HJNIVERSITY OF

Southampton

University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other
copyright owners. A copy can be downloaded for personal non-commercial
research or study, without prior permission or charge. This thesis cannot be
reproduced or quoted extensively from without first obtaining permission in writing
from the copyright holder/s. The content must not be changed in any way or sold
commercially in any format or medium without the formal permission of the
copyright holders.

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk



http://eprints.soton.ac.uk/

UNIVERSITY OF SOUTHAMPTON
FACULTY OF PHYSICAL AND APPLIED SCIENCES
PHYSICS AND ASTRONOMY

A Multi-Wavelength, Hubble Space
Telescope Study of Two Globular
Clusters

Grace Samantha Thomson

Thesis for the degree of Doctor of Philosophy
February 15, 2013






UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF PHYSICAL AND APPLIED SCIENCES
PHYSICS AND ASTRONOMY

Doctor of Philosophy

A MULTI-WAVELENGTH, HUBBLE SPACE TELESCOPE STUDY OF TWO
GLOBULAR CLUSTERS
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Globular clusters (GCs) are among the densest and olddlsr stggregates in the
Galaxy, and are thought to date from around the time that @ex first formed.
The high central densities that characterise GCs lead quénet stellar interactions
and the formation of exotic stellar populations, making &Resellent laboratories
for studying the stellar dynamics of dense environmentse ability to observe
many stars which are equidistant and (approximately) tlmeesage makes GCs
invaluable in understanding stellar structure and evoiuti

This thesis describes surveys of two Galactic GCs: far- axai-nltraviolet data
from the Advanced Camera for Surveys (ACS) on-boardHlukble Space Tele-
scope(HST) were used to study the core region of M 80, and far-ultratiod I-
band data from the Space Telescope Imaging SpectrogragB)SACS and the
Wide Field Camera 3 (WFC3) on-boaHiST were used to carry out an in-depth,
multi-wavelength survey of NGC 6752. In both studies, theperties of key stellar
populations resident in globular clusters are investigate

In M 80, it was discovered that the fainter (redder) bluegjtar stars are more
centrally concentrated than the brighter (bluer) ones.sT&icontrary to expec-
tations, and suggests that blue stragglers might get a’‘ickormation, before
settling back towards the core. In a search for counterpaiaown X-ray sources
in M80, one X-ray source was shown to be the remnant of thesicialsnova
T Scorpii. This source was undergoing a dwarf nova outbuising the observa-
tions. A variability study of the GC also revealed three abhe sources, including
an RR Lyrae that was observed around maximum brightnessX&h8enicis star
with a ~ 55 minute period, and a longer period variable which mighthether
RR Lyrae or a Cepheid variable.

In NGC 6752, two known cataclysmic variables were reveaddzbtdwarf novae
(DNe), which underwent outbursts during the observatidrgs takes the number
of known DNe in NGC 6752 to three, more than any other clusgame of the
global parameters describing NGC 6752 were also investiga new estimate of
the cluster’s centre position was determined and used tw #hat the stellar den-
sity profile cannot be fit using a single ‘King’ profile, indtaag that the cluster is
in a core-collapsed state. Finally, a search for broadeimnige main-sequence of
the colour-magnitude diagram found evidence of smallesbabadening, suggest-
ing the presence of multiple populations. A radial trendha tevel of observed
broadening was also suggested, with more broadening fautitkei core than the
outer parts of the cluster.
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An Introduction to Globular Clusters

This thesis describes observational investigations iet@al aspects of globular
clusters. In this chapter, | give an overview of the astrgitsy of globular cluster
systems, highlighting key issues that will be researchedeitail throughout the
thesis.

In Section 1.1, | introduce globular clusters and their roleur understand-
ing of cosmology, galaxy formation and stellar evolutionddscribe their main
observational characteristics in Section 1.2, althougletaittd look at the stellar
populations they contain will be deferred to Chapter 2. Intfea 1.3, | outline the
mechanisms involved in the formation and evolution of glabualusters, including
an in-depth look at the recent discovery that, rather thangormed all at once,
the stars contained in clusters are actually made up of phellglenerations of stars
with distinct properties.

1.1 Globular Clusters

Globular clusters (GC3 are tightly bound, roughly spherical collections of up to
10° stars. Figure 1.1 shows a well known example, 47 Tuc. GCsaanedfin the

1See Appendix A for a full list of the abbreviations used irsttiiesis.
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Figure 1.1: The globular cluster 47 Tuc (NGC 104). Image credit: Dieter
Willasch.

haloes of galaxies, and are fairly common: over 150 are kniovthe Milky Way
(Harris, 1996; 2010 edition); between 400 and 950 are thbtmleside in the
Andromeda galaxy (Peacock et al., 2010), and over 1000Chargght to exist in
giant elliptical galaxies like M 87 (Strader et al., 2011).

A defining feature of GCs is their high central stellar densidn average, GCs
contain 0.4 stars per cubic parsec, but this rises fo-100° stars per cubic parsec
in the core of the cluster (Freire et al., 2003). By contridms,average stellar density
in the solar neighbourhood is around 1 star per cubic parsec.

GCs are also among the oldest known objects in the Univerglke,measured
ages of around 18 13 Gyrs, depending on the measurement method used (see,
for example Mendel et al. 2007; Marin-Franch et al. 2009y are made up of
Population Il stars. In fact, the age of GCs is of interesemmis of both cosmology
and galactic astronomy: the age of the oldest GC places agskoaver limit on the
age of the Universe itself, while possible variations in Gfe & different parts of
the Milky Way might hold clues regarding the formation of {Balaxy.

GCs have long been important tools in astrophysics rese&@hexample, the
fact that they are bright enough and extend far enough frarXalactic plane to
be observed even on the far side of the Galactic core allovireghl8y (1918) to
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demonstrate that the Galaxy is far larger than previousiygiint and to estimate the
position of the Sun relative to the centre of the Galaxy.

The ability to study large groups of stars which are equadisand formed at
(approximately) the same time also makes GCs invaluablerdadries for under-
standing stellar structure and evolution. Much of our coiriehowledge about the
changes that happen as stars evolve away from the mainrssgjuer example,
was gleaned from comparisons between theoretical predeand observations of
stars in GCs. More information about the stellar populaifound in GCs and the
stellar evolutionary phases associated with them can bedfouChapter 2.

The high stellar densities in the cores of GCs make intayastbetween stars
inevitable, leading to the creation of exotic stellar p@igins such as blue strag-
glers (BSs), cataclysmic variables (CVs), low-mass X-rajabes (LMXBs) and
other close binary systems, as well as destroying or afjgeiimordial binary sys-
tems. Studies of GCs can, therefore, give a great deal ofnrd@bon about the
stellar dynamics of dense environments. The close binastesys found in GCs
are explained in more detail in Sections 2.1.9 and 2.3.

On the other hand, studying the close binary population tsmtall us some-
thing about the cluster as a whole, as the binding energystfjfew close binaries
can approach that of the GC. By transferring their orbitargy to single stars via
dynamical interactions, close binaries can influence thmadycal evolution of the
cluster (see, for example, Elson et al. 1987 and Hut et aRY19Bonly a few close
binaries reside in a GC, long-term interactions will donténthe evolution of the
GC. Alternatively, if there is a large close binary popudati frequent and violent
interactions will heat the cluster and cause expansion sagogation on shorter
time-scales. Understanding the number and nature of clioseiés in a GC is im-
portant in learning about GC evolution, a topic which stilbyokes much debate
(Williams et al., 2012). GC evolution is discussed in moreadén Section 1.3.

1.2 Observational Characteristics of Globular Clus-
ters

1.2.1 Spatial Distribution and Metallicity

Within the Milky Way, GCs are easily divided into two distingopulations: the
majority, which are metal-poofie/H ~ —1.59 dex) form a roughly spherical halo
distribution about the Galaxy (e.g. Ashman & Zepf 1998),le/bihers, with higher
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metallicities of [Fe/H > —0.8 dex can be described as a ‘thick disk’ population
(Zinn, 1985). The orbits of GCs making up the halo populatiomot participate in
the general rotation of the Galaxy; GC orbits are highlypgitial, and some are even
retrograde compared to the Galaxy’s rotation (Rodgers &og&u, 1984). The
‘disk’ GCs have a flattened distribution and rotate aboutGla¢actic centre (Zinn,
1985). The disk extends te 2 kpc from the plane of the Galaxy, making it much
thicker than the 0.4 kpc thick disc made up of Populationrsstarmandroff, 1989).
These GCs’ orbits are much more circular than those of the G&ls, and are in the
direction of the Galactic rotation, although slightly skemthan the Population I disk
(e.g. Brodie & Strader 2006). Itis commonly accepted thsk @ Cs formed a little
later than halo GCs, and that their higher metal abundandeddo enrichment of
the gas cloud by reactions in earlier generations of stavgb@s et al., 1997). The
precise difference in age between disk and halo GCs, andekeatimdividual GCs
themselves is a topic of debate. In principle, it can givéginisinto key time-scales
in the formation of the Galaxy (see, for example, Harris 1991

GCs are found around nearly all galaxies, from giant eltgitgalaxies to dwarf
galaxies. In nearly all cases, GCs extend to larger radinftbe centre of the
galaxy than galactic field stars, making GCs excellent tomistudy the dynamics
of galaxies, including, for example, their dark matter @onit(e.g. Spitler & Forbes
2009). As in the Milky Way case, GCs in other galaxies can b&ldd into redder
and bluer clusters (e.g. Brodie & Strader 2006). This bi-alibg might be due to
differences in metal abundance or age, or both. This sugdjest there have been
(at least) two major star-forming periods in the early depehent of the Galaxy
(Brodie & Strader, 2006), a significant discovery in the esmbf galaxy formation.

1.2.2 The Morphology of Globular Clusters

The image of the GC 47 Tuc in Figure 1.1 illustrates the higillat density and
spherical shape that characterise GCs. On closer inspebibgvever, variations in
the overall shape can be found between individual GCs antetweeen the GCs re-
siding in different galaxies. Clusters in the Milky Way and3¥ are typically oblate
spheroids (with ellipticities of @7+ 0.04 and 009+ 0.04, respectively; Goodwin
1997; Staneva et al. 1996), while those in the Magellania@oare more ellipti-

cal in shape (Large and Small Magellanic Cloud GCs have geegdlipticities of
0.16+0.05 and 019+ 0.06, respectively; Staneva et al. 1996). Nevertheless, the
shapes are so close to spherical that the assumption that@®Gle modelled as

a sphere for the purposes of ascertaining its radial prcfilalid. It has been sug-
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Figure 1.2: The radial profile of globular cluster NGC 6752. This showesstellar
density as a function of distance from the cluster centree Blue line shows
the best-fitting radial profile model. More information oretbonstruction of this
profile and its implications can be found in Chapter 4.

gested that tidal interactions with the host galaxy cancedhe ellipticity of a GC,
making it more spheroidal in shape (Goodwin, 1997); moresmashost galaxies
destroy velocity anisotropies more efficiently, resultingnore spherical clusters.

The morphology of a GC is described using a number of paraseteich can
be derived from the radial profile of the cluster. Figure Jh2ws the radial profile
(in this case, the stellar density profile) of a GC. As one \daxpect from Figure
1.1, the stellar density (and luminosity) decreases withaasing distance from the
centre.

The distance from the core at which the surface brightnesdgailen to half of
its core value is the core radiug,

An alternative quantity is the half-light radius,, defined as the radius from
within which half of the integrated light of the cluster iceved. It should be noted
that this radius includes light from stars in the outer pdrthe cluster along the
observer’s line of sight. Instead, the half-mass radigss often used by theorists.
This is the radius containing half of the mass of the GC.
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The final characteristic radius is the tidal radius,which is the distance from
the cluster centre at which the gravitational influence ef &C is equal to that of
the galaxy. The radial profile of a GC is truncated at thisatise, as stars beyond
this radius can be stripped away from the cluster (see Sett®3.2).

The concentration parameter, defined by

c=10g;o(rt/rc),

gives a useful, distance-independent indication of thepmalogy of the cluster.
Typically, GCs have concentration parameters &fQ c < 3 (Harris, 1996; 2010
edition). A high concentration parameter{ 2 — 2.5) indicates that the GC's core
radius is very small compared to the tidal radius; such a G beaundergoing
core-collapse. A discussion of the implications of differealues ofc is given in
Section 1.3.3.

The measured values of the parameters governing the magof a particular
GC depends on a number of factors, including, for examplesmsagregation, tidal
stripping and relaxation time (see Section 1.3.3.2). Adistitze dynamical pro-
cesses affecting the radial profile are still not well moeiglleven nearly 50 years
after the first basic and seminal model was put forward by Kir856). The King
model assumes that all the stars have the same mass (a ‘siageemodel’). It
takes into account two key characteristics of GCs: relaxatirough two-body en-
counters and stripping of stars due to the galactic tidall fiflhe model assumes
that the GC can be well-described by an isothermal spherehaikitruncated due
to tidal stripping. King models tend to be good descriptioh&Cs, except at very
small and very large radii, where deviations are found eith¢he form of central
cusps, or overly extended tidal radii.

Many authors have attempted to find better models to fit theathshape of GC
radial profiles; in King-Michie models (Michie, 1963; King966), the King model
was extended to include anisotropic velocity dispersioani&G& Griffin (1979)
used ‘multi-mass’ King models to try to model the globulauster M 3. Others
have used different fitting functions to attempt to desci@@ profiles, such as
Wilson models (Wilson, 1975; McLaughlin & van der Marel, Z)®r power-law
models (McLaughlin & van der Marel, 2005), but these are raseal on any un-
derlying, physical picture of GCs. Even more recently, \&fits et al. (2012) used
theoretically derived, maximum entropy equilibrium maglkhown as DARKexp
models to suggest that collisionless dynamics might be tmighnt mechanism
shaping GC radial profiles (except in the very centre). Thaytion, however, that
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the good fits achieved using their model might be relatedeatiility of the model
to fit to a very complex system, rather than because of therdigad mechanisms
it described. For now, King (1966) models remain the mostutepmethod for
describing GC profiles.

In the following sections, | describe the evolution of a gltay cluster, and how
its radial profile changes over time.

1.3 The Life of a Globular Cluster

1.3.1 Globular Cluster Formation

There is, at present, no widely accepted theory descrilbi@fadrmation mechanism
(or mechanisms) of GCs. A wide ranging assortment of scesdrave been pro-
posed, but as yet the phenomenon remains poorly understeedfodie & Strader
(2006) for a review).

It is generally believed that GCs form from giant moleculboucls in regions
of denser-than-average interstellar medium (Larson, 199 a formation model
to be considered successful, it must explain observationatacteristics such as
the spatial distribution of GCs, with the metallicity difémces discussed in Sec-
tion 1.2.1.

The vast age of GC stars leads to the belief that they formagdmbximately the
same time as their host galaxies; GCs provide something shapshot’ of early
conditions, so they are useful tools in studying and costrg theories of galaxy
formation (Harris & Racine, 1979; Harris, 1991).

Early models for GC formation struggled to establish whe€@&fGrmation came
in the chronology of galaxy formation: Peebles & Dicke (1p88ggested that GCs
actually pre-date galaxies, forming in conditions uniquéhe early Universe. It is
difficult to reconcile a cosmological GC origin with the obged spatial distribu-
tion, however. The fact that comparatively metal-rich Giégpredominantly in the
disk of the galaxy, with metal-poor counterparts in the halaggests that galaxy
formation must pre-date GC formation. Furthermore, cosmichlly created GCs
would be expected to form with a halo of dark matter. Sincedl®strong evidence
that no such halo exists (Moore, 1996), ‘primary’ formatmndels, in which GCs
form prior to their host galaxies, have largely been rulet ou

‘Secondary’ formation models assume that GCs formed coently with their
host galaxies. Fall & Rees (1985) suggested that the maleclduds that become
GCs form through thermal instabilities in proto-galaxigsey argued that cooling
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of a gas cloud in such a scenario would become inefficientairat 1 K, equating

to a Jeans mass of around®M).,, which is the median mass of GCs. There are,
however, a number of ways in which cooling can continue belog/characteristic
temperature (Ashman, 1990; Ashman & Zepf, 1998), and thedmbability of
the cloud remaining at 10*K for a sufficient time has become a major problem
for this model. Furthermore, the comparatively high metait of GCs found in
large elliptical galaxies and in the disk of the Milky Way gégt that the proto-
cluster clouds were enriched with metals before the cladtemed. The presence
of metals increases the efficiency of the cooling process$iffes & Zepf, 2001).
As well as allowing molecular clouds to cool to well below k@ K required by the
Fall-Rees model, this would lead one to expect the mass of GCs teatecwith
increasing metallicity (since faster cooling leads to tberfation of less massive
GCs). Such a trend is ruled out by observations (Djorgovskiéylan, 1994).

Observations using thdubble Space TelescofidST)? have revealed the wide-
spread formation of bright, blue, compact clusters in ieténg and merging galax-
ies (e.g. Holtzman et al. 1992; Whitmore et al. 1999). Galemgractions are
known to trigger bursts of star formation (‘starbursts’;rlguist 1989; Barnes &
Hernquist 1996; Mihos & Hernquist 1996). Merger-induceatistirsts, in turn, play
a key role in the hierarchical merging events which are @mérgalaxy formation
(e.g. White & Rees 1978; Cole et al. 2000). It is now generadiieved that gi-
ant molecular clouds in the high-pressure interstellar immadound in starbursts
are the progenitors of both young GCs and at least some oftrihditional’ old
GCs (Ashman & Zepf, 2001; Beasley et al., 2002). As discugs&ction 1.2.1,
GCs with higher metallicity are predominantly found in thiskd whereas lower
metallicity GCs are found in the Galactic halo. It has beeggssted (e.g. Ashman
& Zepf 1992; Beasley et al. 2002) that metal-rich, disk GCsenfermed through
galaxy mergers. The metal-poor halo GCs are the remnantseed&C population
of the merging galaxies; they formed as the merging galakiesed and are de-
posited in the halo when the galaxies merge. Clearly, utaleding the effects of
interaction-induced starbursts can tell us about stratewolution and the history
of the Universe, while studying star clusters can shed loghpast galaxy mergers.

The size and mass of the young clusters found in nearby,aictiag galaxies
indicate that they may be analogous to old, previously kn@@s (Elmegreen &
Efremov, 1997). The main difference between the young addz@ systems lies
in their inferred mass functions. Old GCs are known to havegariormal mass

2See Appendix B for details of théubble Space Telescope
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function; in other words, the number of stars contained withid GCs is peaked,
with most clusters containing around®stars. Young stellar clusters, on the other
hand, have a mass function that is consistent with a singleplaw with index—2,
down to the detection limit at around 4., although it is expected that the phys-
ical lower mass limit is much lower (Zhang & Fall, 1999; Pgits Zwart et al.,
2010); the numbers of stars found in these clusters vary @vade range, includ-
ing much lower than the mass at which old GC numbers begindinde(Ashman

& Zepf, 2001). Assuming that the initial cluster mass fuantis universal, all clus-
ters should be formed according to th& power law seen in nearby interacting
galaxies. This is contrary to the observed lack of low maks, globular clusters
(Fall & Zhang, 2001; Elmegreen, 2010), implying that lowessa GCs are being
preferentially lost.

There are several ways that GCs can be destroyed. They anttlecxpulsion of
gas by young, massive stars (known as “feedback”, whichigte star formation
efficiency of the cluster), mass loss from intermediate awdmass stars, tidal
effects of passing molecular clouds, and stars escapingodwen body relaxation
(Fall & Chandar, 2012). It is well known, however, that thglhgas densities and
tidal shocks that occur in coalescing galaxies can alsoplistar clusters (Spitzer,
1958; Gieles et al., 2006). In general, the likelihood obtén destruction decreases
with increasing cluster mass. Simulations show that theesatarbursts caused
by interacting galaxies that are thought to give rise to teluformation actually
preferentially destroy lower mass clusters (Kruijssenlgtz®12). Only the most
massive clusters are able to survive the rapidly changiagi@tional forces that
exist in galactic interactions.

According to simulations by Kruijssen et al. (2012), thestéus which survive
the starburst events have the characteristics expected dtassical’ GC soon after
formation. In the early Universe, starburst events wereroom, so it is understand-
able that the GCs that we see today all appear to have sinihabars of stars. This
leads to two tantalising prospects: on the topic of GC foromtthere are exam-
ples of nearby galaxies that have recently undergone ictieress and bursts of star
formation, which could be searched for traces of rapid desion of young star
clusters; on the wider topic of galaxy formation, these sations suggest that the
majority of a GC’s characteristics were set out at its folioratAs they appear to be
similar, regardless of the galaxy they reside in, the emvirents that they formed
in must have also been similar. This gives further evidendbké assertion that GCs
are fossils from the time when the first stars and galaxiaséaor.
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1.3.2 Multiple Stellar Populations in Globular Clusters

Further complicating the picture, recent development®tsnown that GC forma-
tion theories must actually allow for not just one star fammievent, but several
generations, over several hundred million years. A fullodgsion of a typical GC
colour-magnitude diagram (CMD) and the stellar populaifound in GCs will be
given in Chapter 2. In this section, | outline the main evickefor multiple gener-
ations of stars among different types of stars in some GCe. réader is referred
to Chapter 2 for background information on the stellar pafiahs themselves, and
Figure 2.1 for a sample CMD.

Globular clusters were traditionally thought to be goodegées of simple single
stellar populations. The sharp appearance of their CMufeatand the narrowness
of the sequences led to the belief that GCs are sets of stdrgivei same age and
chemical composition. This led to the use of GCs in the tgstirstellar evolution
theories. Many of the aspects of stellar evolution desdriimeSection 2.1 were
developed in order to describe the location of stars on a GE® using a single
population of stars (see Gratton et al. 2012).

Recent developments in instrumentation and analysis igeés have finally al-
lowed spectroscopy and photometry with sufficient precisecoshow that the CMD
sequences are sometimes broadened (e.g. Milone et al. Plk6ér & Richtler
2000) or, in some cases, split (e.g. Bedin et al. 2004; Pattab. 2007; Anderson et
al. 2009; Milone et al. 2012a), and that the spectra of stérsma given evolution-
ary stage can be quite different (e.g. Hesser & Bell 1980;60at099a,b; Gratton
et al. 2001; Cavallo et al. 2004). In fact, the stars within@ @ffer more than can
be explained by a small spread in the ages of stars born watkingle star forma-
tion epoch, or by small inhomogeneities in the original cleainabundances (see
Gratton et al. 2012). It is now widely accepted than the gpgeand splits in CMD
sequences and the differing chemical abundances measwspddtra of individual
stars are tracers of multiple generations of stars, comyrkamdwn (and referred to
throughout this thesis) as multiple populations (Grattoal.¢ 2012).

Obviously, understanding the nature and, ultimately, tngse of multiple pop-
ulations is essential if we are to fully understand the fdroraand evolution of
GCs as a whole. The current multiple populations theoryciity involves two
generations of stars, which can be described as first (pdimprgeneration and
second generation. The second generation (which is likelyohtain many sub-
populations) is formed from material polluted by ejectanfra fraction of the first
generation population (Gratton et al. 2004 and referenicesein). Evidence for
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these different generations of stars can be found in braadem splitting of CMD
sequences, or in their chemical compositions (especia#ylight elements). As
helium enrichment is an indication that matter has been seqbto very high tem-
peratures, second generation stars are expected to be ideeshcompared to first
generation stars. Helium abundance cannot usually be meshdirectly, but stars
with the same mass but different He abundances can be distiveyl based on their
photometric properties. Broadened sequences on the emlagnitude diagram, for
example, are tracers of spreads in helium abundance. Esedainhelium enrich-
ment has been found in the main-sequence, red giant brawichaaizontal branch
of a number of GCs.

It should be noted that the ‘enrichment’ multiple populatszenario described
above is the ‘standard’ scenario and the one that most dueeearch is focussing
on, but there is another kind: some unusual GCs, includi@en and NGC 1851,
have multiple CMD sequences which are unlikely to be causetheé multiple
generation scenario described above. Instead, the sezgignihese clusters are at-
tributed to stellar populations with a wider range of ageg.(Milone et al. (2008a)
suggest an age spread in NGC 1851's SGB populations of 1 Giigse GCs are
associated with dwarf galaxies which have merged or aredptbcess of merging
with the Milky Way (Lee et al., 2009; Bekki & Yong, 2012), suggiing that the
CMD complexities are linked to the merger events.

In the following subsections, | will outline the evidence foultiple populations
in various parts of the CMD (see Figure 2.1 for an example thighstellar popula-
tions highlighted). 1 do this in the order that the stellapptations will be described
in Chapter 2, but it should be noted that the first (spectnoiscand photometric)
evidence for multiple populations was actually found in gegaht stars.

1.3.2.1 Evidence for Multiple Populations: The Main-Sequece

Evidence for multiple populations of main-sequence (M8jsstvas found in spec-
tra as early as thirty years ago. Hesser & Bell (1980) fourftéding CN-band
strengths in seven MS stars in 47 Tuc, although the results wet interpreted
at the time in terms of multiple populations; instead, theypsidered alternative
possibilities such as multiple proto-cluster gas cloudsic&then, a great deal of
research into the spectra of MS stars has found anticaoeabetween CN and
CH, and correlations between Na and CH in 47 Tuc (e.g. Coh804d,B). In the
multiple populations scenario, the CN-weak stars form.fifidtie CN-strong stars
form later, enriched by the ejecta of the first generation.
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More importantly from the perspective of confirming the mmese of multiple
populations, Gratton et al. (2001) found Na-O and Mg-Al emtielations in MS
stars of NGC 6752 and NGC 6397. The temperatures requirecbttupe Na and
destroy Mg cannot be reached by low mass MS stars (Arnouldl,et1299), but
Ventura et al. (2001) showed that intermediate mass dtars 4 — 5M)) can reach
up to 1#K during the asymptotic giant branch phase. This allows thaplete
CNO cycle to operate, leading to oxygen depletion. At theesiime, the p-capture
process produces aluminium and sodium. This clearly inndgcéghat an external
origin was responsible for the chemical composition, arad thultiple populations
are involved.

Photometric evidence for multiple populations on the MS vi@sd first in
wCen (Bedin et al., 2004; Villanova et al., 2007). Three MSghzow been found
in NGC 2808 (Piotto et al., 2007), and split MSs are known inQN&397 (Milone
etal., 2012b) and 47 Tuc (Anderson et al., 2009; Milone eféll2a). Milone et al.
(2010) found a spread, and the suggestion of a split, in theoM85C 6752. The
search for further evidence of this spread forms part of @ of this thesis.

These multiple MSs have been interpreted as evidence eirmenrichment (Pi-
otto et al., 2005; Norris, 2004; D’Antona et al., 2005; Riatt al., 2007), with the
bluer MS up to~ 0.3 dex more enriched than the red one. The multiple MSs also
correspond to different groups in the previously mentiohedO anticorrelation.
A current challenge is establishing why different clust&tSs have such different
amounts of He enrichment, and how to obtain helium abundaasdigh as those
observed (for example, 47 Tuc’'s MS spread requires a vandt helium abun-
dance of jusAY ~ 0.026 dex, (Anderson et al., 2009), while NGC 2808'’s reddest
and bluest MSs are best fit with helium abundance¥ ef 0.25 dex and (B8 dex
(Milone et al., 2012c)).

1.3.2.2 Evidence for Multiple Populations: The Sub-Giant Banch

As in the case of main-sequence populations, the first phetiierevidence for a
split in the sub-giant branch (SGB) of a globular cluster i@sd in wCen. A
spread was found first (e.g. Hilker & Richtler 2000), beforspdit was detected
(Ferraro et al., 2004). The picture is now known to be evenentmmplex, with
at least four branches, which are thought to have differgesand metallicities
(Villanova et al., 2007). As mentioned aboweCen is an unusual cluster, thought
to have formed from the nuclei of a dwarf galaxy.

Split sub-giant branches are now known to exist in NGC 6388rgiti et al.,
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2009), 47 Tuc (Anderson et al., 2009), M 22 and M 54 (Piott®@B@nd NGC 1851
(e.g. Milone et al. 2008a, 2009; Zoccali et al. 2009). Th& spNGC 1851 can be
explained by an age difference of1 Gyr, a difference in CNO abundances, or the
merging of two GCs of slightly different ages (Carretta ef 2011).

In their study of NGC 6752, Milone et al. (2010) found no evide of broaden-
ing in the SGB of the cluster. Appendix C shows preliminarykwan this GC which
shows hints of broadening, but, as explained in that sectilmo demonstrates the
need for further study of this feature.

1.3.2.3 Evidence for Multiple Populations: The Red Giant Banch

As the red giant branch (RGB) contains the (optically) bigghsources, it is unsur-
prising that it was among RGB stars that abundance diffe@®pointing to multiple
populations were first discovered (Osborn, 1971). Diffgrbundances of light el-
ements (C, N, O, Na, Al, Mg, Si and F) have been found in many,@tuding
M 80 (Cavallo et al., 2004) and NGC 6752 (e.g. Carretta et@0D.72; Yong et al.
2008), which are of particular interest in this thesis.

The fact that Na-O anticorrelations are found among botlkeyalved) MS stars
and (evolved) RGB stars shows that anticorrelations cammctused by evolution-
ary processes, and must be present in the original stellegrimaa The multiple
population scenario is considered the only plausible exgilan at present (Gratton
etal., 2012).

Further evidence is found in the helium abundances of stattse®oRGB. Helium-
enhanced, second generation RGB stars appear bluer thianstigeneration sources
(Bragaglia et al., 2010). In the red giant branch bump inipaldr, the second gen-
eration appears brighter (Bragaglia et al., 2010). Nataile2011) found a ra-
dial trend in 47 Tuc, with brighter sources in the core whéie decond generation
should dominate (see Section 1.3.2.6).

Multiple RGB populations were found first in the most mas$ds, leading to
some speculation that multiple populations were an exatimsity only found in
the most massive clusters. Spectroscopic evidence, howexe suggests that all
GCs surveyed to date exhibit Na-O anticorrelations andetbee, contain multiple
populationss The extension of the Na-O anticorrelation (defined in termthe
interquatrtile ratio of the abundances; see Carretta e086Y, which is determined
by parameters such as the amount of polluting material aohtkss of the polluters,

SExceptions to this are Terzan7 and Pal 12, but only a few $tave been analysed in these
clusters (Sborbone et al., 2005; Cohen, 2004).
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does seem to be affected by cluster mass. This implies thah&ss has important
implications for the formation and evolution of the clustdp Na-O anticorrelation
has been found in open clusters, indicating that there may Ibver limit on the
mass of multiple population hosting GCs, which might betegldo the difference
between globular and open clusters.

Unlike the Na-O case, spreads in iron abundances have oalyfoend in the
most massive GCs (so far) and range from 0.08 dex in NGC 186ag X Grun-
dahl, 2008) to 1.5 dex imCen (e.g. Norris & Da Costa 1995; Marino et al. 2011a).

In terms of photometry, multiple populations in the RGB aiféiallt to discern
in optical CMDs, since only small spreads are expected.tifulbolet (UV) wave-
bands are used, however, the effect is far more obvious. pitead of the RGB is
due, in part, to differences in N abundance, and CN and NH$arelboth present
in the UV, blue and Stromgren filters, making finding mukii® GBs considerably
easier in surveys where such filters are used. BroadenedibR&Bs have been
found in several clusters, although differences betweemdkults have led to some
inconsistencies. For example, Lee et al. (2009) claimethiheight of the GCs that
they studied showed evidence of enhanced Ca, indicatimgtjpm due to supernova
explosions. Except in the cases of NGC 1851 and M 22, thisnsraeersial (see,
for example, Carretta et al. 2010). It has also been repon@dRGB stars associ-
ated with the second generation are more centrally coratextrone of the GCs for
which this has been suggested is NGC 6752 (Kravtsov et dl1)20

1.3.2.4 Evidence for Multiple Populations: The HorizontalBranch

The intriguing differences between the horizontal brartdB) appearances of dif-
ferent GCs will be discussed in detail in Section 2.1.3.

