18.377 1.323 0.564 0.289 0.141 0.042 0.072 0.023 0.024 0.042 3.4 15.886 0.079

B082-G144 10.56597 41.02069 1 1 old 7.6 16.359 2.611 1.451 0.753 0.450 0.023 0.047 0.013 0.012 0.013 7.6 11.378 0.029

B083-G146 10.56852 41.75572 1 1 old 6.4 17.454 1.387 0.664 0.337 0.202 0.037 0.046 0.017 0.017 0.028 4.0 14.579 0.042

B084 10.57267 41.31552 1 2 old 2.8 18.866 - 1.163 0.607 0.364 0.113 - 0.033 0.029 0.038 - - -

B085-G147 10.57599 40.66588 1 1 old 5.8 17.212 1.296 0.637 0.289 0.174 0.025 0.035 0.016 0.016 0.022 4.6 14.459 0.055

B086-G148 10.57773 41.23389 1 1 old 6.4 15.426 1.259 0.578 0.298 0.174 0.041 0.018 0.012 0.013 0.015 - - -

B259 10.57903 41.70415 1 2 interm 3.4 19.556 1.453 0.866 0.498 0.153 0.075 0.200 0.038 0.037 0.082 2.8 16.002 0.141

SK049A 10.58117 40.87288 1 1 na 2.8 20.481 - 0.767 0.404 -0.167 0.124 - 0.087 0.097 0.235 - - -

B087 10.58250 41.63788 1 1 old 3.4 19.123 1.628 0.810 0.361 0.192 0.080 0.160 0.030 0.031 0.066 - - -

B051D 10.58562 41.07720 1 2 interm 4.0 19.181 1.399 0.747 0.362 0.375 0.041 0.155 0.048 0.055 0.084 4.0 15.377 0.125

B088-G150 10.58777 41.53729 1 1 old 10.6 15.945 1.640 0.986 0.529 0.360 0.024 0.024 0.012 0.012 0.014 - - -

B090 10.58779 41.04932 1 1 old 4.0 18.852 1.680 0.706 0.401 0.256 0.040 0.148 0.039 0.044 0.070 2.8 15.191 0.084
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B092-G152 10.59323 41.13574 1 1 old 4.6 17.375 1.476 0.682 0.335 0.172 0.035 0.042 0.018 0.020 0.029 - - -

B347-G154 10.59537 41.90760 1 1 old 7.6 16.744 1.284 0.568 0.268 0.158 0.022 0.027 0.014 0.014 0.019 5.2 14.217 0.052

B348-G153 10.59550 41.87455 1 1 old 4.6 17.393 1.630 0.762 0.352 0.233 0.027 0.044 0.016 0.015 0.020 4.0 14.023 0.030

B093-G155 10.59639 41.36207 1 1 old 4.0 17.271 1.587 0.834 0.456 0.229 0.047 0.048 0.019 0.019 0.026 - - -

H17 10.59870 37.24308 1 1 old 6.4 18.022 1.328 0.570 0.247 0.261 0.037 0.056 0.019 0.019 0.030 - - -

B094-G156 10.60434 40.95489 1 1 old 8.2 15.989 1.789 0.787 0.427 0.290 0.023 0.025 0.013 0.013 0.015 5.8 12.467 0.038

B095-G157 10.60748 41.09343 1 1 old 4.6 - - - - - 0.052 0.039 0.015 0.014 0.016 4.0 12.784 0.070

B096-G158 10.60863 41.32072 1 1 old 4.6 17.083 2.370 1.009 0.568 0.364 0.127 0.076 0.017 0.017 0.020 - - -

B098 10.61408 40.99333 1 1 old 4.6 16.703 1.658 0.750 0.358 0.223 0.047 0.032 0.015 0.015 0.019 4.0 13.486 0.091

B097-G159 10.61438 41.42561 1 1 old 4.0 17.420 1.726 0.912 0.442 0.276 0.023 0.057 0.019 0.019 0.026 - - -

B099-G161 10.61495 41.16747 1 1 old 4.6 17.217 1.391 0.671 0.355 0.255 0.029 0.037 0.019 0.021 0.028 - - -

B515 10.61687 41.55681 1 1 old - - - - - - - - - - - - - -

B056D 10.61820 41.57421 1 1 na 3.4 19.311 - 0.995 0.479 0.414 0.078 - 0.032 0.030 0.052 - - -

B350-G162 10.61847 40.41423 1 1 old 8.2 16.949 1.409 0.580 0.299 0.196 0.026 0.034 0.015 0.015 0.020 5.2 14.270 0.059

B100-G163 10.62071 40.83220 1 1 old 4.0 18.231 1.627 0.780 0.376 0.303 0.041 0.083 0.022 0.022 0.032 3.4 14.908 0.034

B101-G164 10.62093 41.13767 1 1 old 5.8 17.268 1.393 0.646 0.337 0.285 0.047 0.040 0.020 0.022 0.030 - - -

B103-G165 10.62390 41.29928 1 1 old 5.2 15.685 1.817 0.821 0.454 0.307 0.026 0.023 0.013 0.013 0.014 - - -

B104-NB5 10.62473 41.29045 1 1 old 5.2 17.649 1.502 0.683 0.287 0.055 0.068 0.063 0.024 0.028 0.046 - - -

B105-G166 10.62810 41.50759 1 1 old 5.2 17.707 1.528 0.768 0.441 0.195 0.030 0.062 0.021 0.023 0.033 - - -

B106-G168 10.62934 41.20513 1 1 old 5.8 16.568 1.732 0.801 0.419 0.264 0.020 0.032 0.015 0.015 0.019 - - -

B108-G167 10.62996 41.14763 1 2 old 4.6 17.850 1.881 0.806 0.459 0.337 0.025 0.081 0.024 0.026 0.034 - - -

B107-G169 10.63022 41.32748 1 1 old 4.0 16.292 1.568 0.808 0.398 0.220 0.024 0.027 0.014 0.014 0.017 - - -

B109-G170 10.63401 41.17442 1 1 old 4.6 16.923 1.871 0.837 0.442 0.365 0.031 0.042 0.016 0.017 0.020 - - -

B110-G172 10.63793 41.05787 1 1 old 7.0 15.607 1.631 0.711 0.374 0.241 0.015 0.020 0.012 0.012 0.014 6.4 12.233 0.031

NB16 10.63800 41.33800 1 1 old - - - - - - - - - - - - - -

B111-G173 10.63822 41.00733 1 1 old 4.0 17.173 1.381 0.641 0.328 0.158 0.031 0.035 0.017 0.019 0.026 3.4 14.312 0.095

B260 10.63829 41.52351 1 2 old 4.0 19.448 - 1.496 0.889 0.650 0.149 - 0.050 0.035 0.038 - - -

B112-G174 10.63853 41.29511 1 1 old 5.8 16.805 2.096 0.929 0.522 0.376 0.133 0.052 0.016 0.016 0.019 - - -

B114-G175 10.64292 41.21247 1 1 old 4.6 17.364 1.372 0.592 0.350 0.313 0.047 0.041 0.020 0.023 0.031 - - -

B117-G176 10.64321 40.95259 1 1 old 6.4 16.722 1.314 0.602 0.280 0.185 0.037 0.028 0.015 0.016 0.022 3.4 14.100 0.087

NB17-AU014 10.64333 41.29206 1 1 na - - - - - - - - - - - - - -

B115-G177 10.64337 41.23387 1 1 old 4.0 16.552 2.141 0.801 0.537 0.394 0.021 0.043 0.015 0.015 0.017 - - -

B116-G178 10.64390 41.54760 1 1 old 4.6 17.613 2.078 1.322 0.681 0.498 0.058 0.086 0.019 0.016 0.019 - - -
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NB35-AU4 10.64396 41.31122 1 2 interm - - - - - - - - - - - - - -

B064D-NB6 10.64805 41.24284 1 1 old 5.2 16.660 1.596 0.684 0.345 0.233 0.031 0.034 0.016 0.017 0.022 - - -

B119-NB14 10.65043 41.29322 1 1 old 2.8 17.976 1.646 0.903 0.480 0.353 0.138 0.064 0.022 0.022 0.028 - - -

SK052A 10.65548 41.84822 1 1 unknown 4.0 18.796 1.252 0.638 0.300 0.083 0.085 0.104 0.029 0.032 0.076 2.8 15.964 0.137

B351-G179 10.65821 42.19192 1 1 old 5.2 17.935 1.320 0.642 0.265 0.204 0.022 0.052 0.018 0.019 0.030 4.6 15.218 0.050

NB21-AU5 10.65825 41.26636 1 1 old - - - - - - - - - - - - - -

B352-G180 10.65911 42.03696 1 1 old 8.2 16.836 1.260 0.571 0.284 0.127 0.020 0.027 0.014 0.014 0.019 4.6 14.244 0.037

B122-G181 10.66703 41.56299 1 1 old 4.0 18.592 - 1.408 0.758 0.426 0.063 - 0.029 0.023 0.028 - - -

B123-G182 10.66941 41.17595 1 1 old 5.2 17.721 1.485 0.754 0.440 0.232 0.034 0.057 0.023 0.025 0.035 - - -

SK053A 10.67003 40.29801 1 1 unknown 4.0 18.960 1.322 0.799 0.445 0.303 0.047 0.123 0.028 0.026 0.046 4.0 15.569 0.086

B124-NB10 10.67261 41.25663 1 1 old 4.6 15.020 1.994 0.737 - - 0.152 0.019 0.012 0.012 0.013 - - -

B125-G183 10.67612 41.09197 1 1 old 6.4 16.814 1.273 0.581 0.288 0.144 0.033 0.029 0.017 0.018 0.024 5.2 13.969 0.134

DAO55 10.67715 40.49079 1 2 old 5.8 19.081 1.181 0.568 0.311 0.183 0.080 0.130 0.034 0.037 0.076 3.4 16.592 0.155

B126-G184 10.68205 41.21190 1 1 old 3.4 17.540 1.286 0.652 0.271 0.138 0.045 0.039 0.020 0.023 0.034 - - -

B127-G185 10.68550 41.24486 1 1 old 10.0 14.500 1.487 0.940 0.420 0.251 0.051 0.016 0.012 0.011 0.012 - - -

NB89 10.68658 41.24561 1 1 old - - - - - - - - - - - - - -

SK054A 10.68781 41.13753 1 1 na 4.0 18.828 1.367 0.740 0.249 -0.103 0.069 0.116 0.044 0.055 0.111 - - -

B072D 10.69079 41.45750 1 4 old 2.8 19.561 1.556 - - -0.057 0.101 0.203 - - 0.141 - - -

NB18 10.69308 41.30900 1 2 old - - - - - - - - - - - - - -

B354-G186 10.69835 42.00712 1 1 old 5.8 18.094 1.420 0.584 0.269 0.114 0.044 0.063 0.020 0.021 0.036 3.4 15.468 0.039

B128-G187 10.69919 41.18718 1 2 old 5.8 17.405 1.689 0.766 0.404 0.379 0.026 0.053 0.020 0.022 0.028 - - -

B129 10.70135 41.41852 1 1 old 2.8 18.480 - 1.921 0.976 0.624 0.134 - 0.022 0.015 0.016 - - -

B130-G188 10.70356 41.49794 1 1 old 5.2 17.467 1.808 0.963 0.506 0.281 0.031 0.063 0.019 0.018 0.024 - - -

B262 10.70854 41.32447 1 2 old - - - - - - - - - - - - - -

BH18 10.71132 41.17596 1 2 old 3.4 18.650 1.705 0.762 0.365 0.227 0.086 0.114 0.035 0.040 0.061 - - -

B131-G189 10.71167 41.28542 1 1 old 5.2 15.789 1.596 0.682 0.354 0.219 0.069 0.021 0.013 0.013 0.016 - - -

B132-NB15 10.71421 41.26117 1 2 old 5.2 18.119 - 1.109 0.573 - 0.042 - 0.028 0.026 - - - -

B134-G190 10.71522 41.23433 1 1 old 6.4 16.759 1.562 0.592 0.299 0.292 0.028 0.033 0.017 0.018 0.024 - - -

SK055A 10.71609 40.73608 1 1 unknown 5.2 19.041 0.918 0.717 0.341 0.221 0.081 0.097 0.035 0.038 0.067 3.4 15.455 0.078

B078D 10.71629 41.36811 1 2 old - - - - - - - - - - - - - -

B135-G192 10.71653 41.51895 1 1 old 6.4 16.441 1.531 0.778 0.399 0.234 0.030 0.029 0.014 0.014 0.018 5.2 13.140 0.045

B264-NB19 10.72162 41.27067 1 2 old - - - - - - - - - - - - - -

B136-G194 10.72336 41.32626 1 1 old 4.6 17.220 1.472 0.553 0.314 0.274 0.023 0.044 0.020 0.023 0.032 - - -
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B137-G195 10.72495 41.53732 1 1 old 4.0 18.406 - 1.058 0.556 0.335 0.031 - 0.028 0.027 0.037 3.4 14.256 0.160

HEC7 10.72917 43.95778 1 8 old - - - - - - - - - - - - - -

AU010 10.74212 41.28132 1 1 old 5.8 17.570 2.054 0.675 0.356 0.378 0.146 0.090 0.025 0.029 0.038 - - -

B140-G196 10.74478 41.14799 1 1 old 5.2 17.880 1.868 0.834 0.376 0.244 0.043 0.085 0.025 0.027 0.039 - - -

B087D 10.74546 41.15242 1 2 old 4.0 17.997 1.508 0.660 0.383 0.130 0.043 0.068 0.027 0.031 0.048 - - -

B141-G197 10.74703 41.54651 1 1 old 4.6 17.412 1.504 0.828 0.436 0.242 0.021 0.048 0.018 0.018 0.025 3.4 14.073 0.137

B143-G198 10.74850 41.32206 1 1 old 6.4 16.485 1.997 0.821 0.451 0.276 0.043 0.036 0.015 0.015 0.018 - - -

B144 10.74942 41.26829 1 1 old 4.0 17.254 1.955 0.830 0.508 0.358 0.034 0.056 0.019 0.019 0.024 - - -

B090D 10.75508 41.26955 1 1 old 2.8 17.944 2.039 0.881 0.535 0.444 0.047 0.075 0.021 0.022 0.026 - - -

B091D-D058 10.75598 41.50481 1 1 old 5.2 15.863 1.750 0.795 0.474 0.233 0.028 0.024 0.013 0.013 0.015 4.6 12.300 0.063

B145 10.75659 41.20747 1 2 old 4.0 18.518 1.443 0.678 0.333 0.238 0.116 0.096 0.037 0.044 0.068 - - -

B265 10.75814 40.88396 1 1 old 3.4 18.964 1.440 0.817 0.361 0.204 0.054 0.112 0.029 0.029 0.049 - - -

B146 10.76212 41.25630 1 1 old 4.0 17.421 1.656 0.782 0.449 0.341 0.018 0.051 0.020 0.022 0.027 - - -

B147-G199 10.76375 41.35604 1 1 old 7.6 16.137 1.959 0.831 0.397 0.297 0.020 0.032 0.013 0.014 0.016 - - -

B266 10.76465 41.67541 1 1 old 3.4 19.004 1.678 1.060 0.588 0.328 0.079 0.162 0.034 0.031 0.044 2.8 14.794 0.070

B148-G200 10.76607 41.30136 1 1 old 4.0 16.263 1.435 0.678 0.350 0.221 0.038 0.024 0.014 0.015 0.018 - - -

B149-G201 10.77280 41.57421 1 1 old 5.8 17.503 1.653 0.892 0.475 0.281 0.020 0.059 0.018 0.018 0.025 4.6 13.846 0.054

B467-G202 10.77679 42.03033 1 1 old 5.8 17.819 1.464 0.623 0.249 0.118 0.027 0.054 0.018 0.019 0.030 4.0 15.242 0.039

B268 10.77997 41.19677 1 2 old 2.8 18.878 - 0.839 0.530 0.348 0.041 - 0.034 0.036 0.048 - - -

B269 10.78072 41.45907 1 2 old 4.6 19.176 - 1.203 0.534 0.451 0.117 - 0.046 0.042 0.057 2.8 15.229 0.112

B150-G203 10.78128 41.33883 1 2 old 3.4 17.234 1.888 0.831 0.454 0.332 0.024 0.047 0.017 0.018 0.022 - - -

PHF6-1 10.78325 41.30506 1 - old 3.4 18.125 2.090 0.808 0.4150.358 0.185 0.105 0.026 0.029 0.038 - - -

B151-G205 10.78976 41.35892 1 1 old 4.6 15.456 2.022 1.023 0.534 0.345 0.036 0.022 0.012 0.012 0.013 - - -

B152-G207 10.79167 41.30447 1 1 old 5.2 16.570 1.605 0.745 0.458 0.250 0.037 0.030 0.015 0.016 0.019 - - -

B356-G206 10.79316 41.84199 1 1 old 5.8 17.415 1.469 0.746 0.386 0.240 0.018 0.046 0.016 0.016 0.025 5.2 14.186 0.057

B153 10.79421 41.24760 1 1 old 4.0 16.688 1.809 0.804 0.438 0.333 0.030 0.035 0.016 0.016 0.019 - - -

SK060A 10.79939 40.93483 1 1 na 4.0 19.742 - 1.050 0.395 0.2270.094 - 0.049 0.045 0.081 - - -

B154-G208 10.80183 41.26806 1 1 old 3.4 17.312 1.754 0.803 0.352 0.246 0.059 0.046 0.018 0.019 0.026 - - -

B468 10.80228 39.79926 1 1 old 5.8 18.372 1.530 0.668 0.368 0.278 0.054 0.081 0.024 0.023 0.038 - - -

B357-G209 10.80513 40.18236 1 1 old 6.4 17.009 1.607 0.723 0.366 0.265 0.024 0.038 0.014 0.014 0.018 - - -

B155-G210 10.80576 41.05782 1 1 old 3.4 18.451 1.735 0.843 0.463 0.292 0.021 0.094 0.022 0.021 0.030 - - -

SK061A 10.80641 41.64102 1 1 unknown 2.8 20.036 1.274 0.589 0.342 -0.086 0.061 0.234 0.070 0.087 0.201 - - -

B156-G211 10.80719 41.02159 1 1 old 5.8 17.275 1.413 0.637 0.318 0.194 0.048 0.038 0.016 0.016 0.023 - - -
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B157-G212 10.80821 41.18880 1 1 old 4.0 17.913 1.171 0.574 0.238 0.073 0.049 0.051 0.026 0.033 0.055 - - -

B158-G213 10.80996 41.12253 1 1 old 7.6 15.079 1.623 0.734 0.359 0.232 0.016 0.017 0.012 0.012 0.013 - - -

SK062A 10.81053 41.89633 1 1 unknown 2.8 19.869 1.451 0.515 0.329 -0.081 0.096 0.218 0.046 0.054 0.164 - - -

B159 10.81099 41.42040 1 1 old 3.4 18.111 2.227 1.042 0.554 0.342 0.032 0.125 0.022 0.021 0.028 - - -

B160-G214 10.81224 41.02652 1 1 old 4.6 18.232 1.158 0.520 0.274 0.043 0.027 0.060 0.023 0.026 0.048 - - -

B161-G215 10.81421 41.19027 1 1 old 4.6 16.725 1.406 0.666 0.326 0.216 0.031 0.029 0.016 0.017 0.022 - - -