Globular cluster metallicity is known to be the main factetermining HB mor-
phology, but it cannot explain why the horizontal branché&&s with similar
metallicities can look very different. A combination of aged mass (or central
density) are the most likely second (and third) parametawng the differences
in HB shape and colour. In particular, more massive GCs ane tilely to retain
enough first generation material to allow a significant secgaeneration to form
(see Section 1.3.2.6), while the second generation, Hare@d HB sources are
bluer (e.g. D’Antona et al. 2005).

Links have been found between the Na-O anticorrelation erR6B and HB
colour (Carretta et al., 2007b; Gratton et al., 2010), wisichport the multiple gen-
eration scenario, since HB stars within GCs of similar migities could end up
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with different levels of He-enhancement (and, thus, défeicolours). INNGC 6752,
blue HB stars were found by Villanova et al. (2009) to be Narpad O rich, in
line with the anticorrelation found elsewhere, and as etqzbm the multiple pop-
ulation scenario. Marino et al. (2011b) and Villanova et(2012) studied the GC
M 4, which has both a blue HB and red HB. Again, the blue HB sesiwere found
to be Na poor and O rich, while the opposite was true for red H&&es, which
were rich in O and poor in Na. This is further evidence of thesgnce of multiple
populations and their link to HB morphology.

1.3.2.5 Evidence for Multiple Populations: The AsymptoticGiant Branch

Stars with strong CN bands are common among red giant braiack, ut rare

among asymptotic giant branch (AGB) stars. This is sunpgisas CN bands are
usually associated with more mixed material. It has beegestgd that CN-strong
stars, which are He-enhanced and have low masses (Norrls é081), do not

ascend the giant branch for a second time (see Section 2Qr# would expect,
therefore, that the brightest AGB stars (which are evol\rel poor, HB stars) are
Na-poor and O-rich, like their HB counterparts. Na and O meaments of AGB

stars are not yet available, but the fact that such measutsé RGB stars have
been successfully performed suggests that such measuresteuld be possible
in the near future. This would give much needed clarificattonthe connection
between HB and AGB stars.

1.3.2.6 The Origin of Multiple Stellar Populations

As previously mentioned, understanding the cause of melpppulations is key
to understanding globular cluster evolution, and the bt fully describe the
evolution of stars within a GC will help with understandingwhwell the processes
involved in a GC reflect stellar evolution elsewhere.

For a multiple population, GC formation theory to be suctidsst must ex-
plain two key observational features: the majority of stawr$sCs are from the
second generation, and that they have chemical compasitawaly found among
field stars.

First generation stars make up just-230% of the observed, current total pop-
ulation (Caloi & D’Antona, 2011; Gratton et al., 2012). Thentposition of the
second generation requires that they formed from ejecta troly a fraction of the
first generation stars. This suggests that (unless we adagtainrealistic and un-
usual initial mass function (Smith & Norris, 1982; D’Anto8aCaloi, 2004)), the
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original stellar system (made up of first generation stans$trbe around ten times
the mass of currently observed GCs (D’Ercole et al., 200&kB&011). If this is
the case, then a mechanism must be found through which thgdingration stars
can be preferentially lost, while the second generatioraiam

The fact that the second generation contains only a fracfdhe “polluting”
material available from the first generation implies thaisidiluted with unpro-
cessed material. The origin of this combination of process®l unprocessed ma-
terial remains unclear, although some ideas have been stegheD’Ercole et al.
(2008) suggested that the polluting material might be thetajfrom the most mas-
sive AGB stars, which collects at the centre of the clustdrpagh how successfully
the AGB ejecta can be retained within the relatively shalyawitational potential
well of a cluster, and whether AGB ejecta can account forfathe mass of the sec-
ond generation stars has been questioned (Bekki, 20119rsofb.g. Decressin et
al. 2007) have suggested that the source might be the wirfdstafotating massive
stars; most recently, Maccarone & Zurek (2012) proposetititauld come from
novae which are powered by accretion of the intra-clusteatiom by massive white
dwarfs. Which, if any, of these models is responsible fordhemical abundances
found in second generation stars is not yet known.

As evidence for multiple populations emerges, thoughtshake turning to the
question of whether any single population GCs actuallytex@aloi & D’Antona
(2011) suggest that two types of single stellar populati@sGhould exist: those
which were too small to retain enough first generation-ejgchaterial to form a
second generation (so are made up of first generation stirsamd those which
were so massive that they formed a second generation bed faillose a significant
fraction of the first generation (so remain mainly first gextien stars). In their
search of 106 GCs, Caloi & D’Antona (2011) found 17 GCs whish@ndidates
for single stellar populations, based on the likelihood diragle population HB.
Nine of these are thought to have been massive enough to feetoad generation,
but did not lose the first generation stars.

Regardless of the details of the process, the observatwiddnce all seems to
imply that GCs formed within massive episodes of star foromaftcreating clusters
much larger than the GCs we observe today, and that most ofidieal stars have
been lost. Much of the Galactic halo may have formed in thaseesstar forma-
tion episodes, adding to the significance of GCs in the comtegalaxy evolution
(Gratton et al., 2012).

While the general multiple generation scenario is able fgar well the spec-
troscopic and photometric features discovered to dateyraapects of the theory
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are still unclear and the subject of debate. The nature ofthierial from which

the second generation stars form is not yet understood.ifffeedcales over which
the star forming periods took place is not yet clear. Finallyderstanding of the
connection between the different evolutionary phasedirikdetween photometric
and spectroscopic features, and understanding of the cbandetween multiple
populations and more complicated CMD features such as HpInodogy are really
in their infancy.

Ever more precise photometry and larger spectroscopiceygsrare key to ob-
taining a true picture of the extent and nature of multiplpydations, while further
developments in theoretical models are required to expiephysical mechanisms
at work.

1.3.3 Globular Cluster Evolution

After a globular cluster has formed, and survived the tidatés which threaten it
in its early development, there are two major processesagt phass segregation
(or core-collapse) and evaporation.

1.3.3.1 Mass Segregation and Core-Collapse

In a globular cluster of sufficient age, encounters betwears swill have redis-
tributed the initial star kinetic energies, trying to dritlee stars in a GC towards
equipartition. As this happens, the most massive starsdtow and move towards
the centre of the cluster, while less massive stars, whigl hagher velocities for
the same kinetic energy, move towards the outer region. droicess is called mass
segregation (e.g. Elson et al. 1987; Heggie & Hut 2003). Témdral stars then
occupy a smaller volume, making the core region more der@elyded. In turn,
the shrinking of the core speeds up the energy transfer pspse the core contracts
further and the GC halo expands more quickly, in a process/kras core-collapse
(e.g. Elson et al. 1987; Hut et al. 1992; Heggie & Hut 2093).

Core-collapse can be delayed by the presence of a even aEopallation of
primordial binary systems. When a star passes close to ajtégatem, the binary
pair’'s orbit tends to contract, releasing energy. Once tieggy released from pri-
mordial binaries contained within a cluster is exhausteal (the binaries are all

4The phenomenon in which removal of energy from the core léadsars dropping into lower
orbits, moving faster, and therefore having more energymetimes referred to as gravothermal
instability (Ashman & Zepf, 1998). Note that this can als@pan in single mass models and is not
dependent on mass segregation.
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disrupted or ejected), core-collapse proceeds (Heggie & 2003).

By contrast, tidal shocks caused by the GC repeatedly gadsiough the plane
of a spiral galaxy tends to speed up core-collapse. As the &Sqgs through the
disk (or the galactic bulge), the gravitational shock gieegrgy preferentially to
stars in the outer parts of the cluster (Ostriker et al., }9This allows more stars
to escape (see Section 1.3.3.2), but also adds to the wetbsfiersion in the core
and accelerates core-collapse (Gnedin et al., 1999).

The fact that GCs do not contain infinitely dense cores indthat something
must happen to reverse the process. It turns out that themyistable to sustain
itself (see Heggie & Hut 2003). The high stellar densitiegshie central region
of a core-collapsed cluster lead to frequent interactiamduding three body in-
teractions in which two single stars form a binary systenthwi third star acting
as a catalyst. In such an encounter, the single (catalystlgsins kinetic energy,
and the newly formed binary system is then more likely to ugddurther interac-
tions. When another single star passes close to the bih@ihary system’s orbit
shrinks, and the binary is said to ‘harden’. The binary systeses gravitational
energy, while the kinetic energy of the passing star in@sasSimilarly, as core
density rises, existing binary systems are also more lik@ynteract with passing
single (or binary) stars. In fact, mass segregation causemmlial binaries to ac-
cumulate in the cluster core, increasing the efficiency nabj-binary interactions.
Close encounters between binary systems may dissolve dhe binaries, leaving
a binary and two single stars, or may harden both binary Bystéeading to the
release of energy. The increase in available energy meansdhe-collapse hap-
pens in reverse; stars move outwards from the core, lowénhagore density, and
the core expands further. This is sometimes known as a postenllapse bounce
phase (Heggie & Hut, 2003).

Observationally, the evolutionary stage of a GC can be deterd from its ra-
dial profile. As explained in Section 1.2.2, the radial petivhether constructed in
terms of surface brightness or stellar density) demoresithiat, in general, the stel-
lar density increases with decreasing distance from the. dara pre-core-collapse
cluster, this increase continues down to a certain disténoce the core, and then
flattens. Recent models have shown that a cluster which rdeygwne post-core-
collapse bounce may be indistinguishable, based on italrpdifile, from a pre-
collapse cluster (Heggie & Giersz, 2009). A GC that is underg core-collapse,
or in a post-core-collapse bounce phase can be identifieddontnual increase
in luminosity all the way to the GC centre. It should be noteolwever, that such
a ‘cusp’ can also indicate the presence of a central black. hohis is discussed
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further in Section 1.4.

Numerically, as explained in Section 1.2.2, the dynamitabs of a GC can be
described in terms of its concentration parameter,log,o(rt/rc). A concentration
parameter ot 2> 2— 2.5 is considered to be on the verge of collapsing, undergoing
core-collapse, or post-core-collapse (Meylan & Heggi&7)9

There is, as yet, no clear way to determine whether a cluseraout to undergo
core-collapse, in the process of doing so, or in a postspsddounce phase, either
from the slope of the cusp in a radial profile, or from its cantcation parameter.

It is possible, however, to distinguish whether GCs are is ¢iioup of phases or
not. Fitting radial profiles to single-mass King models, ethare characterised
by values ofr; andr¢, can give an indication of whether the entire cluster can be
defined using one value of or if different values are needed to describe the core
and outer regions. If multiple King models are needed toaepce the radial profile

of a cluster, it can be thought of as in one of the core-collgplsases. This is
investigated in the case of NGC 6752, in Chapter 4.

1.3.3.2 Evaporation

While mass segregation and core-collapse dominate thendgseof the central
region of the cluster, the overall size of the cluster iscttd by evaporation.

Evaporation occurs when stars in the outer part of the aldstee enough ki-
netic energy to be removed entirely from the cluster’s gedional influence (i.e.
its velocity exceeds the escape velocity of the clustgy; > vesd. It is one of the
ways in which a GC can be destroyed. In isolation, this wifpfen through two-
body relaxation as a cluster tries to move towards equipant{Spitzer, 1940), as
previously discussed (see Section 1.3.3.1), but the pcesaiian external gravita-
tional field makes the process happen quicker. In Sectior2 1l 2lefined the tidal
radius as the radial distance at which the gravitationaldaf the GC is equal to its
host galaxy. As a GC orbits a galaxy, stars outside this sadill be captured by
the galaxy and stripped away. The external gravitationll ftan be introduced in
a more dramatic way in the form of tidal shocking.

Tidal shocking, also known as disk shocking, has already beentioned in the
context of its affect on core-collapse rates. It occurs wenGC passes through
the disk (Ostriker et al., 1972) or bulge (Gnedin & Ostrik&897) of a galaxy
and is well known to increase the rate at which stars are tost the outskirts of
the cluster (Kundic & Ostriker, 1995). This tidal strippiedfect is self-limiting;
as a GC loses mass and becomes more compact, the importatidal aghocks
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diminishes.

The time-scales on which evaporation and tidal shockingiiocan be inter-
preted as indicating the characteristic time-scale ovectiv GC will be destroyed.
There are three key time-scales to consider in the conte3Cs:. the crossing time,
relaxation time and evaporation time.

The crossing time of a cluster is the typical time taken fortaxr $0 travel a
distance equal to the characteristic size of the clustas iSlusually taken to be the
half-mass radiug,, (see Section 1.2.2). The crossing time is given by

'm
teross™~ —,
Vv

wherev is the typical velocity of a cluster membeg (LO km/s; Benacquista 2006).
Typically, teross~ 10° years (Padmanabhan, 2001).

The relaxation time of a gravitationally bound system ismdi as the charac-
teristic time taken for the component stars to interact witle another enough that
they lose all history of their original velocity. Once thisaurs, in theory, the stars
all have equal kinetic energy. It is related to the numberstrehgth of the interac-
tions taking place within the cluster, so depends on theageelength of time that
a star takes to cross the system, as well as the number otstatigned within the
system. The mean relaxation time can be shown to be

0.1N

trelax ~ NN teross

(Binney & Tremaine, 1987). In a GC, the relaxation time isitgtly less than
100years, at least out to the half-mass radius. By contrasteflagation time of
an elliptical galaxy is generally longer than this, excegthie innermost few parsecs
(Elson et al., 1987), so the relaxation process is far mopgomant in the evolution
of a GC than a galaxy. Of course, stars moving towards thetgteonal centre of
the cluster, as well as interactions between individuakstaean that GCs cannot
ever be truly ‘relaxed’.

The evaporation time of a globular cluster is the time tal@rafcluster to dis-
solve by losing stars whose kinetic energy is high enouglhfem to escape. This
high-end tail of the distribution of speeds is replenishgaddiaxation. The evapo-
ration time is given by

t o trelax
evap— )

wherey is the fraction of stars which escape in one relaxation tirte.an isolated
system, assuming that the system is virialised, this tuant$cgive an evaporation
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time of
tevap~ 136X trelax

(Benacquista, 2006). As previously discussed, the evéiparime can be short-
ened considerably by tidal stripping due to interactionthhe disk or bulge of the
host galaxy.

The characteristic time-scales of globular clusters dsfgnificantly from each
other as follows1cross < trelax < tevap On short time-scales, interactions between
stars are important, whereas relaxation and evaporaticorbe important at around
the typical current age of GCs.

1.4 Open Questions in Globular Cluster Astrophysics

Globular clusters have been studied for centuries, and lwagebeen recognised
by both observers and theorists as of great importance inriderstanding of top-
ics from stellar evolution to cosmology. There is, howewtit| much to learn. In
fact, it could be argued that recent developments in ingntation and analysis
techniques are showing us just how little we truly undedtidnese fascinating sys-
tems. Far from being simple, single stellar populations asowce thought, GCs
have recently been revealed to consist of multiple poparatiof stars. This adds
to the already ongoing debate around how they formed, andthewtie in with
galaxy evolution. Related to this is the fact that the battstruments become, the
more thoroughly we are able to study distant, extra-gatadtisters, and the more
we have to start trying to understand what GC spatial distidin can tell us about
galaxy structure, and what we can learn from correlationwéen GC parameters
and those of the host galaxies themselves.

While large, ambitious surveys like ‘the ACS survey of Gélaglobular clus-
ters’ (Sarajedini et al. 2007; see also Piotto et al. 200&€eRberg et al. 2000) can
be very useful in studying a number of globular clusters iel&sonsistent way, in
reality, studies of individual clusters are still the mostranon method for attempt-
ing to amass sufficient data to answer some of the big quessiomounding GC
astrophysics. This thesis focuses on two such studies.

In this section, | summarise some of key questions surran@iC astrophysics,
and highlight some of the ways in which the work describedhisthesis might help
to answer them.
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1.4.1 Globular Cluster Formation

An ongoing and important topic of research is that of formatnechanisms, which
can be divided, broadly, into three topics: the likely lirkdtar forming regions
in interacting galaxies; the possible link to dwarf galaxénd the involvement of
multiple stellar populations.

As discussed in Section 1.3.1, it is generally believedghatular clusters form
in periods of rapid star formation (starbursts). In theselsirst regions, the in-
terstellar medium is particularly dense, allowing GCs tarfdrom giant molec-
ular clouds. In the last few years, it has become widely aeckthat the young,
blue clusters residing in starburst regions such as the Néamge clouds and galaxy
mergers are likely counterparts to the classic, old GCsdi€suof such clusters, in
particular in interacting galaxies, will allow us to finaltletermine the time-scale
on which star formation occurs in the progenitor cloud, aodfitm or disprove the
theory that the fact that all (old) GCs have approximatedygame mass (as opposed
to the range of masses found in young clusters) becauselmiyiost massive clus-
ters are able to survive disruption in the same star formdtiarsts that form them.
It is clear that as GC formation is closely linked to galaxyni@ation and mergers,
investigating GCs will inevitably help us to learn about gaaxies that they reside
in.

In order to fully understand the mechanisms governing G@é&tion, we must
also get answers to many questions regarding the naturergyia @f multiple stel-
lar populations residing in GCs. Only in the last few yeargehastronomers come
to accept that GCs are made up of multiple generations of,diat recent observa-
tions have shown that multiple populations appear ubigsita key question now
is whether or not any GCs exist whose stars can be considelszld single stellar
population. Current theories are able to explain obsesmatievidence in each indi-
vidual part of the CMD (i.e. broadened sequences and chémlt@amogeneities),
but work to track the different generations through the clatgpevolutionary track
of a CMD (from the MS, through the sub and red giant branchasinktance) is
just beginning.

The true multiple population picture is likely to impact other areas of GC
astrophysics: the multiple population scenario is likelype related to the so-called
‘second parameter problem’, through which the horizontahbh morphology ap-
pears to be related to age, metallicity, or cluster mass. rélagive importance of
these parameters in determining the shape and extent obttmhtal branch is not
yet established.
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Furthermore, multiple population theory may also be linkeéven more com-
plex stellar evolution questions: a recent study by Haggsaral. (2010) found a
population of nine X-ray emitting stars which lie to the refdite red giant branch
in the CMD. These may be a class of X-ray emitting binary systeor may be
linked to the metal-rich red giant branch. It is not known whis population is
prone to producing X-ray-bright sources.

Finally, it is not yet understood how the different generas of stars form, and
what their presence tells us about the wider topic of earlsgpgaformation. While
most multiple population clusters appear to be of the ‘dnmient’ type, others, such
asw Cen and NGC 1851 have spreads in age and metallicity thabarkatge for
such a scenario to work. These clusters are thought to beditdk dwarf galactic
nuclei, as discussed below.

Work to investigate the presence of multiple stellar popares in GCs tends to
be taking place on a cluster-by-cluster basis, becausepnagision photometry is
required, which often leads to approaches being tailorexhtd specific cluster. To
this end, part of this work (see Chapter 6) focuses on a séart¢inoadening in the
main sequence of the globular cluster NGC 6752. Searchevidence of multiple
stellar populations in more GCs, and deeper searches i tkro®wvn to harbour
multiple populations will likely be needed before compans can be drawn and
theories surrounding the true nature of multiple populaioan be refined.

It has been suggested that there is a link between dwarfigalard halo GCs.
Freeman (1993) suggested that in the early Universe, G@s &sr the nuclei of
dwarf galaxies, and are then accreted into the galactic &sltheir host galaxies
merge onto larger structures. A recent study by Georgie.g2809) supports
this claim, at least for GCs which exhibit extreme horizéianches (see Sec-
tion 2.1.3). Marin-Franch et al. (2009) propose that theireadf the multiple stel-
lar populations found in a GC might tell us something aboet @Cs origins as
an accreted satellite. Bekki & Yong (2012) interpret thesprece of the stellar halo
around the Galactic GC NGC 1851 (found by Olszewski et al92@6 evidence that
it formed in the centre of a (now defunct) dwarf galaxy. Beét al. (2011), how-
ever, studied the GC population of M 87 and found that itsauttompact dwarfs,
which are thought to be the stripped nuclei of dwarf galaxaes a distinct popula-
tion from GCs. Establishing the extent of a link between dwgataxies and GCs is
important in the context of both GC and galaxy formation.
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1.4.2 Globular Cluster Evolution

As well as helping to understand galaxy formation, studfegabular clusters can
also aid in the understanding of galaxies’ subsequent 8woluA key tool in this
investigation is the initial mass function (IMF: the numloistribution of stars as
a function of mass). Theories suggest, for example, thathlaeacteristic mass of
GCs will increase with lower GC metallicities (Paust et 2010). GCs provide a
way to probe whether the IMF changes with metallicity, anduenber of studies
have investigated correlations between the present dag fmastion and factors
such as metallicity, spatial position in the Galaxy, cdnétaface brightness and
central density (Capaccioli et al., 1993; Djorgovski et 4893; Paust et al., 2010).
As demonstrated by the fact that some of these surveys afgpleave contradictory
results (for example, Capaccioli et al. 1993 and Djorgoeskil. (1993) find corre-
lations with metallicity and location, whereas Paust e2@lL0 do not), determining
even the present day mass function in GCs is difficult. Howeuech studies are
undoubtedly informing the theories concerning the IMF & Milky Way. In turn,
understanding the IMF of the galaxy and any potential conoregvith GC location
might help explain the chemical compositions of GCs and viley differ.

1.4.3 Black Holes

An exciting topic of research concerns the possibility aidil holes residing in
GCs. The possibility of the existence of black holes of uasionasses in GCs is
discussed in detail in the context of stellar populationSeéation 2.3. Here, | focus
on the effect of a central black hole on the overall morphyplogits host GC.

The presence of an intermediate mass black hole (IMBH) isafribe causes
of higher than expected luminosity or stellar density in Weey core of a cluster
(Baumgardt et al., 2005; Noyola & Gebhardt, 2006). In ordezgtablish the pres-
ence of an IMBH in a cluster centre, the slope of the radidlilgroaust be measured
very accurately, as the observable difference betweemthence of an IMBH and
a collapsed core is subtle. Furthermore, the black holesi@stipn have masses of
just a few hundred to thousamdi,, (Goldsbury et al., 2010), so the region in which
stars are observably influenced would be small. It is vitatiportant, therefore,
to know the location of the cluster centre to a great degrgeeaxdision. Noyola et
al. (2008) and Anderson & van der Marel (2010) independesebrched the radial
profile of w Cen for signs of a central IMBH. The centre positions thay theed
differed by just 12, but they drew very different conclusions: Noyola et al.qap
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claim to have found evidence for an IMBH, while Anderson & wkan Marel (2010)
found, at most, a shallow central cusp which does not sugggdence of a black
hole. Accurately locating the cluster centre is key if rhgifiles are to be used in
searching for the presence of central black holes.

1.4.4 Radial Profile

As explained in Section 1.2.2, the radial density or brigssprofile of a GC can
tell us about its evolutionary state. Radial profiles camiiig clusters which are
undergoing core-collapse, through the presence of a dgaak. At present, how-
ever, there is no way to determine if a cluster is about to tgmweore-collapse,
currently collapsing, or in a post-collapse bounce phasayv Work even suggests
that a pre-collapse GC's radial profile may be indistingalsk from one at the peak
of a post-collapse bounce (see Section 1.2.2 and Heggie &6209). Theoreti-
cal models are able to fit well the general slope of the prdiilié are less good in the
innermost and outermost extremes. Better models are estjifiradial profiles are
to be used in investigating tidal stripping in the outer rezcof clusters, as well as
furthering understanding of the observational charasties of core-collapse. De-
bate even continues around whether density or luminosdijlps are best suited to
this role. Stellar density methods are limited by the apild resolve stars in the
dense cluster core, but luminosity profiles are influenceshgly by the choice of
wavelength (for example, the luminosity profile constrdctesing V-band images
is predominantly made up of red giant stars). As in the useadiat profiles in
searches for central black holes, accurately locating #mére position of a GC is
key.

In Chapter 4, | present a new estimate for the centre positicdGC 6752, and
then construct the cluster’s radial density profile. NGCB3%lynamical status is
the topic of much debate, with evidence for both a collapsebhmn-collapsed core
(see, for example, Lugger et al. 1995; D’Amico et al. 2002r&® et al. 2003a;
Noyola & Gebhardt 2006). More accurate measurements ofghial position and
density profile are required to determine the true naturéettuster’s evolutionary
status.

1.4.5 Binary Fraction

It has long been known that the fraction of stars in a GC thabrgained in close
binaries can greatly impact the evolution of the GC. As ntdd in Sections 1.1
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and 1.3.3, GCs with only a few binary systems will tend to egdhrough long
term interactions, whereas the presence of a larger bimagtién can cause the
GC to expand and evaporate quicker, while also delaying-coltapse. As well as
primordial binaries, binary systems are created and dgstran GCs because the
high stellar density leads to frequent interactions. Thiétalbo study potentially
large numbers of binary systems involving stars which arthatsame distance
and (roughly) the same age makes GCs invaluable tools inttitly ®f dense en-
vironments and stellar evolution. Thus, determining theaby fraction of globular
clusters is of interest in a number of fields.

Measuring the binary fraction of an individual globular sfier is usually done
using one of three methods: searching for variations inalagglocity (e.g. Hut
et al. 1992); searching for stars which lie to the red sidehefrmain-sequence on
the CMD (e.g. Zhao & Bailyn 2005); searching for photometrégiables (e.g.
Dieball et al. 2007; Servillat et al. 2007). All three metkduave associated dif-
ficulties: searches for radial velocity variations are oabgful in investigating the
very brightest GC stars, while searching for an excess oé gtahe relevant part of
the CMD requires very precise photometry. Searching fort@metric variability
tends to find binaries which have short periods and high alriiclination bina-
ries. Such searches are very useful in studying the difteypes of binary systems
found in GCs and comparing them to field populations, but geoto build up a
complete picture of the binary fraction of GCs, it is likelyat a number of surveys
of a number of clusters, using different methods will neebeg@ompleted and com-
piled. This thesis includes searches for photometric tdiig in two GCs, M 80
and NGC 6752.

In this chapter, | have introduced some aspects of GC astsigs) describing
the key characteristics that define a GC, and outlining itdigionary stages. In the
following chapter, attention shifts to the constituentsad&C; | will describe the
stellar populations found within them, and how they can bdistd.



Astronomy? Impossible to understand and madness to in-
vestigate.

SOPHOCLES(C. 497 — 406 BCE)

An Introduction to Stellar Populations
Seen in Globular Clusters

In Chapter 1, | introduced globular clusters in the contéxheir large scale charac-
teristics, as well as their formation and dynamical evalatiln this chapter, | focus
instead on the stars that make up a cluster, and then outime sf the tools used
to study them. In Section 2.1, | will describe in some deta@ tolour-magnitude
diagram of a GC, and discuss the more exotic objects founddas &d why they
matter. In Section 2.4, | will explain why ultraviolet imagyare particularly useful
in investigating these objects.

2.1 The Globular Cluster Colour-Magnitude Diagram

Much of what is known about the stars contained in globulasters comes from
studying the colour-magnitude diagram (CMD). Figure 2.tvehthe V - | CMD
of NGC 6752, with the most important stellar populationghtighted.

In this section, | will discuss each of the marked star tyes introduce the
current challenges in understanding their nature. The aladamethods used in the
creation of this CMD are described in Chapter 4.
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Figure 2.1: The colour-magnitude diagram of NGC 6752. Labelled are thaém
sequence (MS), main-sequence turn-off (MSTO), sub-giearidh (SGB), red gi-
ant branch (RGB), asymptotic giant branch (AGB), white daéWDs), and blue
stragglers (BS). The area between the WDs and MS is refeordddughout this
thesis as the “gap” region, and is also labelled. The hotédmanch of NGC 6752
can be split into two regions: the blue horizontal branch BBtdnd extended (or
extreme) horizontal branch (EHB). The construction of DD is described in
Section 4.3.
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2.1.1 The Main-Sequence

The vast majority of sources included in the V - | CMD are hyglo burning, main-
sequence (MS) stars. The MS extends from the main-sequemceft (MSTO) to
fainter magnitudes and redder colours and ends at a lintatdid by the magnitude
limit of the observations (in this case, &/ 24 mag). If deep enough observations
were available, the MS would end at the hydrogen burningib@low which only
brown dwarfs are found.

The luminosity of the MSTO is related to the age of the clysteost studies
yield approximate GC ages of 2013 Gyrs (see, for example, Sarajedini 2008;
Di Cecco et al. 2010; McNamara & McKeever 2011). The sharpoéthe MSTO
and the narrowness of the MS were thought to suggest thecstatgined within a
GC all formed at the same time and have the same chemical citiopo As noted
in Section 1.3.2, recent developments in instrumentatiaipdotometry techniques
have shown that the true picture might be more complicated.

2.1.2 The Sub-Giant and Red Giant Branch

Once the hydrogen in an MS star’s core has been exhaustestathmoves onto
the sub-giant branch (SGB) and then the red giant branch |RB&h of these
are marked on Figure 2.1. Sources here have hydrogen busheity, which move
outwards as the star progresses up the RGB.

When the hydrogen shells reach the inner-most part of theextive shell, a
chemical discontinuity is formed. This causes the rate dirbgen burning to drop
sharply. The star becomes slightly fainter and bluer, eéamtinuing to progress
up the RGB. This results in an over-abundance of stars ataiicgrart of the RGB,
which is known as the red giant bump (Cho & Lee, 2002). Evdhytuthe degener-
ate helium core ignites at the tip of the RGB and the star geggs to the horizontal
branch.

2.1.3 The Horizontal Branch

The horizontal branch (HB) is made up of stars with heliunnibuy cores which
have evolved off the RGB. HB stars are bluer than the RGB aightar than the
MS and are characterised by the fact that they have simitainosities, but a range
in colour.

On the whole, HBs extend blueward from a point close to the R§pBnning the
instability strip (which contains few stars in GCs; see #ecP.2). The HB can be
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split into a red horizontal branch (RHB) and blue horizomtaench (BHB), based
on the position relative to the instability strip. At the bland, they sometimes have
a tail which extends towards fainter magnitudes. Thesecgsunave temperatures
abovex 16,500K (e.g. Momany et al. 2004; Brown et al. 2010). This is kn@as
the extended or extreme horizontal branch (EHB).

The length and shape of the HB varies somewhat from clustefuster. In
NGC 6752's CMD (see Figure 2.1), only one candidate HB soigrseen to the red
side of the instability strip, but the BHB and EHB are well ptgied. Other GCs,
such as NGC 6637 (Sarajedini & Norris, 1994), exhibit a ciREB, but have no
sources blueward of the instability strip.

The main physical effect determining the morphology of th# id the metal-
licity of the cluster. Higher metallicity leads to more opgstellar envelopes,
meaning the light that we see from a star comes from a shalldegth, so it ap-
pears red. Thus, higher metallicity GCs have redder HBs lihametallicity ones.
Metallicity is known as the ‘first parameter’ in HB morpholog

It has long been known, however, that GC metallicity vaoias, alone, can-
not explain all of the differences observed between HB malgdies (Sandage &
Wildey, 1967). Some GCs have HBs which do not match the cslpradicted from
their metallicities, and HBs belonging to clusters with gamoverall metallicity
might appear quite different. Metallicity must not be thdéydiactor influencing the
appearance of the HB. This mystery is a topic of current mebeand is known as
the ‘second parameter problem’. It is strongly linked totiygic of multiple stellar
populations, as discussed in Section 1.3.2.4.

There are a number of candidates for the role of second paeaifsee, for ex-
ample, Recio-Blanco et al. 2006; Fusi Pecci et al. 1993pl¢i¢r GCs are thought
to have bluer horizontal branches than younger ones, bedhesstars evolving
onto the HB are less massive, so have less massive (and lagaeg)penvelopes;
(i) higher helium abundance (meaning lower hydrogen faajtleads to a less
opague envelope, and a bluer HB; (iii) higher CNO abundamcehe other hand,
makes the envelope more opaque, making the HB stars reddefinélly, higher
stellar core rotation rates affect the helium core mass telldsmass loss, so might
produce a bluer HB. There is also observational evidenceggest that globular
clusters with higher central densities tend to have blues HBis likely that some
combination of these possible ‘second parameters’ is redun order to fully ex-
plain the differences in HB morphologies. The most likelpdiaates at present are
age and central density (which is linked to mass; Dotter.e2Gil0).
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2.1.4 The Blue Hook

Some GCs are now known to host a population of objects locattdde hottest
(and optically faintest) end of the EHB. These stars have&ratures> 31,500 K
(Momany et al., 2004) and, following Whitney et al. (1998 known as blue hook
(BHK) stars.