B162-G216 10.81834 41.40127 1 1 old 4.6 18.007 1.706 0.827 0.441 0.355 0.040 0.089 0.024 0.026 0.036 - - -

B163-G217 10.82346 41.46252 1 1 old 8.8 15.497 1.935 0.850 0.459 0.338 0.015 0.023 0.012 0.012 0.013 8.2 11.575 0.032

B358-G219 10.82438 39.82032 1 1 old 10.6 15.383 1.254 0.499 0.245 0.150 0.023 0.016 0.012 0.012 0.014 - - -

B164-V253 10.82553 41.20813 1 1 old 3.4 18.366 1.896 0.855 0.473 0.348 0.069 0.109 0.029 0.031 0.042 - - -

B165-G218 10.82590 41.18186 1 1 old 5.8 16.762 1.243 0.547 0.275 0.180 0.028 0.028 0.017 0.019 0.025 - - -

SK064A 10.82668 40.98994 1 1 unknown 2.8 20.361 1.159 0.701 0.517 0.227 0.054 0.239 0.065 0.066 0.115 - - -

B167 10.83802 41.23563 1 1 old 4.0 17.824 1.826 0.823 0.454 0.278 0.025 0.077 0.024 0.026 0.035 - - -

B168 10.84385 41.73489 1 1 old 3.4 18.770 1.782 1.340 0.750 0.514 0.066 0.145 0.026 0.021 0.025 3.4 13.625 0.065

B169 10.84579 41.25704 1 1 old 5.2 17.732 2.046 0.930 0.465 0.286 0.097 0.090 0.023 0.024 0.032 - - -

B170-G221 10.84787 40.84489 1 1 old 5.2 17.848 - 0.777 0.397 0.212 0.025 - 0.019 0.019 0.027 3.4 14.620 0.039

SK066A 10.85032 41.64507 1 1 na 3.4 20.030 - 0.765 0.553 0.4870.201 - 0.057 0.051 0.091 3.4 15.623 0.176

B272-V294 10.85623 41.61995 1 1 old 4.0 18.871 2.283 0.947 0.656 0.339 0.089 0.281 0.035 0.033 0.047 4.0 14.497 0.153

B171-G222 10.85665 41.26032 1 1 old 7.0 15.733 1.821 0.805 0.415 0.294 0.021 0.023 0.013 0.013 0.015 - - -

B172-G223 10.85832 41.35884 1 2 old 5.2 17.154 1.662 0.764 0.432 0.347 0.034 0.044 0.019 0.020 0.025 - - -

B173-G224 10.86983 41.37699 1 2 old 2.8 18.138 1.624 0.780 0.450 0.312 0.104 0.063 0.022 0.023 0.030 - - -

B174-G226 10.87623 41.64896 1 1 old 8.2 15.949 1.642 0.845 0.434 0.256 0.017 0.025 0.013 0.012 0.015 8.2 12.390 0.037

B176-G227 10.87690 40.81964 1 1 old 7.0 16.886 1.367 0.597 0.297 0.165 0.037 0.032 0.015 0.015 0.021 5.8 14.170 0.033

B177-G228 10.87713 41.09509 1 2 old 4.0 18.651 1.255 0.764 0.413 0.333 0.027 0.086 0.027 0.027 0.040 3.4 15.602 0.168

B178-G229 10.87825 41.35459 1 1 old 8.8 15.362 1.359 0.621 0.311 0.198 0.013 0.018 0.012 0.013 0.015 - - -

B179-G230 10.87960 41.30407 1 1 old 7.6 15.739 1.502 0.690 0.308 0.194 0.018 0.021 0.013 0.013 0.016 - - -

B180-G231 10.88221 41.12952 1 1 old 6.4 16.540 1.566 0.763 0.367 0.220 0.017 0.028 0.013 0.013 0.016 - - -

B181-G232 10.88523 41.48537 1 2 old 5.8 17.351 1.599 0.778 0.393 0.257 0.025 0.051 0.018 0.019 0.026 4.0 13.852 0.049

H18 10.90012 44.98314 1 1 old - - - - - - - - - - - - - -

B182-G233 10.90280 41.13670 1 1 old 10.0 15.838 1.600 0.826 0.427 0.274 0.016 0.022 0.012 0.012 0.014 - - -

B183-G234 10.90388 41.03396 1 1 old 7.0 16.441 1.745 0.800 0.406 0.267 0.026 0.029 0.013 0.013 0.015 5.8 12.926 0.034

B185-G235 10.90534 41.24543 1 1 old 5.2 16.040 1.695 0.767 0.394 0.253 0.023 0.024 0.013 0.014 0.016 - - -

B184-G236 10.90626 41.60961 1 1 old 6.4 17.796 2.261 0.914 0.503 0.342 0.032 0.119 0.021 0.021 0.028 5.2 13.734 0.079
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B186 10.90923 41.60681 1 2 old 4.6 18.670 - 0.981 0.563 0.296 0.078 - 0.031 0.030 0.044 4.6 14.444 0.044

B187-G237 10.91093 41.49634 1 1 old 4.6 17.724 1.644 0.882 0.453 0.275 0.043 0.067 0.020 0.020 0.028 3.4 14.127 0.047

B188-G239 10.92297 41.40721 1 1 old 5.2 17.364 1.332 0.564 0.293 0.200 0.031 0.040 0.019 0.022 0.032 - - -

B189-G240 10.92663 41.58984 1 1 old 7.0 17.558 2.216 0.910 0.479 0.327 0.038 0.098 0.019 0.019 0.026 5.2 13.485 0.146

B190-G241 10.93074 41.56832 1 1 old 7.6 17.235 1.474 0.733 0.398 0.213 0.033 0.045 0.018 0.018 0.026 4.6 14.176 0.089

B194-G243 10.93828 41.10239 1 1 old 4.6 17.555 1.380 0.613 0.325 0.177 0.029 0.044 0.017 0.018 0.026 4.0 14.849 0.056

B193-G244 10.93962 41.61601 1 1 old 10.6 15.781 1.939 0.831 0.446 0.290 0.028 0.027 0.012 0.012 0.014 8.8 12.067 0.048

SK071A 10.94336 41.65794 1 1 na 3.4 20.282 - 1.088 0.538 0.1910.241 - 0.074 0.066 0.122 3.4 16.037 0.575

SK072A 10.94450 41.37451 1 1 na 5.2 17.958 1.915 0.815 0.440 0.340 0.088 0.092 0.024 0.025 0.034 - - -

B103D-G245 10.94804 41.45221 1 1 old 4.0 18.170 1.718 0.752 0.429 0.182 0.071 0.090 0.027 0.029 0.043 - - -

B472-D064 10.95173 41.44809 1 1 old 8.8 15.549 1.425 0.667 0.302 0.185 0.017 0.019 0.012 0.013 0.015 - - -

SK073A 10.95221 41.13006 1 1 na 4.0 18.611 1.562 0.840 0.466 0.348 0.030 0.106 0.026 0.025 0.036 - - -

B196-G246 10.95239 40.71025 1 1 old 5.2 17.719 1.348 0.686 0.355 0.232 0.026 0.051 0.017 0.017 0.026 4.0 14.630 0.065

B197-G247 10.95716 41.50281 1 1 old 4.6 18.269 2.241 0.888 0.546 0.320 0.026 0.151 0.027 0.026 0.036 3.4 14.259 0.097

B199-G248 10.95759 40.97071 1 1 old 5.8 17.884 1.337 0.583 0.311 0.149 0.039 0.054 0.020 0.021 0.034 4.0 15.178 0.045

B198-G249 10.95874 41.53133 1 1 old 4.6 18.191 1.463 0.682 0.372 0.048 0.056 0.083 0.026 0.029 0.052 2.8 15.345 0.113

B200 10.96007 41.48960 1 1 old 3.4 19.014 2.006 0.894 0.512 0.245 0.047 0.197 0.039 0.039 0.058 2.8 15.730 0.181

B201-G250 10.97016 41.16611 1 1 old 7.0 16.464 1.478 0.652 0.327 0.190 0.049 0.027 0.014 0.014 0.017 - - -

B202-G251 10.97784 41.00895 1 1 old 4.6 18.203 1.545 0.703 0.335 0.150 0.056 0.077 0.022 0.023 0.037 4.0 15.265 0.083

B203-G252 10.98260 41.54306 1 1 old 5.2 17.151 1.602 0.713 0.335 0.210 0.038 0.040 0.017 0.018 0.024 3.4 14.028 0.110

B204-G254 10.98510 41.36747 1 1 old 5.2 16.152 1.687 0.740 0.367 0.229 0.018 0.025 0.013 0.014 0.016 - - -

B361-G255 10.98787 40.23375 1 1 old 8.8 17.247 1.257 0.555 0.262 0.161 0.039 0.038 0.016 0.016 0.024 5.2 14.778 0.046

B205-G256 10.99239 41.41065 1 1 old 8.2 15.819 1.484 0.681 0.342 0.211 0.020 0.021 0.013 0.013 0.015 - - -

B206-G257 10.99424 41.50502 1 1 old 8.2 15.432 1.467 0.665 0.309 0.201 0.016 0.018 0.012 0.012 0.014 4.6 12.454 0.032

B110D-V296 10.99638 41.61153 1 2 old 3.4 18.785 1.890 0.594 0.391 0.176 0.219 0.160 0.031 0.034 0.062 2.8 15.397 0.359

B207-G258 10.99776 41.10297 1 1 old 4.6 17.702 1.404 0.622 0.291 0.137 0.034 0.049 0.018 0.019 0.030 3.4 15.020 0.083

B208-G259 11.00032 41.38654 1 1 old 4.0 18.359 1.675 0.858 0.451 0.371 0.038 0.101 0.029 0.030 0.041 4.0 14.663 0.140

M009 11.00348 41.28679 1 2 old 4.6 18.225 1.293 0.630 0.286 0.366 0.108 0.070 0.029 0.035 0.050 3.4 15.140 0.082

G260 11.00352 42.58008 1 1 old 9.4 17.264 1.449 0.610 0.301 0.176 0.029 0.041 0.016 0.016 0.023 5.2 14.677 0.040

B209-G261 11.01097 41.42406 1 1 old 5.8 17.000 1.511 0.664 0.317 0.159 0.018 0.036 0.017 0.018 0.025 3.4 14.131 0.074

B211-G262 11.01214 41.33464 1 1 old 5.8 16.925 1.267 0.579 0.292 0.176 0.038 0.031 0.017 0.019 0.026 4.0 14.178 0.078

B212-G263 11.01281 41.08231 1 1 old 10.0 15.774 1.285 0.587 0.281 0.137 0.019 0.019 0.012 0.012 0.015 6.4 13.109 0.033

B213-G264 11.01463 41.51075 1 1 old 4.6 17.362 1.612 0.778 0.398 0.234 0.028 0.045 0.018 0.018 0.025 4.0 13.840 0.049
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B214-G265 11.01641 41.43850 1 1 old 4.0 18.048 1.273 0.668 0.328 0.242 0.028 0.059 0.026 0.029 0.044 3.4 14.841 0.042

B215-G266 11.02663 41.52882 1 1 old 6.4 17.608 1.922 0.765 0.430 0.289 0.064 0.070 0.020 0.021 0.028 4.0 14.131 0.066

SK083A 11.04164 41.85794 1 1 unknown 2.8 20.010 1.163 0.966 0.473 0.305 0.118 0.205 0.053 0.052 0.088 2.8 16.317 0.136

G268 11.04174 42.78273 1 3 old 9.4 16.966 1.674 0.760 0.397 0.289 0.021 0.037 0.014 0.014 0.018 7.0 13.532 0.068

B217-G269 11.04416 41.39752 1 1 old 7.0 16.905 1.545 0.733 0.392 0.227 0.030 0.036 0.016 0.017 0.022 5.2 13.657 0.072

B218-G272 11.05968 41.32206 1 1 old 10.0 15.079 1.567 0.703 0.364 0.237 0.026 0.017 0.012 0.012 0.013 8.2 11.833 0.024

H19 11.06212 38.42848 1 1 old 6.4 17.754 1.472 0.588 0.279 0.149 0.035 0.061 0.018 0.018 0.026 - - -

B219-G271 11.06263 40.94646 1 1 old 7.0 16.867 1.665 0.760 0.373 0.281 0.026 0.037 0.014 0.014 0.017 5.8 13.543 0.028

B363-G274 11.07179 40.55972 1 1 old 5.8 18.143 1.225 0.523 0.256 0.125 0.052 0.066 0.021 0.022 0.039 4.0 15.705 0.088

B220-G275 11.08102 41.50969 1 1 old 5.8 16.946 1.307 0.622 0.287 0.174 0.027 0.031 0.016 0.017 0.024 4.0 14.232 0.075

B221-G276 11.09609 41.55177 1 1 old 5.8 17.237 1.565 0.755 0.390 0.231 0.026 0.042 0.017 0.018 0.024 5.2 13.865 0.099

SK086A 11.10863 41.58734 1 1 na 5.8 18.341 - 0.872 0.478 0.3030.066 - 0.031 0.031 0.045 5.2 14.792 0.136

B224-G279 11.11286 41.48049 1 1 old 10.6 15.592 1.287 0.599 0.278 0.156 0.032 0.020 0.013 0.013 0.016 7.6 13.025 0.036

B279-D068 11.11671 41.73623 1 2 old 4.6 18.977 1.784 0.879 0.551 0.543 0.045 0.203 0.036 0.035 0.048 4.0 14.302 0.067

B225-G280 11.12316 41.35993 1 1 old 8.8 14.590 1.736 0.767 0.396 0.288 0.016 0.016 0.011 0.011 0.012 7.0 11.031 0.023

B228-G281 11.13842 41.69107 1 1 old 5.2 17.277 1.622 0.820 0.405 0.232 0.038 0.048 0.016 0.016 0.023 4.0 13.789 0.043

B229-G282 11.14085 41.64127 1 1 old 9.4 16.745 1.213 0.568 0.274 0.170 0.020 0.029 0.016 0.017 0.024 6.4 14.301 0.098

B230-G283 11.14660 40.95342 1 1 old 8.2 16.325 1.272 0.544 0.260 0.177 0.024 0.023 0.013 0.013 0.017 6.4 13.823 0.039

B365-G284 11.15185 42.28902 1 1 old 8.2 16.985 1.303 0.624 0.302 0.167 0.029 0.034 0.015 0.015 0.024 5.2 14.232 0.082

B231-G285 11.16079 41.46302 1 1 old 4.6 17.696 1.400 0.686 0.354 0.195 0.024 0.050 0.020 0.022 0.033 2.8 14.800 0.053

B232-G286 11.16762 41.25012 1 1 old 7.0 15.994 1.341 0.605 0.303 0.156 0.020 0.020 0.013 0.013 0.015 4.6 13.279 0.028

B233-G287 11.17549 41.73180 1 1 old 5.8 16.220 1.405 0.654 0.355 0.223 0.022 0.024 0.013 0.013 0.016 5.8 13.071 0.036

B281-G288 11.17858 41.33570 1 1 interm 6.4 18.072 1.624 0.728 0.433 0.217 0.103 0.084 0.022 0.022 0.034 4.0 14.597 0.048

B234-G290 11.19334 41.48827 1 1 old 5.2 17.272 1.659 0.756 0.355 0.236 0.019 0.045 0.017 0.018 0.024 3.4 13.895 0.041

B366-G291 11.19452 42.06399 1 1 old 7.6 16.500 1.319 0.575 0.316 0.110 0.071 0.029 0.014 0.014 0.021 7.0 13.940 0.065

B255D-D072 11.20232 42.10370 1 1 na 6.4 18.474 1.735 0.763 0.391 0.275 0.060 0.134 0.024 0.025 0.049 4.6 15.557 0.076

B283-G296 11.23083 41.28332 1 1 old 4.6 18.256 1.637 0.781 0.404 0.160 0.043 0.087 0.022 0.022 0.035 4.6 14.842 0.065

B235-G297 11.24136 41.48998 1 1 old 6.4 16.736 1.516 0.693 0.405 0.277 0.015 0.031 0.015 0.015 0.019 5.8 13.259 0.042

SK093A 11.24356 41.94375 1 1 unknown 3.4 20.342 - 0.713 0.4110.128 0.231 - 0.086 0.091 0.200 - - -

B236-G298 11.28712 40.84132 1 1 old 6.4 17.702 1.409 0.569 0.236 0.180 0.050 0.057 0.018 0.018 0.029 5.2 15.148 0.068

B237-G299 11.28852 41.37624 1 1 old 8.8 17.489 1.316 0.650 0.325 0.162 0.047 0.046 0.018 0.019 0.028 6.4 14.811 0.133

B370-G300 11.31000 41.96132 1 1 old 7.6 16.613 1.442 0.733 0.386 0.245 0.017 0.030 0.014 0.014 0.018 5.8 13.473 0.038

B238-G301 11.31121 41.32694 1 1 old 6.4 16.905 1.561 0.753 0.381 0.205 0.026 0.034 0.014 0.014 0.018 5.2 13.679 0.031
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B239-M74 11.31499 41.58809 1 1 old 4.6 17.600 1.599 0.683 0.332 0.200 0.042 0.052 0.019 0.020 0.030 3.4 14.524 0.063

B240-G302 11.35437 41.10616 1 1 old 10.6 15.534 1.359 0.611 0.285 0.182 0.018 0.019 0.012 0.012 0.014 8.8 12.780 0.030

HEC8 11.36205 40.22977 1 8 old 12.0 19.402 - 0.639 0.561 - 0.110 - 0.135 0.117 - - - -

B287 11.36873 41.50128 1 2 old 4.6 18.294 1.438 0.534 0.351 0.237 0.087 0.078 0.024 0.026 0.042 4.6 15.622 0.249

B372-G304 11.38908 42.00678 1 1 old 5.8 16.934 1.388 0.675 0.324 0.179 0.030 0.034 0.015 0.015 0.022 5.2 14.009 0.040

B373-G305 11.42436 41.75929 1 1 old 7.6 16.095 1.731 0.793 0.428 0.295 0.021 0.025 0.013 0.013 0.015 5.8 12.511 0.038

SK104A 11.43463 41.95772 1 1 unknown 4.0 18.357 1.545 0.782 0.300 0.275 0.039 0.085 0.024 0.025 0.041 2.8 15.056 0.068

V129-BA4 11.43624 41.86657 1 5 old 5.8 17.352 1.373 0.613 0.305 0.155 0.056 0.039 0.017 0.018 0.027 3.4 14.642 0.077

B375-G307 11.43983 41.66175 1 1 old 4.6 18.038 1.687 0.775 0.352 0.178 0.027 0.077 0.022 0.023 0.037 4.0 14.827 0.086

B377-G308 11.45114 40.63456 1 1 old 5.8 17.437 1.436 0.564 0.264 0.174 0.022 0.038 0.016 0.016 0.025 - - -

H20 11.46881 39.93116 1 1 old 7.0 18.980 - 0.429 0.198 0.025 0.056 - 0.033 0.038 0.088 - - -

B378-G311 11.48848 41.89188 1 1 old 4.6 17.945 1.278 0.570 0.311 0.115 0.029 0.053 0.021 0.023 0.039 3.4 15.334 0.069

B379-G312 11.49511 40.70873 1 1 old 8.2 16.561 1.748 0.751 0.384 0.299 0.022 0.034 0.013 0.013 0.015 - - -

B381-G315 11.52728 41.34969 1 1 old 10.0 16.046 1.566 0.711 0.326 0.209 0.020 0.024 0.013 0.012 0.015 - - -

B486-G316 11.53571 40.96769 1 1 old 5.2 17.953 1.244 0.551 0.259 0.195 0.028 0.056 0.019 0.019 0.032 - - -

B382-G317 11.54312 41.62790 1 1 old 4.6 17.714 1.282 0.618 0.265 0.099 0.023 0.045 0.018 0.019 0.031 3.4 14.964 0.043

B383-G318 11.54978 41.32822 1 1 old 7.6 16.195 1.702 0.764 0.407 0.286 0.019 0.026 0.013 0.012 0.014 - - -

B384-G319 11.59138 40.28322 1 1 old 7.0 16.293 1.680 0.755 0.374 0.252 0.017 0.024 0.013 0.012 0.014 - - -

B386-G322 11.61255 42.03132 1 1 old 8.2 15.973 1.549 0.678 0.342 0.223 0.015 0.022 0.013 0.012 0.015 5.8 12.925 0.025

B387-G323 11.63959 40.73711 1 1 old 8.2 17.318 1.321 0.551 0.274 0.149 0.042 0.035 0.016 0.016 0.025 - - -

G327-MVI 11.70622 42.74636 1 1 old 7.6 16.272 1.341 0.593 0.301 0.162 0.020 0.024 0.013 0.013 0.017 6.4 13.594 0.043

B391-G328 11.74205 41.56579 1 1 old 6.4 17.596 1.447 0.677 0.295 0.170 0.024 0.049 0.017 0.017 0.026 4.0 14.584 0.175

B393-G330 11.75501 41.40185 1 1 old 8.2 17.300 1.527 0.708 0.319 0.237 0.029 0.047 0.016 0.016 0.023 7.0 14.296 0.058

SK109A 11.82022 41.05324 1 1 unknown 4.0 19.490 0.865 0.574 0.190 0.133 0.051 0.137 0.039 0.044 0.103 4.0 16.129 0.134

B396-G335 11.85482 40.36168 1 1 old 5.8 17.603 1.262 0.499 0.252 0.135 0.063 0.039 0.017 0.018 0.028 - - -

B397-G336 11.86348 41.20290 1 1 old 6.4 16.763 1.400 0.626 0.291 0.191 0.024 0.031 0.014 0.014 0.018 5.2 13.926 0.037

G339-BA30 11.95927 43.15457 1 1 star 10.0 17.528 1.278 0.6470.312 0.223 0.037 0.043 0.017 0.017 0.025 - - -

SK110A 11.98245 41.45902 1 1 unknown 2.8 19.839 - 0.570 0.2160.316 0.060 - 0.039 0.043 0.087 - - -

B398-G341 11.99074 41.81264 1 1 old 5.2 17.970 1.866 0.758 0.424 0.267 0.024 0.082 0.019 0.018 0.027 4.0 14.454 0.036

B399-G342 11.99811 41.59126 1 1 old 6.4 17.654 1.200 0.525 0.272 0.153 0.035 0.044 0.017 0.018 0.031 4.0 15.190 0.091

B400-G343 12.00599 42.42583 1 1 old 7.6 16.839 1.466 0.668 0.334 0.199 0.023 0.030 0.014 0.014 0.019 5.2 13.857 0.056

B401-G344 12.03546 41.67830 1 1 old 7.0 17.100 1.240 0.518 0.260 0.166 0.037 0.033 0.015 0.015 0.023 4.6 14.658 0.095

SK111A 12.06096 41.48873 1 1 unknown 3.4 19.600 - 0.794 0.2670.161 0.081 - 0.036 0.036 0.076 - - -
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B402-G346 12.15023 42.02624 1 1 unknown 7.0 17.707 1.468 0.706 0.385 0.266 0.041 0.054 0.017 0.017 0.025 5.2 14.423 0.063

BA11 12.19003 42.39384 1 1 old 6.4 18.035 1.288 0.609 0.264 0.068 0.043 0.058 0.020 0.021 0.041 3.4 15.443 0.067

H21 12.21081 41.14340 1 1 old 5.8 19.165 1.614 0.786 0.296 0.287 0.122 0.176 0.037 0.035 0.067 - - -

B337D 12.29681 41.12245 1 2 old 4.0 18.476 1.462 0.606 0.308 0.144 0.054 0.078 0.024 0.024 0.044 - - -

B403-G348 12.32344 41.58564 1 1 old 7.6 16.698 1.607 0.752 0.352 0.261 0.022 0.033 0.014 0.013 0.016 - - -

B405-G351 12.41585 41.59160 1 1 old 8.8 15.493 1.388 0.608 0.291 0.182 0.017 0.019 0.012 0.012 0.013 6.4 12.660 0.028

H22 12.43605 38.31052 1 1 old 7.6 17.371 1.523 0.561 0.261 0.142 0.034 0.048 0.016 0.016 0.023 - - -

B407-G352 12.54149 41.68366 1 1 old 8.2 16.515 1.738 0.759 0.401 0.280 0.026 0.033 0.013 0.013 0.015 5.8 13.101 0.032

G353-BA13 12.57577 42.59559 1 1 unknown 8.2 17.469 1.367 0.535 0.283 0.090 0.046 0.044 0.017 0.017 0.028 - - -

MGC1 12.67688 32.91631 1 1 old - - - - - - - - - - - - - -

HEC9 12.69137 41.69264 1 8 old 12.0 19.035 - 0.731 0.171 - 0.077 - 0.092 0.100 - - - -

EXT8 13.31045 41.55686 1 1 unknown 10.0 15.873 1.114 0.545 0.222 0.106 0.018 0.020 0.012 0.012 0.015 - - -

H23 13.60396 39.71554 1 1 old 7.0 17.205 1.555 0.693 0.302 0.155 0.022 0.045 0.015 0.015 0.019 - - -

HEC10 13.65148 44.97887 1 8 old 12.0 19.316 - 0.487 0.179 - 0.081 - 0.118 0.147 - - - -

HEC11 13.82202 38.85081 1 8 old 8.0 18.872 - 0.540 0.225 - 0.043 - 0.055 0.064 - - - -

H24 13.93309 42.77114 1 1 old 7.6 18.244 1.625 0.705 0.296 0.199 0.032 0.088 0.023 0.023 0.040 - - -

HEC12 14.56425 38.05056 1 8 old - - - - - - - - - - - - - -

HEC13 14.57054 37.23081 1 8 old - - - - - - - - - - - - - -

H26 14.86404 37.69281 1 1 old - - - - - - - - - - - - - -

H25 14.89392 44.09412 1 1 old 8.2 17.197 1.319 0.577 0.295 0.164 0.058 0.039 0.016 0.016 0.023 - - -

B517 14.99961 41.90184 1 1 unknown 10.6 16.892 1.203 0.642 0.295 0.131 0.031 0.033 0.015 0.014 0.022 - - -

H27 16.85958 35.77958 1 1 old - - - - - - - - - - - - - -
1Cluster name, taken from the Revised Bologna Catalogue (Galleti et al., 2004)
2Position of object in SDSSr-band image [J2000, degrees]
3Classification of source as described in chapter 2. Options for flag, f: 1-old globular cluster; 2-candidate cluster (21-candidate old cluster, 23-candidate young cluster); 3-young cluster; 4-galaxy; 5-HII

region; 6-stellar source. Flags fRBC and fC09 indicate the previous classifications of the source from theRBC v3.5 of Galletiet al. (2004) and from the catalogue of Caldwellet al. (2009), respectively.
4Aperture size used to measure the total magnitude of the cluster [arcsec]
5Error on the total magnitude, includes the statistical, calibration and systematic errors



B
Catalogue of young clusters in M31

(table 2.1: young clusters)

This table lists all objects classified as young clusters in M31. Our classification

criteria are discussed in chapter 2. We also include the previous classifications of

these sources from the catalogues of Galletiet al.(2004) and Caldwellet al.(2009).

Where available, we include optical and near infrared photometry of these clusters

in theu,g,r,i,zand K-bands. Details of this catalogue are discussed in chapter 2.
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GC Name1 RA2 DEC2 Classification3 Photometry

f fRBC fC09 R4
g g (u−g) (g− r) (r − i) (i−z) σ5

g,tot σ(u−g) σ(g−r) σ(r−i) σ(i−z) R4
K Ks σ5

K,tot

B431-G027 9.72821 40.58231 3 1 young 5.8 17.709 1.226 0.224 0.273 -0.084 0.092 0.053 0.021 0.024 0.057 3.4 15.964 0.287

SK007A 9.93363 40.85526 3 1 unknown 4.0 17.724 0.238 -0.082 0.086 -0.012 0.031 0.028 0.023 0.031 0.073 2.8 15.932 0.130

B314-G037 9.93581 40.23553 3 7 young 7.6 17.647 1.354 0.375 0.171 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 0.2350.150 0.183 0.026 0.021 0.014 0.015 0.021 5.2 14.393 0.041

DAO30 9.96162 40.30409 3 1 young 5.8 18.596 1.558 0.611 0.2260.306 0.050 0.113 0.028 0.031 0.057 3.4 15.814 0.232

KHM31-22 9.99457 40.59006 3 - young 3.4 19.997 1.008 0.465 0.364 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 -0.199 0.034 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 0.0100.031 -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 0.1150.154 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 0.026 -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 0.1740.100 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 0.229 -0.112 0.216 0.031 0.047 0.026 0.038 0.075 3.4 16.178 0.109

B322-G049 10.07186 40.65123 3 1 young 5.8 17.523 0.716 0.003-0.028 -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 0.1150.128 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 0.2680.114 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 0.0520.049 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 0.279 0.231 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 0.1130.100 0.192 0.021 0.020 0.015 0.017 0.026 - - -

VDB0-B195D 10.12250 40.60414 3 1 young 10.6 14.878 0.601 0.059 0.117 0.124 0.029 0.014 0.012 0.013 0.016 - - -

BH05 10.12714 40.75814 3 2 young 5.8 15.700 0.398 -0.127 -0.005 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 -0.304 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 0.4340.182 0.198 0.115 0.066 0.026 0.031 0.057 4.6 15.639 0.220

BH09 10.15481 40.55596 3 2 young 2.8 20.032 - 0.584 0.235 0.154 0.060 - 0.062 0.072 0.152 - - -

B006D-D036 10.15576 40.81265 3 1 young 5.2 18.437 1.286 0.134 0.206 0.112 0.069 0.091 0.034 0.046 0.100 4.0 15.934 0.160

BH10 10.18705 40.88559 3 2 young 4.6 19.371 1.663 0.474 0.2310.198 0.157 0.260 0.053 0.068 0.146 2.8 15.578 0.082

PHF7-1 10.19342 40.86136 3 - old 3.4 18.688 1.182 0.263 0.1490.107 0.181 0.084 0.032 0.043 0.094 3.4 15.802 0.145

V202 10.19906 40.92631 3 2 young 3.4 19.116 1.181 0.099 - - 0.073 0.118 0.049 - - 2.8 17.128 0.715

B452-G069 10.20138 40.58498 3 2 young 6.4 17.793 1.024 0.0990.107 -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 0.140 0.237 0.058 0.044 0.026 0.035 0.068 2.8 15.252 0.047
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B018-G071 10.20583 40.69220 3 1 young 6.4 17.849 1.540 0.6340.394 0.195 0.059 0.065 0.022 0.023 0.036 4.6 14.675 0.132

B010D 10.21280 41.25136 3 2 young 4.0 19.110 1.687 0.492 0.215 0.130 0.114 0.193 0.036 0.044 0.114 2.8 17.069 0.259

B011D 10.21508 40.73504 3 2 young 4.6 17.872 0.951 0.662 0.717 0.718 0.076 0.042 0.021 0.020 0.023 4.6 13.035 0.045

B012D-D039 10.21776 40.97812 3 1 young 4.6 19.033 1.566 0.558 0.341 0.323 0.052 0.180 0.044 0.051 0.089 4.6 15.735 0.304

SK018A 10.22351 41.27076 3 1 young 4.0 19.661 1.683 0.668 0.372 0.405 0.204 0.310 0.048 0.054 0.111 2.8 16.014 0.122

KHM31-77 10.22368 40.61405 3 - young 2.8 20.200 - 0.814 0.6090.303 0.148 - 0.064 0.060 0.098 - - -

KHM31-81 10.23226 40.58955 3 - young 2.8 19.746 0.443 0.168 0.229 0.442 0.157 0.088 0.059 0.080 0.139 - - -

KHM31-85 10.23597 40.57361 3 - young 4.0 18.880 - 0.130 0.165-0.331 0.036 - 0.043 0.059 0.180 - - -

KHM31-97 10.24505 40.57337 3 - young 3.4 19.216 1.082 0.105 0.090 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 0.359 - 0.044 0.123 0.036 0.044 - 2.8 16.104 0.126

B015D-D041 10.26137 41.11007 3 1 young 5.2 18.696 1.699 0.685 0.303 0.287 0.091 0.159 0.037 0.044 0.075 3.4 16.002 0.135

KHM31-113 10.26147 40.57895 3 - young 5.2 18.455 1.119 0.071-0.135 -0.098 0.081 0.074 0.035 0.060 0.157 2.8 16.859 0.144

BH12 10.26208 40.58287 3 2 young 3.4 18.220 0.980 -0.007 0.035 -0.008 0.090 0.047 0.027 0.039 0.090 2.8 16.725 0.184

B453-D042 10.26379 41.01539 3 6 young 4.6 18.250 0.904 -0.527 -0.262 0.478 0.110 0.058 0.045 0.090 0.170 2.8 16.359 0.611

LGS04105.6...-SK067B 10.27338 41.12849 3 2 young 2.8 19.174 1.722 0.918 0.476 0.205 0.042 0.164 0.035 0.035 0.059 2.8 15.684 0.055

B200D-D043 10.27856 40.57466 3 2 young 4.0 18.586 0.884 0.006 0.082 0.286 0.032 0.063 0.037 0.056 0.108 2.8 16.520 0.155

B201D-D044 10.28451 40.54778 3 2 young 4.0 18.913 1.533 0.475 0.362 0.069 0.074 0.131 0.032 0.035 0.070 2.8 15.365 0.044

V031 10.30100 41.09133 3 1 young 6.4 18.048 1.572 0.444 0.3550.532 0.086 0.097 0.030 0.037 0.052 4.0 14.877 0.214

G083-V225 10.30177 41.16369 3 2 young 4.0 18.854 - 0.409 0.296 -0.036 0.233 - 0.044 0.057 0.127 2.8 15.977 0.245

G085-V015 10.30333 40.57144 3 2 young 8.2 17.405 0.970 0.1020.219 0.218 0.030 0.035 0.019 0.022 0.036 4.0 14.999 0.055

V014 10.30755 40.56607 3 2 young 6.4 17.485 0.976 0.156 0.1030.003 0.051 0.035 0.019 0.022 0.042 4.0 16.064 0.092

B342-G094 10.35046 40.61310 3 1 young 6.4 17.878 0.927 0.048-0.033 -0.465 0.047 0.044 0.023 0.031 0.098 3.4 16.457 0.136

DAO47 10.37284 40.75470 3 1 young 3.4 19.214 1.301 0.295 0.198 0.193 0.080 0.124 0.046 0.063 0.124 2.8 16.030 0.093

LGS04131.1404612 10.37977 40.77027 3 - young 4.0 18.938 1.407 0.271 0.165 0.142 0.112 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 0.343 0.186 0.050 0.051 0.020 0.023 0.036 4.6 14.469 0.056

B040-G102 10.41198 40.68176 3 1 young 6.4 17.380 0.936 0.1930.136 0.071 0.035 0.033 0.018 0.021 0.038 3.4 15.913 0.165

PHF8-1 10.41460 40.67594 3 - young 3.4 19.252 0.967 0.245 0.347 0.130 0.031 0.098 0.040 0.048 0.096 2.8 15.910 0.191

B206D-D048 10.41909 40.83523 3 1 young 4.6 18.737 1.420 0.360 0.032 -0.148 0.089 0.109 0.037 0.054 0.139 - - -

B521-SK034A 10.42387 40.86712 3 2 young 4.0 19.272 1.629 0.611 0.439 0.019 0.101 0.196 0.049 0.057 0.112 2.8 15.587 0.057

B043-G106 10.42629 40.71111 3 1 young 6.4 16.980 0.925 0.1530.092 0.107 0.030 0.026 0.017 0.021 0.036 2.8 15.075 0.068

B458-D049 10.43595 40.85628 3 1 young 7.0 17.989 1.381 0.2930.196 -0.082 0.086 0.067 0.028 0.037 0.079 2.8 16.899 0.486

B049-G112 10.43987 40.83194 3 1 young 5.8 17.708 1.493 0.3710.244 0.222 0.110 0.057 0.022 0.027 0.044 3.4 15.203 0.183

B032D 10.44150 41.21706 3 2 young - - - - - - - - - - - - - -
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B035D 10.45999 41.33424 3 2 young 4.0 18.677 1.375 0.411 0.360 0.324 0.111 0.118 0.048 0.061 0.093 - - -

KHM31-345 10.47437 40.83594 3 - young - - - - - - - - - - - - - -

KHM31-151 10.48560 40.76650 3 - young 3.4 19.891 0.828 -0.012 0.252 0.612 0.208 0.149 0.090 0.135 0.208 2.8 16.960 0.292

KHM31-152 10.48714 40.77571 3 - young 3.4 19.705 - 0.339 0.360 0.188 0.090 - 0.064 0.082 0.159 2.8 16.874 0.268

B255 10.50003 40.80945 3 2 young 5.8 18.187 1.585 0.424 0.3670.329 0.094 0.085 0.027 0.032 0.050 5.2 14.938 0.074

B066-G128 10.51287 40.74642 3 1 young 7.0 17.438 0.726 0.010-0.231 0.296 0.022 0.030 0.020 0.029 0.051 4.0 16.521 0.180

B040D 10.51789 41.30204 3 2 young 2.8 19.103 1.774 0.458 0.438 0.365 0.264 0.170 0.048 0.059 0.085 - - -

B069-G132 10.52297 41.43594 3 1 young 5.8 18.305 1.247 0.2830.128 0.034 0.056 0.088 0.043 0.063 0.123 - - -

B081-G142 10.55664 40.81083 3 1 young 5.8 17.205 1.540 0.4180.350 0.286 0.030 0.040 0.016 0.017 0.024 4.6 14.024 0.030

B091-G151 10.59046 41.36817 3 1 young 4.0 17.915 1.357 0.2130.159 0.144 0.127 0.065 0.032 0.045 0.078 - - -

B349 10.60053 40.62886 3 2 young 4.0 18.497 1.337 0.606 0.4330.309 0.052 0.082 0.025 0.026 0.040 2.8 15.018 0.039

B061D 10.63564 41.36164 3 2 young 2.8 19.291 1.199 -0.284 0.147 -0.014 0.085 0.126 0.087 0.147 0.312 - - -

B067D 10.66247 41.61204 3 2 young 4.0 19.386 1.203 0.552 0.374 0.196 0.044 0.163 0.042 0.049 0.114 - - -