Blue hook stars were first detectedirCen (Whitney et al., 1998) and NGC 2808
(Brown et al., 2001), but sizeable populations {1090+) have since been found in
a number of clusters, including M54, NGC 6388 and NGC 2419k Bahdidates
have also been found in M 80 (see Chapter 3 for discussioredBHk population
of this cluster), NGC 6441, M70 and M 15 (see Dieball et al.0@0and refer-
ences therein). So far, BHk stars have only been found in thet massive clusters.
Dieball et al. (2009) suggest that this might still be simalgelection effect; BHk
stars are rare, so can only be found in clusters with suffiaembers of stars.
However, Brown et al. (2010) argue that, in fact, only the trmoassive clusters
contain significant populations of BHks and that there isrgelomass limit.

2.1.5 The Asymptotic Giant Branch

A few asymptotic giant branch (AGB) stars can be seen in EiQut. Once a star
has exhausted its core helium, the core contracts and swted by an inner shell
of burning helium, and an outer shell of burning hydrogenthfesenergy generation
increases, the star ascends the giant branch for a secoaditim phase known as
the asymptotic giant branch. Stars on the AGB are completeBys and exhibit
peculiar features such as He shell flashes, in which the staates briefly to the
instability strip, as well as mass loss in the form of stelNands.

2.1.6 White Dwarfs

Eventually, the hydrogen and helium shells of an AGB stapbexexhausted, and
the source loses its envelope and becomes a white dwarf &B3)fusion is no
longer taking place in the core, there is no heat source. @lelgtron degeneracy
pressure prevents the star from collapsing. This makes VéDsdense; they have
masses up ter 1.4M.,, with radii < 0.02R;. The outer material radiates away, and
the WD cools and becomes redder. Ultimately, a WD will becarbé&ack dwarf, in

1The ejected shell of plasma and gas might be observed atdhis s a planetary nebula. A
number of GC planetary nebulae have now been observed (gezxdmple, Pease 1928; Gillett et
al. 1989; Jacoby et al. 1997).
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thermal equilibrium with its surroundings. This is expette take longer than the
current age of the Universe, so no black dwarfs actuallytgras

The WD cooling process takes a long time because the sunfaadram which
the heat is radiated is very small, and the cooling rate Wl&tefan’s LawL =
4TR20 T4, so the rate of cooling decreases as the temperature desreHse age
of the coolest WD in a region can, therefore, be used as a meabthe time since
star forming began to take place in that region. In a GC, whezestars all formed
at approximately the same time, the WDs form a sequence o@i2, becoming
fainter and redder. The age of the faintest star on that segueorresponds to the
age of the GC. As WDs are optically faint, this is difficult tecartain and, for a
long time, this measurement was beyond the reach of optixsgreations. Using
the Hubble Space Telescapk is now possible, at least in the outskirts of GCs,
to detect significant WD populations in GCs. For example, déanet al. (2007)
used V- and I-band observations of the outer part of NGC 689dasure the WD
population. They found that it had a cut-off aE\27.6 mag, which corresponds
to a GC age of 147+ 0.47 Gyr. This is consistent with, but more precise than,
previous measurements made using the main-sequencefturn-o

Measuring the complete luminosity function of WDs in theecof a GC is still
not possible using optical observations, because theyeayefaint and optical im-
ages are too crowded; WDs can be seen at the very faint enceof thi CMD
in Figure 2.1. As (younger) WDs are blue, however, ultraei@lJV) images can
be useful tools in observing significant populations of the#v observations are
discussed in Section 2.4.

2.1.7 Helium White Dwarfs

Helium white dwarfs (He WDs) are WDs whose progenitors lostiegh mass that
they were unable to undergo helium ignition at the top of tl&@BRThey form a
CMD sequence slightly to the red of the WD sequence and, &s san be consid-
ered to reside in the “gap” region (see Section 2.1.9).

The most obvious method for the WD progenitor to lose massrbakaching
the tip of the RGB is through mass loss or exchange in a bingstes1. He WDs
can, therefore, be formed either in primordial binariestootgh dynamical en-
counters. He WDs are usually associated with milliseconsigrs or ultra-compact
X-ray binaries (see Section 2.3; Edmonds et al. 2001; Diediahl. 2005a). In
47 Tuc, Knigge et al. (2008) discovered a He WD whose speetraigy distribu-
tion showed no sign of a companion, pointing to a dark congrasiich as a neutron
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star or white dwarf. Radial velocity studies would be neetteconfirm or rule out
this conclusion. Isolated He WDs may also be present in G&sses where the He
WD is ejected from a binary system through an exchange enenustudies of He
WD populations in GCs can provide a unique insight into theadgical processes
involved in a host GC’s evolution.

2.1.8 Blue Stragglers

The CMD in Figure 2.1 also exhibits blue stragglers (BSs)s BS along the line
of the main-sequence but above the turn-off. They are abalbrmassive, hydro-
gen burning stars that, under normal circumstances, shuatd evolved off the
MS long ago. The formation mechanism (or mechanisms) resplenfor BSs is
a topic of debate. While many scenarios have been suggéiseetlyo most likely
mechanisms are direct stellar collisions (Hills & Day, 19@fd the coalescence of
primordial binaries (McCrea, 1964).

A simple method to determine how a particular BS was formedfobserva-
tions of that individual BS has not yet been found. Insteasearch is focussing on
attempting to determine the dominant formation mechannthfe BS population
as a whole, by comparing the size of the BS population withctieracteristics of
the host GC.

Evidence for the presence of both formation mechanisms kas beported.
Leigh et al. (2007) showed that the total number of BSs caethin a GC does
not correlate with predicted collision rate, implying tleatlisions are not the dom-
inant formation mechanism. On the other hand, Ferraro €2804) and Mapelli
et al. (2006) showed that the radial distribution of BSs hasrdral peak, followed
by a decline in number, and then a rise at large radii. Sinarlatsuggest that the
central peak is larger than one would expect simply from ns&ggegation in a
cluster containing primordial binaries, while an increas&arge radii would not be
expected for a collision dominated process. This has beenpieted as an indi-
cation that primordial binaries might be the dominant fotioramechanism in the
outer parts of a GC, but that in the core, BSs are formed frolirsmmns.

In the core at least, if most BSs were formed in collisionsMeein two single
sources, the number of BSs should scale with collision ratel, the number in
a cluster core should bigscol ~ %SI where 1gs is the typical BS lifetime, and
Tcol IS the time-scale on which collisions occur. AlternativafyBSs form from
binary systems, the number should scaléNggpin [ fpinMcore, Where fyi, is the
GC core’s binary fraction anMqre is the total stellar mass in the core. Knigge et
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al. (2009) studied a a sample of 56 GCs which were known toB®st to search for
correlations between BS numbers and various cluster paessneThey found no
correlation between the predicted number of single-siongliésions and the number
of BSs, across the whole sample. It should be noted thatessigble collisions
are considered in simple models, but it is recognised thhisiwms with binary
systems are key in reality; the single-single situationsedito represent all such
collisions. For the denser clusters (definedogs> 10* M., pc3) only, they found
a weak correlation. In the search for a correlation betweemumber of BSs and
core mass, however, they found a significant correlationenEsonsidering only
the denser clusters, the correlation between number of B8glaister mass was
stronger than that with collision rate, implying that corass is the better predictor
of BS population size, whether considering all clustersjust the denser ones.
They suggest, therefore, that binary coalescence is théendmotrformation method
for BSs, but note that the binaries themselves may have hdgact to dynamical
interactions.

Even more recently, Ferraro et al. (2009) reported the dagoof two distinct
BS populations in M 30. Following comparisons with stellswcéhrones, they sug-
gested that the redder population arose from the evolutiamiose binaries which
are probably still undergoing mass transfer, while the ldapulation arose from
stellar collisions. Over time, the region between the BSytajoons will be filled
due to stellar evolution, so the fact that the two populaioan be distinguished
is evidence that M 30 has undergone a short-lived, recerdrdical event. They
suggest that the two populations are a consequence of obegse within the last
1—2Gyrs. The core-collapse process is known to enhance th#ajranal interac-
tion rate, increasing the number of stellar collisions aadiening existing binaries,
causing mass-transfer to begin. This proposal can be testhe future: if true,
the red BS sequence should be populated by binaries with stimtal periods. It
should be noted that M 30 is not thought to be unique in comgiBSs formed
through both collision and primordial binary channels;sitmerely in an unusual
evolutionary state in which the two types of BS can be distisiged.

Clearly, the BS formation mechanisms are strongly linkethwhe internal dy-
namics of their host cluster. The study of BSs is an ideal vedgarn more about
the impact of dynamics on stellar evolution.
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2.1.9 “Gap Sources”

The final region highlighted on Figure 2.1 is the area betwberwhite dwarfs and
the main-sequence, which | refer to throughout this thestha “gap” region. This
region contains He WDs, discussed in Section 2.1.7 andypByatems containing
MS stars and compact objects.

Binary systems containing black holes or neutron stars pradominantly at X-
ray wavelengths. These systems are rare, and are a topicreftinterest in their
own right and in the context of differences between GC andl f&thrs (Pooley,
2010; Knigge, 2012). X-ray binaries can be broadly divided iow mass or ultra
compact X-ray binaries, depending on their X-ray luminpsihd periods. A full
discussion of ‘X-ray binaries’ can be found in Section 2.3.

The remaining gap sources are binary systems containingt&S and WDs.
The CMD alone does not allow for distinction between nomfiatting and interact-
ing MS-WD binary systems. Interacting MS-WD binaries arewn as cataclysmic
variables, and form the focus for this section. As theseasiare quite faint in op-
tical wavebands, it can be difficult to obtain reliable CMDsfiimns for gap sources
and WDs. Using ultraviolet observations can help, as dssdisn Section 2.4.

Cataclysmic variables (CVs) are WD-MS binary systems inclvithe MS over-
flows its Roche lobe and mass from the MS is transferred to the Mgually via
an accretion disk (conservation of angular momentum mdaatsmaterial cannot
fall directly onto the WD; instead, the material radiatesagwgravitational poten-
tial energy and loses angular momentum while spirallingtlgh a disk; Warner
2003). This process leads to variability, UV excess and Xemission. There are
many different sub-types of CVs, which are characterisedhegyshapes of their
light curves.

In (classical) novae, the fusion of hydrogen accreted amoWD is thermally
unstable and leads to a runaway reaction, in which the aatreaterial is blown
away from the WD surface. The process causes a brightnesagec(or ‘outburst’)
of 6 — 19 magnitudes (Warner, 2003). Since the remaining WD isttefbegin
accreting material again, some novae are known to recurroe-sicales of 16-
80years.

Dwarf novae (DNe) have more frequent, smaller outburstsedby instabilities
in the accretion disk: gas in the accretion disk heats up ddiection, and when a
critical temperature is reached, the rate of mass trankfeugh the disk changes
rapidly, releasing gravitational energy. They typicabyhait outbursts of 2- 5 mag
(with some up to 8 mag), and recur on time-scales frerh0 days to several years
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(Warner, 2003).

If the white dwarf in a CV has a strong magnetic field, the aboneflow can
be affected and the light emitted can be polarised (Warr@32 In polars, or
AM Her stars, the magnetic field prevents an accretion disifforming. The flow
of material from the companion star is controlled by the &inee of the magnetic
field, and falls onto the WD at the magnetic pole. As the makésj essentially, in
free-fall until impact, it reaches high velocities and tludlision generates a shock
wave which releases X-rays. The magnetic field also caugsed/th orientation to
be locked to the companion, so the orbital and rotationabgermatch. In inter-
mediate polars, also known as DQ Her stars, the inner extaheaccretion disk
is truncated due to the magnetic field. Material migratesamas through the disk
until it reaches the point at which the magnetic field is sgremough to control
the flow. It then flows from the inner edge of the disk onto théepaf the WD
along magnetic field lines. As in the polar case, the shockwbccurs as material
reaches the magnetic pole is a source of X-rays. Intermegialars are not neces-
sarily tidally locked and have longer periods than AM Herstandicating that the
ability to form a truncated disk is due to wider separatiothef\WWD and companion
(Patterson, 1994).

While it is now understood that CVs in GCs form predominatttlpugh dynam-
ical processes rather than as a result of the normal evalofiprimordial binaries
(Pooley & Hut, 2006), there are still a number of unresolvadgiions.

CVs are predicted to exist in GCs in their hundreds, but orfisaetion of this
number has been found. In 47 Tuc, for example, around 200 €& pradicted,
while around 30 have been found so far (Ivanova et al., 2006gde et al., 2002;
Edmonds et al., 2003a). This might be due to a genuine difteréetween theo-
retical predictions and the numbers of CVs in GCs, or it migjhiply reflect the
difficulty in detecting the faintest CVs in GCs (Knigge, 2012

Furthermore, there has been much discussion surroundenggparent differ-
ences between CV populations in GCs and in the field. Galé&eld CVs ex-
hibit a well defined “period gap”; a dearth of CVs with orbiariods between
2 and 3 hours. They also have a minimum periock080 minutes (e.g. Knigge
2012). These features have been key in the development ofvGBMt®n theory
(e.g. Knigge et al. 2011), but the period gap is not apparettie (small) sample
of CVs within GCs for which orbital periods are known. Thisyradicate a fun-
damental difference between the GC and field populationsésifor example, the
majority of GC CVs are dynamically formed, whereas primaltdiinaries are more
likely to survive and evolve in the field), but may still be diceselection effects
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(Knigge, 2012).

In addition, the X-ray properties of field and GC CVs are kndwliffer (Ed-
monds et al., 2003b), leading some to suggest that GC CV ptpns are domi-
nated by binaries containing magnetic WDs (which have w@tedt and, thus, more
stable accretion disks; Dobrotka et al. 2006). Evolutigrtaeory might support
this; in the field, magnetic WDs tend to be more massive thammagnetic ones,
and as the cross-section for dynamical encounters scatbsméss, this means
magnetic WDs might be more likely to form binaries dynamicélvanova et al.,
2006), but it may also be put down to selection effects, asyn@an detections in
GCs depend on X-ray emission, and magnetic CVs are known X-tag bright
(Edmonds et al., 2003b; Knigge, 2012).

Finally, dwarf novae are thought to be abnormally rare in G&sara et al., 1996;
Pietrukowicz et al., 2008), but predicting the number ofastiable DNe in GCs is
difficult. Not enough is known about the intrinsic propestief DN outbursts (in
particular, the duty cycle; the fraction of the time that a Bpénds in outburst), and
identifying DNe in GCs relies on observations which ‘cattié outburst and are
deep enough to identify the system in quiescence (KniggE2)20

2.2 Pulsating Stars

The ability to study large numbers of stars within one ted@scpointing makes
GCs excellent sources for use in the study of intrinsicablyiable (‘pulsating’)
stars. As well as providing insight into the nature of valeagtars as a whole, and
the intriguing differences between variables in GCs andfigld, some types of
variable stars are useful as standard candles, which allevdistances to GCs to
be determined. This, in turn, is necessary for understantiia age, structure and
formation of GCs and the Galaxy (Shapley, 1918; Smith, 19Pg}ailed studies of
variable stars are also of interest in the context of steliarcture and evolution.
Pulsating stars are found on the CMD in a near-vertical regimown as the in-
stability strip. The variability is well understood to bealto radial pulsations that
result in radius and effective temperature changes. Beggnat the dimmest part
of the cycle, the ionised gas in the outer shell of the stapaoe. It gets heated by
the star’s radiation and expands. As a result, it cools andrnes more transparent,
allowing radiation to escape and making the star appeahtatigand bluer. Even-
tually, the expansion stops, and the star contracts agaierwgravity. This happens
in the instability strip because stars in this region ha¥eative temperatures in the
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required range. Stars to the blue of the instability strip;¢T> 7500 K) have ioni-
sation zones too close to the surface to allow pulsationsmtirtue, whereas stars
redder than those in the instability strip are too coli(T< 5500 K) and convection
prevents the build up of heat pressure needed to drive putsatSmith, 1995).

The majority of variable stars in GCs are of the RR Lyrae tyg@ther GC
variables found in significant numbers include SX Phoerdoid Cepheid variables
(Clement et al., 2001).

2.2.1 RRLyrae Stars

RR Lyrae stars are HB stars wiffys¢ of about 6000- 7600K and radii of 4-
7R, (e.g., Smith 1995; Lazaro 2006; Pefia et al. 2008; Sédat. &009), which
exhibit periodic variability with amplitude.@ — 2 mag at optical wavelengths (e.g.
Wheatley et al. 2005). The vast majority of known RR Lyraeiar&Cs.

There are two main, distinct groups of RR Lyrae: RR ab, whighfandamen-
tal mode pulsators, usually have periods-00.4 days and are characterised by
their asymmetric light curves, and RR ¢, which have first toveg pulsations, and
have shorter periods and smaller amplitudes than RR ab,métle sinusoidal light
curves. The ratio of RRab:RR ¢ is thought to be related to th&liicity of the
cluster. Oosterhoff | (‘metal-rich’) clusters haig/(Nap+ N¢) ~ 0.2 while Ooster-
hoff Il (‘metal-poor’) clusters havel./(Nap+ Nc) ~ 0.5 (Oosterhoff, 1939; Bono et
al., 1994). Some RR Lyraes are thought to pulsate in bothuh@amental and first
overtone modes simultaneously (these are known as RR d\lergec 1985), while
a few are now suspected of having higher order, double-matsafons (Olech &
Moskalik, 2009).

While many aspects of RR Lyrae stars are considered to beumekrstood,
these stars are still a topic of current research and debdtieast 40% of RR ab
stars exhibit a near-periodic modulation of their lightwes, known as the Blazhko
Effect (Kolenberg et al., 2010). The cause of this effectas known and very
different theoretical mechanisms have been suggestedndkeprominent of these
models are

1. the obligue pulsator model, which proposes that the natidur is caused by
a difference between the magnetic and rotational axes atdr€Shibahashi,
2000),

2. the resonant pulsator model, in which energy transfamfradial to non-
radial modes creates the modulations (Dziembowski & M&kgr2004), and
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3. cyclical changes to the convection within the star, cdisea changing (tur-
bulent or rotational) dynamo system which produces a tesmisinagnetic
field (Stothers, 2006).

Recent studies have shown that the Blazhko effect moduktinght not even be
periodic, and that more than one mechanism might be at waekBargne et al.,
2012).

2.2.2 Cepheid Variables

Cepheid variables, like RR Lyrae stars, inhabit the in$tgitsitrip and vary in mag-
nitude due to radial pulsations. They vary on longer timales than RR Lyraes,
with typical periods of days to months. Cepheids can be sypbttwo sub-groups,
Type | and Type I, depending on whether they are Population Il stars. Of
course, only Type Il Cepheids are found in GCs.

Sub-types of Cepheid variables includescuti stars and SX Phoenicis stars.
0 Scuti stars are fainter than classical Cepheids and valyshibrter periods (01—
0.2 days). They often have superimposed periods, leadingrmplax light curves.
SXPhoenicis stars are pulsating BS stars with periods ®hours and optical am-
plitudes of~ 0.7 mag. They are, exclusively, Population Il stars and arenfare
commonly found in GCs than in the field (Rodriguez et al.,@@&on et al., 2001).
They are located in the BS region or the lowest part of thealiity strip on the
CMD, in the region associated with (PopulatiomdlBcuti stars, so are thought to
be their low metallicity counterparts. The physical chéastics of SX Phoenicis
stars are not well explained by current theory (for examptentt et al. (2001) sug-
gest that more accurate effective temperature measursraemnineeded to further
constrain the models), and the origin of BS stars is still@d®of discussion (see
Section 2.1.8).

2.3 X-ray and Radio Sources

As previously mentioned, the high stellar densities foumthe cores of GCs lead
to frequent interactions between stars, and allow for tredpction of compact
interacting binaries, many of which emit X-ray radiation.

As they tend to be more massive than ordinary stars, X-rajt@gsystems tend
to be found towards the cluster core, so high resolutionyetescopes are required
to study them. Th€handra X-Ray ObservatofChandrg has sub-arcsecond res-
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olution, and has been used to identify X-ray sources in bala@ic and extra-
galactic GCsChandrasurveys aimed at identifying faint X-ray sources in approx-
imately 80 Galactic GCs have been completed to date (Po20y)). Examples
include 47 Tuc, where Heinke et al. (2005) detected 300 Xs@ayrces within the
half-mass radius, NGC 2808, where Servillat et al. (2008ntban intriguingly
small number of X-ray sources within the half-mass radiusgared to 47 Tuc (just
16), which they attribute to differing metallicity and a nearomplex evolutionary
history, and M 92, where Lu et al. (2011) identified the firsticgd counterparts to
X-ray sources 16 years after the initial X-ray discoveryhidston et al., 1994).

Radio telescopes are ideal tools for searching for the masipact objects in
GCs. Timing of radio pulsations in compact objects allowtfor determination of
not just positions, but also velocity and acceleration mesments of radio sources.

X-ray emission in GCs is usually associated with interaghimary systems con-
taining an MS star and a compact object. The majority of hrighiay sources
(Lx ~ 10%6 — 10%%rg s 1; Webb 2006) in GCs are cataclysmic variables, in which
the compact object is a white dwarf. Since CVs are opticaligtfand GC cores are
very crowded, X-ray surveys are invaluable in hunting for @&pulations in GCs.
CVs have been found in many clusters in this way, includingéd, M 22, M55,
NGC 3201, and the two GCs studied in this thesis, M 80 and N&2 §Grindlay
et al., 2001; Webb et al., 2004a, 2006; Heinke et al., 2008lejcet al., 2002). A
discussion of different types of CVs has already been ptedgisection 2.1.9). In
this section, | discuss some of the other main types of X-rayradio sources that
may exist in GCs.

2.3.1 Low-Mass X-ray Binaries

The first X-ray sources identified in GCs were low mass X-raabes (LMXBS), in
which a neutron star (NS) or black hole (BH) accretes mattenfa main sequence
or giant companion. LMXBs can have bright X-ray emissibg ¢ 10°%ergs™),
but are often very faint at optical wavelengths. The discpWeat there are orders
of magnitude more LMXBs per unit mass in GCs than elsewherhenGalaxy
(Katz, 1975; Clark, 1975) led to a key development in the tétcal understanding
of LMXBs in GCs: they are dynamically formed there, ratheasrtrcoming from
primordial binaries. More recent observational evidermaicms this (Pooley et al.,
2003). Several LMXB formation mechanisms have now beenesigg, including
the exchange of an NS into a primordial binary (Hills, 197i@lal capture of another
star by an NS (Fabian et al., 1975), and NS-giant collisi&ggntyo, 1975). All
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of these formation mechanisms depend on the encounter fraibe & C, making
distinguishing between the different processes very diffigvanova et al., 2008).

Fifteen LMXBs are known in twelve GCs, and at least seven e$¢hare tran-
sient, exhibiting outbursts and long, faint periods. Pésiare known for ten of the
LMXBs, including two in M 15 (Dieball et al., 2005a).

LMXBs with periods less than 60 80 minutes are known as “ultra-compact”
X-ray binaries (UCXBs) and are thought to have low mas®(1M.), degenerate
companions. Five of the fifteen known LMXBs in GCs are knowrméoUCXBs.
UCXBs are thought to form either when an existing WD-NS byraymes into con-
tact through angular momentum losses via gravitationalewadiation, or through
the evolution of a star in a binary with an NS (Nelemans & JonRe10). In GCs,
these binary systems themselves are likely to form throygfachical interactions,
such as capture of a passing star by an NS or exchange of andN& linary sys-
tem. In order to reach the short periods observed, it is thotiwat the (new) com-
panion star must be massive, and evolve into a giant befoss4tnansfer begins.
Otherwise, the binary orbit will decrease until the donar stecomes degenerate,
and then expand again. Such systems have minimum period3-e8@ minutes,
so cannot account for UCXBs (Verbunt, 2005). Two UCXB syssemNGC 6440
(Altamirano et al., 2008, 2010) show millisecond X-ray @iisns during outburst,
identifying the rotation period of the neutron star itself.

So called “faint X-ray transients” have been identified ie threction of the
Galactic centre (not in GCs). These mysterious sources peak luminosities of
103 < Lx peak< 10%erg s, and it is speculated that they require unusual forma-
tion mechanisms and very low mass companions. Searchesrfibarssystems in
GCs allow for follow-up observations in the optical and UVwebands, which are
not practical in the Galactic centre. One candidate systel 15-X3, which has
had X-ray peaks at & 10°3 and < 10%%erg s ! (Heinke et al., 2009). This source
has a likely optical counterpart with a mass00.65M.,, which rules out the very
low mass companion scenario.

Transient LMXBs in their quiescent state (qQLMXBs) are arodd* times fainter
than in outburst. The numbers of qLMXBs observed in GCs isne With predic-
tions from encounter rates and collision probability peit wolume (Webb et al.,
2004b; Maccarone & Peacock, 2011). The correlation betveedision rate and
population size is actually important in the context of theelstragglers discussed
in Section 2.1.8. In the case of blue stragglers, confusemnains regarding the
formation mechanisms, in part because the number of obd&8s does not scale
with collision rate. The fact that the expected correlatisrseen in the case of



42  Chapter 2. An Introduction to Stellar Populations SeeBlobular Clusters

LMXBs adds weight to the assertion that collision rate-nemtorrelations should
be expected in dynamically formed systems.

2.3.2 Millisecond Pulsars

Millisecond pulsars (MSPs) are the evolutionary produt{®N&g)LMXBs and emit
in the radio as well as in X-rays. There is no evidence for tarigl differences
between the field and GC populations of MSPs, except thatythandical formation
makes them over-abundant in GCs. Spectral studies of MSP&Tnc indicate that
most are well described by thermal emission from the polesnoNS (Bogdanov
et al., 2006). Some show non-thermal emission, which mayugetd magneto-
spheric emission (Rutledge et al., 2004) or confusion witlenX-ray sources. A
more interesting origin might be shocks between the pul$ad and other material
(Bogdanov et al., 2005). Some MSPs show radio eclipses;atidg the presence
of gas escaping from a low mass 0.1—0.2M.) MS companion. Some also show
X-ray eclipses, with phases too wide to be due to eclipsdsediiS by the compan-
ion. This suggests that the emission region is a shock bet#eepulsar wind and
material flowing from the companion (Bogdanov et al., 200bllese objects are
thought to belong to a particular phase in the transitiomvbeth LMXB and MSP,
in which the pulsar phase has begun, but the material hasetateased flowing
from the companion.

The excellent positional accuracy that can be determineébo sources makes
it possible to obtain not just positions for radio source&i@s, but also velocities
and acceleration measurements. This can then tell us sogethout the host GC.
For example, D’Amico et al. (2002) used the Parkes radicstelpe to discover
five MSPs in the GC NGC 6752, and obtain positions for them witB0 milli-
arcsecond (mas) accuracy. Using the accurate positioncadesation parameters
measured in a subsequent survey, they suggested thatdeedalial distance from
the GC of one MSP indicates the presence of a black hole-ialekbinary. They
also give a lower limit on the mass-to-light ratio of the GCx01.0, which suggests
that NGC 6752 hosts a high central density of unseen souncedemonstrates one
of the ways in which studies of individual, exotic sourcen &zad to advances in
the understanding of a GC as a whole.
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2.3.3 Active Binaries

Isolated stars on the lower main-sequence are known to peodtrays because of
coronal activity. The luminosity is determined in part byithrotation rate, so as
they age and spin down, the X-ray emission becomes too fale detected. Stars
in close binaries, however, are tidally locked and forcedbtate quickly, leading to
strong X-ray production. These systems are called actwarlgs (ABs), and they
are thought to constitute the majority of fairity < 10*lergs ) X-ray sources in
GCs. ABs are difficult to pinpoint in GCs, because they appedre normal MS
stars, except that they are positionally coincident witlKaray source. This leads
to the risk that they might, instead, be chance coincidenC&4D positions in the
binary region (just above the MS), the detection @f eimission, or a lack of any UV
excess can help to rule out mis-identification as cataclysrmiiables (which are
UV bright), foreground stars (which tend to be redder thamM8t) or background
active galactic nuclei (AGN; which tend to be bluer). Estiesaof the number of
false matches can also be used to rule out chance coincelevieay active binaries
have now been identified in globular clusters using thesdaoust (Heinke, 2010).
Most ABs in globular clusters are thought to be primordiabiigin, as suggested
by evidence that the number of ABs scales with mass, ratteer tollision rate
(Bassa et al., 2004).

2.3.4 Black Holes

There has been much debate over the last few decades abqaistible existence
of black holes (BHs) in GCs. Theoretical predictions (Sgit4969) initially sug-
gested that substantial populations of black holes couldxist in globular clusters,
because mass segregation would force the heavier stamsri@feub-cluster, which
would then quickly evaporate. However, more recent théemakstudies (Mackey
et al., 2007) show that some fraction of black holes couldee@imed. Initial detec-
tions of X-ray emission from GCs was interpreted as evidexi@cretion onto a
central black hole (Bahcall & Ostriker, 1975). This was dayaefuted following
observations of an X-ray burst and shown to be due to acaretito a neutron star
(Grindlay et al., 1976; Woosley & Taam, 1976).

The debate was revisited following the fiGhandraobservations, which made
it possible to resolve faint X-ray sources in the cores of @Gighe first time. A
key problem at present is determining what signatures ap@ned to provide indis-
putable proof that a source is, in fact, a black hole. X-rayihosities higher than
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the Eddington luminosity for a.4M, object could be caused by the superposition
of a number of NSs; velocity dispersion profiles with sharptca peaks in mass-
to-light ratios (indicating the presence of a dark mass enaéintre) could be due to
mass segregation, since the heaviest objects also havedss+to-light ratios (NSs
and WDs); even dynamical evidence can be disputed (e.g.s&eet al. (2003)
found marginal evidence for & 200M., black hole in M15, but their data is also
consistent with a population of NSs).

Five sources in extra-galactic globular clusters are nomstered to be strong
candidates for GC, stellar mass black holes, as they showe than one prop-
erty supporting the BH scenario. Source NGC 4472 A is a veighib(Lx = 4.5 x
10°°%erg s1) X-ray source, and shows variability, which rules out thesibility of
multiple NSs (Maccarone et al., 2007). Spectral propesilss rule out the possi-
bility of a highly beamed NS, making a stellar mass BH the nli@sty scenario
(Zepf et al., 2007, 2008). Brassington et al. (2010) and 8hdi. (2010) identified
sources in NGC 3379 and NGC 1399 which emit strongly in X-nagf exhibit vari-
ability which exceeds the Eddington limit for an NS. Anotkeurce in NGC 1399 is
thought to be a black hole based on its high X-ray luminosigy-£ 4 x 103%rg s 1)
and strong emission lines, although there is some debaté alether this a stellar
mass or intermediate mass BH (Irwin et al., 2010; Maccartag,€2010a). Finally,
Maccarone et al. (2010a) identified a second source in NG #irch is a strong
candidate black hole based on its peak luminosifydeak> 2 x 10%%rg s1), vari-
ability (by a factor of 4) and spectral properties.

In arecent study using tliansky Very Large ArrafdVLA), Strader et al. (2012a)
identified two strong candidates for stellar mass BHs in glsiglobular cluster,
M22. As well as being the first strong candidates for stellassnBHs in any
Galactic GC, they are the first to be discovered through raditiher than X-ray
emission (Maccarone & Knigge, 2007). The sources were notddn archival
Chandraobservations, indicating an X-ray luminosity b < 2.2 x 10%%rg st
and a radio to X-ray luminosity ratio of qu(t—;*) 2 —2.6. The radio emission
implies that the BHs are both accreting, but the lack of arenlable, likely optical
counterpart suggests that the two BHs are in binary systathdaint companions
such as WDs. The possibility of two BHs residing in the sanobglar cluster is
intriguing, since theories suggest that even if hundredd3Hg may form there, all
but one will be ejected from the cluster (e.g. Kulkarni etl#893; Sigurdsson &
Hernquist 1993).

The search for intermediate mass BHs (IMBHSs; with masse©9%f10*M..)
is proving less fruitful. GCs might be expected to containBiNs formed in a
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manner analogous to the super-massive BHs now known to iexise centre of
massive galaxies (Volonteri & Perna, 2005). Such IMBHs maydentifiable from
their effect on the radial density or brightness profile (Ssetion 1.4), velocity
dispersion of stars in their vicinity or from X-ray or radiggeatures of accretion
onto them. As cusps in the radial profile and evidence of wglalispersion can
have other causes (e.g. mass segregation), Strader éEl(pargue that searching
for evidence of accretion onto an IMBH is a more robust metideey used ultra-
deepJVLA radio continuum observations of the cores of three GCs (M\M39
and M 22) to set an upper limit on the mass of IMBHs containethase clusters
of 360— 980M.,. This suggests either that more massive IMBHs are rare in, GCs
or that any IMBHs with mass 1000V, accrete very inefficiently, leading to very
low luminosities.

Maccarone & Servillat (2008) compared the radio emissiomfitwelve GCs
(11 Galactic GCs plus G1 in M 30, which may be a GC or may be ppstd dwarf
galaxy) to set upper limits on the mass of any IMBH containétiiwthem. They
do this in two ways. First, they use a “most likely” value ftwetBondi fraction
(which measures the efficiency of the accretion of the itédles medium onto the
black hole) and an “optimistic” detection limit. Secondeyhmake a more conser-
vative estimate of the BH mass, using a lower accretion natehagher detection
limit. For the Galactic GCs, the mass estimates producetjuke more conserva-
tive parameters are all less than 19009. Using the “more likely” parameters, one
Galactic cluster (Pal 2) has an upper limit on the mass of ektdhale of 3800,
while the other Galactic GCs have BH mass limits<coP000M.,. In the majority
of cases, these limits are below the expected mass of a GC IfBRkd in a way
analogous to the super-massive black holes found in gakextyes.

Globular clusters are excellent laboratories for studyficay and radio pop-
ulations, because of the high occurrence rate of such lesman GCs. Studies of
X-ray and radio populations in GCs, and comparisons withgllobal parameters
characterising the host GCs, can also tell us somethingtabewature of the X-
ray systems. For example, active binaries are primordis#re found in GCs with
high primordial binary fractions. LMXBs, on the other hamade found in GCs with
higher collision rates, because they are dynamically fakrnt&milarly, X-ray and
radio observations can provide useful information aboaettibst GC, such as the
mass-to-light ratio.

The main problem with current X-ray instruments li&dandrais that, although
the spatial resolution is good, the positional uncertaistyarge in the context of a
GC, which makes searching for optical counterparts to Xs@yrces something of a



46  Chapter 2. An Introduction to Stellar Populations SeeBlobular Clusters

Figure 2.2: Left panel: portion of a V-band image of the core of NGC 675RjhR
panel: far ultraviolet (FUV) image of the same field. The FUWage is far less
crowded than the optical image.

challenge. In an optical image, tdandraposition’s 3o uncertainty region might
contain many stars, so identifying the correct source cadiffieult. An excellent
way to overcome this problem is to use UV images, as discuasgection 2.4.

2.4 Studying Globular Clusters in the Ultraviolet

As suggested throughout Section 2.1, the optical CMD pewidn excellent re-
source for studying main-sequence and giant stars, as svétleacooler end of the
horizontal branch, where the presence of the instabiliip shakes distinguishing
between RHB and BHB stars straightforward. As one movespaqally) fainter
and bluer sources, however, the optical CMD becomes lesalugeHB and blue
hook stars are difficult to discern on the optical CMD, beesathe EHB extends to
very faint magnitudes. Furthermore, many gap sources atie wtvarfs tend to be
close to the detection limit of optical observations.

In the ultraviolet, the picture is very different. Main-sgmce and giant stars
emit strongly at optical wavelengths, but are very faintandltraviolet (FUV) and
near ultraviolet (NUV) images because they are so cool. Asvahn Figure 2.2,
this means that UV images of the cores of GCs are far less @dwlthn optical
images. Conversely, close binaries (such as gap sourcdsytaer dynamically
formed systems tend to have very blue spectral energylligitons (SEDs), making
them appear as bright sources in UV images. Figure 2.3 shHosvEWtV - NUV
CMDs of NGC6752. The regions containing blue stragglersitevtiwarfs and
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Figure 2.3: The FUV - NUV colour-magnitude diagram of NGC 6752. The BS
region, WDs and gap sources are more obvious here than in theQMD. The
cyan triangles are very blue sources, which have no U-, V-lzard counterpart.
The construction of this CMD is described in Section 4.3.

gap sources are much easier to distinguish between thareingtical CMD in
Figure 2.1. The cyan triangles indicate sources that wetecti in the FUV and
NUV, but had no detectable U-, V- or I-band counterpart.

As previously mentioned, understanding the nature of tharyi population in
globular clusters is important both in understanding GAuw@n and in explaining
dynamical binary formation and evolution. Prior to the stdrmy PhD, deep FUV
surveys had been carried out for three GCs: 47 Tuc (Kniggle, @02), NGC 2808
(Brown et al., 2001; Dieball et al., 2005b) and M 15 (Diebahble, 2007). In 47 Tuc,
Knigge et al. (2002) confirmed the CV status of all the knd@mandraCV can-
didates, suggested several further possible CVs, and alsalfa well populated
blue straggler sequence, and a number of white dwarfs. In R&8, Brown et
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al. (2001) discovered a population of EHB stars (the onlyiorgsly known EHB
had been i Cen), and Dieball et al. (2005b) then located a number of &iitae-
glers, CV candidates and young, hot white dwarfs. In M 15 bBiket al. (2007)
confirmed the UCXB status of M 15-X2, which had previouslyyoméen known to
be an LMXB. There are now four known UCXBs in globular clust@¥laccarone
et al., 2010b). Dieball et al. also identified populationdlofe stragglers, CV and
white dwarf candidates, a horizontal branch sequence, Andrdiable sources. This
thesis includes two further FUV studies of globular clustévl 80 and NGC 6752.

2.5 Open Questions in Globular Cluster Stellar Pop-
ulations

In this chapter | have described the main characteristidgh@ftellar populations
found in globular clusters, and indicated some of the aspelich are still not well
understood. It is hoped that the work in this thesis will hieladdress these issues,
by adding newer, deeper and more precise information albaupéarticular clusters.
In this section, | summarise the problems discussed thmmuigtinis chapter, for
reference.

One of the most important questions in GC astronomy at ptésehe ‘second
parameter problem’. It is known that GC metallicity is thendonant physical trait
determining the shape and extent of the horizontal branargmmetal rich clus-
ters tend to have redder HBs), but there is clearly anotlofaSuggestions have
included age and central density, but there is also a clelabktween HB morphol-
ogy and multiple populations. The ‘second parameter prabiemains, and more
precise CMDs are needed to further inform debate on thi€tdpiChapters 3 and
4, | present CMDs of two clusters, and discuss the horizdntahch populations
found in each.

Related to the horizontal branch morphology is the contigywsurrounding blue
hook stars. Blue hook populations have been found in the massive clusters,
but whether or not this indicates a lower cluster mass lioriblue hook production
remains unclear. Again, this is most likely to be solved gsiaw, deep CMDs, and
the two in this thesis will contribute to investigationsarihis question.

An ongoing and far reaching question in GC astronomy is th&® age. As
GCs are thought to have formed around the same time as thstightaxies, de-
termining their ages is important in terms of galaxy forroatitheory, as well as
stellar evolution. Age estimates have been attempted usouaprone fitting and
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the luminosity of the main-sequence turn-off, but both rodthare complicated by
reddening and the need for precise distance measuremenssich, the colour dif-
ference between the MSTO and RGB is usually compared to glaéive ages of
clusters instead (Krauss & Chaboyer, 2003; Marin-Francal.e2009). A better
method to determine the absolute age might be using the dhitéef cooling se-
guence. Deeper CMDs, particularly those making use of U\gesaare needed to
help construct and refine model white dwarf sequences. litiget possible to ob-
serve the faintest white dwarfs in GCs, but, as shown in Glia@@ and 4, progress
is being made, and | predict that white dwarf cooling seqaemall soon be useful
tools in estimating the ages of GCs.

An intriguing mystery in GC astronomy at present is the origf blue strag-
glers. It is not yet understood whether blue stragglers ftrraugh direct stellar
collisions or the coalescence of primordial binaries. &ittvay, BS formation is
clearly closely linked to the internal dynamics of the hdsister. Research into
this topic is ongoing and evidence for both proposed foramatechanisms has re-
cently been presented. The blue straggler populations of ksl NGC 6752 are
discussed in this thesis. Notably, the radial distributéthe redder and bluer BSs
differs between the two clusters, indicating that différerechanisms might be at
work.

In Section 2.1.9, | discussed the sources located in the’ ‘fggpon of the CMD,
including non-interacting binary systems and cataclysrmartables. Globular clus-
ters are excellent laboratories for studying close birsaas the high stellar densities
make stellar interactions common. As such, many hundre@3/sfare expected in
GCs, but only a fraction of this number have been found. liskmown whether
this is due to a genuine difference between theoreticalipiieds and reality, or
the difficulty in detecting faint CVs in clusters. Secondiyther investigation is
needed into the apparent differences between GC and field Ths includes the
apparent lack of a ‘period gap’ in the CV population found i@<3so far. Similarly,
it has been suggested (Pietrukowicz et al., 2008) that dwarde are abnormally
rare in GCs compared to theoretical expectations, and itlkas suggested that
the low mass X-ray binaries in GCs are preferentially formeith magnetic white
dwarfs. All of these findings might be demonstrating genulifferences between
GC and field populations, but further work is needed to esthhi the differences
are real or simply due to selection effects. Efforts to ¢Jathis are very much
working on a ‘cluster by cluster’ basis at present, and thesis includes the search
for CVs in two GCs.

The ability to study large numbers of equidistant stars #immeously makes
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GCs excellent places to search for intrinsically varialilrss such as RR Lyrae
stars and Cepheid variables. Research into such systemisues) in particular in
terms of the Blazhko Effect seen in RR Lyrae stars. This thesludes a search for
such objects in M 80 and NGC 6752.

The ongoing search for black holes in GCs includes bothestalhass and inter-
mediate mass black holes. This was discussed in terms offdat en the radial
profile in Section 1.4. Searches for X-ray sources can peexdence of black
holes, as well as neutron stars. There are now five candittatstellar mass BHSs,
but no intermediate mass BHs have been confirmed. A key matttbd search for
such objects, and a way to distinguish between a single BHauitiple neutron
stars, for example, is to search for variability in the ogticounterpart. Develop-
ments in X-ray instrumentation have driven research ini®tthpic forward, but the
positional uncertainty in instruments likehandramake searching for counterparts
to X-ray sources using visible wavelengths difficult. UV ebstions can provide
much needed insight, since the field is less crowded and@oaiicoincidences are
less likely. In Chapters 3 and 5, | discuss searches for eppatts to known X-ray
sources in M 80 and NGC 6752, using both visible and UV obsiemns.



Bright points in the sky or a blow on the head will equally
cause one to see stars.

P. LOWELL (1855 —1916)

The Globular Cluster M 80

The Galactic globular cluster M 80 is fascinating becausgjtears to be a cluster
of contradictions: it is one of the densest GCs in the Milkyy\aut is not thought
to be core-collapsed; it is famous for containing the clzdsnova T Scorpii, but
despite the many observations that resulted from this de&sgponly a few variable
sources have been found.

This chapter focuses on an FUV survey of the core of M80. IniGed.1, |
describe in some detail the creation of the FUV catalogue carline the results of
the general survey. Although | was involved throughoutwusk, it should be noted
that the data analysis described in this section was peedirg Dr. Andrea Dieball,
who led the investigation. This work has been published abdli et al. (2010) and
is included here both because it sets the scene for whats|lmtroducing some
key concepts and methods which are used throughout the fréisé ahesis, and
because | contributed to it and was involved in discussibnsughout the work.
In Section 3.2 | describe a variability study of the clustenjch | performed, and
which has been published as Thomson et al. (2010).

51
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3.1 A Far Ultraviolet Survey of M 80

M 80 has a metallicity ofFe/H = —1.7 dex (Brocato et al. 1998, Alcaino et al.
1998, Cavallo et al. 2004), a distance of 10 kpc, and a reddafEg_y = 0.18 mag
(Harris, 1996). Itis a very dense cluster, with core radijus 9” (Harris 1996; cor-
responding to 0.44 pc at 10 kpc), and half-mass radjus 39’ (corresponding to
1.89 pc), but it is not thought to be core-collapsed (HakB96; 2010 edition).
It has been suggested (Ferraro et al., 1999) that corepselles being delayed by
stellar interactions, which, in turn, lead to the produetod an extraordinarily large
population of collisional BSs. Few variable sources arevkmon M 80 (Wehlau et
al. 1990, Clement & Walker 1991, Clement et al. 2001). Basethe periods of its
six known RR-Lyraes, M 80 is classified as Oosterhoff typ@ibgterhoff, 1939).

3.1.1 The Observations

The observations used in this survey cover the centrdl5 core radii (assum-
ing a core radius of. = 9”) of M80. The observations were carried out with
the Advanced Camera for Surveys (ACS) on-board Hubble Space Telescope
(HST), using the FUV F165LP filter in the Solar Blind Channel (SB&d the
NUV F250W filter in the High Resolution Channel (HRC). The ebstions were
made at a single pointing. The SBC has a field of view d¢f 831", with a pixel
size of 0’034 x 0030, while the HRC field of view is slightly smaller, at’29 26",
and has a plate scale of@8x 07025 per pixel.

The FUV data (data set j8y501) is made up of 32 individual sypes with dura-
tions ranging from 310 to 323 seconds, taken over 4 cons&ooitbits in September
2004. The total exposure time was 10232 seconds. The NU\data set j8y504)
comprised 8 individual exposures of 298 seconds, taken iimgesorbit in October
2004, and resulted in a total exposure time of 2384 seconalsiniplify searches
for time variability, dithers were not used.

3.1.2 Creating the Master Catalogue
3.1.2.1 Creating Master Images

The first step in creating the master catalogue was to condlira the individ-
ual images into a master image for each filter. Master imaga® wreated us-
ing multidrizzle running underPyRAF and are shown in Figures 3.1 and 3.2.
Themultidrizzle routines correct field distortions present in the indiviloiilet-
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Figure 3.1: Combined and geometrically corrected master image of aV/FU
SBC/F165LP exposures taken from M 80’s core region. Northpisand east to
the left. The field of view is 35x 31”. The image is displayed on a logarithmic
intensity scale in order to bring out the fainter sourcese pbsitions of the X-ray
sources found by Heinke et al. (2003) are marked with theie8ror circles. This
is a reproduction of Figure 1 from Dieball et al. (2010).

fielded images and combine the individual frames to creatastenimage for each
filter. The master images have a common pixel scale.@2® per pixel and are
normalised to 1 second exposure time. In both images, threase in concentra-
tion towards the core is apparent and, as expected, the Fldgan{Figure 3.1) is
considerably less crowded than the NUV one (Figure 3.2).

3.1.2.2 Source Detection

One of the main goals of the survey was to investigate fasuarces by construct-
ing a deep, FUV - NUV CMD, so source detection was especiailyartant. The
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Figure 3.2: Same as Figure 3.1, but for the NUV HRC/F250W exposures. The
HRC field of view is somewhat smaller than the SBC field of vieth29" x 25".
This is a reproduction of Figure 2 from Dieball et al. (2010).

routinedaofind (Stetson, 1991), running undekAF,! was used to create initial
source lists for the FUV and NUV images, and these images thereinspected by
eye to add sources missed &yofind and remove false detections. The resulting
source lists contained 3168 FUV and 9875 NUV sources.

3.1.2.3 Matching

The FUV and NUV source lists then had to be combined into otalague. A
reference list containing the pixel coordinates of 92 sesitbat were clearly visible

LIRAF (Image Reduction and Analysis Facility) is distributed hg National Astronomy and
Optical Observatories, which are operated by AURA, Incdamcooperative agreement with the
National Science Foundation.
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in both images was created. Theomap andgeoxytran tasks running underRAF
were used to determine the transformations required to #tig coordinate systems.
Shifts in the x and y directions, rotation of the field, and rmipes in scale were
permitted in order to align the coordinate lists. The realdiRMS) errors in the
transformation were less than 0.2 pixets10 mas) for the 92 chosen sources.

As the FUV image contains fewer sources than the NUV, but thi&/Nield
is smaller, the maximum number of matches that could, ingple, be found is
the number of FUV sources that fell within the NUV field of vieWhere are 2574
such sources. After some experimentation, a maximum majdblerance between
FUV and NUV source positions of 2.5 pixels was chosen, in otdemaximise
the number of real matches, while limiting the number of ggus matches. 2345
matches were found, accounting for 91% of the possible FUYc&s. Based on
the number of sources and the areas of the fields, 45 of thetshesak 1.9%) are
expected to be false. More detail on this calculation carobed in Section 4.2.3.

In order to search for optical counterparts to the FUV sosirdee FUV and
NUV catalogue was matched to the optical catalogue fromd®@ital. (2002), who
used WFPC2 data in which the PC chip was centred on the clemter Thirty-one
HB sources that could be easily identified in the V-band F5%6W FUV F165LP
images were used to transform the FUV image to the opticalagiie’s coordinate
system. Using a matching tolerance of 1.1 PC pixel2 FUV or NUV master im-
age pixels), 1418 matches were found between optical and $duivtes, of which
~ 40 are likely to be false matches.

3.1.2.4 Astrometry

As noted above, processing images witlitidrizzle does correct for field dis-
tortion of images. It does not, however, improve their absoastrometric accuracy.
This is limited by the accuracy of the original guide staratague (GSC1), whose
absolute positions are often only accurate to 2. The world coordinate system
(WCS) of the images must, therefore, be improved before tdagybe matched to
external catalogues. This is normally done by adjustingt&S of the HST im-
ages to match an image whose positions are accurately krnownTycho-based
system. An example is the Second US Naval Observatory CCidystph Cata-
log (UCAC2, Zacharias et al. 2004), which is tied to the Tyslgetem and has an
absolute astrometric error e¢ 70 mas for stars brighter than-R16 mag. Trans-
forming the FUV and NUV catalogue directly to the UCAC2 systeas not pos-
sible in this case, however, because the field of view is sdlsmd the core is so
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crowded. No matching sources could be found. Instead, astrapping approach
was required. First, an ACS WFC image was chosen and obt&immdhe Hubble
Legacy Archive to provide an intermediate-scale image.sTimage, taken with
the F435W filter, has a field of view of 20% 202, which includes the core, but
also includes a region further out, where the stellar dgnsitmuch lower. Using
16 sources which were easily identifiable in this image artidivious matches in
UCAC2, the WCS of the WFC image was transformed to match thACECsys-
tem. The required shift was 1”2, and the resulting RMS residual error between
the WFC and UCAC2 positions of these 16 sources Was 0

A further 16 sources were then chosen which were easily iiiikehin the NUV
HRC image and the WFC image. Allowing for shifts in the x andrgctions, scale
changes, and rotation, the WCS of the FUV and NUV images wpdated. The
positions in the final catalogue have a (conservative) eifer 0”2.

Photometry could then be performed on the master imageshvare not only
combined and geometrically corrected images, but are asoraetrically tied to
the Tycho system.

Aperture photometry was performed usipphot (Stetson, 1991) running un-
der IRAF. More information omaophot can be found in Section 4.2.2. Due to the
high stellar densities in the core of the cluster (partidulan the NUV image), a
small aperture radius of 3 pixels and a small sky annulus of Btixels were used.
Gaussian recentring of the input coordinates was also atlaat this stage.

Corrections were then applied to account for source flux etiskie to the finite
aperture size, and source flux included in the sky annulus b&th the FUV and
NUV data sets, a few bright, isolated stars were measured laiger sky annuli,
and the correction factor from small to large annuli was deteed and applied to
all sources. In the FUV, the finite aperture size was corcefbe using empirical
encircled energy curves. Isolated sources were photostetesing a range of aper-
ture radii, and the fraction of light enclosed at differemgtdnces was calculated
and used to correct all sources. The aperture correctiomeif-UV was limited to
a radius of 60 (SBC) pixels (to prevent nearby sources affgdhe results), but
the encircled energy curves suggest that the additionatctoon from 60 pixels to
infinity is small. In the NUV case, aperture corrections wadepted from Sirianni
et al. (2005). They give aperture corrections for the F250W/rfin the HRC with
a maximum radius of {6, and suggest that the correction from there to infinity is
0.132mag. As this correction is applied to the NUV data, bsinailar one is not
available for the FUV, there may be a slight, systematichied to the FUV - NUV
colours.
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Table 3.1: Correction and conversion factors used in converting measiluxes

into STMAGs.
Data set PHOTFLAM ee skycorr ZPT addcorr
[ergcn?A counts 1] [mag] [mag]
FUV 1.3596913E-16 0.4#0.02 1.029%0.005 21.1
NUV 4.7564122E-18 0.6560.006 1.01#0.003 21.1 -0.1320.002

Instrumental fluxes were converted to the STMAG system using

STMAG = —2.5 x log;p(count ratex PHOTFLAM x apcorrx skycorr
+ZPT+addcorr,

where PHOTFLAM is the factor used to convert count rate int@,fapcorr is the
aperture correction (apcog 1/encircled energy), skycorr is the correction from a
5— 7 pixel sky annulus to a 59 60 pixel one, ZPT is the zero point, and addcorr
is the additional magnitude needed to correct froni’a @perture to infinity. The
correction and conversion factors used are listed in Taldle 3

The full, astrometrically corrected catalogue is avagabh-line (Dieball et al.,
2010).

3.1.3 The Cluster Centre

Several estimates for the position of M80’s centre have hmdilished and are
listed in Table 3.2. Different methods were used to deteenpositions for the
centre: Shawl & White (1986) used smooth scans of ESO/ER@ghaphic plates;
Ferraro et al. (1999) used the average of the coordinatetas m a WFPC2/PC
image; Shara & Drissen (1995) used smoothed isophotes fMMRRC2/PC image.
The Shawl & White (1986) estimate uses the SAO catalogudewine latter two
estimates are based on coordinates in the GSC1 system.

The centre position was redetermined using the NUV cataoghe NUV data
set is particularly suitable for this purpose, because ntaios a sufficiently large
number of stars, but is not too affected by crowding. Furtia@e, the coordinate
list is tied to the Tycho system, which is superior to both 8% and GSC1 sys-
tems. The method used to estimate the central position ixidled in detail in
Section 4.4.1. The result is shown in Table 3.2.



Table 3.2: Estimates of M 80’s centre position. Uncertainties in theifian are included, where published.

RA Uncertainty in RA Dec Uncertainty in Dec Reference
[hh:mm:ss] [deg:mm:ss]
16:17:02.432 (0325 -22:58:34.62 5 This Work
16:17:02.29 023 -22:58:32.38 23 Ferraro et al. (1999)
16:17:02.48 -22:58:33.80 Shara & Drissen (1995)
16:17:02.51 05 -22:58:30.40 05 Shawl & White (1986)
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3.1.4 The Colour-Magnitude Diagram

Figure 3.3 shows the FUV - NUV CMD of the core region of M 80. 8yatic tracks
for the zero-age main-sequence (ZAMS), zero-age horitbréach (ZAHB), and
WD and HeWD cooling sequences are included for orientatimpg@ses. These
were produced assuming a distance of 10 kpc, reddeniiig of = 0.18 mag and
metallicity of [Fe/H ~ —1.7 dex (Harris, 1996). Details of how tracks like these are
created are given in Section 4.3. The dashed lines in Fig@rst®w the theoretical
ZAHB and ZAMS created using a distance and reddening of Jdc&kdEg v =
0.17 mag. These give a better fit to the data (in particular, tsitjpn of the ZAHB
relative to the HB stars), but the absolute calibration efth/ data is not reliable
enough to allow a thorough re-determination of the distaramkreddening.

Various stellar populations can be seen in the CMDs, asdnotted in Sec-
tion 2.1. White dwarf candidates are plotted as violet giblue stragglers are
in blue, horizontal branch stars are in green and cyan, asytragiant branch stars
are in red, and gap sources and (FUV bright) AGB manqué ataris magenta. The
divisions between these populations are judged by eyegusihlished CMDs as a
reference. In most cases, the appropriate boundary betitferent stellar types is
obvious. Discretion is needed most when distinguishingvbeh white dwarf, gap
and main-sequence stars. However, changing the positichese boundaries by
a reasonable amount (a few tenths of a magnitude, at mostyiwotisignificantly
change the population sizes. A more formulaic approach tiighuseful in future
studies, for example when comparing the CMDs of differensw@rs, but in this
work the exact position of the dividing lines is not crucild.the right-hand panel,
optical sources with FUV - NUV counterparts are plotted imkeéa shades of the
same colours (except for MS and RGB stars, which are blacloih panels). In
this subsection, | describe some interesting aspects @lhies in more detail.

The horizontal branch of the FUV - NUV CMD shows a number oftdiees.
Firstly, it can be split into two groups; HB sources with aale at least as blue as
the ZAHB atTgt =~ 20,000K are defined to be EHB sources (e.g. Momany et al.
2004). Two gaps can be seen in the horizontal branch of botib€MTrhe first
is the large gap in the vertical part of the BHB/EHB tail in thygtical CMD and
was first noted by Ferraro et al. (1998). This gap is also lesibthe FUV - NUV
CMD, near the “corner” in the ZAMS at FUV NUV ~ —0.7 mag. The second
gap is at fainter optical and bluer FUV - NUV magnitudes. Tgap corresponds to
Ter ~ 26,000K and is used to divide the EHB stars into two populatidftidB1
stars are redder than this gap, while EHB2 are bluer and ateeflas star shaped
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Figure 3.3: Left panel: FUV - NUV CMD of the core of M80. For orientation
purposes, theoretical tracks are included: WD and He WDigalequence (vio-
let lines); ZAMS (blue line); ZAHB (cyan line). Differentellar populations are
colour-coded: BHBs are plotted in cyan; EHB stars in gree8s i blue; gap
sources in magenta; WDs in violet; AGB stars in red. FUV hbrighurces which
are likely to be AGB manqué stars are plotted in magenta.rémaining stars are
MS and RGB stars. The FUV sources which have optical couatesrin plotted
in a darker shade of the given colour (with the exception of A RGB stars).
Right panel: optical CMD of M 80, plotted using the PC datanfrBiotto et al.
(2002). Sources with FUV counterparts are coloured as @eleth hand diagram.
This is a reproduction of Figure 3 from Dieball et al. (2010).
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Figure 3.4: Top panel: FUV - NUV CMD of M 80, zoomed in on the HB. Bottom
panel: HB of M 80 as in the FUV - V CMD. In both panels, black arsandicate
the gaps G suggested by Ferraro et al. (1998), while red arrows marlotations
of the gaps @, found in these CMDs. The locations appear to be shiftedhtijig
Gaps G and G match relatively well, but gap §5s more similar in temperature
to the G3 gap in NGC 2808. This is a reproduction of Figure \fidieball et al.
(2010).

points on both CMDs.

Ferraro et al. (1998) discussed four gaps in the optical HBuré 3.4 shows
the position of these gaps, along with the gaps visible in GNtitade using our
ACS FUV data. None of gaps visible in these CMDs appear atdhmeératures
suggested by Ferraro et al. (1998); see Table 3.3. The agpdifierences in tem-
peratures are likely to be due to differences in the FUV 8li&rerraro et al. (1998)
used WFPC2 F160BW images, while the CMDs shown here weréecreaing the
ACS SBC F165LP data), the HB models used (Ferraro et al. (19981 the Dor-
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Table 3.3: Gaps in the HB of the FUV - NUV and FUV - V CMDs. Columns
2— 4 give the colours and temperatures of the gaps. Column @itethperature
given in Ferraro et al. (1998), and column 5 gives the col@soaiated with the
temperatures in column 6.

This Work Ferraro et al. (1998)
Gap FUV-NUV FUV-V  Tgi¢ FUV-V Tett

[mag] [mag] [K] [mag] [K]

GO . 0.059 10000 0.329 9500
Gl -0.389 11000
G2 -0.721 -1.405 14500 -0.743 12000
G3 -1.178 -2.814 25500 -2.019 18000

man et al. (1993) models, whereas the newer BaSTI models wge@ here), the
parameters assumed for the HB model (distance, redderind}he calibration of
the data. This demonstrates the difficulty in obtainingatgi temperatures from
comparison with stellar evolution models.

As described in Section 2.1, some globular clusters corBélk stars, which
are sources that are as blue as EHB stars, but FUV fainterFOMe- NUV CMD
shows only one source that is fainter than the hot end of thelEZANo optical
counterpart was found for this source, which could be a BH}ust a faint EHB
star. Momany et al. (2004) suggested, based on the datanpeddsy Ferraro et al.
(1998), that M 80 might contain a population of BHk stars. T¥éD shown in
Figure 3.3 demonstrates that the observations clearlyndxite faint enough mag-
nitudes that BHk stars, if present, should be detected.eSihmmany et al. (2004)
used WFPC2 observations with a larger field of view than thé&Albservations
used here, it is possible that a small population existsideitsf the region cov-
ered by this survey. Nevertheless, if BHk stars do exist inOVitBese observations
suggest that they are rare.

The FUV - NUV CMD (Figure 3.3) includes 75 likely blue straggd, which
are marked in blue and are clustered around the ZAMS, ab@/entin-sequence
turn-off. Forty-seven of the BS candidates have opticahtexparts. The others
might be outside the field of view of the optical images or niigg undetectable in
the optical images due to crowding.

Some of the optical counterparts are fainter than the dpd&rO. “Blue strag-
glers” (i.e. collision or coalescence products) faintertithe MSTO can exist (al-
though they would be difficult to distinguish from normal M&rs); they are simply
objects formed via the same channels as “normal” BSs, blitwésses lower than
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MSTO stars. In this case, however, the BSs are above the M&Tgbe CMD,
but below it in the other. This is probably due to photomeeimors, which can
cause a small apparent shift in the CMD positions. Some nsaytsd false matches
between the UV and optical catalogues. A more intriguingaxgtion is that the
BS formation mechanism has left them FUV-enhanced. Thisabably an overly
complicated explanation, however, and false matches dopie&tric errors are more
likely causes of the anomalous CMD positions.

Ferraro et al. (1999) used the F160BW (FUV), F255W (mid-US336W (U-
band) and F555W (V-band) filters with WFPC2 to study the BSupeipon of M 80.
They identified 305 BSs in their catalogue, and concludetttiey formed a large,
centrally populated population. They suggested that the &8 formed through
collisions (see Section 2.1 for a discussion of the fornmat@chanisms which may
dominate in BS production) and also suggest that M 80 is iamstent dynamical
state in which core-collapse is being delayed by dynamidafactions, which in
turn produce a large BS population. In fact, Ferraro et &l0@b) argued that M 80
has the largest and most concentrated BS population ofxH&Gs they compared
(M3,M80,M10,M13, M92, and NGC 288).

The CMD in Figure 3.3 shows 75 stars categorised as BSsarfihan Ferraro
et al. found. The main reason for the different populatiaesiis, of course, the
field of view of the surveys. Ferraro et al. used WFPC2 obgiems, and covered
up to 100 from the cluster centre, whereas the data used here is tirnitéhe size
of the NUV observations, which have a field of view of226". This explains why
this survey found fewer BSs than the WFPC2 study, but doesstablish whether
or not the BS population found is still unexpectedly large db that, one must
compare the observed population to expectations.