B133-G191 10.71516 41.39167 3 6 young 5.2 17.491 0.509 0.2080.264 0.262 0.091 0.031 0.024 0.031 0.048 - - -

B081D 10.72996 41.05205 3 6 young 4.0 18.177 1.084 0.420 0.181 0.142 0.046 0.056 0.028 0.037 0.066 - - -

B095D 10.80850 41.14579 3 2 young 2.8 19.362 - 0.415 0.470 0.429 0.117 - 0.057 0.071 0.097 - - -

B097D 10.81976 41.10927 3 2 young 4.6 18.770 - 0.746 0.413 0.288 0.120 - 0.043 0.050 0.074 - - -

B098D 10.82230 41.52483 3 2 young 5.2 18.746 1.335 0.149 0.094 0.548 0.096 0.123 0.047 0.074 0.116 2.8 17.075 0.171

B089D 10.82250 41.52500 3 2 young 2.8 19.277 1.195 - - -0.035 0.075 0.120 - - 0.147 - - -

B271 10.84620 41.42395 3 2 young 3.4 19.046 1.639 0.799 0.4810.241 0.085 0.167 0.040 0.044 0.069 - - -

B192-G242 10.93547 41.62417 3 2 young 4.6 18.245 1.149 0.0680.147 -0.140 0.067 0.068 0.031 0.043 0.109 2.8 16.746 0.506

M001 10.93786 41.30334 3 2 young 2.8 19.254 1.104 0.200 0.409-0.036 0.115 0.103 0.062 0.085 0.159 - - -

B195 10.95231 41.04101 3 2 young 5.2 18.745 1.414 0.423 0.2420.351 0.047 0.110 0.032 0.039 0.064 2.8 16.180 0.068

M003 10.97613 41.23659 3 2 young 4.0 18.603 0.694 0.384 0.3730.313 0.100 0.063 0.046 0.061 0.089 - - -

B106D 10.97687 41.25381 3 2 young 4.0 18.320 1.205 0.347 0.282 0.216 0.073 0.072 0.039 0.053 0.084 - - -

B108D-SK150B 10.98793 41.75911 3 2 young 5.8 18.565 1.615 0.397 0.331 0.133 0.074 0.134 0.034 0.042 0.082 5.8 15.148 0.244

M005 10.99167 41.35933 3 2 young 3.4 19.759 1.265 0.233 -0.079 -0.356 0.198 0.201 0.089 0.162 0.482 - - -

LGS04359.1413843 10.99655 41.64549 3 - young 5.8 18.125 1.148 -0.180 -0.004 -0.276 0.065 0.066 0.034 0.054 0.165 2.8 16.842 0.588

B210-M11 11.01159 41.24013 3 1 young 6.4 17.725 1.208 0.383 0.192 0.133 0.046 0.046 0.020 0.023 0.039 2.8 15.417 0.201

B111D-D065 11.02040 41.65158 3 1 young 5.2 17.972 0.873 0.050 -0.047 0.051 0.061 0.048 0.027 0.041 0.093 2.8 16.540 0.451

B240D-D066 11.02866 41.67444 3 1 young 5.2 17.827 -0.037 -0.251 -0.137 -0.123 0.068 0.028 0.028 0.048 0.129 2.8 15.787 0.196

M016 11.03352 41.39839 3 2 young 3.4 19.579 - 0.205 0.067 0.357 0.149 - 0.079 0.130 0.218 2.8 16.268 0.218

B216-G267 11.03659 41.63217 3 7 young 8.2 17.190 1.157 0.315-0.056 0.076 0.057 0.039 0.019 0.025 0.048 4.0 15.699 0.197
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M020 11.05811 41.37188 3 2 young 4.0 18.588 0.276 -0.134 0.093 0.016 0.029 0.047 0.052 0.086 0.178 3.4 16.231 0.172

M023 11.07884 41.35267 3 2 young 5.2 18.550 1.515 0.177 0.033-0.255 0.045 0.113 0.045 0.073 0.186 2.8 17.184 0.772

M025 11.08197 41.40248 3 2 young 4.0 18.919 1.285 0.026 0.117-0.116 0.064 0.117 0.060 0.097 0.224 - - -

B112D-M27 11.08825 41.31949 3 2 young 3.4 18.900 1.390 0.4910.415 0.331 0.049 0.108 0.030 0.033 0.051 3.4 15.431 0.190

B278-M30 11.09718 41.58440 3 2 young 2.8 19.121 1.370 0.233 0.230 0.209 0.049 0.105 0.043 0.060 0.105 4.0 16.337 0.202

M031 11.10113 41.56615 3 2 young 4.0 19.092 1.064 0.361 0.3810.201 0.059 0.109 0.052 0.066 0.113 3.4 15.692 0.489

B222-G277 11.10563 41.23665 3 1 young 8.2 17.741 1.532 0.4950.354 0.224 0.028 0.062 0.020 0.022 0.034 3.4 14.613 0.092

B223-G278 11.11271 41.57699 3 7 young 5.2 17.714 1.103 0.0790.006 0.153 0.027 0.043 0.026 0.038 0.068 2.8 15.679 0.183

M039 11.13061 41.50129 3 2 young 3.4 19.015 1.329 0.181 0.118-0.099 0.041 0.110 0.047 0.072 0.164 2.8 17.783 0.386

M040 11.13128 41.46537 3 2 young 5.8 19.564 - 0.539 0.832 0.327 0.090 - 0.080 0.082 0.110 4.0 15.804 0.236

M042 11.14153 41.35081 3 2 young 5.8 18.855 1.104 0.199 -0.005 0.134 0.082 0.098 0.038 0.057 0.123 - - -

M043 11.14310 41.38657 3 2 young 3.4 19.957 - 0.378 0.309 0.535 0.150 - 0.091 0.118 0.182 2.8 15.750 0.157

DAO69 11.14500 41.89090 3 2 young 6.4 17.325 0.766 -0.000 -0.546 0.202 0.031 0.031 0.020 0.035 0.077 2.8 15.719 0.107

M045 11.15156 41.59253 3 2 young 4.6 19.216 - 0.831 0.539 0.139 0.043 - 0.044 0.045 0.077 4.0 15.934 0.545

B118D-M049 11.16540 41.40774 3 1 young 4.6 18.468 1.119 0.346 0.286 0.186 0.137 0.073 0.035 0.046 0.078 2.8 15.494 0.120

M050 11.16948 41.50181 3 2 young 6.4 18.610 1.569 0.325 0.285-0.114 0.131 0.135 0.045 0.060 0.131 4.0 16.661 0.342

B367-G292 11.19654 42.09218 3 1 young 5.2 18.203 1.069 0.3100.169 0.253 0.027 0.060 0.023 0.028 0.061 2.8 16.260 0.161

B368-G293 11.19917 41.85252 3 1 young 4.0 18.003 0.598 -0.147 -0.074 -0.048 0.140 0.040 0.028 0.043 0.114 2.8 16.705 0.155

KHM31-234 11.20572 41.32654 3 - young 3.4 20.564 - 0.182 0.334 0.605 0.081 - 0.112 0.150 0.228 2.8 16.283 0.178

KHM31-246 11.22806 41.48093 3 - interm 2.8 20.125 1.089 0.256 0.156 0.002 0.091 0.192 0.090 0.138 0.302 2.8 16.300 0.098

B475-V128 11.23356 41.90021 3 1 young 8.8 17.408 1.482 0.3000.281 0.263 0.050 0.059 0.021 0.024 0.041 3.4 15.952 0.127

B256D 11.24469 41.91020 3 2 young 4.6 17.234 0.845 0.439 0.400 0.326 0.022 0.030 0.017 0.018 0.025 4.0 13.646 0.031

B257D-D073 11.24791 41.91301 3 1 young 5.8 18.049 1.316 0.091 0.155 -0.155 0.052 0.069 0.027 0.036 0.093 2.8 16.782 0.372

M057 11.26150 41.78396 3 2 young 3.4 20.319 - 0.928 0.687 0.158 0.108 - 0.081 0.073 0.123 2.8 16.835 0.472

M059 11.26696 41.77242 3 2 young 3.4 19.087 1.625 0.514 0.3360.130 0.075 0.144 0.039 0.046 0.086 2.8 16.384 0.181

KHM31-264 11.27445 41.59535 3 - young 4.0 20.254 1.863 0.7430.356 0.358 0.207 0.571 0.098 0.114 0.190 2.8 16.337 0.474

M062 11.28185 41.75857 3 2 young 2.8 20.187 0.899 0.437 0.5420.144 0.171 0.170 0.076 0.088 0.160 2.8 16.300 0.197

B477-D075 11.28471 41.66053 3 2 young 4.6 18.202 1.319 0.118-0.049 - 0.045 0.067 0.031 0.048 - 2.8 17.152 1.036

V133 11.29383 42.00334 3 2 young 5.2 18.187 -0.054 0.084 -0.413 -0.186 0.028 0.032 0.027 0.047 0.165 - - -

M068 11.29581 41.64897 3 6 young 4.0 19.175 0.429 -0.365 0.278 0.047 0.090 0.073 0.079 0.122 0.262 3.4 16.864 0.568

M069 11.29696 41.82214 3 2 young 4.6 19.647 1.659 0.391 0.5150.343 0.265 0.299 0.074 0.087 0.139 4.0 15.935 0.097

WH28 11.30597 41.62666 3 - young 4.6 17.531 0.989 0.321 0.1770.035 0.036 0.035 0.020 0.025 0.044 2.8 15.820 0.220

M072-SK167C 11.30754 41.70733 3 2 young 4.0 18.570 1.301 0.116 0.093 0.067 0.068 0.085 0.037 0.054 0.115 2.8 17.424 0.514
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M073 11.31303 41.79223 3 2 young 2.8 20.092 0.975 0.362 0.2790.529 0.199 0.167 0.074 0.098 0.151 2.8 16.785 0.481

M076-SK170C 11.31711 41.72280 3 2 young 2.8 20.176 1.253 0.248 - - 0.303 0.224 0.084 - - - - -

M078 11.32401 41.69791 3 2 young 2.8 20.321 1.185 0.077 0.4640.213 0.142 0.239 0.104 0.137 0.249 2.8 16.951 1.193

M079 11.32418 41.68276 3 2 young 4.6 19.453 1.144 0.258 -0.164 -0.256 0.125 0.163 0.068 0.121 0.375 - - -

M080 11.33168 41.80842 3 2 young 4.6 18.942 0.779 0.092 0.1760.373 0.235 0.081 0.050 0.073 0.126 2.8 16.085 0.076

M081 11.34281 41.79913 3 2 young 2.8 20.628 - 0.622 0.173 - 0.300 - 0.099 0.131 - 2.8 16.814 0.573

M082 11.35931 41.76446 3 2 young 4.0 19.436 1.007 0.241 -0.029 0.412 0.066 0.135 0.064 0.104 0.187 2.8 16.345 0.080

B371-G303 11.36314 41.72908 3 1 young 9.4 17.790 1.335 0.3150.094 -0.009 0.047 0.064 0.026 0.035 0.074 2.8 16.891 0.343

M085 11.36672 41.70101 3 2 young 2.8 19.715 1.530 0.444 0.2450.083 0.041 0.190 0.053 0.069 0.143 2.8 17.098 0.272

M086 11.36870 41.82488 3 2 young 8.2 18.289 1.411 0.386 0.0180.181 0.036 0.093 0.033 0.047 0.092 2.8 16.651 0.313

M087 11.38363 41.82557 3 2 young 5.8 18.577 1.655 0.692 0.4400.473 0.099 0.118 0.030 0.033 0.045 4.0 14.947 0.103

M088 11.38546 41.72522 3 2 young 5.8 18.895 1.509 0.735 0.5020.326 0.102 0.148 0.039 0.041 0.063 3.4 14.985 0.050

M091 11.38792 41.70533 3 2 young 3.4 19.375 1.655 0.517 0.3790.222 0.090 0.188 0.047 0.055 0.098 2.8 15.699 0.116

M092 11.39824 41.75502 3 2 young 4.0 19.545 - 0.608 0.385 0.190 0.048 - 0.058 0.067 0.123 3.4 15.801 0.131

M093 11.40607 41.66979 3 2 young 3.4 20.057 - 0.688 0.115 -0.452 0.177 - 0.072 0.095 0.320 - - -

B374-G306 11.43550 41.69863 3 1 young 5.2 18.399 1.239 0.3900.122 -0.058 0.046 0.074 0.030 0.040 0.089 2.8 16.240 0.188

B480-V127 11.43981 41.76458 3 1 young 5.2 18.169 1.285 0.1620.119 0.043 0.057 0.065 0.029 0.041 0.083 2.8 15.500 0.188

M101 11.44282 41.80580 3 2 young 3.4 19.622 1.618 0.537 0.4100.316 0.143 0.221 0.051 0.057 0.100 3.4 15.845 0.066

B376-G309 11.45161 41.71108 3 1 young 5.2 18.144 1.010 0.2620.130 0.050 0.062 0.053 0.028 0.037 0.074 2.8 16.236 0.107

M104 11.45339 41.80560 3 2 young 4.6 18.786 1.342 0.301 0.030-0.158 0.059 0.104 0.036 0.052 0.140 - - -

M105 11.45705 41.65729 3 2 interm 4.0 19.398 1.549 0.630 0.437 0.069 0.122 0.199 0.042 0.044 0.090 3.4 16.947 0.354

DAO84 11.46803 41.71360 3 1 young 4.0 19.329 0.909 0.363 0.236 -0.707 0.096 0.115 0.055 0.074 0.293 - - -

B484-G310 11.47457 41.79362 3 1 young 4.0 18.503 1.512 0.3790.235 -0.129 0.080 0.093 0.029 0.036 0.084 2.8 16.277 0.071

B483-D085 11.47472 42.03834 3 1 young 5.8 18.436 1.379 0.2000.294 0.295 0.071 0.097 0.030 0.037 0.073 2.8 16.412 0.076

B380-G313 11.52583 42.01472 3 7 young 8.2 17.040 1.398 0.2130.115 0.090 0.031 0.036 0.017 0.020 0.035 3.4 15.407 0.101

B392-G329 11.75383 41.91236 3 6 young 9.4 17.073 1.415 0.4690.208 0.169 0.017 0.038 0.016 0.017 0.026 5.8 14.868 0.059
1Cluster name, taken from the Revised Bologna Catalogue (Galleti et al., 2004)
2Position of object in SDSSr-band image [J2000, degrees]
3Classification of source as described in chapter 2. Options for flag, f: 1-old globular cluster; 2-candidate cluster (21-candidate old cluster, 23-candidate young cluster); 3-young cluster; 4-galaxy; 5-HII

region; 6-stellar source. Flags fRBC and fC09 indicate the previous classifications of the source from theRBC v3.5 of Galletiet al. (2004) and from the catalogue of Caldwellet al. (2009), respectively.
4Aperture size used to measure the total magnitude of the cluster [arcsec]
5Error on the total magnitude, includes the statistical, calibration and systematic errors



C
Catalogue of candidate clusters in M31

(table 2.1: candidate clusters)

This table lists all potential (but unconfirmed) clusters inM31. Our classification

criteria are discussed in chapter 2. We also include the previous classifications of

these sources from the catalogues of Galletiet al.(2004) and Caldwellet al.(2009).

Where available, we include optical and near infrared photometry of these clusters

in theu,g,r,i,zand K-bands. Details of this catalogue are discussed in chapter 2.
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GC Name1 RA2 DEC2 Classification3 Photometry

f fRBC fC09 R4
g g (u−g) (g− r) (r − i) (i−z) σ5

g,tot σ(u−g) σ(g−r) σ(r−i) σ(i−z) R4
K Ks σ5

K,tot

SK002C 8.31599 40.00704 2 2 unknown 5.2 19.389 - 1.310 0.467 0.394 0.128 - 0.033 0.026 0.041 - - -

SK001B 8.34617 40.07819 2 2 unknown 5.2 18.650 1.617 0.827 0.386 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 0.253 -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 0.465 0.165 - 0.048 0.036 0.056 - - -

SK003B 8.40440 39.68317 2 2 unknown 8.8 17.147 1.278 0.702 0.343 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 0.313 0.122 - 0.037 0.029 0.062 - - -

SK006C 8.44221 39.81025 2 2 unknown 5.8 19.281 1.883 0.940 0.410 0.350 0.118 0.259 0.034 0.031 0.053 - - -

SK007C 8.47779 39.57689 2 2 unknown 5.2 19.468 - 1.508 0.591 0.344 0.133 - 0.035 0.024 0.045 - - -

B133D 8.54579 39.84726 2 2 star 7.6 18.361 1.230 0.880 0.393 0.280 0.053 0.085 0.022 0.021 0.041 - - -

SK009C 8.55076 40.10846 2 2 unknown 5.8 18.884 2.090 1.256 0.508 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 0.354 0.034 - 0.034 0.031 0.068 - - -

SK004B 8.64255 40.04724 2 2 unknown 4.6 19.986 - 1.124 0.452 0.318 0.048 - 0.050 0.040 0.074 - - -

SK011C 8.71320 39.92606 2 2 unknown 4.6 19.863 - 1.207 0.500 0.533 0.077 - 0.044 0.035 0.066 - - -

SK012C 8.78661 40.12594 2 2 unknown 3.4 19.926 1.502 0.868 0.389 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 0.303 0.131 - 0.043 0.037 0.085 - - -

B413 8.80411 41.48547 2 2 unknown 7.0 18.648 1.903 1.049 0.508 0.369 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 0.413 0.322 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 0.480 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 0.429 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 0.228 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 0.414 0.217 0.048 0.067 0.022 0.022 0.037 4.6 14.560 0.082

SK006B 8.89266 41.19814 2 2 unknown 4.0 19.524 1.869 0.846 0.503 0.150 0.125 0.323 0.037 0.034 0.066 - - -

SK007B 8.93874 39.65600 2 2 unknown 4.6 19.747 - 1.057 0.479 0.113 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 0.431 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 0.487 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 - - - - - - - - - - - - - -
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SK024C 8.97429 41.72850 2 2 unknown - - - - - - - - - - - - - -

SK025C 8.97592 41.78161 2 2 unknown - - - - - - - - - - - - - -

SK008B 8.99246 39.62658 2 2 unknown 5.2 18.780 1.722 0.988 0.444 0.433 0.070 0.160 0.025 0.022 0.039 - - -

SK009B 9.00095 40.93885 2 2 unknown 3.4 20.266 - 1.274 0.522 0.351 0.087 - 0.050 0.038 0.065 3.4 15.346 0.196

SK010B 9.00721 39.81411 2 2 unknown 5.2 19.092 1.740 0.958 0.479 0.235 0.102 0.216 0.030 0.026 0.056 - - -

SK011B 9.00846 41.24552 2 2 unknown 5.2 19.724 1.337 0.629 0.398 0.031 0.079 0.268 0.049 0.050 0.120 - - -

SK012B 9.02122 40.92229 2 2 unknown 7.0 18.724 1.772 1.300 0.524 0.385 0.060 0.147 0.025 0.020 0.029 6.4 13.856 0.077

SK026C 9.02335 39.96814 2 2 unknown 4.0 19.867 - 1.044 0.569 0.220 0.068 - 0.045 0.037 0.085 - - -