In a far ultraviolet study of M 15, 75 BSs were found (Diebdllat., 2007),
the same number as in this M 80 study and in a similar field ofvvighe GCs
differ, however, as M 15 is more massive, more concentrated more metal-poor
than M 80. Scaling with the field size at the distance of thately there are only
slightly more BSs per square parsec in M 80 than M 15. The @imparing the
number of BSs per square parsec in M80 and M 15 is not signtficdifferent
from the ratio of white dwarf or gap sources. Compared to Mth&refore, this
suggests that the BS population in M 80 is not unusual. Amotlay to compare
population sizes is using the BS specific frequency, defilydedoraro et al. (1999)
asFB5 = Ngs/Nygs. The BS specific frequency for M 15 is 0.564, slightly lowearth
M 80’s value of 0.641. This comparison agrees with the antatation between GC
mass and BS frequency found by Piotto et al. (2004). AlloworgPoisson errors
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on these numbers, however, the difference between the tygtecs’ BS frequencies
Is just 0084 0.12, which is not statistically significant. Thus, the BS plagpion in
M 80 is not unusual.

There arex~ 30 white dwarf candidates in Figure 3.3. The expected nuraber
WDs can be estimated from the number of HB stars (includin®dEBHB and
AGB manqueé stars) and their relative lifetimes. Only whitearf candidates above
the completeness limits in both the FUV and NUV filters can tmesidered, so the
estimate is restricted to FUY 22 mag (corresponding t@: ~ 24,000K and a
cooling age of 2 10’ years). There are 24 white dwarf candidates in the CMD
above this magnitude limit, which agrees well with the expdgopulation size of
23 WDs. This suggests that most, if not all, of the WD candigare real. One of
the WD candidates has a surprisingly bright optical coyaser(marked in violet
on the optical CMD, aV =~ 19mag). This source is located near the rim of the
repeller wire shadow in the NUV image, so might actually be\Nkrighter. This
would make the source redder, and shift it from the WD regibthe FUV - NUV
CMD to the BS region.

The sources marked in magenta in Figure 3.3 are fifty-nineadled “gap”
sources, which include CV candidates (see Section 2.1)lyikgpthe same detec-
tion limits as before, only WDs with temperatufgss = 24,000K are detectable,
so the only CVs that can be found are relatively bright, Igegiod CVs. A number
of detailed theoretical studies have been performed tmeasti the expected number
of CVsin 47 Tuc (Di Stefano & Rappaport, 1994; Shara & Hurg806; Ivanova et
al., 2006). As an example, Di Stefano & Rappaport (1994)iptd®0 active CVs
should exist in 47 Tuc, with half of the captures taking placéhe core. Of these,
about 20 will be long-period CVs. Ivanova et al. (2006) swgjgeslightly larger
population of 35- 40 detectable, long period CVs in the core of 47 Tuc. For the
sake of simplicity, let’s assume that this can be scaled géfiture rate (e.g. Heinke
et al. (2003); Pooley et al. (2003), but note that Pooley & {2006) suggest that
while most CVs are produced dynamically, in numbers scalii encounter fre-
guency, some are formed from primordial binaries, the nusbewhich scale with
mass). This leads to a predicted-2Q0 detectable CVs in the core of M 80. Noting
that the field of view in M 80 covers: 1.5 times the core radius, the population
shown in Figure 3.3 is consistent with the number predictddwever, not all of
the 59 gap sources are CVs; some will be non-interacting M3 ®aries or He
WDs. Five gap sources have optical counterparts, all of whie bluer than the
MS and fainter than the MST®(~ 19 mag). These sources could be CVs in which
a relatively massive MS component dominates the opticalursl Alternatively, as
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these sources are all located near to the ZAMS in the FUV - NWADCthey could
be BSs rather than CVs.

3.1.5 X-ray Sources

Using 50 ksec of observations taken us@igandrg Heinke et al. (2003) found 19
X-ray sources within the half-mass radius of M 80, down towating Lo 52 skev &

7 x 10%%rg s 1. They suggested that the brightest X-ray source might b ey
counterpart to the classical nova T Scorpii (T Sco) and tiatmhore sources are
likely quiescent LMXBs. Based on the hardness ratios, ti&ysuggested that five
sources are CVs. Fifteen of the X-ray sources are in the fieldewv of the FUV
image.

Given the high stellar density in the core of M 80, it is im@ort that the regions
searched for matches to X-ray source positions are as sepbssible. Heinke et
al. (2003) used a bright star (HD146457) in the Tycho caiado register the X-
ray source positions. This source is roughlyfrdm the core of M 80, and Heinke
et al. allowed for an absolute error on their X-ray positiai®’. HD146457 is
not in the ACS catalogue used to correct the astrometry olU¥iemages (see
Section 3.1.2). Instead, the positions of 52 X-ray sourdestified by Heinke et
al. (2003), outside the core were compared to the ACS WFC \W4iB3age. Eight
of the X-ray sources fell within the WCS field of view, of whitlvo X-ray sources
were near to bright F435W sources. The X-ray positions wereected by the
offset between the Heinke positions and these two sta®’(3 in a and 117 in
9, well within the estimated X-ray position error).

Of the fifteen X-ray sources which fell in the FUV field of viesix were within
1” of a bright FUV source with no optical counterpart. This indéd three of the
four brightest X-ray sources (CX 01, CX 03 and CX 04; the atle¢t 02 is thought
to be a quiescent LMXB, so an FUV match is not expected). A fahift of 01
was applied to the X-ray catalogue, to optimally match theitpms of these three
X-ray sources to their FUV counterparts. Figure 3.1 shovespbsitions of the
X-ray sources, once these shifts have been applied. Thiesirepresent the @
statistical uncertainty in the position of the X-ray soyras determined by Heinke
et al. (2003).



Table 3.4: X-ray sources and possible counterparts. Cadulri3 give the X-ray source ID and revised positions. Tle 3
statistical uncertainty in position is in column 4, folloey the angular distance from the FUV object. Columns 6 to 14

contain details about the FUV source. The B and V magnitudlsre available, are from Piotto et al. (2002).

1 2 3 4 5 6 7 8 9 10 11 12 13
IDx RA Decl. 30 Offset IDyy FUV oFUV NUV oNUV B \ Comments
[hh:mm:ss] [deg:mm:ss] 7] ["] [mag] [mag] [mag] [mag] [mag] [mag]
CX01 16:17:02.817 -22:58:33.92 0.22 0.02 2129 15.444 0.0@9.247 0.008 * * FUVbright
CX02 16:17:02.580 -22:58:37.73 0.13 0.08 1523 23.736 0.229.247 0.029 * * MS/RG
CX03 16:17:01.600 -22:58:29.20 0.18 0.05 2818 17.614 0.011* * * * outside HRC
CX04 16:17:02.008 -22:58:34.28 0.23 0.04 2082 19.209 0.02R.277 0.024 * * WD
0.22 4790 22589 0.134 18.748 0.007 16.289 15.198 RG
CX05 16:17:01.711 -22:58:16.59 * * * * * * * * * *
CX06 16:17:03.573 -22:58:26.55 0.29 0.21 3221 23.656 0.181.152 0.031 * * MS/RG clump
0.29 0.25 3181 23.448 0.162 21.210 0.024 * * MS/RG clump
CX07 16:17:02.169 -22:58:38.52 0.27 0.12 1387 22.578 0.120.869 0.055 * * gap
0.25 4850 22.926 0.159 20.666 0.020 * * MS/RG clump
CX08 16:17:01.118 -22:58:30.58 * * * * * * * * * *
CX09 16:17:02.404 -22:58:33.85 0.44 0.40 2106 18.393 0.018.693 0.009 18.510 18.343 BS
CX10 16:17:00.412 -22:58:30.12 * * * * * * * * * *
CX11l 16:17:02.476 -22:58:39.11 0.43 0.28 1352 22.751 0.120.424 0.017 19.980 19.278 MS
0.33 1341 22.424 0.112 20.209 0.015 19.821 19.296 MS
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Table 3.4: (continued)

IDx RA Decl. 30 Offset IDyy FUV oFUV NUV oNUV B \ Comments
[hh:mm:ss] [deg:mm:ss] ] [ [mag] [mag] [mag] [mag] [mag] [mag]
0.36 1283 23.065 0.158 20.560 0.033 * * MS/RG clump
CX12 16:17:02.570 -22:58:46.25 0.43 0.10 214 17.965 0.014 *ox * * outside HRC
0.24 232 16.306 0.006 * * * * outside HRC
0.33 251 21981 0.112 * * * * outside HRC
CX13 16:17:01.759 -22:58:30.54 0.42 0.11 2624 23.397 0.182.291 0.240 * * gap
0.25 2605 24.091 0.264 22.384 0.078 * * MS/RG clump
CX14 16:17:02.558 -22:58:31.75 0.70 0.30 2414 22920 0.196.882 0.022 20.555 19.802 MS
0.30 2453 22.237 0.108 19.372 0.009 18.991 18.185 RG
0.32 2452 17.661 0.011 17.380 0.004 16.596 16.222 BHB
0.38 2415 22557 0.125 20.614 0.022 * * MS/RG clump
0.42 2512 22.452 0.130 20.186 0.018 20.135 19.291 MS
0.64 2428 22.337 0.144 20.313 0.015 19.602 18.618 MS
0.67 2541 23.253 0.346 20.673 0.038 * * MS/RG clump
CX15 16:17:02.104 -22:58:33.05 0.43 0.15 2269 23.664 0.232* * * * no NUV
0.17 2270 22.868 0.146 20.393 0.017 * * MS/RG clump
0.17 2294 23.197 0.157 * * * * no NUV
CX16 16:17:02.124 -22:58:21.05 0.70 0.05 3967 16.388 0.0@7.210 0.003 18.350 18.285 BHB
0.23 4786 18.383 0.020 21.117 0.048 * * WD

08 W Jo Aonins 19joinenin jed v T°S
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Table 3.4: (continued)

IDx RA Decl. 30 Offset IDyy FUV oFUV NUV oNUV B \ Comments
[hh:mm:ss] [deg:mm:ss] 7] ["] [mag] [mag] [mag] [mag] [mag] [mag]

CX17 16:17:02.224 -22:58:34.95 0.68 0.21 1944 22971 0.2322.555 0.158 * * gap
0.33 2005 22.324 0.157 20.989 0.057 * * gap
0.45 1952 23.262 0.221 21.275 0.045 * * MS/RG clump
0.47 1911 23.045 0.224 20.214 0.021 * * MS/RG clump
0.47 2022 21.579 0.093 18.727 0.007 15.046 13.441 RG
0.51 1849 16.799 0.008 18.082 0.004 * * EHB
0.52 2050 22.752 0.209 20.713 0.026 * * MS/RG clump
0.53 4791 22.211 0.116 20.005 0.022 * * MS/RG clump
0.61 1918 22.741 0.155 20.124 0.014 * * MS/RG clump

CX18 16:17:02.824 -22:58:37.25 0.68 0.35 1559 23.374 0.220.390 0.027 * * MS/RG clump
0.38 1659 23.318 0.178 20.465 0.016 20.127 19.329 MS
0.45 1601 22.161 0.090 18.628 0.005 16.279 15.166 RG
0.46 1531 22.672 0.122 20.249 0.020 19.973 19.245 MS
0.64 1607 20.351 0.040 19.881 0.012 * * BS

CX19 16:17:03.854 -22:58:48.35 * * * * * * * * * *
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Using the o statistical uncertainty, the positions of the X-ray sosmnere com-
pared to the positions of sources in the UV catalogue. Thdtseeare summarised
in Table 3.4. Where multiple sources were found within thea)-error circle, pos-
sible counterparts are listed in increasing distance froenX-ray position. Four
Chandrasources were outside the FUV field of view. These are includetie
table in order to present their improved positions.

In the following subsections, | will discuss the individialay sources and their
possible counterparts.

3.1.5.1 CXO01: T Scorpii

The brightest X-ray source, CX 01, is located near to theditde classical nova
T Sco. Shara & Drissen (1995) compared the historical datdS® WFPC2 im-
ages, and obtained two estimates for the position of the.nGrae was based on
the offset from the cluster centre; the other used offsets ftwo nearby stars. The
positions published by Shara & Drissen (1995) were updateastch the UV coor-
dinate system using the difference in the positions of theersference stars in the
two coordinate systems. In the Tycho-based coordinatesyshe nova’s position
is estimated using the offset from the cluster core as 162180s, -22:58:32.21
(J2000), and from the two nearby stars as 16:17:02.84,822321.

Shara & Drissen (1995) identified a blue star as the mostylikekt-nova sys-
tem, although they cautioned that at=B6.8 mag, the source is about 10 times
fainter than expected for an old nova. This star matcheced422 in the UV cat-
alogue, which has an FUV magnitude of.19+ 0.02 and an FUV - NUV colour
of —1.65mag. This puts it slightly blue of the WD sequence and mélasikely
hot WD, and possibly a CV. As shown in Figure 3.5, source 2422adse to both
suggested positions for the nova, but is not consistent thighposition of CX 01.
As it is highly likely that the X-ray source is associatedwibe old nova system,
this makes source 2422 unlikely to be associated with tha rewnant.

As shown in Table 3.4 and Figure 3.5, however, CX 01’s pasitioconsistent
with that of source 2129 in the UV catalogue. Source 2129 hdi¢ F NUV =
—3.803, which makes it not only the bluest source in the catapgut also bluer
than an infinite temperature blackbody (which has FUNMUV = —1.8). This
suggests that the source decreased significantly in beghtbetween the FUV and
NUV observations. Heinke et al. (2003) suggested that CX04 CV, and the
change in magnitude of source 2129 is consistent with thisthErmore, source
2129 is~ 1.5 mag brighter in the NUV than the candidate put forward byr&iga
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Figure 3.5: Portions of the FUV (left), NUV (middle) and ACS WFC F435W
(right) images, showing estimates of the position of thesitzal nova T Sco. La-
belled in blue are two estimates from Shara & Drissen (1998 made using the
offset from the cluster core, and one using the positionsvofriearby stars. Also
marked is source 2422, which Shara & Drissen (1995) suggegas likely to be
the CV responsible for the nova. The red circle gives thetwsdf the brightest
X-ray source, and the source marked within it is source 2fl#9most likely can-
didate for the nova remnant. This is a reproduction of Figufem Dieball et al.
(2010).

Drissen (1995), making it closer to the quiescent magniexjeected from other
novae. Source 2129, therefore, is a much more likely copateto the quiescent
nova T Sco.

This source is studied in more detail in Section 3.4.3.

3.1.5.2 CX04,CX07,CX13,CX16, CX17: Cataclysmic Variabke

As noted above and shown in Table 3.4, there are 15 X-ray esumdhe FUV field
of view, and all have at least one FUV source within thedr &atistical uncertainty
matching radius. Clearly, positional coincidence is naiwggh to determine which,
if any, are real matches. The most likely real counterpard6-tay sources are those
in the WD and gap region (which contains CVs) of the FUV - NUV DMMatches
between X-ray sources and these sources can, thereforegaeled as relatively
‘safe’. The error circles of CX07, CX 13 and CX 17 contain gaprges, and the
positions of CX 04 and CX 16 are consistent with the positiming/D candidates.
The 30 X-ray error circle of CX07 contains two sources, humbers7.38d
4850. Source 4850 is in the red giant (RG)/MS clump, so themoi reason to
suspect that this is the real counterpart. Source 1387, Vewis closer to the X-
ray position, and is a gap source. It was also identified bys&agaal. (2005a) as
a CV which underwent a DN outburst in their observations. yreigggested that
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this source, which they called DN 1, was associated with CXUging the more
accurate positions, it is now clear that DN 1 is associateéd @X 07. Source 1387
is included in the variability study described in Sectio.3.

3.1.5.3 Other X-ray Sources

The other seven X-ray sources that fall within the FUV and Nfidlds of view
(CX02, CX06, CX09, CX11, CX14, CX15 and CX18) each have attleme
source within the & error circle, but none of these positional coincidencesfor
obvious counterparts on the basis of CMD position. Heinka.g2003) identified
CX 02 and CX 06 as qLMXBs based on their luminosities and hesdmatios. The
only possible counterparts to these objects, which areggrédaan 1o from the X-
ray source position, are MS/RG sources, so are unlikely t@akcounterparts. As
the X-ray flux of a qLMXB is much higher than the optical fluxigmon-detection
is consistent with the suggestion that these sources agsaprnt LMXBs.

Sources CX 03 and CX 12 have bright FUV sources within theieBror circles,
but, as they are located in regions with no NUV coverage, thjeats cannot be
placed on the CMD, so cannot be classified.

The other four X-ray sources which are within the half-maagius (CX 05,
CX 08, CX 10 and CX 19) were outside the FUV field of view.

3.1.6 The Radial Distributions of the Stellar Populations

Figure 3.6 shows the radial distributions of various stepapulations. White

dwarfs and main-sequence stars are not included here doedmpleteness in the
FUV, particularly in the core where nearby bright sources/meevent the detec-
tion of faint white dwarfs and main-sequence stars. The fiiastel shows that the
blue stragglers are the most centrally concentrated ptipalaas already noted by
Ferraro et al. (1999).

Kolmogorov-Smirnov (KS) tests were used to assess hovestatlly significant
the differences in the radial distributions were. The K$tesasures the probability
that a difference as large as the one observed can be founddretwo populations
that are drawn from the same underlying distribution. Tferes the higher the
percentage given by a KS test, the more likely it is that the pepulations come
from the same parent distribution, whereas a low percentag@ns that the two
populations are significantly different. Tables 3.5 and $héw the numbers of
sources included in each sample and the results of KS tefstrpexd on various
pairs of populations.
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Figure 3.6: Cumulative radial distributions of various stellar pogidas. Panel
(a): the main stellar populations - HB, gap and X-ray sourca® shown. WDs
and MS stars are not included due to completeness issue&l @@nthe main
populations again, but the HB is split into EHB and BHB st&@sly gap sources
brighter than NUV= 215 mag are included. Panel (c): the two sub-populations of
EHB stars are compared. Panel (d): the BSs are split intbitdbiye and faint/red.
This is a reproduction of Figure 8 from Dieball et al. (2010).
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Table 3.5: Number of sources associated with various stellar pomuiati

Population Nources
All NUV < 215mag
BS 75 75
BHB 80 80
EHB 30 30
EHB1 11 11
EHB2 19 19
gap 59 13

Table 3.6: Results of KS tests on the radial distributions of variousspaf stel-
lar populations, showing the probability that the two p@piains are drawn from
the same underlying distribution. The most significant K§ tesults (i.e. KS
probability < 5 %) are highlighted in bold.

Populations KS Test Result
All NUV < 215mag

BS vs. gap 0.06 95.1

BS vs. HB 0.2 0.2

BS vs. BHB 0.02 0.02

BS vs. EHB 28.5 28.5

BS vs. X-ray 21.7 21.7

gap vs. HB 79.9 7.0

gap vs. BHB 77.5 4.0

gap vs. EHB 23.4 40.2

gap vs. X-ray 0.9 82.8

HB vs. X-ray 0.3 0.3

BHB vs. EHB 9.1 9.1

BHB vs. X-ray 0.2 0.2

EHBvs. X-ray 4.4 4.4

EHB1vs. EHB2 495 49.5

bBS vs. fBS 3.5 3.5
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As the CMD depth is limited by the NUV data, the second panetigtire 3.6
shows radial distributions only for sources brighter thad\WW= 21.5mag. This
criterion only makes a difference to the gap sources. X-oayces are also included
here. The BSs, X-ray sources and gap sources are more tentmatentrated than
the HB stars, as expected from their relative masses areteiiff formation methods
(see Section 4.5 for more details). The KS test results cuortfiat these differences
are significant, but that BS, X-ray and gap sources’ distitins are not significantly
different from one another.

In the third panel, the two sub-populations of EHB stars Geetion 3.1.4) are
presented. There is no significant difference between ttelditions of EHB1 and
EHB2 stars.

The fourth panel of Figure 3.6 compares two sub-populattdBsS stars, defined
using a division at FUV- NUV = 0.9 mag on the CMD. Nearly all of the FUV
bright (and blue) BSs were also optically bright; of the 3818 BSs which had
optical counterparts, 28 had < 19 mag. Similarly, 11 of the 14 ‘red’ BSs with
optical counterparts had > 19 mag. This is shown in Figure 3.7, in which BS stars
are marked as red or blue, depending on their colour rel&diviee FUV— NUV =
0.9 mag distinction.

It was expected that bright, blue BSs, which are thought tmbee massive and
younger than their faint, red counterparts, should be mergrally concentrated.
However, surprisingly, the radial distributions in pang) 6f Figure 3.6 show that
the faint, red BSs are the more centrally concentrated grobp KS test indicates
that the probability that the bright and faint BSs are dravemf the same distribu-
tion is just 3.5%. To check how sensitive this result was @ d¢kact position of
the adopted cluster centre, Monte Carlo simulations wemngecbout, in which the
centre position was shifted at random in accordance witrethe derived in Sec-
tion 3.1.3. The KS test was then re-run with distances baseghoh new centre.
In 100,000 iterations, 63% of tests gave KS results sugugstiat the populations
are different at better thand® confidence. The exact location of the cluster centre
does not, therefore, have a strong impact on this margisailyificant, but unusual
result. If we assume that the observed difference betweedigitributions is real, a
possible explanation might be that the BSs get a ‘kick’ dyitimeir formation, and
then sink back towards the centre. If they are pushed out &gi@m from which
the relaxation time-scale is longer than the typical age bfight BS, the bright
BSs would not have had time to move back to the core. The féast Bhich have
longer lifespans, last long enough to settle back to the @rpledistribution, and
are thus more centrally concentrated. In Section 4.5, ttialrdistribution of BSs
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Figure 3.7: CMDs of the core of M 80 with sub-populations of BS stars iatkcl.
Blue squares: brighter, bluer BSs (FUWWNUV < 0.9 mag). Red triangles: fainter,
redder BS stars (FUM NUV > 0.9 mag). Nearly all of the FUV bright (and blue)
BSs were also optically bright.

in NGC 6752 is investigated, for comparison with this ingtrey and unexpected
result.

3.1.7 The Typical Masses of the Stellar Populations

The typical masses of stars belonging to a given stellar jagipn can be estimated
by comparing the populations’ radial distribution to thatleeoretical distributions

of stars of a given mass. Using the method described in Hezhled (2003), we

assume that the cluster can be well described by a classg @B66) model and
compare the radial distributions of the sources to thoseeokalised theoretical
King models described by

s(r) = [ 2+

r

Icx

)?)

1-3q

Tz dr,

whererc, is the core radius and the parameger Mx /M, is the ratio of the mass
of the stellar population used to determing to the mass of the stellar population
being considered. We take an MSTO star with mag&svid, to be a typical star
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Figure 3.8: Cumulative radial distributions of various stellar pogidas, plotted
along with theoretical King models of different average s&ss The model masses
range from MM, (bottom black line in each panel) tdV2, (top black line), in
steps of M.,. Panel (a): BS and HB populations. Panel (b): EHB and BHB
stars. Panel (c): X-ray sources and gap sources brightarNhfly = 21.5 mag.
Panel (d): bright and faint BSs. This is a reproduction ofuifég8 from Dieball et

al. (2010).

that defines the core radius and adopt the core radius detednby Ferraro et al.
(1999) ofr¢, = 65. The models were adapted to cover the actual field of view of
the instruments, in order to maximise the radial coverage@imodels.

Figure 3.8 shows the models, with the radial distributiohsarious popula-
tions over-plotted. The BS and HB stars’ distributions agrell with models with
typical masses of .2M., and Q6M.,, which, in turn, agree reasonably well with
the average masses expected from the location of the starg tie ZAMS and
ZAHB. From panel (b), the EHB stars appear to be more maskae the BHB
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stars (08M., compared to GM.,). This is contrary to the expected average masses
from the positions along the ZAHB, from which the BHB stars astimated to have
average mass of B8M.,, while the EHB stars should have masse351M.,. Note
that the KS test showed that the radial distributions ofé¢he® populations are not
statistically significant, however. Panel (c) shows thea}-sources and brighter
gap sources. Both populations have characteristic dyredmiasses> 1M, but

a more accurate estimate is not possible from these modhkis.nfass estimate is
consistent with Heinke et al. (2003), who found an averagay<source mass of
1.2+ 0.2M. Finally, panel (d) shows the two groups of BSs, as descrdiede.
From the mass distribution along the ZAMS, the bright BSseaqeected to be more
massive than the fainter ones, with average masses3dML, for the bright, blue
BSs and 104M, for the fainter, redder sources. By contrast, panel (d) gtiFe 3.8
indicates that the fainter BSs have massds4 M., while the brighter ones are less
massive atz 1M.. In order to use radial distributions to estimate massesgker,
one has to assume that the populations are in thermal equitib This is not the
case for the bright BSs if the “kick” scenario described abmvtrue.

3.1.8 Conclusions

In this section | have described an FUV and NUV study of the GBOM The
analysis was led by Dr. Andrea Dieball, although | was inedlvand the resulting
catalogue formed the basis of the variability study desctiim the next section.

The catalogue was created using FUV and NUV images, whick astromet-
rically tied to the Tycho-based system. The Tycho-based W& here is more
accurate than the systems used in previous attempts toagstthre position of the
cluster centre, so a new estimate was determined from the t&tdogue.

The CMDs show a variety of stellar populations. The horiabbtanch can be
split into BHB and EHB stars, and both the FUV - NUV and V - | CMBveal
gaps in the horizontal branch. Only one candidate blue htaxkvwgas found. The
numbers of gap and white dwarf sources are in line with thezaepredictions.

A previous study by Ferraro et al. (1999) suggested that M#@Qains a large,
centrally concentrated BS population. Seventy-five BSsvieund in our study,
which is not remarkable when compared to the catalogue fobMnhich covers
a similar field of view. Overall, the BSs were among the mositredly concen-
trated populations, but, surprisingly, the fainter anddexdBSs were found to be
more centrally concentrated than the brighter and blues ¢wéh marginal statis-
tical confidence). This is unexpected, since bright, blue B& thought to be the
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younger and more massive group. One possible explanatibati8Ss get a kick
during formation and move outwards to regions where thexegian time-scale is
longer than the typical age of a bright BS, but shorter that df faint BSs. In

that case, bright BSs would not have had time to settle (b@askdrds the cluster
core. In Section 4.5.1, | investigate the blue stragglempaton of NGC 6752, for
comparison with this result.

Source positions were compared to BkeandraX-ray source catalogue from
Heinke et al. (2003), to search for counterparts to X-rayreesl Once the X-ray
positions were corrected to match the Tycho-based WCScdrbe clear that the
position of the famous nova, T Sco, which was discovered B01l&atches with
that of the brightest X-ray sources in the cluster, CX 01.tlk@nmore, the object
responsible for the nova was recovered in the FUV - NUV caado It was found
to be a dwarf nova, and one of the brightest and bluest FUVcesun the cluster.
Another one of the X-ray sources, CX 07, was already knowretadsociated with a
DN (Shara & Drissen, 1995); the FUV counterpart to this sewvas also recovered.
Both of these sources are studied in more detail in Sectidr8 &as part of the
variability study. Five further X-ray sources were foundd® associated with WD
or gap sources in the FUV - NUV catalogue and are classifietkely ICVs.

3.2 A Far Ultraviolet Variability Survey

In Section 3.1, | discussed a far ultraviolet study of M 80tHa rest of this chap-
ter, | discuss a variability study based on this survey. &lstars were discovered
which exhibit significant variability, the most intereggiof which is an RR Lyrae
star in the core of the cluster. This star, which | call TDK Jgsxobserved around
the peak of the light curve in the FUV observations, manifgsa high-amplitude
(> 3mag), luminousl(yy ~ 6 x 10>%rgs™1), short-durationt(< 5 hours) FUV
brightening. Further investigation using archive datavehthat it is also variable
in optical wavebands, but the data coverage is not suffiteedétermine the period
of the variation. The other two new variables discoveredis survey are another
possible RR Lyrae and an SX Phoenicis star. | also discus®ie detail the FUV
counterparts to two known variables: the famous nova T SicfFpSco) and the
known dwarf nova DN 1 (Shara & Drissen, 1995).
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Table 3.7: UV and optical data used to study the variable source TDK . firkt
column gives the camera used, followed by the filter (colufynit® number of
images taken (column 3), the date of observation (colummd)the individual
exposure time (column 5).

Camera Filter  Nnages Obs. Date Exp. Time
[sec]

ACS/SBC F165LP 8 2004 September 11 310
ACS/SBC F165LP 24 2004 September 12 323
ACS/SBC F150LP 8 2004 September 20 310
ACS/SBC F140LP 8 2004 September 26 310
ACS/HRC F250W 8 2004 October 07 298
WFPC2  F439W 4 1994 October 05 300
WFPC2  F439W 2 1996 April 05 30
WFPC2 F555W 4 1996 April 05 23
WFPC2  F656N 3 1997 August 29 1300
WFPC2 F675W 3 1997 August 29 260

3.3 The Observations and Data Analysis

3.3.1 The Ultraviolet Data

The UV survey described in Dieball et al. (2010) and Sectidrnr8quired a single,
deep image for each filter, so individual images taken usau dilter were com-
bined to give master images. By contrast, the individualgesawere needed to
search for variability. For the variability study, a totdl48 FUV images were used,
all obtained using the ACS in the Solar Blind Channel (SB@)Se consisted of 32
images taken with the F165LP filter in four consecutive ailaind one orbit (eight
images) with each of the F150LP and F140LP filters. A furthghieimages were
taken in one orbit using the F250W filter with the ACS/HRC. Timages were all
taken at the same pointing. Table 3.7 gives an overview o)Nelata.

The 32 F165LP images, obtained within a 5.5 hour period, wee= in the
search for variable sources. Any source that was detectedangh images to be
reliably investigated for variability should have beenat#¢d in the master image,
meaning that source detection was not necessary; | wasabimply use the cat-
alogue created using the master images, as described ilor58ct.2. | used the
FUV source catalogue as inputdaophot (Stetson, 1991) running und&RAF in
order to perform photometry on each individual F165LP imaflee same param-
eters as described in Section 3.1.2 were used, but | keptakiégn of the input
coordinates fixed (rather than using recentring routines).
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For each source | derived a reducgé value relative to a constant brightness
model. Thex? value evaluates how well set of measurements matches tieetexjp
values. Itis given by

» 1 (O —p)?
= i; o
whereQ; is an observed valugy is the expected or model value, is the error on
the measured value amds the number of degrees of freedom. In this cases the
weighted mean of the source’s magnitude measuremagritsthe error given in the
daophot output, anch = (number of measurementsl).

In principle, this value reflects the likelihood that a s@scmagnitude does
not change over the 32 measurements. However, the photorastirs produced
by daophot (o in the equation above) tend to be overestimated for faintcasu
and underestimated for bright sources. As shown in Figu®e tBis causes the
reducedy? value to decrease monotonically towards fainter (mean)nibages,
as the photometric error increases. One cannot, thereSongly assume that any
source with a reducegl? value above a certain limit must be varying.

Instead, | compared the reducgéivalue for each source to its mean FUV mag-
nitude (see right panel of Figure 3.9) and looked for souvdessey? was signifi-
cantly larger than that of other sources of comparable bmiggs. The red line in the
right panel of Figure 3.9 indicates tix& values above which | expect to find 0.1%
of sources (for simplicity, this selection line was prodditey assuming that thg?
value at a given magnitude is Gaussian distributed), eggi#bi 2 expected outliers
in the catalogue of 2345 sources. There were three sourcieh Whd x? values
higher than this line, and these sources are highlightedgargé 3.9. As shown
in the left panel of Figure 3.9, the photometric errors ofsiasources (red points)
give no indication that they are remarkable compared toratbarces of similar
brightness. The? value, at least for sources 2234 and 2324, are not exceptiona
compared to the catalogue as a whole; it is only when one fhlets? value against
magnitude that they begin to stand out. The three outlyingcas were investi-
gated in further detail, along with two previously known iadne sources, T Sco
(see Section 3.1.5.1) and DN 1 (Section 3.1.5.2). Tablei8&sgheir positions and
magnitudes, and, in Figure 3.10, the parts of the master FUM\UV images that
include the five sources investigated in this section argvaho

One of the outlier sources, TDK 1, showed the strongest acelef brightness
variations. Figure 3.11 shows the FUV image of TDK 1 when lbrigihtest (left)
and faintest (right).



3.3 The Observations and Data Analysis

N
LI L L I B B T ™
L . 4
L ] 8
=g . ]
Fsf 12
[ 0= o« J
|- ~ =
r EO J o
L 1 N
; <
L ] «~
L ] —
, 1 N o
L 1 N ©
Lo~ ] =)
[ — ] o
O o 4 N>
F i 5
r° ] 0 &
L 1 0«
; ] ©
L _— 4 0«
L BN BRI
L 1 0«
Loy 0 |
o o —
o — -
— o
bstgp peonpay

N
L' T 1 ™
L e i
L 1 o
L 1 ™

L
L . 4
L . o i
L . % . _] @
C . . ] N
; 1 ©
- T T Te T T T ﬁ 1 N
L L 3, l 1<
L L 4 7 N
C — ] o ] —
; H 1« N w
L L B 1 N ©
r = N b =
, L | © 4 o=
F L 1 l i B N =
C L i ] -
, L | ] ‘0_O| £
L - | © ]
L L s | — 4
[ I B I o g
I o S S
, - .« —
L o 1 -
C | | | | | | [
o o o o o
< (92 N —

[Sew] Jodus ol1jewoloyd

Figure 3.9: Left: the photometric error increases towards fainter nitages. In-
set: the three variable sources (red points) do not appdae temarkable in the
plot of magnitude versus photometric error. Right: redugédvalue for each
source in the FUV catalogue, compared to its mean magnitlide.most signif-
icantly variable sources are highlighted. Note tlydtwas determined using the
actual magnitudes (in STMAG), but they are plotted on a lajescThe blue line
shows the media? in the magnitude bins of width 0.5 magnitude. The red line
indicates the cut-off; sources above this line were ingastid for variability. Also
marked (cyan points) are the two known variable sources,oladd DN 1.
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Figure 3.10: Portion of the combined FUV (top) and NUV (bottom) image show
ing the five variable sources discussed in this section. MNerup and East is to
the left.



Table 3.8: Positions of the variable sources TDK 1, 2 and 3, as well as RNALT Sco. The first column is the source name, followed by the
FUV ID number. Columns 3 and 4 give the source position in RABEC coordinates. Columns 5 to 8 give the FUV and NUV mageisud
and corresponding photometric errors as derived feamphot. Column 9 gives the ID number of the optical counterpart talkem Piotto

et al. (2002), followed by the optical magnitudes (as regmbliy Piotto et al. 2002) in columns 10 and 11. Note that thenihades given are
calculated from the master image in each filter and are thbjgsiuto variability intrinsic to the source.

1 2 3 4 5 6 7 8 9 10 11
ID IDFuv RA DEC FUV oFUV  NUV  oNUV IDpjotto Bpiotto Vpiotto
[hh:mm:ss] [deg:mm:ss] [mag] [mag] [mag] [mag] [mag] [mag]
1 2817 16:17:02.104 -22:58:29.23 18.209 0.014 18.045 0.008710 16.217 16.360
2 2238 16:17:02.164 -22:58:33.24 19.981 0.032 19.703 0.012172 19.015 19.028
3 2324 16:17:02.861 -22:58:32.65 18.593 0.016 17.403 0.00B450 16.594 16.226
DN1 1387 16:17:02.176 -22:58:38.59 22.578 0.120 21.869 59.0 * * *
TSco 2129 16:17:02.818 -22:58:33.94 15.444 0.005 19.240080. * * *
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Figure 3.11: The variable source, TDK 1, at the brightest (left) and thetést
(right) that was seen in the FUV observations. North is up Bast is to the left.
Note that the difference in brightness shown between thetef right images is
an underestimate of the actual variation: the high statenihade is an underes-
timate of the peak brightness, due to a gap in the data at ¢ing; the low state
magnitude is not the true low state, as the source was stlligg fainter when
this observation occurred.

3.3.2 The Optical Observations of TDK 1

As mentioned above, TDK 1 is highly variable, brighteningrbgre than 3 mag-
nitudes during the FUV observations. In order to gather mof@mation about
this source, | analysed additional data of the core regioM 80. Table 3.7 gives
an overview of all the data used to study TDK 1, including thter§ used, and the
observation dates and exposure times. The additional filata,the HST archive,
was taken with the WFPC2 and included six images taken weah-d489W filter,
four images taken in F555W, three images in the narrow-bamdiltér F656N, and
three images in the broad-bandrHilter F675W. Figure 3.12 shows TDK 1 as it
appears in individual images taken with each of these otherdi

Photometric measurements of all stars in the field were mptired for the vari-
ability study. In fact, in order to determine whether TDK lvigriable in other
wavebands, absolute photometry of TDK 1 was not needededdst performed
relative photometry using nine non-varying stars of simifegnitude for compari-
son. In each data set, the sources were identified and phtryowees performed on
the individual images. In each case, a 3 pixel aperture amdadl sky annulus of
5—7 pixels was used. Although the core of M 80 is very crowdedtpaarly in the
optical images), TDK 1 and the nine stars chosen for compaase bright and rel-
atively isolated, so an aperture of 3 pixels was a good com@®between trying to
include most of the light from the source and avoiding flwoiroeighbouring stars.
The same photometry procedure was followed as for the FU\g@sgbut published
aperture corrections from Holtzman et al. (1995) were ugeat.the narrow-band
Ha data, the aperture correction is not included in the listlishled by Holtzman
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Figure 3.12: The variable source, TDK 1, as seen in the F439W (top left)5WB
(top right), F656N (bottom left) and F675W (bottom right}dils. North is up and
East is to the left.

et al. (1995), so | estimated the correction using the vadiven for the bracketing
filters (in wavelength space). Henceforth, the STMAG sysitemsed, except for
the optical magnitudes in Table 3.8 and Figure 3.15, whieltaken from Piotto et
al. (2002) and are Johnson magnitudes.

3.4 FUV Variable Sources in the Core of M 80

The three objects highlighted in Figure 3.9 exhibited digant, short-term vari-
ability in the FUV survey of M80. This is interesting, conerthg the fact that |
defined outliers based on the reduggdabove which | expect to find two outliers.
Two other known variable sources, T Sco and DN 1, were fouhawe counterparts
in the FUV catalogue. In this section, | discuss the lighwvesrof these sources, as
well as the spectral energy distribution (SED) of the mogriesting source, TDK 1.
During the course of this investigation, | found that theghtest sources exhibit
trends on the time-scale bfSTs orbit, possibly due to telescope breathing leading
to changes in the point-spread function (PSF). Figure 3hb8vs the light curves
of three examples of bright sources which demonstrate térglt To quantify the
systematic effect, | found the best-fitting gradient to eaddit of each of these light
curves and then used the average gradient for each orbiter ¢ detrend all of
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Figure 3.13: Light curves for three of the brightest FUV sources in thalzgue.
All three show a periodic effect on a time-scale which masctie orbital period
of HST. | used the best-fit lines to each orbit of these light cureeddtrend all
other light curves shown in this chapter.

the light curves shown throughout this chapter.

3.41 TDK1

In this section | will discuss the results of the investigatinto TDK 1 and present
evidence that this source is an RR Lyrae star. As describ&hapter 2, RR Lyrae
stars are pulsating HB stars which exhibit periodic vafigbivith amplitude 02 —

2 mag at optical wavelengths. Although many of these stare haen observed in
near-infrared and optical wavelengths and the form of tjieticurve in these ranges
is well-established, very few have been well observed aielesgths shorter than
~ 3000A. Among the examples of short wavelength observations of.®Res,
Bonnell & Bell (1985) and Fernley et al. (1990) observed as@bn of RR Lyrae
stars using thénternational Ultra-Violet Exploreiin the range 2006 30004, and
Downes et al. (2004) discovered 11 RR Lyrae stars in the dafeedGC NGC 1851
using FUV observations taken with STIS, on-bo#&8T. Wheatley et al. (2005)
presented the first observation of an RR Lyrae star in whicleratire cycle was
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covered simultaneously with FUV, NUV and optical instrurtgeriThe variation in
apparent magnitude is much more extreme at shorter wavéleig/heatley et al.
(2005) predict FUV amplitudes of up te 8 magnitudes). This makes FUV obser-
vations a potentially useful tool for identifying new RR lag (or similar) stars, so
the lack of UV observations of RR Lyrae stars is surprisinge@hould note, how-
ever, that the FUV magnitudes of RR Lyrae stars away from mari brightness
are very faint compared with optical and near-infrared gallso observations long
enough to include an entire period or fortuitous observegtiof maxima would be
required to allow such variables to be recognised in FUV data.

The number and type of RR Lyraes present in a GC is relatedetonttallic-
ity (and Oosterhoff classification) of the cluster (see GeaR). Previous stud-
ies of variable sources in M 80 have attempted to classifycthster according to
Oosterhoff’s criteria, but small number statistics haveantehat it has never been
convincingly determined. Until recently, only six RR Lyrasre known in M 80,
of which 4 were RR ab, making M 80 a borderline Oosterhoff Uster. Kopacki
(2009) raised the totals to 7 RR ab and 8 RR ¢, with an RR ¢ fnacif 53%, con-
firming the Oosterhoff Il classification. This is consistarnth other classification
methods. For example, Alcaino et al. (1998) and Cavallo.€¢28D4) found an iron
abundance ofFe/H ~ —1.7 dex for M 80.

3.4.1.1 Variability

The FUV light curve for TDK 1 is displayed in Figure 3.14. Ttedt] middle and

right panels show the data obtained with the F165LP, F150idPF440LP filters,
respectively. The star increased in brightness from 18.8§ toal7.2 mag within
the first orbit & 40 min) and then faded over the next three orbits(5 hours) to

~ 20mag. Due to the gap in the data between the consecutivis,die peak in
the light curve was not observed. Simple linear fits to thitlgurve on either side
of the peak (shown in Figure 3.14) suggest that TDK 1 mighehaached FUV
~ 16.7 at its peak. The F150LP and F140LP data sets suggest thatthight-

ness state of the source corresponds to around AL mag, giving a difference
between the minimum (F150LP data) and maximum brightnes85EP data) of
about 4 magnitudes. This is consistent with the FUV ampéitudf RR Lyraes, as
demonstrated by Downes et al. (2004) and Wheatley et al5{2@Qrthermore, the
shape of the F165LP light curve is asymmetric - the rise toimar brightness
is considerably steeper than the decline that follows -datiing that TDK 1 is an
RR Lyrae star of type ab. Comparing TDK 1's light curve withleape-folded light
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Figure 3.14: Light curve for the variable source TDK 1, including all FU\atd.
The lines show simple polynomial fits to the first two orbitsdaita, illustrating
the range of possible peak magnitudes of the outburst. Tueedashed line shows
straight line fits to each of the first two orbits’ points, wehihe solid red line shows
a 5th order polynomial fit to the data. Left panel: a set of 32ges taken using
the F165LP filter. Middle panel: eight images taken appratety 9 days later
using the F150LP filter. Right panel: a set of eight F140LPgesataken around
15 days after the first image.
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Table 3.9: Magnitude variations in TDK 1 compared to the average valaesa
collection of nine comparison stars.

aNote that in the F555W filter image, only eight comparisomssteere used as the
ninth was outside the field of view.

Filter RMS Variation [mag] Peak to Peak Variation [mag]
TDK1 Comparison TDK1 Comparison

F439W 0.24 0.02 0.62 0.07
F555W*  0.07 0.03 0.18 0.07
F656N 0.11 0.01 0.26 0.02
F675W 0.04 <0.01 0.10 0.01

curve based on the data given by Wheatley et al. (2005), gondtad) the period of
the folded light curve until the slopes around the peak wigmed, | estimate that
TDK 1's period isx 0.84 days. This is consistent with the conclusion that TDK 1 is
atype ab RR Lyrae.

Photometric measurements based on the avaitdBleoptical imagery (see Sec-
tion 3.3.2) show, as might be expected, that TDK 1 is variablall wavebands.
Table 3.9 shows the RMS and peak-to-peak magnitude varitiiolr DK 1, and the
average values for the nine comparison stars. TDK 1 exhitdte variability than
the comparison stars in all bands.

The variability in all wavebands makes placing TDK 1 on a CMingthing of
a challenge. Figure 3.15 shows the CMD of M 80, with the vaeiaources high-
lighted. For TDK 1, the UV magnitudes are the averages frogrothits in which it
was faintest in order to minimise the effect of variability the CMD position. In
the UV CMD, TDK 1 is located close to the BHB/BS region, as nhigd expected
for an RR Lyrae star, although its position is still subjexetror due to variability
even when the data taken during the peak of the light curvecisided. The optical
CMD was created using data from Piotto et al. (2002), in whirghaverage magni-
tudes from two F439W and four F555W observations were udeskfwations taken
in 1996; see Table 3.7); Piotto’s location for TDK 1 is indexwith subscript P. To
minimise the effect of variability in these two wavebandaldo plot the ‘low-state’
position of TDK 1, marked TDK L To do this | used the faintest data point in each
band and converted them to Johnson magnitudes usinTR#RY STSDAS package
synphot (as mentioned previously, Piotto et al. (2002) uses Johnsagnitudes).
This brings TDK 1 much closer to the BHB. As explained in moetadl in Sec-
tion 3.4.1.2, TDK 1 was not exactly at minimum brightnesshiese observations,
so this is still not the true low state; furthermore, the PFBb8ata was taken at a
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Figure 3.15: Left: FUV - NUV CMD of the core of M 80, with the variable
sources marked in red, except for TDK 1 which exhibited larggation in FUV
magnitude and is highlighted in blue. Note that the FUV magla for TDK 1
is the average value from the last eight data points of thesER6data only, to
indicate the minimum brightness location. Note that thistiian overestimate of
the FUV brightness since the system was still declining fitsroutburst during
the last F165LP orbit. All other magnitudes are derived frive master image
of the given filter (F165LP and F250W). For reference, a tegoal WD and He
WD cooling sequence (dashed and solid line towards the ,nduegro-age main-
sequence (middle), and a zero-age HB track (reddest/bgghare included (see
Section 3.1.4 for details). Right: optical CMD of M 80 withetloptical counter-
parts of the variable sources marked, as in the Piotto é2@D2) catalogue. Piotto
et al. used master images created from two F439W and fourW5iiservations.
For TDK 1 1 also include the position obtained using only thiafest data point in
each band, which gives, as close as possible with this detdptv-state’ position
(see text for details). This point is marked TDK, Whereas Piotto et al.'s position
is TDK 1p.
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brighter point in the cycle than the F439W data, making thes® appear redder
than if they were taken simultaneously. | conclude thatjexilio errors due to
variability, TDK 1’s position on both CMDs is consistent vit being an RR Lyrae.

3.4.1.2 The Spectral Energy Distribution

In order to confirm that TDK 1 is an RR Lyrae star, as suggesyetthé variability
in the FUV and optical wavebands, | constructed the speetratgy distribution
(SED) of TDK 1. In doing so | tried to use observations takerewlkhe star was
close to minimum brightness (‘low state’), but one shouldare that lack of truly
low-state observations mean the SED produced is still rtagdg that of minimum
brightness. For the FUV and NUV, | used the average magnitade the faintest
orbits; for F165LP only the average magnitude from the lagitadata points is in-
cluded, in order to minimise the effect of the large magretudriation in the FUV
light curve. The F165LP data could have been excluded éntlvat tests of this
showed that it did not significantly change the results. Asaghin Table 3.9, there
was some variability present in each of the optical data $efact, TDK 1 is under-
going brightening in the 1996 observations (the last two9¥3mages, followed
by the four F555W images; see Table 3.7) and again in the 188&raations (three
F675W observations followed by three F656N observatiofe)minimise the ef-
fect of this variability | simply used the faintest magnieutheasurement for each
filter, to give the best possible approximation of a low-st&8ED. While | expect
that this will introduce errors of a few tenths of a magnitudeesach waveband,
it is sufficiently accurate to get an idea of the shape of th® @BRd to estimate
parameters such as temperature and radius.

TDK 1's SED is shown in Figure 3.16 (black data points). Dudhe com-
plex combinations of variability and intrinsic measurernemors, error bars are not
shown on the plot. Each point is plotted at the pivot wavellefigr the correspond-
ing filter. The SED is consistent with a single star. Figur&63also shows that
the source appears brighter in the narrow-band F656N fhi@n in the bracketing
optical broadband data points in the SED, suggesting@amektess.

Synthetic photometry was carried out for models in the Kard®93) grid using
theIRAF/STSDAS packagesynphot and assuming a distance of 10 kpc, a reddening
of Eg_v = 0.18 mag and a metallicity dFe/H = —1.75 dex. The synthetic SEDs
were then fit to the data using a least squares fitting metmoahich each point
was given equal weight. | found that TDK 1's SED can be reaslyrdescribed by a
star withTef >~ 6700 K,R~ 4.2R., and logg ~ 3.0, giving a mass oM ~ 0.6 M.
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Figure 3.16: Spectral energy distribution (SED) for TDK 1 (black pointajong
with the best model fit to the data (blue line), which hgg ~ 6700 K,R~ 4.2R.,,
and logg ~ 3.0, leading to a mass estimateMf~ 0.6 M,. Error estimates are not
shown, due to the complex combinations of variability artdrisic measurement
errors involved.

These values are all within the acceptable range for RR Lstas.

In order to estimate the contribution of thexHine to the underlying stellar spec-
trum, | repeated the synthetic photometry including an lithe of varying equiva-
lent width (EW). The best fit model suggests a marginally isicgmt (~ 20) Ha
line with EW~ 20A, without significantly affecting the other fit parametefEhe
best fit SED, including an & line with EW~ 20A, is plotted as a blue line in Fig-
ure 3.16. The presence of araHine can be explained by the fact that TDK 1 is
undergoing a brightening phase during the F656N and F6758&rehtions; type ab
RR Lyrae are known to exhibit & emission during rising light (Smith, 1995). This
adds further evidence that TDK 1 is a type ab RR Lyrae.

As shown in Figure 3.16, the models do not fit well to the obsérsiope in the
optical data; the data in this region shows a much steeppe giee. bluer colour)
than the models. As the pivot wavelengths for the opticarlare quite similar, the
colours indicated by comparisons between these filterseargitése to, and can be
easily distorted by, variability. The variability obsed/a the optical filters (a few
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tenths of a magnitude) is, therefore, sufficient to accoanthe very blue optical
colour of TDK 1. A key feature of the data’s SED is that the nmaxim brightness
(the ‘turnover’) occurs ad = 439 nm; the luminosity decreases as one moves to
shorter wavelengths. Models willas s > 7500 K continue to increase in luminosity
to wavelengths shorter than= 439 nm. Fitting the slope of the optical data alone
gives a far highefet  than my best-fit model. In fact, such a model over predicts the
brightness in the UV by such a large amount that it becomeg$siple to account
for the observed UV magnitudes. Furthermore, itis the deltart using the F140LP
and F150LP filters that best represent the brightness irothestate. Thusles¢ can

be well determined by ensuring that the model is a good mat¢ha magnitudes
obtained using the F140LP and F150LP filters.

The radius of the best-fitting model is determined by the flaxmalisation re-
quired to the distance to M 80: decreasing the model’s radiakes the model
fainter at all wavelengths, and increasing it makes the rnbdghter. As previ-
ously mentioned, the least-squares fitting method indicttat the data was best fit
using a model witliR ~ 4.2R.,. This is quite well constrained. For example, chang-
ing the model radius bR = 0.2R., changes the model brightness4.1 mag at
all wavelengths, while a change AR = 0.5R;, leads to changes in magnitude of
~ 0.3 mag. Thus, small changesRlead to quite large shifts in the model.

It is worth noting that whil€Tq¢ ¢ is well constrained by the turnover in the SED,
and the radius by the flux normalisation to M 80’s distance,global shape of the
SED can be reasonably well described using a range @fladues. | experimented
with models using log values from 2.5 to 5, and while lag= 3.0 gave the best
fit based on the least-squares fitting method described atiwvbest-fitting model
created with each of the other tested values forgagrresponded to a reasonable
(i.e. physically plausible) estimate fdgss andR. Thus, a slight change in input
Tetf or Rhas a huge impact on the model SED, whereas large changegjoidy
have relatively small effects. RR Lyrae stars have beendnimtéave a wide range
of logg values (see Pefia et al. 2009 for examples of RR Lyraes vgtipvalues of
1.3 to 2.2 at minimum brightness, and 2.5 to 3.5 at maximuowylsle the best-fit
value of logg ~ 3 found here is reasonable, | caution that variability in daga
limits the ability to make a reliable determination of lp@nd, consequently, the
mass. By contrast, the temperature and radius estimatetighefairly reliable.

| conclude, based on the radius and temperature obtainedtfre SED and the
suggestion of 4 excess during the brightening phase, that TDK 1 is indeed an
RR Lyrae star of type ab. The lggand mass values obtained are also consistent
with this explanation, but are less reliable as they arectdfmore significantly by



94 Chapter 3. The Globular Cluster M 80

slight variations in magnitude.

3.4.2 Other FUV Variable Sources: TDK 2 and 3

In this section, | briefly discuss the nature of two other seaiin the FUV catalogue
that showed strong signs of variability.

3.42.1 TDK?2

The light curve of TDK 2 (source 2238; see Figure 3.17) shdwststerm variabil-
ity with a peak to peak variation a¢ 1 mag. | used the Lomb-Scargle (LS) method
to determine the period of the magnitude variations. The h«3oargle method
calculates the spectral power as a function of angular &equ (i.e. the power of
fitting the data as a function of period of oscillation). Atilist advantage of the
Lomb-Scargle method over other least-square fitting tejphes is that it can be used
on data with differing sampling intervals, and is weightgcdlata point, rather than
time interval (Lomb, 1976; Scargle, 1982; Press et al., 20Bigure 3.18 presents
the Lomb-Scargle periodogram, which suggests a period @2550.66 minutes.

The horizontal lines on Figure 3.18 indicate various comft#elevels. These
were calculated using a Monte Carlo simulation in which R0,@ake data sets
were created by shuffling the magnitude measurements, rkgépe time intervals
the same. This method assumes that peaks in the data arealataat, so shuffling
the measurements in this way creates a white-noise timessé?eriodograms were
created for each of these fake data sets, and the confidemde determined based
on how many fake data sets had Lomb-Scargle power highegetgasen value. The
90% confidence level, for example, is defined to be the levevabvhich Lomb-
Scargle power peaks were found in 10% of fake data sets. THR 5%.66 minute
period indicated for TDK 2 is significant at 30.

Figure 3.19 displays the light curve of TDK 2, folded on thesipd. The solid
line shows a sinusoidal fit created using a least-squaragyfitiethod, which sug-
gests a semi-amplitude of 0.45mag. The position of TDK 2 ih@BS region in
both the UV and optical CMDs (Figure 3.15). This, togethehwie period o 1
hour, suggests that TDK 2 is an SX Phoenicis star.

Further observations would be needed to determine additioformation about
TDK 2. The short time span over which the observations wekertan this sur-
vey limit the ability to determine the period to a high levélazcuracy, or detect
the presence of multiple pulsation modes. If a pulsatiorctspe could be ob-
tained, parameters such as mass and metallicity may be fanchctould lead to
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Figure 3.17: Light curves for the variable sources identified in M 80, shmmthe
variation from the mean magnitudARUV = FUV — FUV\ean). All light curves
are detrended to remove trends due to the periad®T's orbit which are visible
in the light curves of the brightest sources.
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Figure 3.18: Lomb-Scargle periodogram of TDK 2. The strongest peak isifig
cant at a level> 30 and corresponds to the period of 55.42 minutes.
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Figure 3.19: Light curve of variable source TDK 2, folded with a period of
0.03848 days, or 55.42 minutes. Two complete cycles are rshdwe blue line
is a sinusoidal fit with the same period and an amplitude & hdg.
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new insights into the formation and evolution of SX Phoenatars and BS stars in
general.

3.4.2.2 TDK3

The light curve of source TDK 3 (source 2324), shown in FigBre7, displays
variability with = 0.5 mag semi-amplitude, with a period significantly longemtha
the timespan of the FUV observations. The data coveragetigowd enough to
attempt a period determination for such long-term trendsase8l on its position
in the CMDs (Figure 3.15), however, TDK 3 is likely to be arentiRR Lyrae star
or a Cepheid variable. The shallow rise in brightness makigpa ab RR Lyrae
scenario unlikely, but TDK 3 could be atype ¢ RR Lyrae star.cd®Rars have shorter
periods than RR abJ 0.5 days) and FUV amplitudes of3— 3.3 mag (Downes et
al., 2004), while Cepheid variables have periods on therasfldays, with FUV
amplitudes of around 1 magnitude (Smith 2005; Moffett ef1@P8). Both of these
are plausible explanations for the light curve of TDK 3; tladaddoes not allow us
to constrain the parameters of TDK 3 well enough to determihieh is the most
likely option.

3.4.3 Previously Known Variable Sources

In addition to the sources described above, which were iiikshin the variability
search of the FUV data described in Section 3.3.1, the FU\hteoparts to two
well-known variable sources, the classical nova T Sco aeddilharf nova DN 1
were also investigated.

3.4.3.1 T Scorpii

Source number 2129 in the FUV catalogue was identified (seoBe3.1.5.1) as
the counterpart to the classical nova T Scorpii (T Sco). TiSaone of only two
novae known to have occurred along the line of sight to a GQr&on2129 was
not strongly variable in the FUV observations. In fact, afiebtracting trends due
to PSF changes ovétSTs orbital period that were present in the light curves of
the brightest sources (see Figure 3.13), T Sco exhibits aey little evidence for
real variability in the FUV data, with amplitude 0.1 magnitudes. The (detrended)
light curve is shown in the top panel of Figure 3.20. Bruch9@Rsuggests typical
nova flickering amplitudes of a few tenths of a magnitude, ane would expect
more variation in the bluer wavebands, but this was not deted he Lomb-Scargle
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Figure 3.20: Light curves for the previously known variable sources, ©Sc
(top panel) and DN 1 (bottom), showing the variation from thean magnitude
(AFUV = FUV — FUV\ean). All light curves are detrended to remove trends due
to the period oHSTs orbit which are visible in the light curves of the brightes
sources.
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Figure 3.21: Lomb-Scargle periodogram of T Sco, after the light curve lasn
detrended to remove small changes in magnitude due to PSigehaver the
course ofHSTs orbit. No significant peaks are found (simulations shoat the
50% confidence level is at LS power4.36).
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Figure 3.22: Lomb-Scargle periodogram of DN 1. No significant peaks ammb
(simulations show that the 50% confidence level is at LS pew4r26, far higher
than any peaks shown here), indicating that the source duesxhibit detectable
periodic variability in our FUV data.
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power spectrum for the detrended light curve is shown in @21 and demon-
strates that no strong indication of periodic variabilgyapparent in the light curve.
Simulations show that the highest peak in T Sco’s power specis significant at

a level of only~ 50% (50% of simulations created using the method described i
Section 3.4.2.1 exhibited peaks higher than LS powdr36). | note, however, that

T Sco, as one of the brightest sources in the catalogue, veasinghe determina-
tion of the trend based oHSTSs orbit, which was later subtracted from all light
curves. Some intrinsic variability might, therefore, hdeen removed during this
process (see Figure 3.13).

As described in Section 3.1.5.1, T Sco was among the brigbtgscts in the
FUV catalogue (FU\&= 15.44+4+0.01 mag). It was also the bluest object in the cat-
alogue; in fact, it was found to be unphysically blue (FUWWUV = —3.81 mag,
while an infinite temperature blackbody would have FUWUV = —1.8 mag), so
must have decreased in brightness in the month between tieaR NUV obser-
vations. This implies that T Sco was in a high state during?® observations. |
suggest, therefore, that the flickering normally observetthe light curves of clas-
sical novae might be suppressed because the source was ceadigh state. Sup-
pressed flickering in high states has been observed in DNen@/a&2003). Bruch
(1992) also shows that lower amplitude flickering is seenanae with lower in-
clinations, so the lack of observed flickering seen here ssiggthat the system
has a very low inclination. The faint FUV magnitudes whentstfaintest makes
searching for flickering away from the outburst difficultjtifvere achievable, mea-
surements of flickering elsewhere in the light curve wouldwalfor more certain
conclusions to be drawn. The implied FUV outburst is intBngs as one cannot
rule out the possibility that T Sco is, in fact, a recurrentaaoHowever, this is prob-
ably a far-fetched explanation for the inferred FUV brigtitey; a DN eruption, for
example, is a much more likely scenario.

3.43.2 DN1

Source number 1387 in the catalogue is the relatively fauW [Eounterpart to X-
ray source CX 07 identified by Heinke et al. (2003). This seuscalso DN 1, one
of the DNe found by Shara & Drissen (1995). As shown in thedyotpanel of Fig-
ure 3.20 and in Figure 3.22, this source did not exhibit detde variability in the

Note that although T Sco is expected to show flickering, thgmitade variation shown in Fig-
ure 3.13 demonstrates that any such variability is very brivetinsic T Sco variability included in
the ‘detrending’ step will not, therefore, have a detrinatrffect on the conclusions drawn regarding
variability in other sources.
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FUV data. The LS-power indicated in Figure 3.22 is far smrahan even the 50%
confidence level (which has LS power4.26). However, DN 1 is a relatively faint
FUV source (FUV= 22.578), so instrumental errors are large (up to 0.9 mag) and
limit the ability to draw any conclusions about the presemicabsence of flickering

or orbital variations.

3.5 Summary

| used 32 individual FUV images from the UV survey of the coegion of M 80
(Dieball et al., 2010) to search for variable sources in th&/Featalogue. Three
sources exhibit strong evidence for variability.

TDK 1 (source 2817) is an RR Lyrae in the core of the clustere FoV light
curve shows that it was observed from around 40 minutes ée&fo4.5 hours after
maximum brightness, and further investigation using ahiVFPC2 optical data
showed that it is clearly variable in all wavebands. Its SEDd@asonably well
described by a star of temperatig s ~ 6700 K and radiuR ~ 4.2R., consistent
with expected parameters for an RR Lyrae star. More speltffitahow that TDK 1
is a type ab RR Lyrae, based on the asymmetry in the FUV lightecuThis is the
eighth RR ab found in M 80, and brings the fraction of ¢ type RRak in the cluster
to 50%, exactly in line with the expected fraction for an @ooff Il (‘metal-poor’)
cluster (see Section 2.2).

This is only the third cluster in which an RR Lyrae star hasrhiéentified based
on UV observations (others were found in NGC 1851 by Downeal.e(2004)
and M 15 by Dieball et al. (2007)). UV surveys can be usefulsao identify-
ing RR Lyraes and similar objects, particularly in the conégdense) GCs where
optical surveys are seriously hampered by crowding.

TDK 2 (source 2238) is likely an SXPhoenicis star with a perad 5542+
0.66 minutes and amplitude 6 1 mag. TDK 3 (source 2324) might be another
RR Lyrae or a Cepheid.

Finally, | discussed two well known variable sources, T Sed BN 1, the FUV
counterparts of which were recovered in the FUV survey. T &dabited surpris-
ingly little flickering in the FUV data, possibly because isvcaught in a high state
compared with the NUV observations a month later. DN 1 is & fant UV source,
so photometric errors dominate over any possible intrifigkering or other varia-
tions.

After this paper was completed, | found that TDK 1 and TDK 3iatuded in



102 Chapter 3. The Globular Cluster M 80

Kopacki’s variability survey of M 80 (Kopacki, private conumication). Kopacki
agrees with my classification of these two sources as RR Isteas. A preliminary
summary of his results, including periods but not includemprdinates or finder
charts for the sources, is given in Kopacki (2009).



Now my own suspicion is that the Universe is not only
queerer that we suppose, but queerer than we can suppose.

J. B. S. HALDANE (1892 — 1964)

The Globular Cluster NGC 6752: The
Colour-Magnitude Diagram and Radial
Profile

NGC 6752 is a nearby cluster with a very dense core. Despii belatively close
and frequently studied, the dynamical status of NGC 6752Znmesna subject of de-
bate.