SK028C 9.07066 41.42682 2 2 unknown 3.4 19.822 1.054 0.942 0.475 0.229 0.088 0.179 0.040 0.035 0.065 - - -

SK029C 9.09281 39.86804 2 2 unknown 5.8 19.631 - 1.295 0.528 0.503 0.163 - 0.042 0.031 0.058 - - -

B139D 9.10324 39.75210 2 2 unknown 2.8 18.862 1.161 0.607 0.247 0.162 0.042 0.078 0.023 0.024 0.055 - - -

SK030C 9.11409 41.58738 2 2 unknown 2.8 22.240 - 1.632 0.808 0.540 0.504 - 0.194 0.094 0.144 - - -

SK031C 9.13096 42.10683 2 2 unknown - - - - - - - - - - - - - -

SK013B 9.13220 41.19494 2 2 unknown 4.0 19.491 0.998 1.105 0.505 0.368 0.037 0.149 0.035 0.028 0.046 - - -

SK032C 9.13911 41.50093 2 2 unknown 2.8 20.747 - 1.355 0.412 0.420 0.133 - 0.061 0.043 0.076 - - -

B142D 9.14113 41.15224 2 2 unknown 4.6 19.152 1.208 0.794 0.302 0.338 0.092 0.139 0.031 0.031 0.055 - - -

SK002A 9.14580 41.01902 2 1 unknown 2.8 19.553 1.290 0.548 0.196 0.092 0.075 0.123 0.033 0.038 0.086 - - -

B144D 9.15270 41.61775 2 2 unknown 3.4 18.442 - 0.953 0.425 0.287 0.039 - 0.020 0.018 0.027 - - -

SK033C 9.15787 42.24617 2 2 unknown - - - - - - - - - - - - - -

SK034C 9.18104 39.58239 2 2 unknown 6.4 18.810 2.002 1.115 0.479 0.403 0.094 0.196 0.026 0.022 0.036 - - -

SK035C 9.19442 41.44004 2 2 unknown 2.8 20.554 - 1.169 0.508 0.308 0.065 - 0.055 0.042 0.076 - - -

SK036C 9.19671 40.06954 2 2 unknown 3.4 20.205 - 1.283 0.581 0.411 0.160 - 0.049 0.035 0.069 - - -

SK037C 9.20509 39.66226 2 2 unknown 4.6 19.282 - 1.331 0.542 0.385 0.060 - 0.030 0.023 0.037 - - -

B150D 9.24949 41.42505 2 1 unknown 4.6 17.777 1.284 0.518 0.249 0.169 0.037 0.050 0.018 0.018 0.030 - - -

SK039C 9.25410 39.55779 2 2 unknown 2.8 20.652 - 1.384 0.862 0.500 0.300 - 0.056 0.036 0.052 - - -

SK040C 9.26421 41.55619 2 2 unknown 2.8 20.498 - 1.034 0.462 0.164 0.072 - 0.054 0.044 0.093 - - -

SK041C 9.27127 40.01866 2 2 unknown 4.0 19.747 - 1.107 0.567 0.307 0.148 - 0.041 0.033 0.070 - - -

SK042C 9.27616 41.74697 2 2 unknown 4.6 18.708 1.764 0.911 0.450 0.338 0.109 0.146 0.024 0.022 0.036 - - -

SK043C 9.28791 39.81965 2 2 unknown 2.8 19.987 - 0.913 0.304 0.382 0.067 - 0.039 0.038 0.074 - - -

SK045C 9.30386 41.44353 2 2 unknown 2.8 19.504 0.646 0.524 0.435 0.161 0.056 0.086 0.032 0.033 0.065 - - -

SK046C 9.37058 41.91742 2 2 unknown 2.8 20.706 - 1.360 0.816 0.505 0.061 - 0.058 0.037 0.054 - - -

SK017B 9.37687 40.61236 2 2 unknown 6.4 18.816 - 1.117 0.463 0.285 0.059 - 0.026 0.023 0.044 5.8 14.369 0.050

SK018B 9.37844 40.30691 2 2 unknown 4.0 19.553 - 0.825 0.500 0.222 0.081 - 0.042 0.039 0.085 3.4 15.419 0.084
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SK019B 9.38949 40.09152 2 2 unknown 5.2 19.466 - 1.113 0.441 0.296 0.068 - 0.037 0.032 0.066 4.6 15.103 0.074

SK020B 9.39873 40.58752 2 2 unknown 4.0 19.940 - 1.369 0.507 0.321 0.099 - 0.046 0.033 0.071 4.0 14.933 0.071

SK048C 9.40504 40.09456 2 2 unknown 5.8 18.526 1.634 1.127 0.489 0.405 0.079 0.126 0.023 0.020 0.032 5.2 14.010 0.052

SK049C 9.40540 41.90131 2 2 unknown 2.8 21.035 - 1.786 0.560 0.351 0.270 - 0.071 0.038 0.068 - - -

SK050C 9.42196 40.07878 2 2 unknown 2.8 19.982 - 1.205 0.548 0.469 0.070 - 0.039 0.030 0.053 2.8 15.229 0.071

SK051C 9.42418 40.08856 2 2 unknown 2.8 19.911 1.018 1.195 0.424 0.444 0.050 0.160 0.037 0.030 0.057 2.8 15.396 0.124

SK021B 9.47169 41.51939 2 2 unknown 2.8 19.939 0.759 0.525 0.203 0.301 0.095 0.131 0.042 0.048 0.099 - - -

SK022B 9.47630 40.29102 2 2 unknown 4.0 19.571 - 1.468 0.529 0.317 0.073 - 0.038 0.027 0.049 5.8 14.376 0.072

B423 9.48630 40.95987 2 1 unknown 6.4 18.164 1.410 0.581 0.305 0.216 0.074 0.069 0.021 0.022 0.036 4.6 15.570 0.132

SK052C 9.49212 41.39358 2 2 unknown 2.8 20.050 0.994 0.492 0.122 0.232 0.062 0.146 0.046 0.057 0.129 - - -

SK023B 9.50189 41.57107 2 2 unknown 2.8 19.463 1.171 0.525 0.218 0.188 0.052 0.123 0.032 0.035 0.073 - - -

SK053C 9.50333 42.04930 2 2 unknown 4.0 19.915 - 1.306 0.498 0.414 0.139 - 0.044 0.033 0.056 - - -

SK054C 9.52545 40.40861 2 2 unknown 2.8 18.618 2.115 0.866 0.345 0.138 0.031 0.137 0.021 0.021 0.038 2.8 15.558 0.044

SK055C 9.55368 41.87998 2 2 unknown 2.8 21.079 - 1.068 0.567 0.235 0.283 - 0.082 0.063 0.127 - - -

SK056C 9.59388 40.84925 2 2 unknown 3.4 19.489 1.691 0.952 0.468 0.397 0.055 0.228 0.034 0.031 0.060 3.4 15.370 0.059

SK057C 9.68138 41.97742 2 2 unknown 2.8 21.039 - 1.544 0.440 0.419 0.202 - 0.074 0.046 0.081 - - -

SK058C 9.70177 40.05055 2 2 unknown 4.0 19.701 - 1.010 0.439 0.302 0.062 - 0.043 0.038 0.073 4.0 15.524 0.130

SK060C 9.72457 40.64424 2 2 unknown 2.8 20.064 - 0.706 0.304 - 0.079 - 0.052 0.058 - - - -

DAO23 9.72640 40.44623 2 1 star 5.2 19.940 2.140 1.370 0.471 - 0.080 0.690 0.060 0.028 - 3.4 15.750 0.053

SH05 9.73000 41.17444 2 2 noobject - - - - - - - - - - - - - -

SK061C 9.74662 41.73293 2 2 unknown 2.8 19.996 1.621 0.841 0.245 0.291 0.083 0.281 0.040 0.039 0.079 - - -

SK062C 9.75514 42.06519 2 2 unknown 4.6 19.925 - 1.252 0.502 0.370 0.055 - 0.047 0.035 0.059 - - -

SK063C 9.78073 40.67038 2 2 unknown 3.4 19.057 0.980 0.106 0.272 0.280 0.098 0.094 0.039 0.050 0.108 - - -

SK064C 9.79051 41.58769 2 2 unknown 4.0 19.511 - 1.016 0.432 0.433 0.071 - 0.036 0.032 0.052 4.0 15.416 0.048

SK028B 9.80708 41.96444 2 2 unknown 3.4 19.286 0.964 0.537 0.432 0.249 0.084 0.107 0.032 0.032 0.060 - - -

SK066C 9.81334 42.38080 2 2 unknown 2.8 19.224 1.634 0.738 0.312 0.186 0.089 0.142 0.026 0.027 0.052 - - -

SH06 9.83042 41.17472 2 2 noobject - - - - - - - - - - - - - -

SK067C 9.83263 40.63327 2 2 unknown 4.0 19.039 1.485 1.211 0.661 0.407 0.050 0.159 0.030 0.024 0.037 4.6 14.069 0.037

SK029B 9.84934 42.02704 2 2 unknown 2.8 19.619 1.235 0.539 0.179 0.077 0.059 0.148 0.035 0.039 0.092 - - -

SK030B 9.86286 42.11561 2 2 unknown 2.8 19.722 0.635 0.410 0.139 0.179 0.051 0.100 0.038 0.046 0.106 - - -

SK069C 9.86844 42.04898 2 2 unknown 4.0 19.923 - 1.355 0.522 0.272 0.097 - 0.044 0.031 0.055 - - -

SH07 9.90587 42.16564 2 2 unknown 10.6 16.734 0.907 0.454 0.351 0.221 0.043 0.030 0.015 0.016 0.022 - - -

SK032B 9.93742 42.11805 2 2 unknown 4.0 17.731 1.539 0.618 0.228 0.157 0.024 0.057 0.017 0.017 0.028 - - -
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B001D 9.97750 41.38692 2 2 unknown - - - - - - - - - - - - - -

SK071C 9.99059 41.01604 2 2 unknown 4.0 19.367 1.758 1.074 0.498 0.395 0.067 0.254 0.035 0.030 0.056 2.8 14.788 0.052

B186D 10.00940 39.38665 2 2 unknown 9.4 17.945 1.563 0.696 0.344 0.201 0.052 0.084 0.020 0.020 0.034 5.2 14.863 0.046

SK073C 10.01791 40.23652 2 2 unknown 4.0 19.740 - 1.405 0.5850.356 0.085 - 0.040 0.029 0.045 4.6 14.518 0.045

SK039B 10.02098 41.78833 2 2 unknown 2.8 19.359 0.998 0.555 0.262 0.125 0.040 0.086 0.032 0.036 0.072 - - -

SK074C 10.02201 41.44339 2 2 unknown 2.8 19.878 1.232 0.412 0.089 0.092 0.070 0.158 0.044 0.056 0.131 - - -

SK075C 10.02871 41.71941 2 2 unknown 3.4 19.739 1.478 0.551 0.038 - 0.058 0.201 0.045 0.059 - - - -

SK040B 10.03156 41.96991 2 2 unknown 4.0 19.937 0.977 0.301 0.243 -0.031 0.081 0.178 0.060 0.078 0.217 - - -

BH02 10.04287 40.60728 2 2 unknown 4.0 18.510 0.844 0.234 0.238 0.287 0.026 0.060 0.032 0.040 0.072 - - -

SK042B 10.05852 41.69327 2 2 star 3.4 20.299 1.014 0.753 - - 0.070 0.222 0.070 - - - - -

SK043B 10.06402 40.61511 2 2 - 4.0 18.300 0.903 0.107 0.140 0.363 0.084 0.054 0.030 0.040 0.070 - - -

SK077C 10.06427 41.90658 2 2 unknown 2.8 19.855 - 0.776 0.1880.129 0.067 - 0.038 0.041 0.091 - - -

SK078C 10.06469 40.77312 2 2 unknown 2.8 19.837 1.027 0.559 0.372 0.017 0.060 0.157 0.049 0.057 0.138 2.8 16.788 0.567

SK079C 10.06914 41.56805 2 2 unknown 2.8 19.451 1.082 0.436 0.053 0.144 0.058 0.102 0.038 0.049 0.096 - - -

SK044B 10.07848 40.52091 2 2 unknown 4.0 19.323 - 1.186 0.6490.463 0.084 - 0.042 0.032 0.043 - - -

SK080C 10.08387 41.91871 2 2 unknown 2.8 20.159 - 1.447 0.9730.545 0.090 - 0.041 0.026 0.032 - - -

BH03 10.09429 41.67900 2 2 na - - - - - - - - - - - - - -

SK015A 10.10896 40.75886 2 1 star - - - - - -0.001 198.010 - - - 0.192 2.8 16.393 0.265

SK082C 10.11261 41.55522 2 2 unknown 2.8 19.830 1.090 0.513 0.295 0.145 0.062 0.139 0.047 0.054 0.101 2.8 17.262 0.437

BH04 10.11333 41.70664 2 2 old - - - - - - - - - - - - - -

SK047B 10.12079 41.70489 2 2 star 3.4 19.756 - - - - 0.075 - - - - 2.8 16.300 0.093

BH06 10.12768 40.74829 2 2 na 4.6 17.070 0.324 -0.218 0.140 0.306 0.027 0.022 0.018 0.023 0.040 4.0 14.579 0.204

SH08 10.13083 40.44083 2 2 noobject - - - - - - - - - - - - - -

SK016A 10.13229 40.76887 2 1 star 2.8 - - - 0.775 0.389 - - - 0.064 0.097 2.8 15.905 0.245

SK050B 10.14680 41.79242 2 2 unknown 2.8 20.541 - 1.157 0.3450.231 0.111 - 0.058 0.051 0.099 2.8 16.473 0.082

SK086C 10.18106 41.59300 2 2 unknown 3.4 19.728 0.734 0.696 0.313 -0.118 0.079 0.114 0.047 0.051 0.113 3.4 16.405 0.213

SK087C 10.19316 41.68387 2 2 unknown 4.0 19.513 1.492 0.901 0.269 0.128 0.110 0.200 0.039 0.039 0.076 3.4 16.524 0.114

B450 10.19451 41.67395 2 1 noobject 4.0 21.539 - 0.084 0.769 0.953 0.315 - 0.316 0.341 0.332 3.4 16.440 0.259

SK088C 10.20030 40.67775 2 2 unknown 4.0 20.233 - 0.667 0.7050.305 0.230 - 0.093 0.089 0.144 2.8 16.542 0.097

B009D 10.20826 41.02777 2 2 unknown 2.8 19.165 1.512 0.490 0.260 0.120 0.052 0.135 0.037 0.045 0.091 2.8 16.760 1.102

BH11 10.21183 40.67730 2 2 interm 2.8 20.475 - 0.797 0.630 0.353 0.113 - 0.080 0.074 0.118 2.8 16.622 0.127

SK054B 10.21407 41.71309 2 2 unknown 3.4 21.099 - 1.713 0.5770.346 0.211 - 0.097 0.052 0.083 3.4 15.589 0.154

B198D 10.21441 40.55774 2 2 unknown 7.0 18.231 1.397 0.497 0.374 0.264 0.095 0.087 0.029 0.032 0.053 - - -
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B246 10.21782 40.89900 2 2 old 6.4 18.626 - 0.793 0.537 0.097 0.058 - 0.033 0.033 0.062 3.4 15.486 0.162

SK090C 10.22113 40.01217 2 2 unknown 3.4 20.096 - 1.141 0.3950.569 0.140 - 0.046 0.039 0.063 3.4 15.252 0.149

SK059B 10.23836 40.74192 2 2 unknown 2.8 20.490 - 0.489 0.2170.379 0.320 - 0.091 0.119 0.218 2.8 16.818 0.495

SK091C 10.23878 40.36533 2 2 unknown 6.4 18.595 1.181 0.962 0.503 0.345 0.093 0.096 0.027 0.024 0.036 6.4 14.400 0.067

SK062B 10.24362 41.13105 2 2 unknown 2.8 21.001 - 1.521 0.4970.398 0.445 - 0.118 0.086 0.136 2.8 16.663 0.191

SK063B 10.25506 41.74149 2 2 unknown 4.6 18.144 0.444 0.090 0.011 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 0.6240.579 0.098 - 0.048 0.037 0.048 5.2 14.359 0.074

SK066B 10.27334 42.21541 2 2 unknown 5.2 19.165 2.085 0.820 0.403 0.167 0.083 0.249 0.031 0.031 0.060 3.4 15.482 0.119

SK068B 10.27668 41.16035 2 2 unknown 2.8 18.991 0.869 0.026 -0.084 -0.101 0.170 0.074 0.045 0.079 0.207 - - -

B016D 10.28031 40.83698 2 2 maybestar 4.6 18.481 0.206 -0.026 -0.241 -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 0.418 0.190 0.085 0.173 0.054 0.054 0.107 2.8 16.780 0.095

SK070B 10.28720 41.16546 2 2 unknown 5.2 18.182 1.817 1.012 0.546 0.306 0.084 0.113 0.025 0.024 0.034 4.6 14.084 0.089

SK071B 10.29552 40.38510 2 2 unknown 4.6 19.040 1.104 0.839 0.414 0.204 0.183 0.109 0.031 0.030 0.053 4.6 15.097 0.101

SK072B 10.30064 41.60291 2 2 unknown 3.4 18.969 1.143 0.394 0.105 -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 0.572 0.451 0.035 0.168 0.029 0.026 0.036 5.2 15.025 0.092

SK074B 10.30288 41.66051 2 2 unknown 3.4 19.210 0.924 0.263 0.006 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 0.506 0.515 0.043 0.242 0.048 0.051 0.073 3.4 15.049 0.064

SK097C 10.35195 42.33738 2 2 unknown 5.2 18.620 1.580 0.970 0.444 0.328 0.066 0.124 0.023 0.021 0.032 - - -

SK078B 10.35585 40.51484 2 2 unknown 2.8 20.739 - 1.438 0.6210.362 0.222 - 0.066 0.044 0.068 3.4 15.543 0.137

SK080B 10.36252 40.69361 2 2 unknown 3.4 18.831 1.224 0.291 0.237 0.207 0.195 0.085 0.035 0.044 0.084 3.4 16.302 0.503

B022D 10.37504 41.28870 2 1 maybestar 2.8 18.539 1.505 0.3440.143 0.082 0.029 0.086 0.033 0.047 0.089 2.8 16.413 0.127

B024D 10.39157 41.02353 2 2 unknown 2.8 20.140 - 0.923 0.408 0.522 0.199 - 0.069 0.073 0.109 2.8 16.230 0.733

SK085B 10.41936 40.97182 2 2 unknown 4.0 19.433 - 1.226 0.3610.108 0.203 - 0.046 0.042 0.078 3.4 14.838 0.210

SK100C 10.42083 41.06825 2 2 unknown 2.8 19.567 2.224 1.318 0.567 0.412 0.057 0.353 0.041 0.034 0.048 2.8 14.481 0.125

BH13 10.44048 41.55697 2 2 unknown 2.8 22.169 - 2.100 0.659 0.067 0.516 - 0.206 0.084 0.206 2.8 15.943 0.183

B522-SK038A 10.46228 40.88002 2 2 old 5.8 18.688 1.443 0.684 0.496 0.391 0.042 0.118 0.036 0.039 0.057 5.8 14.717 0.056