In the next three chapters, | present an in-depth, multielength study of
NGC 6752, performed using NUV, U- and V-band data taken with\WVide Field
Camera 3 (WFC3) on-boardHET), as well as FUV observations using the Space
Telescope Imaging Spectrograph (STIS), and the V- and ¢ticatalogue from the
ACS Survey of Galactic Globular Clusters (Sarajedini et2007).

This chapter introduces the study, explaining the creatiotine catalogue, the
CMD and the different types of stars found within the clustevill also investigate
the puzzling dynamical status of the cluster by constrgctimadial density profile
and comparing this to King (1966) models. The work in thisptba has been
published, forming part of Thomson et al. (2012).
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Table 4.1: Summary of observations used in this survey. The individuwalges from the FUV and NUV wavebands are listed, as these wer

used to search for variability. In all other cases, totalasype times are listed.

Instrument/  Field of View Plate Scale Waveband  Filter Expes Date

Detector [Ipixel]

STIS 251 x 253 0.025 FUV F25QTZ 10«650s 2001 March 30
3x900s 2001 March 30

WFC3/UVIS 162 x 162’ 0.04 NUV F225W 6x120s 2010 July 31
6x120s 2010 August 7
6x120s 2010 August 21

WFC3/UVIS 162 x 162’ 0.04 U F390W 1590s 2010May1-5

WFC3/UVIS 162 x 162’ 0.04 B F410M 1800s 2010May1-5

ACS/WFC 202 x 202 0.05 Vv F606W 142s 2006 June 24

ACS/WFC 202 x 202 0.05 I F814W 162s 2006 June 24
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4.1 The Globular Cluster NGC 6752

The globular cluster NGC 6752 lies at a distance of 4kpc, hasddening of
Es_v = 0.04mag, and a metallicity offe/H = —1.54 dex (Harris, 1996; 2010
edition).

Despite the fact that NGC 6752 is a relatively close GC, tiere consensus
on its dynamical status. NGC 6752 has an unusually high rreabght ratio, sug-
gesting an excess of low-luminosity stars in the core (D’éanet al., 2002), which
might be evidence of a central BH. Further evidence for theterce of BHs in
GCs might be found in the stellar radial distributions. A ttahBH is likely to
produce a central cusp in the surface brightness profileghwtan be distinguished
from a core-collapsed profile by its slope (Baumgardt e28l05).

There has been much discussion in previous studies regavdiether or not
NGC 6752 should be classified as core-collapsed. Ferraro @083a) found that
the radial profile can only be modelled using a combinatiotmaf King (1966)
profiles, which they interpret as an indication that it hadengone core collapse.
However, other studies (e.g. Lugger et al. 1995) arguedthi@asurface brightness
profile is not inconsistent with a single King model. Noyola@ebhardt (2006)
produced surface brightness profiles for 38 GCs and fourtd\Ga&C 6752 was the
only GC previously reported as core-collapsed that did hatsa central cusp.
Like Lugger et al. (1995), they found that the central parthaf surface brightness
profile was flat.

The rest of this chapter is structured as follows. In Secli@) | describe the ob-
servations and data reduction. In Section 4.3, an analy$iedCMD is presented.
In Section 4.4, | present a new estimate for the position efdluster centre and
investigate the dynamical status of the cluster as a whol&ekction 4.5, | exam-
ine the distributions of various stellar populations antineste their characteristic
mass. My conclusions are summarised in Section 4.6.

4.2 The Observations and Creation of the Catalogue

4.2.1 Observations

The data used in this survey come from three sources, sursaeadr Table 4.1. The
instruments used in this survey are described in Appendix B.

First, the majority of this investigation deals with obssions carried out using
the UVIS detector on the WFC3 on-boatET, together with the F225W (NUV)
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and F390W (U-band) filters. The NUV data consist of 18 indieiimages of 120 s
exposure time, which are used in the search for time vaiiglggee Chapter 5). The
U-band data set is comprised of 6 images with exposure timisgden 2 s and 880 s
each, giving a total exposure time of 1590s. | also includeg®sures with the
F410M filter with exposure times of 40 s and 880s. These datanatuded in the
discussion of optical counterparts to X-ray sources in @drap, for completeness.
The WFC3/UVIS has a field of view of 162 162’ and a plate scale of'@4/pixel.

Second, | used images taken with the Advanced Camera foe$sIfACS) in
the Wide Field Channel (WFC), which have total exposure s$ilmiel42 s with the
F606W (V-band) filter and 162 s with the F814W (I-band) filtéd.(Sarajedini).
The ACS has a larger field of view than the WFC3, at’20202’, but a slightly
coarser plate scale of’05/pixel.

Finally, | also used FUV observations consisting of 13 imdiisal exposures of
650 s or 900 s taken on 2001 March 30 with STIS on-ba#8d using the F25QTZ
filter. This has a wavelength range of 1478900A. The STIS observations have a
field of view of 251 x 253 and a plate scale of'025/pixel. This data set was used
to perform time variability studies of sources in the cordha cluster, the results
of which are discussed in Chapter 5.

4.2.2 Photometry

Astrometry and photometry were performed on the WFC3 datayNJ- and B-
band) using the WFC3 module DOLPHOT (Dolphin, 2000).DOLPHOT is a modi-
fied version ofiSTPhot (Dolphin, 2000). It is a point-spread function (PSF) fitting
package specifically designed for stellar photometnH&T images. The package
identifies sources above a given threshold and performsopteity on individual
(flat-fielded, dark subtracted) frames, giving the outpw pixel coordinate system
derived from a reference image0LPHOT applies charge-transfer efficiency correc-
tions and reports final magnitudes for each source in eadhidhudl image, as well
as an overall measurement, in VEGAMAG.

The VEGAMAG magnitude system is one defined such that Veganagmitude
0 at all wavelengths. The magnitude of a star in VEGAMAG i ukdted using

F
VEGAMAG = —2.5 x |og10(Fjtar ) :
ega

where Fegalis the current flux of Vega.
First, master images to be used as reference images for thle Woordinate
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System (WCS) were made for each of the WFC3 data sets (ondtpgr; fiy com-
bining the individual frames usingultidrizzle running undePyRAF?L.

TheDOLPHOT procedurevfc3maskvas used to mask the pixels identified as satu-
rated or bad by thelST pipeline. TheDOLPHOT taskssplitgroupsandcalcskywere
used to divide the exposures into their component chipshsp tan be aligned
to the master image), and to create a sky image for each fraroecorrect for
changes in alignment between individual frames, a few eefeg stars were found
in each individual image and the reference image, afaBfitdistortwas used to
determine how each individual frame related to the refezéntage .DOLPHOT was
then used to perform photometry on each individual imagéngia catalogue in
the coordinate system of the reference frame. | cleanedebgting catalogues
by removing sources which were deemed too sharp or too eatgras these are
likely to be cosmic rays or background galaxies, or whicheMeadly affected by
the presence of nearby neighbours so that PSF-fitting catldencompleted ade-
quately. The resulting catalogues contained 14511 NUW210-band, and 32780
B-band sources. The magnitudes of these sources weredraresf from VEGA-
MAG to STMAG using the difference between the measured zentg (Kalirai et
al., 2009).

The V- and I-band ACS data were taken from the ACS Survey o&Gil Glob-
ular Clusters (Sarajedini et al. 2007, Anderson et al. 20@8)ceforth ‘the ACS
Survey Catalogue’). This catalogue contains 52818 stafsvilere found in both
the V- and I-bands.

As previously described, the FUV observations were peréatrasing STIS.
DOLPHOT does not work on STIS data because pixel area maps are ntaldgaiA
consistent photometric process across all of the imagesthe®fore, not possible;
a different approach to photometry had to be used when dgaiith the FUV im-
ages. While PSF fitting is the better method in the crowdettalkimages, sources
in the FUV are sparsely populated enough that aperture pieity is adequate.

The individual FUV exposures were aligned using IR&F routineimalign, as
image distortion coefficients are not available for thesages (meaning that this
step could not be performed usingltidrizzle), and then combined using the
IRAF routineimcombine. | useddaofind (Stetson, 1991) running Und&RAF to
create an initial source list for the FUV master image. Wheimg@idaofind, the
user can specify values for the FWHM of the point-spreadtiond PSF), as well

INote that this procedure is limited to combining a maximuri®frames by the capabilities of
thewfc3maskoutine of DOLPHOT, but this only affects the NUV data set as the U- and B-band dat
are made up of fewer individual exposures; this limit willtrdfect the outcome of the photometry.
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as a search threshold. The FWHM is not necessarily the truellWf the detec-
tor, but rather a value chosen to minimise the number of fdétections that are
made, particularly at the edges of the image. The threskatsb a compromise: a
higher threshold reduces the number of false detectionsérhby noise at the im-
age edges, multiple detections of bright stars, and falsstiens around saturation
spikes), while a lower threshold means that more faint Jrealirces are detected.
While the automatic process gives a good initial sourceitispecting the image by
eye allows the user to delete false detections and add myjdsimt sources. This
left 503 sources in the FUV catalogue.

| performed aperture photometry on the master FUV imagegu$ia IRAF rou-

tine daophot (Stetson, 1991). In usingrophot, the user chooses two key param-
eters; the aperture radius and sky annulus. The apertuigsredtermines the size
of the aperture considered for any given star. Too small ausadill result in some
of the light being lost, particularly from brighter stargjtitoo large an aperture
may include light from other stars, or background flux. Thg aknulus, on the
other hand, is used to measure the background flux whiches $abtracted from
the source’s flux. Again, this must be carefully chosen. & gky annulus is too
small, light from the target star will be included with theckground measurement,
but if it is too large, it is likely to be affected by nearby ita To avoid introduc-
ing errors caused by the high stellar density in the corepketa small aperture of
3 pixels and a sky annulus of-57 pixels. To account for the small aperture and
sky annulus, a few reference stars were used to determinection factors. The
reference stars were bright, isolated, and far enough fraretige of the chip that
photometry could be performed using a larger radius and skylas. | performed
photometry on these stars using a larger sky annulus ef@Dpixels and found the
factor by which the flux changed in going from small to larg@an | also used a
range of aperture radii, and calculated the fraction oftlgclosed at different dis-
tances. In using this method, | assumed that 100% of the gsuight is enclosed
in the largest annulus (60 pixel radius), but plots of edettenergy against radius
indicate that this is reasonable. These correction fagters applied to all sources.

Once they had been corrected, the instrumental fluxes wareeded to the
STMAG system using

STMAG = —2.5 x log;g(count ratex PHOTFLAM x apcorrx skycorr) + ZPT,

where PHOTFLAM is the factor used to convert count rate ini@,fapcorr is the
aperture correction (apco# 1/encircled energy), skycorr is the correction from a
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5— 7 pixel sky annulus to a 50 60 pixel one, ZPT is the zero point. In this case,
PHOTFLAM is the average of the individual images used astitptimcombine,
weighted according to their exposure time. The parametad here are

e PHOTFLAM = 1.132155x 10~ “6ergcrn?A counts?,
e encircled energy= 0.4759451113,
e skycorr=0.953132393,

o /PT=211.

4.2.3 Matching the Catalogues

In order to match the catalogues from the different wavebakitst transformed all
of the catalogues to the world coordinate system (WCS) oftaster WFC3/NUV
image. This has one of the largest fields of view of the imalgetsis not so crowded
that locating matching sources becomes problematic. Febreatalogue, | created a
reference list of up to 16 sources (not all sources were dsiball images), which
are easily visible in the image to be transformed and alstvénNUV reference
image. | then used thERAF tasksgeomap andgeoxytran to determine the trans-
formations required to shift the catalogues to the NUV WABwang for shifts
in the x and y directions, scale changes, and rotation. Tén® @ reasonable fit
to the new WCS. | repeated the process using up to 48 refesmnaees to refine
the transformations. The (RMS) residual errors in the ti@nsations were small:
0.28 pixels (7 milli-arcsecond, mas) error in the FUV tramsfation, and a maxi-
mum of 0.11 pixels (4.4 mas) in the WFC3 and ACS cataloguestoamations.

| searched for matches between all of the catalogues (ntiaiggthe ACS cat-
alogue from Sarajedini et al. (2007) contains only sourbes &re visible in both

2After publication of this paper, it was discovered that ofi¢he ten sources used to measure
skycorr had an erroneous value. The actual result shoulckypeos = 1.03977603. This error
means that all FUV magnitudes should be very slightly loweighter). The effect is small; at
FUVstmac= 20mag AFUVstuac~ 0.03mag. In this chapter, this change would alter only the
CMD in Figure 4.2 and the catalogue shown in Table 4.3. Thésdmt impact any of the conclusions
of this thesis or the published paper. At the time of writitigg paper is published with the erroneous
measurement included; a decision on whether or not to gubliserratum has not yet been made.
If an erratum is issued, the catalogue online will reflectdchange and the erratum will include this
note.
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the V- and I-band), allowing for a 2 STIS pixel/{05) difference in the STIS and
WFC3 positions, and a 1 WFC3 pixel{@4) difference between the various WFC3
catalogues and between WFC3 and ACS positions. Table 4e2 ¢fie number of
matches found in each case. Note that only V- and I-band eswith a match
in at least one of the WFC3 data sets are included. This givesahcatalogue of
39411 sources. The full catalogue is available in the oaViersion of Thomson et
al. (2012), and a portion of it is shown in Table 4.3.

Table 4.2 also gives the percentage and number of these esaticat | expect
to be spurious matches, found using the method from Knigge. §2002). The
number of false matches expected when matching two cate¢odepends on the
number of matches foundaicH, the matching tolerance (i.e. the area of the image
‘taken up’ by a single sourcerR?), the area of the overlapping imag@%eriap IN
pixels) and the number of sources in each cataloggeandng). The number of
expected false matches is then given by

Nspurious= P x f X ng

where
o st X RZ
onerlap
is the upper limit on the probability of chance coincidenoesurring (since some
sources will overlap, the total area taken up by sourcestisallg less thamg x

mR?), and

fo Ns2 — (Nmatches— Nspurious)
Ns2
is the fraction of sources inimage 2 without a real countei{sa the equation given
for nspurious above, is actually a quadratic equation).

When matching the FUV and NUV images, | calculated this vatue¢he entire
FUV field of view; for all other matches | used a circle centadthe cluster core
(see Section 4.4.1) to represent the overlapping regionthAsrea used includes
the core, where | expect to find the most spurious matchesuhwers quoted in
Table 4.2 can be considered as upper limits on the expectedmiage and number
of false matches, since the outer regions will not contaimasy spurious matches
as these calculations predict. | note that the method usesinlat take into account
the increase in stellar density towards the cluster centre.




Table 4.2: Number of matches between catalogues. The first two coluntisate the data sets being matched. The third column dghees t
number of matches found. The last two columns give the egdgotrcentage of false matches and the number of expecsednfigtches that
this equates to.

Catalogues Natch %false N false
STIS/FUV WFC3/NUV 492 3.84 19
WFC3/NUV  WFC3/U 12020 0.05 6
WFC3/NUV WFC3/B 11883 0.06 7
WFC3/NUV ACS/V&l 13494 0.03 4
WFC3/U WFC3/B 22910 0.08 18
WFC3/U ACS/V&I 24258 0.03 7
WFC3/B ACS/V&l 23045 0.16 37
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Table 4.3: Catalogue of all sources in the WFC3 field of view. The firsucah is the source ID number. Columns 2-5 give the sourceiposit
in RA and decl. and image pixel coordinates (using the F22&ster’ image). Column 6 is the FUV magnitude measured ugiaghot.
Columns 7 and 9 give estimates of the FUV and NUV variabiliypditude, defined to be the standard deviation of the sowelaive to
its mean magnitude. Columns 8, 10 and 11 give the NUV, U- arhiBd magnitudes derived usiDQLPHOT. Columns 12 and 13 give the
corresponding V- and I-band magnitudes from the ACS Sunaalgue. The final column shows the source type found usa@tV - U
orV -1 CMDs and any further comments. Only 15 entries aretidtere to demonstrate the catalogue’s form and content.chimareadable
version of the full table is available in the on-line versminThomson et al. (2012).

1 2 3 4 5 6 7 8 9 10 11 12 13 14
ID RA Decl. XNUV YNUV FUV oFUV NUV oNUV U B V Comments
[hh:mm:ss]  [deg:mm:ss] [pixels] [pixels] [mag] [mag] [mag [mag] [mag] [mag] [mag] [mag]

8001 19:10:52.440 -59:59:05.81 2439.584 2354.241 ...8.926 0.060 16.642 16.503 16.451 16.804 RGB
8002 19:10:52.296 -59:59:05.88 2439.486 2381.566 ...0.366 0.101 18751 18.594 18.742 19.153 MS
8003 19:10:57.678 -59:59:03.12 2439.706 1360.024 ...2.662 0.310 19.868 19.706 19.567 19.916 MS
8004 19:10:52.072 -59:59:06.01 2439.866 2424.109 24.0140021 19.639 0.051 18.256 18.267 18.376 18.855 MS
8005 19:10:52.136 -59:59:06.01 2440.693 2412.017 ...9.45B 0.093 18.006 17.886 18.050 18.515 MS
8006 19:10:49.722 -59:59:07.26 2441.015 2870.224 ...0.38 0.061 18.746 18.655 18.770 19.229 MS
8007 19:10:51.289 -59:59:06.46 2441.085 2572.808 ..0.192 0.077 18632 18.526 18.694 19.105 MS
8008 19:10:52.862 -59:59:05.66 2441.262 2274.257 ...8476 0.043 17.156 17.062 17.308 17.802 MS
8009 19:10:47.418 -59:59:08.47 2441.816 3307.576 ...8.53r 0.037 17.385 17.266 17.513 18.039 MS
8010 19:10:51.232 -59:59:06.53 2442.112 2583.698 ... 9.56r 0.044 18265 18.126 18.323 18.812 MS
8011 19:10:49.680 -59:59:07.34 2442.489 2878.296 ..9.871 0.061 18.441 18.323 18.490 18.974 MS
8012 19:10:53.602 -59:59:05.33 2442524 2133.886 .. 7912 0.026 14.248 14.036 13.648 13.881 RGB
8013 19:10:52.486 -59:59:05.91 2442.698 2345.726 21.4281740 21.685 0.187 MS
8014 19:11:00.147 -59:59:01.97 2442.849 891.5843 ...8.32r 0.031 16.869 16.726 16.889 17.347 SGB
8015 19:10:51.167 -59:59:06.59 2442.784 2596.081 ...8.23B 0.042 16.872 16.961 17.424 SGB
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4.2.4 Improving the Astrometry

The standard world coordinate system (WCS) provided W8T data is based
on the original guide star catalogue (GSC 1), with absolw&tmn accuracy of
1-2". In order to compare my astrometric results to those in ttegdture (e.g.
the position of the centre), it was necessary to improve ticaracy of the absolute
astrometry. To do this, | used the third U.S. Naval Obsernya@CD Astrograph
Catalog (UCACS3; Zacharias et al. 2009). The astrometryipiexyin UCAC3 is on
the Hipparcos (or Tycho) system and has astrometric erfdts e 20 mas for stars
in the 10— 14 mag range in V- and R-band.

| located 23 stars from the UCAC3 catalogue that could alsdléetified in the
catalogue, and updated the astrometric solution for the Wé€&ach of the images.
As in Section 4.2.3, | repeated this process using a furtbeonrces, to get a more
precise transformation. The RMS error between positiorthéncatalogue and the
UCAC3 sample was- 0/15.

4.3 The Colour-Magnitude Diagram

The NUV - U and V - | CMDs for NGC 6752 are shown in Figure 4.1. fBiént
stellar populations are highlighted: white dwarf (WD) catades are shown in grey;
blue stragglers (BSs) in purple; asymptotic giant brancGBA stars in dark red
and ‘gap’ sources as orange crosses. As in the M 80 study #®53.1.4), the
CMD boundaries between the populations were judged by egainrAmoving the
borders by a reasonable amount would only result in very mamanges to the
numbers of stars assigned to each stellar population anttwat fundamentally
alter the conclusions of the study. See Chapter 2 for a dismuof the different
stellar types found on the CMD.

The sources marked in black are main-sequence (MS), sulbdgianch (SGB)
or red giant branch (RGB) stars. Where a source can be clamhtified as be-
longing to a certain stellar population in the NUV - U CMD, & also marked as
belonging to that population in the V - | CMD. The location osces onthe V - |
CMD agrees well with the expected position based on the NUMGMD. Sources
that are not in the NUV - U CMD are then classified accordinghtirtposition in
the V - | CMD. This method results in a handful of sources thaiear to lie on
the MS in the V - | CMD, but are marked as gap or WD sources; thegrly be-
long to that category in the NUV - U CMD. The spurious CMD psit of these
sources mean that they may be false matches, or may be biystgnss in which
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Figure 4.1: Left panel: NUV - U CMD of NGC 6752. EHB stars are plotted as
dark green crosses, BHB stars are plotted in cyan, BSs inguitsB stars in
red, WDs in grey, and gap sources (including CV candidatespeange crosses.
The remaining (black) sources are MS, SGB and RGB stars. dference, |
also include a theoretical zero-age horizontal branch (BA#thark green line) and
zero-age main-sequence (ZAMS, purple line), and a WD cgdgguence (grey
line). Right panel: optical CMD of NGC 6752, using data frame tACS Survey
Catalogue. Counterparts to NUV/U sources are plotted wighsime colours and
symbols as in the left panel. Optical sources with no NUV - Wrderpart are
categorised according to their V - | CMD position and colabaecordingly.

the redder source dominates at redder wavelengths, wigileltie source dominates
in the bluest bands. There are also some sources that apgeaAGB stars in the
V - | CMD, but were categorised as RGB stars in the NUV - U cga® For
consistency, | retain the NUV - U classification where onesesxi

The horizontal branch (HB) is divided into blue horizontgdbch (BHB) stars
(light cyan), and extended or extreme horizontal branchEJEbtars (dark green
crosses). | define EHB stars to be HB stars which are bluerdahapparent gap in
the NUV - U HB corresponding to around 16,500 K (marked witheaiow in Fig-
ure 4.1). This is consistent with the usual definitions forEEstars (e.g. Momany
et al. 2004; Brown et al. 2010).

Figure 4.1 also shows a theoretical zero-age horizontaidbrdZAHB, dark
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Figure 4.2: FUV - NUV CMD of NGC 6752. Sources are coloured according to
their position in the NUV - U CMD (see Figure 4.1 and text). EBIBrs are plotted

in dark green, BHB stars in cyan, BSs in purple, AGB stars @) ¥Ds in grey,
and gap sources (including CV candidates) are in orangee Bilangles indicate
sources that have no counterpart in the U-, B-, V- or I-band@ibe remaining
(black) sources are MS, SGB and RGB stars.

green line), zero-age main-sequence (ZAMS, purple line, @ WD cooling se-
guence (grey line). These were created using a distancéépd, reddening of
E(B—V) = 0.04mag (Harris, 1996; 2010 edition) and metallicity [ffe/H ~
—1.5dex (Gratton et al., 2005). The ZAHB is based on thenhanced BaSTI
ZAHB model. Following Dieball et al. (2005a), | usegnphot within IRAF to
translate the BaSTI output into NUV, U, V and I-band magn#sidThe ZAMS was
constructed using the fitting formulae of Tout et al. (1996gstimate the appro-
priate stellar parameters. The magnitudes in the variowekbands were estimated
using the Kurucz grid of model stellar atmospheres witfyinphot. To generate the
WD sequence, the Wood (1995) grid of theoretical WD coolingzes was inter-
polated, using a mean WD mass 0585M.,. Again, the required magnitudes were
calculated from the result by carrying out synthetic phodétmusingsynphot.

The FUV - NUV CMD is shown in Figure 4.2. The colours are as pguFe 4.1.
The blue triangles indicate sources for which there is noWJgr I-band counter-



116  Chapter4. NGC 6752: The Colour-Magnitude Diagram ardiaR&rofile

part. The FUV - NUV CMD is not populated enough to clearly iigtiish between
WD and gap sources.

4.4 The Dynamical Status

As discussed in Chapter 1, the dynamical status of a GC caedmided in terms
of its concentration parameter, which gives an indicat®toavhether the cluster is
core-collapsed. Although NGC 6752 is one of the closest @E€dynamical status
is still a topic of debate. Djorgovski & King (1986) and Auée& Ortolani (1989)
suggested that NGC 6752 has undergone core-collapse ahtllveigh a post-core-
collapse bounce phase. Lugger et al. (1995), however, eththmat the radial profile
IS not inconsistent with a single King profile, implying thaire-collapse models
need not be invoked to describe its profile. Later, Ferra@a.2003a) argued that
two King profiles were needed to fit the radial distributiosé&a on star counts and
that a post-core-collapse bounce is the most likely scenémia study of 38 GCs,
Noyola & Gebhardt (2006) found that NGC 6752 was the onlylyikere-collapsed
cluster to exhibit a flat core in the surface brightness pofiln this section, |
construct radial profiles based on the new WFC3 and ACS datader to shed
new light on the dynamical status of this GC.

4.4.1 Finding the Cluster Centre

In order to construct radial profiles of the cluster, | firstlta determine the loca-
tion of the cluster centre. This is important, because nasipg the cluster centre
will lead to a flattening of the radial density profile, hidipgssible core structure.
There are two distinct, basic ways to define the centre: usimgnosity, Cjym, or
using massCgrav. As stellar luminosity varies differently with stellar msafor dif-
ferent types of stars, these two centres are not necessdrilye same location.
Furthermore, different types of stars dominate the clisstaminosity in different
observational wavebands, €g, measured in one band may differ from that mea-
sured in another. It has been shown t@gty is the better measure of the ‘true’
centre, in terms of consistency between colour bands (ecmtégriffo et al. 1995),
and radial symmetry (e.g. Calzetti et al. 1993). In this gtulderefore, I will use

Cgrav-3

3tis important to note, however, that the estimate of thereshat | refer to as centre of gravity,
Cyrav, is determined using the distribution of all stars, regesdlof their mass or evolutionary status,
S0 is not, strictly speaking, the gravitational centreslactually the geometrical centre.
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Table 4.4: Estimates of the cluster centre position.
R.A Decl. Uncertainty Offset Reference
[hh:mm:ss] [deg:mm:ss] " ["]

19:10:52.128 -59:59:04.56 0.5 This paper
19:10:52.040 -59:59:04.64 0.5 0.67 Ferraro et al. (2003a)
19:10:52.240 -59:59:03.81 15 1.13 Noyola & Gebhardt (2006
19:10:52.110 -59:59:04.40 0.1 0.21 Goldsbury et al. (2010)

Figure 4.3: Combined and geometrically corrected ‘master’ image of 15WN
images, with estimates of the cluster centre position. iNisrtip and East is to the
left. The field of view is 8 x 5" and the pixel scale is/@4/pixel. The red+ is
the new measurement determined in this paper. The greisrthe estimate from
Ferraro et al. (2003a), the cyanis the estimate from Noyola & Gebhardt (2006),
and the bluex is the estimate from Goldsbury et al. (2010). The circlesciaie

the uncertainty in position (see Table 4.4).
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Following Dieball et al. (2010), | estimate the location bétcluster centre by
finding the position at which the number of sources contaimigin a circular re-
gion of given radiusfim, is @ maximum. This was carried out using sources in
the U-band catalogue, down to limiting magnitudekfrpmac= 19 mag. The U-
band catalogue is particularly good for this purpose, aittains a sufficiently
large number of sources (8546 sources Hagevac< 19 mag), but is not seriously
affected by crowding. The adopted magnitude limit ensunes faint stars in the
wings of bright sources are not missed, which would creats@epancy between
the centres found using only bright or only faint sourcesr e final result, |
usedr|im = 300 pixels(= 12"), but other reasonable choices gave results consistent
with this. To estimate the uncertainties in the measuresénised a simple boot-
strapping method which involved sampling with replacenienh the catalogue to
create 1000 fake catalogues and estimating the centre bfaex The standard
deviation of these ‘fake’ centres gives the error on the meahsurement.

As a result, | find the cluster centre to bexat 2404+ 12 pixels,y = 2411+
13 pixels in the local (WFC3) coordinate system. For congumanj | also used the
V- and I-band source positions from the ACS Survey Cataloduging the same
method | estimated the centre to bexat 2404+ 13,y = 2411+ 15 pixels in the
local (WFC3) coordinate system, in excellent agreemertt thié U-band based es-
timate. This corresponds = 19"10M52.12&, § = —59°5904/56 in the Tycho-
based system, with an estimated uncertainty!&. 0

Table 4.4 lists estimates of the centre position from thexditure. Ferraro et al.
(2003a) found the average andd coordinates of all stars in the PC chip of their
WFPC2 image. Using WFPC2, PC images, Noyola & Gebhardt (RéStimated
the location of the centre by dividing the area surroundiagheassumed centre
position into eight regions. They define the centre to be thiatgfor which the
standard deviation in the number of sources in the surragncggions is lowest.
This can be described as the point around which sources ase symmetrically
distributed. Goldsbury et al. (2010) used the same ACS agti@ as is used here
and fitted ellipses to contours of constant number densitbe dverage centre of
these ellipses was interpreted as the centre. My estimatenisistent with these
previous results. In Figure 4.3, the positions of thesarests are marked on the
combined NUV image.
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Figure 4.4: lllustration of the procedure used to determine the stallmsity.
The grey points are the positions of the stars in the V- andndbcatalogue, in
pixel coordinates. The catalogue is divided into concerticles, centred on the
cluster centre. The concentric circles’ radii increasdeéps of 50 pixels (2). Each
annulus is split into eight equal sectors. The number of gmufalling within a
segment is divided by the area of the segment to give thaustighsity.

4.4.2 Constructing the Stellar Density Profile

For the purposes of determining radial profiles for NGC 67152y on the V- and
I-band data from the ACS Survey Catalogue, as this is theastegvailable data
set. Repeating the process using the WFC3/NUV catalogue th@/same overall
shape, with a simple shift in density that was consistentl ahdii. This indicates
that depth is the dominant difference between the obsengddbaitions.

The procedure | used is similar to that described by Djorgoid988). As shown
in Figure 4.4, the catalogue is divided into concentriclesccentred on the cluster
centre, increasing in radius by 50 pixel$'\2ach step. Each annulus is split into
eight equal sectors. Due to the off-centre location of tlustelr centre on the chip,
the number of segments which fell entirely on the chip in \d &band data ranges
from 35 to 52, depending on the sector considered, whileoseat the NUV data
contained 35 to 46 complete segments. The number of souade®yfwithin a
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Figure 4.5: Completeness at different radii, for sources brighter tMarvac=
19.7 mag, determined using the artificial star catalogue froenA8S Survey.

segment is divided by the area of the segment to give theastihsity.

The overall density for a given annulus is then computed esatierage of the
densities of the segments corresponding to that annulus.efior on the overall
density of an annulus is the standard deviation of the dessit the annulus’ seg-
ments. This is justified by the fact that the dominant errarrse is the discrete
nature of the distribution; if there is an unusually denggae of stars in one seg-
ment, that segment will contribute an artificially high nuentbo the annulus, but
the corresponding dispersion will also be larger.

In constructing the radial density profiles, | include alltbé sources listed in
the ACS Survey Catalogue (unlike in previous sections, inctvtonly V- and I-
band sources with a match in the WFC3 catalogues are indudéds has a plate
scale of 005/pixel out to radius~ 101”. | limit the data to sources brighter than
~ 2 mags below the MSTO, corresponding toAgs-mac= 19.7 mag, to reduce the
likelihood of incompleteness impacting the results. Itertcorrect for complete-
ness using the artificial star catalogue for NGC 6752 thataweated by Anderson
et al. (2008) as part of the ACS Survey. Following their methHaonsider a star to
be recovered if the input and output fluxes agree to withib h@g and the posi-
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Figure 4.6: Observed radial density profile using V- and I-band data fitbien
ACS Survey Catalogue, based on the centre determined imoSet#d.1. Blue,
solid line: best-fit King model to the data for the overall ebh&d density profile,
withWp = 11,r. = 9”, c = 2.547. The poor fit to the data indicates that the profile
of NGC 6752 cannot be well modelled with a single King profile.

tions agree to within 0.5 pixels. Using the centre determhimeSection 4.4.1 | test
for completeness as a function of radius, for stars brigihi@nVstvac= 19.7 mag.
As shown in Figure 4.5, | find that completeness is almost 180&e edges of the
images, and is over 50% even in the core. | correct the stédasities using the
fractions of artificial sources recovered at each radius.