B460 10.47824 39.59029 2 2 star 6.4 18.500 1.317 0.607 0.358 0.232 0.048 0.078 0.026 0.025 0.045 4.0 15.094 0.116

SK090B 10.48736 40.49512 2 2 unknown 3.4 20.223 - 1.128 0.4980.396 0.106 - 0.056 0.046 0.073 3.4 15.567 0.072

B037D 10.49623 41.36611 2 2 maybestar 2.8 19.426 1.071 0.3070.059 -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 0.489 0.397 0.041 0.196 0.053 0.059 0.085 - - -

SK104C 10.51279 40.06371 2 2 unknown 4.0 19.493 1.279 0.867 0.468 0.461 0.129 0.183 0.036 0.033 0.053 2.8 15.470 0.085

B258 10.53256 41.15737 2 2 unknown 4.0 18.532 1.512 0.560 0.072 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 -0.019 -0.029 -0.082 0.038 0.029 0.024 0.034 0.079 - - -
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SK096B 10.56891 41.41298 2 2 unknown 2.8 20.069 - 1.304 0.5290.228 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 0.423 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 0.6550.449 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 -0.247-0.247 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 18.564 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 0.322 0.180 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 4.0 18.769 1.572 0.720 0.509 0.296 0.279 0.130 0.043 0.048 0.067 - - -

SK110C 10.63815 40.08177 2 2 unknown 4.0 20.100 - 1.206 0.3880.245 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 -0.0550.027 -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 4.0 19.437 1.046 0.822 0.412 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 2.8 17.970 1.606 0.679 0.393 0.269 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 0.232 - 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 -0.0060.071 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 0.471 0.316 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 0.115 0.182 0.092 0.179 0.056 0.082 0.154 - - -
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SK115B 10.73529 40.68536 2 2 unknown 2.8 20.578 0.722 - - 0.254 0.101 0.202 - - 0.112 2.8 16.315 0.062

SK116B 10.73670 40.50349 2 2 unknown 3.4 20.348 - 1.111 0.4690.345 0.143 - 0.057 0.047 0.086 - - -

B088D 10.74741 41.07149 2 2 na 4.0 18.189 1.378 - - - 0.152 0.071 0.035 0.058 - - - -

SK117C 10.75496 40.74973 2 2 unknown 2.8 20.490 - 1.156 0.4010.302 0.095 - 0.062 0.054 0.093 2.8 15.926 0.118

B092D 10.75684 41.21920 2 2 old 4.6 18.747 - 0.737 0.543 0.4870.063 - 0.044 0.048 0.060 - - -

BH23 10.76554 41.34117 2 2 na 4.0 - - - 0.221 0.244 - - - 0.045 0.070 - - -

SK118C 10.77185 41.24127 2 2 cluster 4.0 18.875 2.161 0.904 0.611 0.550 0.063 0.241 0.045 0.045 0.054 - - -

SK120C 10.79255 41.28903 2 2 na 2.8 19.186 2.329 1.078 0.496 0.126 0.570 0.262 0.041 0.040 0.062 - - -

BH25 10.80000 41.04689 2 2 na 3.4 18.680 1.106 -0.025 0.113 -0.031 0.214 0.070 0.033 0.045 0.105 - - -

B225D 10.80599 40.02066 2 2 unknown 3.4 18.428 1.112 0.258 0.043 0.131 0.023 0.052 0.023 0.028 0.058 - - -

SK125B 10.82882 42.25318 2 2 unknown 5.2 16.055 1.970 0.850 0.301 0.146 0.019 0.025 0.012 0.012 0.014 3.4 13.086 0.027

SK126B 10.83885 41.32277 2 2 unknown 2.8 19.697 - 0.977 0.5100.379 0.464 - 0.060 0.062 0.085 - - -

SK128B 10.84552 42.02845 2 2 unknown 5.2 19.417 - 0.980 0.5790.219 0.065 - 0.040 0.036 0.076 4.6 15.230 0.090

SK133B 10.86192 40.41686 2 2 unknown 2.8 20.447 - - - - 0.105 - - - - 2.8 16.470 0.104

SK134B 10.86661 40.59998 2 2 unknown 3.4 19.453 1.033 0.703 0.510 0.141 0.050 0.127 0.035 0.034 0.067 2.8 15.429 0.039

SK126C 10.87521 40.28531 2 2 unknown 3.4 19.335 0.791 0.315 0.210 - 0.062 0.096 0.036 0.043 - - - -

B274 10.91399 41.52172 2 2 unknown 3.4 19.330 - 0.812 0.346 0.149 0.074 - 0.044 0.050 0.092 2.8 15.732 0.251

SK138B 10.91400 41.16908 2 2 unknown 4.0 16.288 0.558 0.174 -0.002 0.077 0.111 0.018 0.015 0.020 0.030 - - -

B233D 10.92214 39.61274 2 2 unknown 9.4 16.723 1.255 0.666 0.452 0.215 0.028 0.026 0.014 0.014 0.017 - - -

SK128C 10.92460 40.40053 2 2 unknown 2.8 19.782 1.036 0.509 0.363 0.179 0.076 0.138 0.039 0.042 0.085 2.8 16.516 0.191

SK140B 10.92844 40.98263 2 2 unknown 2.8 20.483 - 1.155 0.4480.345 0.082 - 0.062 0.053 0.086 2.8 16.312 0.241

B102D 10.93715 41.34098 2 2 maybestar 3.4 19.338 1.123 0.4340.274 0.298 0.225 0.127 0.058 0.078 0.127 - - -

B104D-M2 10.95458 41.23770 2 2 maybestar 4.0 18.506 0.982 0.403 0.279 0.147 0.085 0.071 0.043 0.058 0.097 - - -

SK133C 10.96568 40.62890 2 2 unknown 3.4 20.228 0.918 1.006 0.558 0.321 0.142 0.222 0.054 0.045 0.082 2.8 15.524 0.140

SK147B 10.97160 40.33290 2 2 unknown 5.2 19.115 0.859 0.472 0.214 0.216 0.177 0.104 0.035 0.040 0.084 4.0 16.216 0.308

SK135C 11.00499 41.06827 2 2 unknown 4.6 19.810 - 1.662 0.5780.416 0.132 - 0.048 0.031 0.043 4.6 14.348 0.135

M012 11.01181 41.36120 2 2 interm 4.6 19.032 1.436 0.768 0.506 0.555 0.111 0.152 0.048 0.051 0.065 3.4 14.899 0.120

SK136C 11.01857 40.08882 2 2 unknown 2.8 19.271 1.503 0.522 0.241 0.055 0.045 0.111 0.030 0.032 0.070 - - -

SK137C 11.02389 41.26443 2 2 unknown 2.8 20.201 - 1.670 0.9000.580 0.169 - 0.074 0.043 0.049 2.8 14.324 0.087

SK138C 11.04995 42.18521 2 2 unknown 5.8 19.188 - 1.323 0.5500.299 0.135 - 0.033 0.026 0.049 5.2 14.363 0.116

SK084A 11.05143 41.35300 2 1 na 2.8 19.684 0.775 0.931 0.560 0.238 0.166 0.110 0.053 0.052 0.078 2.8 15.511 0.265

SH14 11.06167 41.92331 2 2 missing - - - - - - - - - - - - - -

SK140C 11.06939 40.60742 2 2 unknown 3.4 - - - 0.435 0.398 - - - 0.051 0.093 2.8 15.730 0.095
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B277-M22 11.07047 41.23772 2 2 interm 4.6 19.235 1.303 0.5540.371 0.080 0.134 0.150 0.041 0.047 0.091 4.0 16.504 0.326

B246D 11.09512 42.07584 2 2 maybestar 7.0 16.305 0.035 -0.154 -0.135 -0.108 0.014 0.016 0.014 0.016 0.035 4.6 15.932 0.130

SK142C 11.10240 41.86272 2 2 unknown 4.0 19.958 - 1.499 0.9620.808 0.343 - 0.060 0.038 0.039 4.0 13.512 0.072

SK167B 11.10482 40.93740 2 2 unknown 2.8 20.537 1.172 1.230 0.432 0.509 0.062 0.290 0.055 0.044 0.072 2.8 15.447 0.168

SK168B 11.10958 40.25143 2 2 unknown 4.6 18.032 1.294 0.563 0.266 0.154 0.027 0.050 0.020 0.020 0.035 4.0 14.838 0.062

B115D-M33 11.11048 41.64927 2 2 na 5.2 18.617 1.274 0.397 0.318 -0.157 0.062 0.093 0.036 0.046 0.103 3.4 15.945 0.215

SK169B 11.11103 40.71275 2 2 unknown 3.4 20.207 - 1.387 0.5100.444 0.123 - 0.049 0.035 0.058 4.0 15.117 0.079

SK171B 11.11872 40.70669 2 2 unknown 5.8 18.837 1.641 1.065 0.524 0.414 0.066 0.152 0.027 0.023 0.035 5.8 14.276 0.060

SK147C 11.13467 40.27789 2 2 unknown 5.8 19.588 - 1.469 0.5410.431 0.122 - 0.046 0.028 0.043 5.8 14.335 0.068

SK148C 11.13558 40.64905 2 2 unknown 6.4 18.666 1.963 1.229 0.518 0.336 0.098 0.199 0.024 0.020 0.029 6.4 13.918 0.080

SK149C 11.14321 41.85508 2 2 cluster - - - - - - - - - - - - - -

SK175B 11.14677 40.73143 2 2 unknown 4.0 19.658 1.044 1.054 0.360 0.655 0.074 0.166 0.040 0.036 0.055 3.4 15.472 0.056

M046 11.15278 41.45391 2 2 na 4.0 18.863 1.256 0.171 0.145 0.162 0.102 0.105 0.048 0.073 0.137 2.8 18.053 0.805

M047 11.15757 41.48115 2 2 interm 4.0 19.392 1.301 0.862 0.213 0.077 0.104 0.169 0.052 0.062 0.119 2.8 16.482 0.190

SK153C 11.16035 41.41979 2 2 cluster 7.0 16.811 0.328 0.732 -0.733 0.475 0.029 0.021 0.016 0.024 0.036 10.0 14.454 0.150

BH28 11.16280 41.74060 2 2 na 4.0 20.022 - 0.602 0.513 0.011 0.103 - 0.082 0.091 0.199 2.8 16.769 0.251

SK090A 11.17726 41.68606 2 1 unknown 3.4 19.949 - 0.644 0.1870.037 0.301 - 0.070 0.092 0.199 2.8 16.796 1.284

SK179B 11.17866 41.55728 2 2 star 4.0 18.077 1.201 0.480 0.355 0.129 0.039 0.056 0.025 0.030 0.048 4.0 15.126 0.114

SK156C 11.19149 40.58881 2 2 unknown 2.8 21.375 - 1.664 0.6640.308 0.200 - 0.097 0.050 0.087 2.8 15.914 0.126

SK157C 11.19305 40.55196 2 2 unknown 2.8 20.430 0.708 0.610 0.123 0.026 0.053 0.195 0.058 0.068 0.185 - - -

SK158C 11.20830 40.38773 2 2 unknown 3.4 20.283 - 1.470 0.6150.304 0.082 - 0.057 0.033 0.055 3.4 14.957 0.147

SK092A 11.21481 41.84909 2 1 unknown 3.4 20.263 - 0.415 0.0780.422 0.300 - 0.092 0.130 0.259 - - -

SK159C 11.22263 41.53229 2 2 cluster 2.8 20.129 - 0.595 0.046-0.846 0.272 - 0.070 0.109 0.473 - - -

SK160C 11.22686 40.11235 2 2 unknown 4.0 19.619 - 1.004 0.4380.436 0.121 - 0.042 0.033 0.052 - - -

SK184B 11.22808 41.87559 2 2 unknown 4.0 20.067 - 0.836 0.0970.407 0.104 - 0.076 0.089 0.176 3.4 17.166 0.584

M053 11.23877 41.80054 2 2 interm 2.8 19.845 - 0.992 0.627 0.464 0.122 - 0.047 0.043 0.061 2.8 14.765 0.062

SK189B 11.24713 40.97279 2 2 unknown 2.8 20.226 1.510 0.574 0.372 0.288 0.092 0.300 0.052 0.057 0.117 2.8 16.857 0.146

M055 11.24835 41.56086 2 2 na 4.0 19.258 1.552 0.881 0.287 -0.525 0.044 0.183 0.044 0.049 0.149 2.8 16.904 0.953

SK190B 11.25680 40.40317 2 2 unknown 6.4 18.807 1.967 1.301 0.441 0.335 0.077 0.168 0.028 0.021 0.032 7.0 14.110 0.049

SK095A 11.25927 41.82768 2 1 unknown 2.8 19.666 1.856 0.836 0.386 0.284 0.072 0.275 0.043 0.043 0.079 2.8 16.301 0.206

SK192B 11.26602 40.49988 2 2 unknown 5.8 18.691 0.985 0.623 0.355 0.094 0.076 0.087 0.026 0.027 0.053 3.4 15.313 0.081

SK193B 11.26732 40.71878 2 2 unknown 4.6 19.240 1.321 0.981 0.378 0.387 0.068 0.169 0.032 0.028 0.047 3.4 15.246 0.144

SK194B 11.26991 40.50892 2 2 unknown 3.4 19.038 0.775 0.362 0.294 0.008 0.067 0.079 0.029 0.033 0.075 2.8 16.137 0.091



151

SK097A 11.27128 41.70811 2 1 unknown 3.4 19.353 1.091 0.368 0.215 0.090 0.164 0.117 0.049 0.066 0.137 2.8 15.546 0.111

SK162C 11.27824 40.73543 2 2 unknown 3.4 19.760 - 1.164 0.4630.370 0.235 - 0.037 0.029 0.049 3.4 15.284 0.108

B476-D074 11.27992 41.67534 2 2 interm 5.2 18.818 1.505 0.731 0.404 0.247 0.152 0.130 0.036 0.040 0.065 2.8 15.992 0.306

SK197B 11.28139 41.00339 2 2 unknown 3.4 19.528 0.808 0.356 0.228 -0.232 0.071 0.111 0.041 0.050 0.157 - - -

M065 11.29154 41.70652 2 2 unknown 4.6 19.138 1.340 0.169 -0.219 -0.047 0.192 0.143 0.055 0.101 0.264 - - -

SK165C 11.29597 40.58738 2 2 unknown 4.0 20.118 - 1.022 0.4300.500 0.128 - 0.054 0.046 0.076 - - -

M070 11.29910 41.67215 2 2 interm 4.0 19.718 - 0.954 0.501 0.284 0.109 - 0.059 0.059 0.094 3.4 15.418 0.122

SK172C 11.33110 41.38114 2 2 unknown 4.0 20.234 - 1.444 0.5290.192 0.331 - 0.062 0.045 0.078 4.0 15.115 0.163

SK175C 11.33818 41.68222 2 2 unknown 2.8 19.377 1.173 0.469 0.251 - 0.036 0.109 0.042 0.053 - 2.8 16.613 0.424

SK174C 11.33841 41.50045 2 2 unknown 2.8 21.854 - 2.179 -0.649 0.717 0.406 - 0.158 0.130 0.224 2.8 16.931 0.389

SK179C 11.35571 40.31689 2 2 unknown 2.8 19.929 1.091 0.629 0.331 0.126 0.047 0.135 0.044 0.043 0.096 - - -

SK180C 11.36219 41.26253 2 2 unknown 3.4 20.188 1.162 0.960 0.491 0.226 0.112 0.247 0.059 0.055 0.097 2.8 15.637 0.128

SK181C 11.36343 41.69974 2 2 unknown 3.4 19.805 1.220 0.731 0.273 -0.172 0.149 0.189 0.059 0.069 0.172 - - -

SK182C 11.36383 41.54835 2 2 unknown 3.4 19.778 0.627 1.270 0.616 0.366 0.091 0.113 0.041 0.032 0.047 3.4 14.582 0.101

SK183C 11.36489 41.39000 2 2 unknown 6.4 18.302 1.707 0.996 0.445 0.309 0.073 0.104 0.023 0.021 0.031 6.4 14.101 0.144

SK202B 11.36845 41.51443 2 2 unknown 2.8 20.033 - 1.169 0.5970.155 0.041 - 0.044 0.035 0.060 2.8 15.301 0.124

SK204B 11.37750 40.79954 2 2 unknown 4.0 19.983 - 1.056 0.4200.324 0.118 - 0.049 0.041 0.074 - - -

SK205B 11.38863 40.28576 2 2 unknown 2.8 19.708 - 0.683 0.4100.261 0.069 - 0.038 0.035 0.066 - - -

B267D 11.39946 40.59295 2 2 maybestar 3.4 17.746 1.462 0.5420.182 0.088 0.036 0.042 0.017 0.018 0.029 - - -

BH29 11.40551 41.61258 2 2 na 4.0 19.805 0.840 0.399 0.171 -0.152 0.137 0.157 0.061 0.081 0.228 - - -

SK187C 11.40723 41.90121 2 2 unknown 4.0 19.417 1.641 0.562 0.324 0.036 0.045 0.220 0.049 0.057 0.125 2.8 17.095 0.377

SK188C 11.41167 41.89480 2 2 unknown 3.4 20.049 - 0.619 0.2600.396 0.235 - 0.067 0.080 0.143 2.8 16.719 0.116

SK207B 11.41328 41.83201 2 2 unknown 4.0 19.263 1.999 0.679 0.395 0.264 0.089 0.261 0.042 0.045 0.080 4.0 15.666 0.084

M095 11.41611 41.74490 2 2 unknown 3.4 19.352 0.841 0.362 0.371 0.077 0.213 0.097 0.049 0.061 0.122 2.8 16.982 0.139

SK190C 11.43330 41.90752 2 2 unknown 7.0 18.642 - 1.110 0.7690.448 0.125 - 0.034 0.027 0.035 7.0 13.617 0.074

SK210B 11.44619 40.75505 2 2 unknown 6.4 18.859 2.188 1.094 0.410 0.404 0.032 0.290 0.027 0.023 0.036 - - -

SK192C 11.44904 41.87146 2 2 unknown 2.8 19.894 1.633 0.430 0.096 0.089 0.131 0.237 0.056 0.076 0.177 - - -

B270D 11.45510 41.03032 2 2 maybestar 7.0 17.814 1.460 0.6120.304 0.188 0.079 0.063 0.019 0.019 0.033 - - -

DAO83 11.45768 41.80503 2 2 maybestar 2.8 19.870 1.799 0.157-0.175 0.004 0.050 0.267 0.062 0.110 0.297 - - -

SK193C 11.45822 40.08590 2 2 unknown 7.0 17.819 1.975 0.990 0.419 0.257 0.043 0.078 0.018 0.016 0.022 - - -

SK194C 11.45897 41.73052 2 2 back 4.0 20.029 - 1.376 0.683 0.465 0.247 - 0.066 0.048 0.064 3.4 14.604 0.144

SH18 11.46117 40.50651 2 2 - - - - - - - - - - - - - - -

SK195C 11.46387 40.42925 2 2 unknown 5.2 19.511 - 1.351 0.5430.449 0.130 - 0.042 0.027 0.042 - - -
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SK196C 11.46492 40.07886 2 2 unknown 3.4 19.680 2.143 1.113 0.409 0.340 0.087 0.316 0.039 0.030 0.048 - - -

SK105A 11.46608 41.96155 2 1 unknown 2.8 19.404 1.645 0.564 0.401 0.329 0.210 0.158 0.037 0.042 0.067 2.8 15.875 0.090

SK212B 11.46729 41.53054 2 2 unknown 3.4 19.814 - 0.823 0.3020.175 0.054 - 0.047 0.049 0.096 - - -

SK213B 11.47449 41.68656 2 2 unknown 3.4 19.474 1.030 0.615 0.324 0.397 0.198 0.124 0.048 0.057 0.091 2.8 15.550 0.066

SK214B 11.47515 39.94646 2 2 unknown 3.4 19.942 - 1.317 0.7250.376 0.093 - 0.036 0.026 0.036 - - -

SK197C 11.49022 40.28601 2 2 unknown 5.2 18.692 1.093 0.639 0.368 0.136 0.064 0.076 0.027 0.026 0.048 - - -

SK216B 11.51128 41.74799 2 2 unknown 2.8 18.948 -0.003 -0.285 -0.299 - 0.057 0.038 0.046 0.093 - - - -

SK198C 11.51185 40.38444 2 2 unknown 2.8 21.004 - 1.632 0.4980.337 0.246 - 0.083 0.041 0.071 - - -

SK199C 11.51576 41.60803 2 2 unknown 2.8 19.771 0.804 0.507 0.181 0.021 0.132 0.109 0.044 0.054 0.126 - - -

SK200C 11.52545 40.37388 2 2 unknown 5.8 18.950 2.151 1.285 0.439 0.452 0.118 0.233 0.031 0.022 0.032 - - -

SK217B 11.53930 41.48452 2 2 unknown 2.8 19.625 1.485 0.401 0.171 -0.040 0.063 0.166 0.042 0.053 0.129 - - -

SK218B 11.54201 40.92035 2 2 unknown 5.8 19.004 1.445 1.001 0.423 0.271 0.067 0.166 0.029 0.025 0.043 - - -

B276D 11.54304 40.84228 2 2 maybestar 2.8 18.264 1.444 0.6170.209 0.083 0.018 0.063 0.019 0.019 0.032 - - -

SK201C 11.57144 41.60996 2 2 unknown 4.6 20.044 - 1.463 0.6100.415 0.175 - 0.059 0.041 0.060 4.6 14.967 0.087

SK220B 11.57429 41.74560 2 2 unknown 3.4 20.400 - 0.873 0.2060.224 0.119 - 0.067 0.071 0.153 - - -

SK202C 11.57638 41.78360 2 2 unknown 4.0 19.964 1.223 0.785 0.434 0.190 0.087 0.248 0.067 0.069 0.134 3.4 15.730 0.089

SK221B 11.58025 40.39502 2 2 unknown 2.8 20.858 - 0.851 0.162 - 0.112 - 0.082 0.076 - - - -

B281D 11.59274 40.30234 2 2 maybestar 2.8 18.451 1.067 0.3830.123 0.012 0.031 0.046 0.021 0.023 0.044 - - -

SK203C 11.59512 40.96353 2 2 unknown 3.4 19.884 - 1.081 0.4430.391 0.177 - 0.041 0.033 0.056 3.4 15.447 0.074

SK204C 11.59561 40.34508 2 2 unknown 2.8 20.103 1.624 1.147 0.428 0.366 0.069 0.244 0.045 0.033 0.054 - - -

BH32 11.59820 42.01617 2 2 na 2.8 20.488 - 0.831 0.339 0.325 0.115 - 0.067 0.069 0.133 - - -

SK205C 11.60343 40.58572 2 2 unknown 7.0 19.011 - 1.318 0.5190.430 0.121 - 0.035 0.025 0.037 - - -

B283D 11.61906 41.88487 2 2 maybestar 6.4 17.647 1.166 0.4460.234 0.081 0.046 0.041 0.019 0.021 0.038 4.6 15.684 0.225

SK223B 11.63737 40.11049 2 2 unknown 4.0 18.234 1.933 0.694 0.267 0.152 0.065 0.112 0.019 0.019 0.031 - - -

SK206C 11.64457 40.51141 2 2 unknown 3.4 19.987 - 0.776 0.3830.272 0.063 - 0.051 0.046 0.091 - - -

SK207C 11.65233 41.17555 2 2 unknown 3.4 19.607 1.513 0.738 0.413 0.249 0.175 0.225 0.037 0.035 0.067 3.4 15.702 0.102

SK208C 11.65352 40.71702 2 2 unknown 3.4 19.720 1.576 0.968 0.474 0.375 0.098 0.199 0.041 0.033 0.056 - - -

B291D 11.67221 40.05088 2 2 maybestar 3.4 18.502 1.310 0.5020.092 0.203 0.022 0.075 0.021 0.022 0.040 - - -

SK226B 11.69946 42.03235 2 2 unknown 2.8 20.142 1.397 0.602 0.194 0.299 0.042 0.232 0.053 0.063 0.135 - - -

B293D 11.70015 40.03930 2 2 maybestar 4.6 18.160 1.230 0.4020.243 -0.181 0.024 0.063 0.020 0.021 0.043 - - -

SK212C 11.72145 41.36863 2 2 unknown 4.6 19.596 - 1.309 0.5620.451 0.117 - 0.038 0.028 0.044 4.6 14.597 0.101

SK227B 11.72700 42.01317 2 2 - - - - - - - - - - - - - - -

SK213C 11.74498 42.29593 2 2 unknown 5.2 19.395 1.270 0.677 0.369 0.334 0.127 0.193 0.041 0.042 0.094 2.8 16.065 0.097
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SK214C 11.74550 40.90068 2 2 unknown 5.2 19.001 1.835 1.272 0.478 0.371 0.093 0.164 0.029 0.022 0.033 5.8 14.205 0.059

SK230B 11.75918 41.18207 2 2 unknown 4.0 19.659 - 1.000 0.4060.454 0.086 - 0.040 0.034 0.057 3.4 15.625 0.102

SK215C 11.75967 41.05701 2 2 unknown 3.4 20.200 - 1.161 0.4910.476 0.289 - 0.049 0.038 0.062 4.0 15.492 0.188

SK216C 11.76569 41.65406 2 2 unknown 4.0 19.695 - 1.166 0.4660.342 0.038 - 0.043 0.035 0.059 4.0 15.157 0.069

SK231B 11.80885 40.37315 2 2 unknown 2.8 19.217 0.960 0.308 0.308 0.006 0.085 0.072 0.031 0.033 0.071 - - -

BA28 11.80924 42.36173 2 2 unknown 4.0 19.374 - 0.872 0.493 0.053 0.051 - 0.036 0.033 0.080 3.4 15.081 0.049

SK232B 11.81019 40.42749 2 2 unknown 4.0 19.259 - 0.994 0.4440.454 0.066 - 0.034 0.027 0.040 - - -

SK233B 11.81332 41.02012 2 2 unknown 4.6 19.233 0.816 0.778 0.321 0.118 0.055 0.110 0.032 0.032 0.067 2.8 15.545 0.070

SK219C 11.85542 41.03929 2 2 unknown 2.8 19.687 1.084 0.398 0.220 - 0.075 0.141 0.038 0.044 - - - -

SK234B 11.89690 41.02536 2 2 unknown 4.0 19.019 0.983 0.495 0.277 0.224 0.031 0.080 0.032 0.034 0.069 3.4 15.926 0.068

DAO93 11.94250 41.74861 2 2 noobject - - - - - - - - - - - - - -

DAO94 11.97659 42.73376 2 2 unknown 4.0 19.113 1.637 1.038 0.458 0.379 0.083 0.186 0.028 0.025 0.047 - - -

BA10 11.98445 42.47871 2 2 unknown 4.0 19.589 - 0.760 0.483 0.052 0.100 - 0.041 0.039 0.104 - - -

SK221C 11.99513 41.65929 2 2 unknown 2.8 20.223 - 0.897 0.4540.408 0.251 - 0.047 0.043 0.077 2.8 15.909 0.056

SK222C 11.99786 41.90366 2 2 unknown 3.4 19.849 1.131 0.476 0.235 0.410 0.184 0.177 0.048 0.057 0.109 - - -

SK238B 12.00710 41.83245 2 2 unknown 3.4 18.770 1.096 0.288 0.121 0.080 0.059 0.073 0.027 0.033 0.074 - - -

SK223C 12.01921 40.14094 2 2 unknown 4.6 18.827 1.288 1.207 0.458 0.327 0.038 0.131 0.024 0.020 0.027 - - -

SK224C 12.03600 41.81896 2 2 unknown 4.6 18.870 1.633 1.088 0.467 0.328 0.060 0.151 0.025 0.022 0.036 5.8 14.334 0.063

SK240B 12.10062 40.11206 2 2 unknown 2.8 19.984 0.667 0.748 0.347 0.223 0.114 0.148 0.041 0.039 0.069 - - -

SK242B 12.11109 41.32975 2 2 unknown 5.2 20.064 - 0.555 0.3850.323 0.153 - 0.065 0.069 0.141 - - -

SK243B 12.11337 42.04546 2 2 unknown 10.0 17.676 1.838 1.0760.476 0.395 0.044 0.079 0.018 0.016 0.021 8.8 13.290 0.045

SK244B 12.11437 41.10475 2 2 unknown 3.4 20.642 - 1.296 0.3920.209 0.106 - 0.076 0.051 0.106 - - -

SK225C 12.13074 42.01825 2 2 unknown 4.6 18.374 1.824 1.073 0.513 0.364 0.151 0.110 0.021 0.018 0.026 4.6 13.828 0.086

SK249B 12.13747 42.04591 2 2 unknown 5.8 18.968 1.886 1.019 0.420 0.238 0.050 0.202 0.028 0.025 0.045 4.6 14.809 0.035

SK252B 12.17169 41.53178 2 2 unknown 3.4 18.920 1.533 0.643 0.189 0.261 0.038 0.129 0.025 0.027 0.051 - - -

SK227C 12.18363 42.26361 2 2 unknown 3.4 19.750 - 0.934 0.4050.364 0.060 - 0.038 0.034 0.062 3.4 15.652 0.120

B504 12.18817 40.14620 2 2 star 7.0 18.129 1.657 0.983 0.401 0.300 0.042 0.118 0.020 0.018 0.025 - - -

SK228C 12.19374 41.77946 2 2 unknown 2.8 20.795 0.608 0.851 0.314 0.620 0.069 0.233 0.070 0.070 0.124 2.8 16.944 0.126

B334D 12.22861 39.59899 2 2 unknown 5.8 18.166 2.104 1.161 0.453 0.303 0.123 0.147 0.020 0.017 0.022 - - -

SK255B 12.26248 41.91600 2 2 unknown 7.0 18.033 1.883 0.698 0.351 0.209 0.059 0.105 0.020 0.020 0.035 4.0 15.321 0.100

SK256B 12.27252 41.96070 2 2 unknown 4.6 19.818 - 1.498 0.4980.466 0.125 - 0.042 0.029 0.047 4.6 14.697 0.075

SK229C 12.29609 41.96480 2 2 unknown 3.4 20.430 0.701 0.819 0.358 - 0.115 0.213 0.062 0.062 - 2.8 16.210 0.073

SK257B 12.31341 41.02490 2 2 unknown 2.8 19.065 1.433 0.491 0.197 0.018 0.047 0.096 0.028 0.029 0.060 - - -
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B338D 12.31571 40.77340 2 2 unknown 8.2 18.294 - 1.049 0.455 0.380 0.077 - 0.021 0.019 0.026 - - -

B339D 12.32291 40.75195 2 2 unknown 8.8 18.232 - 1.124 0.497 0.322 0.065 - 0.020 0.018 0.024 - - -

DAO104 12.33889 42.27119 2 2 unknown 5.2 19.262 1.218 0.584 0.351 0.227 0.093 0.141 0.035 0.037 0.076 3.4 16.094 0.107

SK232C 12.35699 42.10204 2 2 unknown 4.0 19.209 2.256 0.959 0.402 0.422 0.074 0.335 0.030 0.028 0.047 4.0 15.054 0.054

B340D 12.37155 41.07558 2 2 unknown 5.8 18.498 - 1.047 0.430 0.361 0.074 - 0.024 0.020 0.028 - - -

SK233C 12.39852 42.19533 2 2 unknown 4.6 19.607 1.141 1.075 0.468 0.506 0.133 0.173 0.039 0.032 0.051 4.0 15.278 0.081

B344D 12.46693 41.61080 2 1 unknown 4.6 17.426 1.325 0.600 0.279 0.175 0.055 0.042 0.016 0.016 0.023 3.4 14.700 0.069

B346D 12.51556 40.62766 2 2 unknown 7.0 18.345 1.584 1.125 0.500 0.292 0.062 0.129 0.021 0.018 0.024 - - -

SK258B 12.57280 42.11196 2 2 unknown 4.6 19.770 - 0.971 0.3750.462 0.041 - 0.043 0.040 0.072 3.4 15.764 0.075

B348D 12.58008 40.96753 2 2 unknown 5.2 19.094 - 1.143 0.452 0.405 0.083 - 0.027 0.022 0.032 - - -

B511 12.68121 40.18703 2 2 star 6.4 18.013 1.309 0.682 0.388 0.184 0.034 0.070 0.020 0.019 0.027 - - -

SH25 12.99458 41.58806 2 2 noobject - - - - - - - - - - - - - -
1Cluster name, taken from the Revised Bologna Catalogue (Galleti et al., 2004)
2Position of object in SDSSr-band image [J2000, degrees]
3Classification of source as described in chapter 2. Options for flag, f: 1-old globular cluster; 2-candidate cluster (21-candidate old cluster, 23-candidate young cluster); 3-young cluster; 4-galaxy; 5-HII

region; 6-stellar source. Flags fRBC and fC09 indicate the previous classifications of the source from theRBC v3.5 of Galletiet al. (2004) and from the catalogue of Caldwellet al. (2009), respectively.
4Aperture size used to measure the total magnitude of the cluster [arcsec]
5Error on the total magnitude, includes the statistical, calibration and systematic errors



D
The structural parameters of old

clusters in M31

(table 3.1)

This table contains the structural parameters for the 213 old clusters covered by our

WFCAM survey of M31. These parameters are measured from Kingmodel fits to

the WFCAM K-band images of these clusters, as presented in chapter 3. This table

is the full version of table 3.1, it is also available in electronic form from the VizieR

archive.

GC Name(1) χ2/ν (2) W(3)
0 c(3) K(4) r(5)

c r(5)
h r(5)

t log(ρc)
(6) log(Γ)(6) Flag(7)

B001-G039 1.07 6.25 13.70 1.31 1.25 2.71 25.9 3.87 6.00 1

B002-G043 1.07 8.10 15.34 1.86 0.34 1.93 24.8 4.55 5.90 1

B003-G045 1.15 9.55 14.91 2.25 0.24 4.05 42.7 4.82 5.99 1

B004-G050 1.69 6.45 14.18 1.37 0.92 2.13 21.4 4.05 6.01 1

B005-G052 1.20 8.25 12.54 1.91 0.36 2.27 29.1 5.57 7.47 12

B006-G058 0.85 9.60 12.64 2.26 0.20 3.47 36.2 5.97 7.55 1

B008-G060 11.15 4.30 14.04 0.89 2.16 2.77 16.8 3.31 5.63 1

B009-G061 1.35 7.40 14.63 1.65 0.56 2.00 24.6 4.35 6.02 1

B010-G062 1.02 6.00 14.00 1.25 2.70 5.37 48.2 2.79 5.05 1

B011-G063 1.28 7.00 14.20 1.52 0.63 1.84 21.1 4.44 6.26 1

B012-G064 0.95 7.25 12.69 1.60 0.91 3.00 36.1 4.52 6.70 1

B013-G065 1.06 3.35 14.47 0.73 4.90 5.08 26.1 2.21 4.70 1
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B015-V204 1.33 6.30 13.48 1.33 1.78 3.91 37.9 3.50 5.74 1

B016-G066 1.14 9.10 14.41 2.14 0.21 2.59 29.6 5.29 6.60 1

B017-G070 0.92 7.70 12.49 1.74 0.72 3.09 39.4 4.81 6.93 1

B019-G072 1.12 7.65 12.01 1.72 0.64 2.67 33.9 5.16 7.36 2

B020-G073 1.17 7.20 12.17 1.58 0.84 2.72 32.4 4.83 7.10 1

B020D-G089 1.15 8.95 14.06 2.10 0.44 4.75 55.8 4.53 6.08 1

B021-G075 0.98 7.70 13.90 1.74 0.68 2.90 37.0 4.33 6.15 1

B022-G074 0.98 6.40 15.23 1.35 0.94 2.14 21.3 3.61 5.36 1

B023-G078 1.54 6.25 10.78 1.31 1.65 3.57 34.2 4.67 7.45 1

B024-G082 0.94 8.10 13.97 1.86 0.30 1.71 22.1 5.25 6.85 1

B025-G084 1.07 5.65 13.95 1.17 0.94 1.69 13.9 4.23 6.29 1

B026-G086 1.08 5.90 14.32 1.23 1.23 2.37 20.7 3.70 5.73 1

B027-G087 1.02 5.80 12.99 1.20 1.37 2.56 21.8 4.11 6.44 1

B028-G088 1.05 5.90 14.33 1.23 1.25 2.41 21.0 3.68 5.71 1

B029-G090 1.08 7.15 13.09 1.57 1.32 4.16 49.1 3.89 6.08 1

B030-G091 1.06 5.60 13.33 1.16 1.06 1.88 15.3 4.33 6.55 1

B031-G092 1.04 5.15 14.52 1.06 1.15 1.80 13.1 3.82 5.85 1

B032-G093 1.27 6.70 14.03 1.44 0.62 1.58 17.0 4.58 6.46 1

B033-G095 0.45 8.15 14.86 1.88 0.48 2.78 35.8 4.30 5.81 1

B034-G096 1.00 7.45 12.45 1.66 0.59 2.16 26.8 5.15 7.26 1

B035 1.24 7.55 14.53 1.69 0.33 1.30 16.3 5.03 6.59 1

B036 1.13 7.00 14.34 1.52 0.65 1.89 21.7 4.34 6.14 1

B037-V327 1.17 5.60 11.00 1.16 2.20 3.88 31.5 4.32 7.16 2

B038-G098 1.08 5.55 13.69 1.15 1.11 1.94 15.5 4.13 6.29 1

B039-G101 1.00 7.60 12.42 1.71 0.69 2.76 34.9 4.92 7.06 1

B041-G103 1.04 13.97 16.47 3.13 0.03 4.42 39.5 5.95 5.86 6

B042-G104 0.99 6.35 12.15 1.34 0.84 1.89 18.5 4.99 7.34 2

B045-G108 1.14 7.05 12.93 1.54 0.96 2.87 33.2 4.39 6.55 1

B046-G109 1.18 6.60 15.27 1.41 0.75 1.84 19.3 3.85 5.53 1

B047-G111 1.83 4.40 15.01 0.91 2.58 3.38 20.9 2.67 4.83 1

B050-G113 2.19 7.95 13.88 1.81 0.34 1.74 22.4 5.17 6.82 1

B054-G115 1.09 6.15 14.46 1.29 0.91 1.89 17.7 4.00 5.92 1

B056-G117 1.00 8.15 13.53 1.88 0.43 2.51 32.4 4.97 6.72 1

B057-G118 1.36 9.30 15.16 2.19 0.22 3.08 34.0 4.91 6.04 1

B058-G119 1.18 7.75 12.38 1.75 0.47 2.07 26.5 5.41 7.45 1

B060-G121 1.01 2.40 14.39 0.57 2.20 1.82 8.2 3.44 5.85 1

B061-G122 1.26 7.65 12.93 1.72 0.58 2.40 30.5 4.93 6.92 1

B063-G124 1.36 7.45 12.03 1.66 0.55 2.04 25.3 5.39 7.57 1

B065-G126 1.48 3.65 14.47 0.78 2.41 2.67 14.4 3.09 5.40 1

B067-G129 1.03 5.70 15.18 1.18 0.82 1.48 12.3 3.92 5.70 1

B068-G130 1.11 7.95 12.60 1.81 0.49 2.49 32.2 5.21 7.20 2

B073-G134 1.11 8.50 12.99 1.98 0.31 2.33 29.2 5.54 7.28 1

B074-G135 1.07 6.60 14.15 1.41 1.18 2.91 30.4 3.71 5.70 1

B076-G138 1.12 8.55 14.14 1.99 0.28 2.17 27.1 5.21 6.70 1

B082-G144 1.02 7.80 11.40 1.77 0.46 2.11 27.0 5.81 8.04 1

B083-G146 1.59 5.75 14.41 1.19 2.70 4.98 41.9 2.66 4.86 1

B085-G147 1.11 7.55 14.34 1.69 0.65 2.52 31.7 4.25 5.99 1

B090 1.08 1.80 15.22 0.47 2.81 1.95 8.2 2.90 5.25 1

B091D-D058 388.85 6.60 12.49 1.41 0.53 1.30 13.6 5.42 7.58 3

B094-G156 1.15 7.80 12.49 1.77 0.40 1.84 23.6 5.55 7.53 1

B095-G157 0.06 5.25 13.28 1.08 1.84 2.96 22.0 3.68 6.06 3

B098 1.21 7.00 13.44 1.52 0.41 1.21 13.9 5.29 7.17 1

B100-G163 1.23 4.45 14.82 0.92 2.93 3.88 24.2 2.58 4.80 1

B110-G172 1.18 7.50 12.24 1.68 0.43 1.62 20.3 5.63 7.71 1

B111-G173 1.26 6.70 14.30 1.44 0.72 1.85 19.8 4.27 6.13 1



157

B117-G176 1.23 7.30 14.01 1.61 0.58 1.96 23.8 4.57 6.38 1

B125-G183 1.17 10.60 14.15 2.47 0.12 3.78 34.5 5.80 6.84 1

B135-G192 1.05 7.40 13.12 1.65 0.67 2.38 29.3 4.73 6.74 1

B137-G195 1.10 8.05 13.85 1.84 1.00 5.45 70.3 3.76 5.64 1

B141-G197 1.04 8.70 13.78 2.04 0.41 3.67 44.9 4.79 6.41 1

B149-G201 1.09 8.15 13.73 1.88 0.65 3.78 48.7 4.35 6.15 1

B163-G217 0.90 9.10 11.62 2.14 0.25 3.00 34.3 6.22 8.12 1

B168 1.46 8.10 13.53 1.86 0.40 2.24 28.9 5.08 6.82 5

B170-G221 1.09 7.95 14.56 1.81 0.33 1.68 21.6 4.94 6.45 1

B174-G226 1.16 5.60 12.38 1.16 2.57 4.54 36.8 3.56 6.16 1

B176-G227 1.61 7.75 13.95 1.75 1.35 5.99 76.6 3.40 5.36 1

B177-G228 1.21 11.20 15.13 2.58 0.15 6.52 57.0 4.96 5.78 1

B181-G232 1.01 6.90 13.82 1.50 0.78 2.17 24.4 4.33 6.28 1

B183-G234 1.62 8.10 12.92 1.86 0.47 2.62 33.7 5.12 7.02 2

B184-G236 1.15 6.50 13.72 1.38 1.20 2.83 28.9 3.88 5.98 1

B187-G237 1.28 2.10 14.21 0.52 4.10 3.12 13.5 2.76 5.36 1

B189-G240 1.16 6.20 13.49 1.30 1.74 3.69 34.9 3.53 5.78 1

B190-G241 1.05 7.45 14.17 1.66 0.61 2.24 27.8 4.41 6.18 1

B193-G244 1.02 8.10 12.15 1.86 0.36 2.03 26.2 5.76 7.76 1

B194-G243 1.18 7.70 14.78 1.74 0.40 1.70 21.6 4.68 6.21 1

B196-G246 1.75 6.65 14.55 1.42 1.13 2.83 29.9 3.60 5.51 1

B197-G247 1.02 8.75 13.97 2.05 0.35 3.27 39.6 4.90 6.45 1

B198-G249 1.04 3.40 15.46 0.73 1.73 1.82 9.4 3.16 5.22 1

B199-G248 1.13 5.70 15.24 1.18 1.06 1.92 16.0 3.56 5.39 1

B200 1.07 3.80 15.74 0.80 3.08 3.53 19.5 2.24 4.34 6

B202-G251 4.39 6.80 15.28 1.47 0.65 1.73 19.0 4.00 5.63 1

B203-G252 1.53 14.00 13.85 3.14 0.05 6.98 62.4 6.41 6.94 6

B206-G257 1.05 5.65 12.43 1.17 1.57 2.81 23.1 4.18 6.66 1

B207-G258 1.23 6.30 15.00 1.33 0.99 2.18 21.2 3.64 5.46 1

B208-G259 0.99 8.40 14.32 1.95 0.64 4.52 57.2 4.07 5.72 1

B209-G261 1.05 6.00 14.16 1.25 0.73 1.44 13.0 4.44 6.38 1

B211-G262 0.99 6.80 14.24 1.47 0.93 2.48 27.2 3.96 5.87 1

B212-G263 1.15 7.45 13.10 1.66 0.79 2.91 36.1 4.50 6.55 1

B213-G264 1.11 6.90 13.92 1.50 0.50 1.40 15.7 4.87 6.70 1

B214-G265 1.06 9.25 14.82 2.18 0.20 2.72 30.2 5.17 6.37 1

B215-G266 1.08 7.10 14.09 1.55 0.74 2.26 26.4 4.26 6.12 1

B217-G269 1.09 5.50 13.74 1.13 1.39 2.39 18.9 3.83 6.03 1

B218-G272 1.03 8.45 11.85 1.96 0.44 3.19 40.2 5.55 7.60 1

B219-G271 1.23 7.50 13.54 1.68 0.57 2.15 26.8 4.75 6.63 1

B220-G275 1.00 6.00 14.12 1.25 2.05 4.08 36.6 3.10 5.27 1

B221-G276 1.19 6.30 14.06 1.33 1.08 2.37 23.0 3.91 5.93 1

B224-G279 1.03 4.45 13.11 0.92 5.24 6.95 43.4 2.50 5.19 1

B225-G280 1.08 7.20 11.02 1.58 0.66 2.12 25.2 5.62 8.06 1

B228-G281 1.65 3.45 13.83 0.74 2.68 2.84 14.8 3.24 5.72 1

B229-G282 3.51 3.80 14.26 0.80 6.21 7.11 39.3 1.92 4.46 1

B230-G283 0.94 7.90 13.86 1.80 0.43 2.08 26.8 4.91 6.62 1

B231-G285 1.58 7.05 14.69 1.54 0.65 1.93 22.4 4.20 5.92 1

B232-G286 1.00 7.55 13.21 1.69 0.62 2.43 30.5 4.75 6.71 1

B233-G287 1.36 6.60 13.06 1.41 1.07 2.64 27.5 4.27 6.47 1

B234-G290 1.10 7.20 13.79 1.58 0.77 2.48 29.6 4.30 6.23 1

B235-G297 1.31 7.95 13.26 1.81 0.42 2.10 27.2 5.17 6.99 1

B236-G298 1.09 2.50 15.37 0.59 2.84 2.40 10.9 2.71 4.96 1

B237-G299 1.00 7.60 14.60 1.71 1.42 5.72 72.2 3.11 4.96 1

B238-G301 0.98 7.40 13.55 1.65 0.97 3.46 42.7 4.07 6.07 1

B239-M74 1.12 8.10 14.36 1.86 0.39 2.17 28.0 4.79 6.36 1
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B240-G302 0.95 7.85 12.80 1.78 0.63 2.99 38.5 4.83 6.84 2

B247 1.02 3.90 13.96 0.82 9.77 11.45 64.4 1.43 4.13 6

B248 1.17 6.10 15.11 1.28 1.65 3.38 31.1 2.98 4.90 1

B255D-D072 1.43 3.35 14.98 0.73 6.62 6.87 35.3 1.62 4.07 1

B257-V219 1.01 7.50 13.69 1.68 0.43 1.62 20.2 5.05 6.84 1

B266 247.44 4.50 14.96 0.93 1.36 1.82 11.5 3.52 5.55 1

B269 0.99 9.90 14.91 2.33 0.24 5.01 49.9 4.76 5.88 1

B272-V294 1.04 6.65 14.38 1.42 1.95 4.90 51.8 2.96 5.02 1

B279-D068 1.31 7.90 13.90 1.80 1.03 5.03 64.8 3.74 5.64 1

B281-G288 1.10 2.25 14.57 0.54 3.91 3.10 13.7 2.65 5.16 1

B283-G296 1.12 5.60 14.82 1.16 1.95 3.44 27.9 2.95 5.00 1

B292-G010 0.90 6.75 14.74 1.45 1.12 2.94 31.8 3.51 5.37 1

B293-G011 0.94 7.15 13.96 1.57 1.06 3.33 39.4 3.83 5.79 1

B295-G014 0.93 6.10 14.41 1.28 1.52 3.12 28.7 3.36 5.40 1

B298-G021 0.96 7.05 14.35 1.54 0.93 2.78 32.2 3.86 5.73 1

B301-G022 1.16 6.20 14.25 1.30 1.22 2.58 24.4 3.70 5.72 1

B302-G023 0.92 4.50 14.54 0.93 3.42 4.58 28.9 2.48 4.79 1

B304-G028 1.03 6.80 14.44 1.47 1.22 3.26 35.8 3.51 5.44 1

B305-D024 1.06 9.25 15.22 2.18 0.21 2.91 32.3 4.93 6.05 56

B306-G029 0.97 7.90 12.51 1.80 0.57 2.81 36.2 5.05 7.10 1

B307-G030 1.36 9.35 14.37 2.20 0.33 4.83 52.7 4.67 6.05 52

B309-G031 2.94 3.40 15.11 0.73 4.89 5.13 26.6 1.95 4.30 1

B311-G033 1.16 7.65 12.76 1.72 0.61 2.52 32.0 4.94 6.98 1

B312-G035 1.08 7.25 12.65 1.60 1.08 3.59 43.1 4.31 6.53 1

B313-G036 1.11 8.05 13.04 1.84 0.62 3.38 43.5 4.71 6.65 1

B316-G040 1.03 6.15 14.58 1.29 3.03 6.33 59.0 2.38 4.53 1

B333 1.07 13.55 15.97 3.04 0.07 8.32 73.2 5.17 5.40 1

B335-V013 1.18 6.65 13.85 1.42 2.18 5.47 57.8 3.02 5.21 1

B336-G067 0.95 2.95 16.03 0.66 2.55 2.41 11.7 2.50 4.57 1

B337-G068 0.96 5.75 14.36 1.19 1.16 2.14 18.0 3.79 5.81 1

B339-G077 0.94 8.25 13.82 1.91 0.38 2.37 30.4 5.00 6.65 1

B341-G081 1.41 7.50 13.57 1.68 0.62 2.37 29.6 4.61 6.50 1

B343-G105 0.88 8.35 13.95 1.94 0.40 2.73 34.8 4.83 6.47 1

B344-G127 1.04 7.45 13.28 1.66 0.67 2.46 30.6 4.65 6.62 1

B345-G143 1.66 7.50 14.27 1.68 0.57 2.18 27.2 4.44 6.17 1

B347-G154 1.11 7.35 14.08 1.63 0.99 3.47 42.4 3.83 5.73 1

B348-G153 426.75 8.20 13.99 1.89 0.28 1.68 21.6 5.34 6.90 1

B350-G162 0.88 6.25 14.18 1.31 2.14 4.62 44.1 2.98 5.13 1

B351-G179 0.95 6.15 14.97 1.29 2.06 4.30 40.1 2.73 4.72 1

B352-G180 1.04 7.35 14.15 1.63 0.75 2.63 32.1 4.16 5.99 5

B354-G186 1.05 1.50 15.47 0.41 4.74 2.97 12.1 2.18 4.62 2

B356-G206 1.30 7.55 14.10 1.69 0.65 2.54 32.0 4.33 6.12 1

B361-G255 0.94 6.65 14.69 1.42 1.31 3.30 34.9 3.35 5.26 1

B363-G274 0.98 2.65 15.89 0.61 2.08 1.83 8.5 2.87 4.94 1

B365-G284 3.42 6.30 14.23 1.33 1.76 3.88 37.6 3.20 5.30 1

B366-G291 1.65 4.15 14.01 0.86 3.40 4.21 24.8 2.75 5.19 1

B370-G300 1.38 8.05 13.39 1.84 0.51 2.74 35.3 4.84 6.67 1

B372-G304 1.44 6.80 13.95 1.47 1.30 3.46 37.9 3.63 5.68 6

B373-G305 1.43 7.55 12.48 1.69 0.49 1.92 24.1 5.35 7.40 1

B375-G307 1.57 9.65 14.34 2.27 0.28 5.14 53.2 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 5.25 14.97 1.08 1.28 2.06 15.4 3.48 5.44 1

B386-G322 1.74 7.85 12.86 1.78 0.48 2.29 29.5 5.15 7.09 1

B391-G328 0.95 5.25 14.72 1.08 1.69 2.71 20.2 3.22 5.29 1

B393-G330 0.93 6.10 14.32 1.28 2.21 4.54 41.8 2.90 5.05 1
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B397-G336 2.33 7.80 13.94 1.77 0.48 2.19 28.1 4.74 6.47 1

B398-G341 0.97 5.05 14.41 1.04 2.02 3.08 21.9 3.15 5.33 1

B399-G342 1.11 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 25.8 5.03 6.71 1

B401-G344 1.07 8.05 14.50 1.84 0.62 3.39 43.7 4.12 5.77 1

B402-G346 1.23 4.60 14.44 0.95 2.36 3.24 20.9 2.99 5.23 1

B405-G351 0.97 6.75 12.60 1.45 1.47 3.83 41.5 4.02 6.37 1

B407-G352 0.97 6.90 13.07 1.50 0.87 2.42 27.1 4.49 6.61 1

B436 1.20 5.75 15.38 1.19 2.20 4.06 34.2 2.54 4.50 1

B457-G097 2.81 2.20 15.23 0.54 6.09 4.77 20.9 1.82 4.30 1

B461-G131 0.95 7.10 14.70 1.55 0.73 2.25 26.3 4.02 5.76 1

B462 0.94 7.35 15.80 1.63 0.99 3.45 42.2 3.15 4.71 1

B467-G202 1.02 7.50 15.34 1.68 0.96 3.64 45.5 3.34 4.98 1

BA11 1.06 10.55 15.46 2.46 0.11 3.42 31.3 5.38 6.15 2

DAO38 1.14 9.60 16.20 2.26 0.19 3.31 34.5 4.60 5.46 1

DAO55 0.91 2.80 17.52 0.64 1.69 1.54 7.3 2.47 4.16 1

G260 0.97 7.20 14.55 1.58 1.35 4.34 51.7 3.27 5.17 1

G268 1.01 6.25 13.58 1.31 1.69 3.65 34.9 3.53 5.75 1

G327-MVI 0.98 6.80 13.54 1.47 1.39 3.72 40.7 3.71 5.85 1

H16 0.90 5.80 15.30 1.20 5.70 10.67 91.0 1.32 3.50 1

M009 1.05 6.15 15.22 1.29 1.26 2.64 24.6 3.27 5.10 1

SK019A 1.10 7.90 15.23 1.80 0.31 1.49 19.2 4.79 6.16 1

SK020A 1.14 3.30 16.21 0.72 2.71 2.78 14.2 2.29 4.31 1

SK026A 1.79 5.70 16.80 1.18 0.46 0.84 7.0 4.01 5.35 1

SK035A 1.11 6.75 15.63 1.45 0.76 1.98 21.4 3.67 5.26 1

SK036A 1.10 4.05 16.73 0.84 1.30 1.57 9.1 2.93 4.63 1

SK052A 1.74 4.45 15.93 0.92 1.65 2.19 13.7 2.88 4.76 1

SK053A 1.09 9.95 15.50 2.33 0.15 3.32 32.8 5.09 5.99 1

SK055A 1.18 5.25 15.38 1.08 2.53 4.07 30.3 2.43 4.45 1

SK066A 1.11 10.05 15.66 2.36 0.14 3.33 32.4 5.08 5.93 1

SK071A 1.06 5.20 16.09 1.07 1.94 3.07 22.6 2.50 4.33 1

SK083A 1.25 9.95 16.23 2.33 0.09 2.02 20.0 5.44 6.09 1

SK086A 1.10 5.05 14.85 1.04 3.18 4.86 34.5 2.37 4.57 1

SK104A 1.48 6.35 14.99 1.34 0.70 1.56 15.4 4.10 5.84 1

SK109A 1.15 8.10 15.89 1.86 0.79 4.44 57.2 3.25 4.66 1

V129-BA4 1.48 5.20 14.63 1.07 1.49 2.36 17.4 3.43 5.49 1

This table is available in electronic form from the VizieR archive.
1Cluster names are taken from table 2.1 and are the same as those in the Revised Bologna Catalogue

of M31 GCs (Galletiet al., 2004).
2Theχ2 per degree of freedom for the best fitting model to the clusterprofile.
3The central potential (W0) and concentration parameter [c = log(rt/rc)] of the cluster.
4The K-band magnitude of the cluster (from profile fitsnot aperture photometry) [mag].
5The core, half light and tidal radii of the cluster (assumingthe distance of M31 to be 780 kpc

McConnachieet al., 2005) [pc].
6The cluster core density [LK,⊙pc−3] and stellar encounter rate [as defined by equation 1.6;

L2
K,⊙pc−3km−1s].

7Flag based on visual examination of the cluster image and itsresidual after subtraction of the best

fitting model. Flags are: 1-clean cluster image and residual; 2-elliptical profile; 3-poor residual

after subtraction; 4-bright source close to the cluster which may potentially influence its profile;

5-potential asterism; 6-potentially stellar profile/ unphysical parameters.
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Vetešnik M., 1962, Bulletin of the Astronomical Institutes of Czechoslovakia, 13,

180

Vrtilek S. D., Penninx W., Raymond J. C., Verbunt F., Hertz P., Wood K., Lewin

W. H. G., Mitsuda K., 1991, ApJ, 376, 278

Vrtilek S. D., Raymond J. C., Garcia M. R., Verbunt F., Hasinger G., Kurster M.,

1990, A&A, 235, 162

Warner B., 1995,Cataclysmic variable stars

Waters C. Z., 2007,High resolution analysis of extragalactic globular clusters,

Ph.D. thesis, AA(Michigan State University)
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