The radial profile obtained using this method is plotted iguFe 4.6. The profile
shows a continuing rise in density towards the centre of thster. This agrees
with the findings of Ferraro et al. (2003a), and is contraryhe findings of Noy-
ola & Gebhardt (2006), whose surface brightness profile glaloavflat core within
log(r) ~ 0”5. As shown in Table 4.4 and Figure 4.3, the centre used by &0
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Figure 4.7: Radial density profile using different estimates of the repbsition.

Black points: observed radial density profile using V- arftaihd data from the
ACS Survey Catalogue, based on the centre determined inoSeté.1. Red
crosses: observed radial density profile using the same ldiataising the centre
estimate from Noyola & Gebhardt (2006). Note that the dataismfigure are raw
data, not corrected for completeness.

Gebhardt differed from ours by nearly .1Figure 4.7 shows the result of creating
a radial density profile using this data but the centre givehNbyola & Gebhardt.
The majority of the profile is unchanged, but the density atitinermost measure-
ment point is slightly lower, giving the impression of a feattore. The difference
between the radial profile found here and that of Noyola & Getihcould, there-
fore, be partly due to the difference in the assumed cents@ipns. An alternative
explanation is that there is a fundamental difference betvike stellar density pro-
file and surface brightness profile. D’Amico et al. (2002)whd that NGC 6752
has an usually high mass-to-light ratig 10), leading to a high proportion of op-
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tically faint sources in the core, which may contribute te thellar density, but not
the surface brightness.

4.4.3 Modelling the Stellar Density Profile

In order to find the model which best describes the radialastdensity profile of
NGC 6752, | used single-mass King (1966) models, which | firejected to create
2-dimensional stellar density profiles. King (1966) modedgin by assuming that
the GC can be modelled using an isothermal sphere, of knowttatgpotential,
with a constant velocity dispersion. Once projected ontedainZensional plane,
they can be described in terms of three paramefss a dimensionless quantity
proportional to the value of the potential at the clustertieem, is the core radius;
o(0) is the central density.

As | suspected that a plausible, single King model may notigeoa good rep-
resentation of the profile, | searched for the model that glageest best fit to the
data, without constraining the parameters to plausiblesiglay ranges. Instead, |
allowed the parameter8\, rc, ando(0)) to vary as required. The model that best
described the data over the entire radius range\lige- 11, ro = 9”, ¢ = 2.547,
and is plotted as a solid, blue line on Figure 4.6. While thigalue is comparable
to that of 10’2 given by Harris (1996; 2010 edition), a concentration peeter of
c > 2—2.5is usually considered to indicate a core-collapsed dustach should
not be modelled using a single King profile. It is immediagyparent from the plot
that the model does not give a good fit, demonstrating thecdiffi in modelling
the radial distribution of NGC 6752 with a single King modas, previously found
by Ferraro et al. (2003a).

As noted above, Ferraro et al. (2003a) presented a radifilepad NGC 6752
based on WFPC2 and ground-based data, and also concludeéa@hging mod-
els were required to adequately fit the data. In their ingasion, the PC chip of
the WFPC2 was roughly centred on the core of the GC, so théaspasolution
available was 0046/ pixel for the central region, out te 18”5 radius. Outside this
radius, the WFPC2/WF chips and ground-based data were wgbdixel scale, at
best, of @'1/pixel. In the central region, the resolution of the imagesduby Fer-
raro et al. is comparable to that of the ACS/WFC and WFC3, bybhd a radial
distance ofv 18’5, the data set used in the present investigation has coablye
better resolution.

In Figure 4.8, | compare the data to the radial profiles fromidfe et al. (2003a),
including the two King models they used to fit the data. Thelteshows that the
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Figure 4.8: Black points: observed radial density profile using V- armahd data
from the ACS Survey Catalogue, based on the centre detednmir®ection 4.4.1.
Red crosses/lines: Figure 5 of Ferraro et al. (2003a), sigptiie two King models
that they use to fit the data.

measured V- and I-band stellar density is higher than tteiedl radii, because of
the different brightness limits used (Ferraro et al. cutaiff/stmac= 18.5mag,
while | include stars down t¥stmac= 19.7 mag), but the shapes are quite similar.
As modelling the radial profile of NGC 6752 with a single Kingdel gave
such a bad fit, | also split the data, following Ferraro et 2003a), and used sepa-
rate King profiles to fit the inner and outer parts of the cludt@ote that a double
King model is a purely phenomenological structure, and leaatual physical ba-
sis. Furthermore, | treat the two parts of the cluster indeleatly, neglecting any
contribution to one regime from the other (for example, ¢helmould be a contribu-
tion to the inner part of the cluster’s density profile frone timderlying King model
used in the outer part, which | have ignored). As before, | dorestrict the model
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Figure 4.9: Black points: observed radial density profile using V- arzahd data
from the ACS Survey Catalogue, based on the centre detednmir®ection 4.4.1.
Dark green, dashed line: best-fit King model to the innernpast of the cluster
(logyp(r) < 0.9). Cyan, solid line: best-fit King model to the outer part loé t
cluster (logq(r) > 1.2).

parameters to physically reasonable ranges; instead Ilsiioygnd the best fits to
the data. | define the inner part of the cluster to havgdog < 0.9, and the outer
part to have logy(r) > 1.2.

Figure 4.9 shows the resulting fits. The inner part of thetelugark green,
dashed line) is best described by a King model With= 13,1, = 5", c = 2.944,
while the outer part (cyan, solid line) hég) = 11,r. = 9", c = 2.547. The core
radius for the inner part is not dissimilar from that foundfsrraro et al. (2003a).
The core radius for the outer part is not a good match, butgg(o) > 1.2 there is
little difference in the shapes of models with differenteoadii. The values of\p
andc that | found are considerably higher than expected, butgelahange iMg
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leads to a very small change in the shape of the profile, peettly near the core,
andc comes directly from the best-Mf value. Models with lower values &y
(and, thereforeg) fit the data almost as well, especially at small radial disés.
Comparing Figure 4.6 and Figure 4.9, it is clear that NGC &¥5&dial den-
sity profile is better fit using a combination of two King prefilthan a single one,
suggesting that the cluster is undergoing, or has undergocare-collapse phase.

4.5 The Radial Distributions and Masses of Stellar
Populations

4.5.1 Radial Distributions

The cumulative radial profiles of various stellar populatadentified in the CMDs
are shown in Figure 4.10. Also shown is the radial profile & ¥xray sources
identified by Pooley et al. (2002). In order to prevent completeness affecting
the results, | use V- and I-band data to consider the hor&diranch stars and
blue stragglers, while the positions of gap sources arem@ted using measure-
ments taken with NUV and U-band filters. | only consider sesrbrighter than
NUVstmac= 22.5mag to make sure that completeness does not affect thestesul
In this way, | can be confident that the sources have beenar&ed correctly and
that the radial distributions are not biased by ‘missinghfaources towards the
core. | limit the distributions to a radial distance of’aé the ACS (V- and I-band)
data and 72in the WFC3 (NUV and U-band) data, in order to avoid bias due to
the edges of the detectors. Only 13 of the 19 known X-ray ssuere included,
because the others are more thafi #@m the core. Table 4.5 lists the number of
sources considered from each stellar population.

Kolmogorov-Smirnov (KS) tests were carried out on varioag$ of popula-
tions. As explained in Section 3.1.6, the KS test calculttiesprobability that a
difference in distribution as large as that observed canioamongst sources drawn
from the same underlying distribution. | caution that sorhthe samples used are
relatively small, so care should be taken when interpretiiregk S test results. Ta-
ble 4.6 shows the results of the KS tests.

Figure 4.10 shows that X-ray sources are the most centraligentrated pop-
ulation, with BSs and gap sources also being centrally aunated. This is to
be expected, since all of these types of sources may be famneaigh dynamical

4The positions listed in the Pooley et al. (2002) were firsisteged to my WCS; see Chapter 5.
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Table 4.5: Number of sources from each stellar population considereimput-
ing radial profiles.

Population Nources
HB (overall) 119

BHB 78
EHB 41
BS (overall) 32
bBS 16
fBS 16
gap 14
X-ray 13

Table 4.6: Result of KS tests, which give the probability (shown her&anthat
a single population can exhibit differences in radial disttions as large as those
observed. This gives an indication of the likelihood tha tivo populations are
from the same distribution. The most significant KS testltegue. KS probability
< 5%) are highlighted in bold.

Populations KS test result
[%]
BHB vs. EHB 73.15
bBS vs. fBS 23.83
BS vs. HB 4.13
BS vs. BHB 7.94
BS vs. EHB 5.21
BS vs. gap 91.69
BS vs. X-ray 10.48
gap vs. HB 9.21
gap vs. BHB 9.30
gap vs. EHB 18.49
gap vs. X-ray 30.34
X-ray vs. HB 0.08
X-ray vs. BHB 0.12

X-ray vs. EHB 0.14
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Figure 4.10: Cumulative radial distributions for various stellar pogtithns iden-
tified in the CMDs and of the X-ray sources within the field oéwi Panels (a)
and (b) compare the radial distributions of the EHB and BHBrses, and those
of bright (blue) BSs and faint (red) BSs. Panel (c) shows #uat distributions
of the X-ray sources, along with the (overall) BS and HB pagtiohs. Panel (d)
compares the distribution of X-ray sources with that of the gources, down to a
limiting magnitude oNUVstmac= 22.5 mag.
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Figure 4.11: CMDs of the core of NGC 6752 with sub-populations of BS stars i
dicated. BS stars are categorised as bright and blue (blwes), or faint and red
(red triangles) according to their CMD position relativeN&J Vstmac < 17 mag.
All sources withNUVstumac< 17 mag also hav®ly | < —0.7 mag, while just 2
out of 25 withNUVstpmac> 17 mag andvly | < —0.7 mag.

interactions, which are far more likely in the dense cluste. Furthermore, X-
ray binaries, most gap sources (e.g. CVs and non-integabt® WD binaries) and
BSs (see Section 2.1.8) are expected to be more massiverttinarg cluster mem-
bers, so will sink towards the core due to mass segregatisrshawn in Table 4.6,
there is no significant difference between the distribugiohX-ray sources and gap
sources or blue stragglers (KS test results of 30.34% artlB¥).respectively), but
the X-ray sources have a significantly different radialmisition from the horizon-
tal branch stars (the KS test shows that the likelihood obdhray and HB sources
resulting from the same underlying distribution is 0.08%le distribution of gap
sources (brighter thaNUVstmag= 22.5mag) is much closer to that of BSs than
HBs, but the KS test does not give statistically significasuits for either compar-
ison. There is no evidence to suggest that the EHB and BHR:es\see panel (a)
of Figure 4.10) are formed from different underlying pogidas.

Bright blue straggler stars (bBSs) are thought to be yourigerraro et al.,
2003b) and more massive (Sills et al., 2000) than faint BBSgj, so should be
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more centrally concentrated (assuming that all BSs arer dhden the GC'’s relax-
ation time). However, as shown in Dieball et al. (2010) ancti®a 3.1.6, the fainter,
redder BSs in M 80 were found to be more centrally concerdrttan the brighter,
bluer ones. To see how this compares to NGC 6752, | also caipayhter and
fainter BSs here. Like in M 80, | found that UV-bright BSs wetlso bluer in V-
band (7 out of 7 sources witRUVstpmac< 17 mag also havély | < —0.7 mag,
compared to just 2 out of 25 witNUVstmac> 17 mag andMly_| < —0.7 mag).
As shown in panel (b) of Figure 4.10, the distribution in BEBNIGC 6752 does not
follow that of M 80, but is more in line with the conventionabuhel. There is no
significant difference between the radial profiles of brighdl faint BSs, and the KS
test gives a probability of 23.83% that differences as lagéhose observed could
be found in populations drawn from the same underlying ihigtion; there is no
substantial evidence that they come from different indiigtributions.

4.5.2 Masses of Populations

The typical masses of the different stellar populationsemestimated using the
method described in Heinke et al. (2003), which is discugsetbre detail in Sec-
tion 3.1.7. Adopting a core radius of = 1047, as determined by Trager et al.
(1993) using stars at or brighter than the main-sequenaoedffiyand assuming that
the core radius is defined by MSTO stars wih = 0.8 M, the radial distributions
found above were compared with generalised theoreticad Kiodels at different
masses (although, as discussed in Section 4.4.2, the assoitiat the cluster can
be well described by a classic King (1966) model may be owveplfied).

As in Section 4.5.1, | use V- and I-band data to compare the td8 and BSs,
and NUV and U-band detections for the gap sources. Againlyl@msider NUV
sources brighter thaNUVstumag= 22.5 mag. This ensures a uniform completeness
limit. In order to avoid inconsistencies due to the edge efftald of view, | limit
the area considered to a circle centred on the cluster cdteradlius 68 for the
ACS data and 72for the WFC3 data. | consider all of the X-ray sources that are
within 72" of the cluster core.

Figure 4.12 shows models for sources of mags-®2M., along with the radial
distributions of the BSs, HBs, X-ray sources and gap souRRasel (a) gives a mass
estimate ok 0.9M, for the blue stragglers are 0.6 M, for the overall horizontal
branch population (BHB and EHB). These results are congistéh theoretical
expectations. Comparison with the theoretical ZAMS (seetiGe 4.3) suggests
BS masses of 95— 1.65M., and comparison with the ZAHB suggests an HB mass
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Figure 4.12: Comparison of the radial distributions of various stellapplations
with theoretical King models with average masses.daM., (lowest grey line in
each panel) to Rl (top grey line), in steps of.@M.. Panel (a) shows that the
BS distribution agrees well with a mass aP®.,, while the HB population is
consistent with a mass of@M.,. Panel (b) shows the radial distribution of X-ray
sources and gap sources. The X-ray sources have massesharg&1 M., while
the gap sources have masses greater tttav 0.
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range of 49— 0.66M.. In both cases, the majority of sources lie towards the
lower mass (fainter) end of the sequence. Panel (b) showshba<-ray sources
have characteristic dynamical mass larger thdrvL,, while the gap sources have
characteristic dynamical masses of at lea8M,,, consistent with expectations for
dynamically formed systems.

4.6 Conclusions

| have analysed FUV images taken with STIS, and NUV, U- andaBebimages
taken with the WFC3 on-boatdST of the nearby, dense GC NGC 6752. | matched
the catalogues to the V- and I-band data from the ACS Survésl@sue, to produce

a catalogue with a total of 39411 sources. The NUV - U CMD shplstiful blue
straggler and horizontal branch populations, along witlulper of ‘gap’ sources
in the region where | expect to find CVs and non-interacting-WB binaries. The
images are also deep enough to reveal 360 white dwarfs.

Using the U-band and V-band catalogue, | estimated theipposif the geomet-
rical centre of the GC and used this centre to produce siddiasity profiles of the
cluster. Contrary to the surface brightness profile createtloyola & Gebhardt
(2006), | do not find a flat core; this may be because of the réiffiecentre po-
sition used or because the stellar density profile and seitiaightness profile of
NGC 6752 are physically different. | conclude that the radrafile cannot be well
modelled using a single King model, indicating that the tuss undergoing, or
has undergone, core-collapse.

In the next chapter, | will search the catalogue for couraggto known X-ray
and radio sources, and for sources exhibiting signs of bditia



It is reasonable to hope that in the not too distant future we
shall be competent to understand so simple a thing as a star.

A. EDDINGTON (1882 — 1944)

The Globular Cluster NGC 6752: X-ray
Counterparts and New Dwarf Novae

In the previous chapter, | discussed a multi-wavelengthesuof the globular clus-
ter NGC 6752. Here, | focus on the search for counterpartss toniown X-ray and
radio sources and the search for previously unknown intiexgbinaries.

Pooley et al. (2002) usedhandraobservations to identify 19 X-ray sources in
NGC 6752 and found 12 optical counterparts, including 10 @vdidates. D’Amico
et al. (2002) then identified 5 millisecond pulsars (MSPsyrfof which have
no known optical counterparts. The other (PSR A) has a whitartdcounterpart
(Bassa et al., 2003), but this MSP is locate@4 core radii from the centre, and it is
not clear whether this source is a cluster member (Bassa20@b; Cocozza et al.
2006). Ifitis, one possible explanation for its offset pisi is that it was propelled
there by an interaction with a BH-BH binary system (Colpilet2002).

In Section 5.1, | discuss the results of the search for copatts to known X-ray
sources. In Sections 5.2, and 5.3, | describe the searclototerparts to known
radio sources and the search for brightness variations gsigources in my stellar
catalogue. The work in this chapter has been published,ifgrpart of Thomson
et al. (2012).

133
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5.1 Identification of the X-ray Counterparts

Based onChandraobservations, Pooley et al. (2002) identified 19 X-ray sesirc
within the 1153 half-mass radius of NGC 6752, including six within the’5Gore
radius, down to a limiting luminosity dfx ~ 10%%rg s 1. Using archivaHSTdata,
Pooley et al. suggested 12 optical counterparts. Thesedacd0 CV candidates,
one to three RS Canum Venaticorum (RS CVn) or BY Draconis (B#)Bources
(based on their X-ray-to-optical flux ratio limits), and oaetwo that are back-
ground objects. Seven of the X-ray sources had no deteadghileal counterparts.
One of the CVs, CX4, is now known to be a dwarf nova (Kaluzny &oiipson,
2009).

Sixteen of theChandraX-ray sources are in the field of view of the WFC3
observations, and 7 are also in the field of the FUV image. d¢Jgie most obvious
known matches (the DN and other bright CVs), | made a firshgtteto register
the X-ray source positions to the (Tycho-based) WCS. Comgahe positions of
all X-ray sources to the catalogue revealed more matchésdhigd be considered
‘safe’, including two further DNe (see Section 5.1.1). | dgke (now three) DN
counterparts to refine the correction. | found that @eandrapositions quoted by
Pooley et al. (2002) should be shifted b§5a0 in right ascension and0!’055 in
declination in order to best match the positions of the DNeeing an RMS offset
between the X-ray and optical positions of the DNe @02 in right ascension and
07003 in declination.

Pooley et al. (2002) do not provide estimates of the errorhemositions given
in their paper, so the errors had to be determined from thebewmmf source counts
that they listed. Kim et al. (2007) derived empirical eqoas for the positional
uncertainty ofChandraX-ray sources. The equation derived for the 90% confidence
level is

logyoPU = 0.11420AA— 0.4839l0g (C + 0.0499 0.0000< log;,C < 2.1336
logyoPU = 0.09890AA— 0.2027log 4C + 0.5500 2.1336< log;,C < 3.3000

where positional uncertaintygU, is in arcseconds, off-axis angl®AA is in ar-
cminutes, an€ is source counts.

Using this equation, and ignoring the off-axis angle in@t@ndraobservations
(which is likely to be negligible given the relatively smé#ld of view of the data
considered here), | reconstructed the 90% confidence |exartainty of the X-ray
source positions. This was the dominant source of errorenXray positions; for



5.1 Identification of the X-ray Counterparts 135

Figure 5.1: Left panel: combined and geometrically corrected ‘masi®idge
of 15 NUV images. North is up and East is to the left. The fieldvigiw is
162’ x 162’ and the pixel scale is'D4/pixel. X-ray source positions are marked in
blue circles and labelled with their CX number (except thogbe core). Top right
panel: combined ‘master’ image of 13 FUV images, with X-ragiions marked.
Again, North is up and East is to the left. The STIS field of view®5’1 x 253
and the pixel scale is/@25/pixel. Lower right panel: zoomed in version of the
central region of the master NUV image, with the central )}-saurces marked
and labelled with their CX number. The field shownst0” wide and 38 high
and the position and scale corresponds to that of the FUVeérshgwn above.

all but the very brightest sources, tBdandrauncertainty was several times larger
than the estimated error on the boresight correction.

| compared the positions of all X-ray sources to the catatotpusearch for
matches, using the 90% confidence level uncertainty in Xpasition as the maxi-
mum matching radius. Figure 5.1 shows the FUV and NUV imagéstive X-ray
source positions over-plotted, and Figure 5.2 presentefiodarts of all counter-
parts.

Using the method described in Section 4.2.3, | calculatel iegpect to find two
spurious matches to the sixteen X-ray sources in the fielieof.\As outlined in the
following sections, | find twelve sources within the regi@esarched, at least seven
of which are likely to be the real optical counterpart, basedheir CMD positions
or light curves. For one X-ray source (with a likely ‘real’ waterpart), there are two
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Figure 5.2: Finder charts showing possible counterparts to X-ray ssirtn each
case, the field covers’4 4" and North is up and East is to the left. The circles
show the 90% confidence level uncertainty in X-ray positioattl searched for
counterparts. For sources CX1, 2, 5, 6, 7, 10 and 12, the insage NUV
‘master’ image created by combining 15 individual F225Wasyres. For sources
CX4, 8, 15 and 16, the image is a combination of 6 U-band im&ge=n with the
F390W filter. The grey-scale is varied to enhance the vigjif the counterparts.
Sources CX 3, 9, 13, 17 and 19 are outside the WFC3 field of vikavsources
were detected within the 90% confidence error circle of CX14lor 18.
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sources within the maximum matching radius; clearly, asteae of these matches
is spurious. Of the remaining five matches, which are MSs aoewaly detected
in one waveband, the calculation suggests that one is ltkebg a spurious match,
while the other four may be real counterparts. | caution B@sson errors on these
numbers mean that they are approximations only.

| searched for hints of periodic variability in the light s of every potential
X-ray counterpart. This was done using the FUV and NUV dathe FUV data
was used because, as discussed in Section 2.4, variabtesaure often easier to
detect, or have larger amplitude variations at shorter Vesgghs. The NUV data
was chosen because it had the largest number of individpalsexes (18), and is a
good compromise between short wavelength and large fielteof. v

Following the method described in Section 3.3, | performbdtpmetry on the
individual FUV exposures, using the overall FUV catalogsdrput todaophot
(Stetson (1991); see Section 4.2.2). As described in Sedtid2, photometry was
carried out on the NUV data usim@LPHOT, which gives individual magnitudes for
each source in each of the 18 individual images as part ofuitigud. | produced
FUV and NUV light curves for each of the candidate countdgpand inspected
them to search for signs of variability. | also produced a pospectrum for each of
the sources to search for hints of periodic variability asddia randomisation test
to estimate a false alarm probability (FAP); this is the @idoibity that a higher peak
could be produced at any frequency if the associations legtwienes and fluxes
are shuffled randomly, creating a white-noise time serigh e same sampling
and overall variance as the original data. Tables 5.1 andd#marise the results.
Figure 5.3 shows the light curves of the four most intergstiounterparts.

The main result is that two of the X-ray sources that Pool@niidied as CV
candidates are, in fact, dwarf novae (DNe). This confirmsGkenature of these
sources and determines their sub-class. For two other Xeaaxces | identified pre-
viously unknown optical counterpart candidates, inclgdome which is a variable
source.

The CMD positions of all of the counterparts discussed (@H&D informa-
tion is available) are shown in Figure 5.4. The most likelym@rpart in each case is
marked with a dark coloured cross. The two DNe, which showwehg magnitude
variations, are placed on the CMD using the NUV magnitudebeif fainter states,
as indicated with a subscript ‘F’. Two interesting objeasrid just outside the error
circles for X-ray sources CX 12 and CX 16 are marked using ¢siangles.

In the following subsections, | provide details on all of feential counterparts
to each of the X-ray sources in the field of view.
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Figure 5.3: Light curves of four likely optical counterparts to X-raysoes.
The NUV variation from the mean NUV magnitude is shodNUV = NUV —
NUMuvean). This value does not necessarily match the magnitudedsitatde cat-
alogue, which is an overall (weighted average) magnitus®pposed to a simple
mean value. Top panel: source 8824, the optical countetip&X 1, which shows
a brightening in the middle epoch and is a likely DN. Seconuepasource 6374,
the counterpart to CX 7. This sourceas6 mag brighter in the third epoch than
the first two. | conclude that this source is a DN. Third paselurce 7581, which
may be the previously unidentified counterpart to CX 12 anahisSX Phoenicis
star. Bottom panel: source 7180, which corresponds to Xscayce CX 4 which
is a known DN.
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Figure 5.4: NUV - U (left panel) and V - | (right panel) CMD of NGC 6752. The
most likely counterpart to the X-ray sources are shown as dasses and labelled
with their X-ray source ID. The most likely counterparts t& Cand CX 7 exhibit
strong variation in their light curves (see Section 5.1.The NUV magnitude
plotted is the average magnitude of the source when in itstéa state’ and is
marked with a subscript ‘F’. Interesting optical sourceattlie just outside the
Chandraerror circle of CV 12 and CX 16 are marked with cyan triangled ¢he
X-ray source ID. See Section 5.1 for details of X-ray matghin



Table 5.1: Properties of potential counterpart€tmndraX-ray sources. The first column is ti@handralD number from
Pooley et al. (2002), followed by my catalogue ID number inu@m 2. Columns 3-4 give the source position in R.A. and
decl. (shifted to match the Tycho-based WCS). Column 5 dive85— 2.5 keV X-ray luminosity from Pooley et al. (2002).
Columns 6-7 and 9-10 give the magnitudes in STMAG, and Col8mives an estimate of the variability amplitude, defined
to be the standard deviation of the source from its mean magmi Columns 11 and 12 give the magnitudes in STMAG

from the ACS Survey Catalogue.

1 2 3 4 5 6 7 8 9 10 11 12
IDx  IDcat R.A. Decl. lxos-25 FUV NUV ANUV U B \Y; |
[hh:mm:ss] [deg:mm:ss] [ergd] [mag] [mag] [mag] [mag] [mag] [mag] [mag]

CX1 8824 19:10:51.134 -59:59:11.83.1% 10°2 17.700 0.539 18.528
CX2 12078 19:10:56.009 -59:59:37.38.06 10°! 19.604 0.423 19.520 19.728 19.818 20.064
CX3 .. 19:10:40.354 -59:58:41.34 .FB<10°% ..
CX4 7180 19:10:51.583 -59:59:01.76.04& 1031 19.756 20.800 0.212 20.914 21.002 20.328 20.653
CX5 7796 19:10:51.410 -59:59:05.16 .63 10°! 21.371 0.140 19.234 19.089 19.057 19.402
CX6 10808 19:10:51.499 -59:59:27.05.2% 10°! 23.583 0.652 23.367

34433 23.102
CX7 6374 19:10:51.504 -59:58:56.77 .9k 1031 20.941 20.412 3.067 21.084 21.650 21.424 21.567
CX8 24678 19:11:02.981 -59:59:41.94.1% 10°! 24.011 23.648
CX9 ... 19:10:51.756 -59:58:59.21 .3Ix 10°!
CX10 9343 19:10:54.742 -59:59:13.92.06¢ 10°° 20.288 0.098 20.029 20.499
CX11 19:10:52.411 -59:59:05.61 .26< 10%°

orT
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Table 5.1: (continued)

1 2 3 4 5 6 7 8 9 10 11 12
IDx  IDcat R.A. Decl. lxos-25 FUV  NUV ANUV U B V |
[hh:mm:ss] [deg:mm:ss] [ergd] [mag] [mag] [mag] [mag] [mag] [mag] [mag]
CX12 7592 19:10:52.730 -59:59:03.33.6% 100 23.199 19.235 0.045 17.946 17.840 18.044 18.547
7581 19.336 0.058 18.073 17.954 18.169 18.669
CX13 19:10:40.601 -60:00:06.12 .64« 10%°
CX14 ..  19:10:52.075 -59:59:09.18 .24« 10°0
CX15 14708 19:10:55.834 -59:57:45.58.2% 10°° 22.583 23.295 23.044 23.558
CX16 31669 19:10:42.509 -59:58:42.88.0% 10%° 23.484
4190 20.861 0.135 19.090 18.935 18.949 19.278
CX 17 19:11:05.316 -59:59:04.08 .72« 10%°
CX 18 19:10:52.042 -59:59:03.74 .72< 10%°
CX 19 19:10:55.613 -59:59:17.60 .22 10%°

E Source 7581 is outside the error circle of CX 12, but is inetiithecause it shows variability.

Source 4190 is outside the error circle of CX 16. | includaithe table because Pooley et al. (2002) concluded thatdbisesis a BY Dra or RS CVn source based on its CMD position ascehtission.

spediaiunod Ael-x ayl Jo uoneaynuap| T's

IvT



Table 5.2: Properties of potential counterparttuandraX-ray sources, continued. Columns-5 are as per Table 5.1.
Column 6 gives previous suggestions of source type, andn@old gives the CMD position and categorisation of each
source. Where a source is marked ‘(CV)’, | detected the aapatt suggested by Pooley et al. (2002), but the data were no
sufficient to allow me to draw any further conclusions regragdts nature. The final two columns give the best-fittingper

for the NUV light curve, where a period could be found, andfdise alarm probability (FAP).

1 2 3 4 5 6 7 8 9
IDx IDcat R.A. Decl. Lxo5-25 Previous Status CMD position, Period FAP
[hh:mm:ss] [deg:mm:ss] [erg$d] Comments [hours]

CX1 8824 19:10:51.134 -59:59:11.83.1% 10°? cvP gap, DN 41 0.04
CX2 12078 19:10:56.009 -59:59:37.38.06¢ 10°! CcVP gap, (CV)
CX3 ... 19:10:40.354 -59:58:41.34 .FHx 10°! CcvP
CX4 7180 19:10:51.583 -59:59:01.76.04 1031  CVP, DNK gap, CV 6.9 0.20
CX5 7796 19:10:51.410 -59:59:05.16.6% 101 CV/BY Dra” MS, (CV)
CX6 10808 19:10:51.499 -59:59:27.05.2% 10°! CcVP WD, (CV)

34433 .. .. ..
CX7 6374 19:10:51.504 -59:58:56.77 .9k 10°! CcVP gap, DN 35 0.06
CX8 24678 19:11:02.981 -59:59:41.94.1% 10°! gap
CX9 ... 19:10:51.756 -59:58:59.21 .3Ix 10°!
CX10 9343 19:10:54.742 -59:59:13.92 .06 10%° CcVP gap, (CV)
CX11 19:10:52.411 -59:59:05.61 .26< 10°° MSFP, cVv/Gaf ...
CX12 7592 19:10:52.730 -59:59:03.33.65% 10°° MS

44
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Table 5.2: (continued)

1 2 3 4 5 6 7 8 9
IDx IDcat R.A. Decl. Lx05-25 Previous Status CMD position, Period FAP
[hh:mm:ss] [deg:mm:ss] [erg9d] Comments [hours]
7581 MS, Variablé 4.0  0.35
CX13 ..  19:10:40.601 -60:00:06.12 .64x 10°° CcVP
CX 14 19:10:52.075 -59:59:09.18 .24« 10%°

CX15 14708 19:10:55.834 -59:57:45.58.2% 10°° CV/Gal? gap/WD, (CV)
CX16 31669 19:10:42.509 -59:58:42.88.0% 10%°
4190 BY Dra” MSE

CX17 .. 19:11:05.316 -59:59:04.08 .72 1030 MSP/Galf
CX 18 19:10:52.042 -59:59:03.74 .72 1030
CX19 ..  19:10:55.613 -59:59:17.60 .22<10%° Close binari

P Counterpart type suggested by Pooley et al. (2002). ‘Gadicates that the source may be a galaxy.

K Kaluzny & Thompson (2009) found that CX 4 (their V 25) is a DNdasuggest that CX 19 is a close binary hosting an NS or a BH.
D The position of CX 11 is consistent with the MSP PSR D from Dismet al. (2002).

E Source 7581 is outside the error circle of CX 12, but is inellibecause it shows variability.

Source 4190 is outside the error circle of CX 16. | includanithe table because Pooley et al. (2002) concluded thatdbiseis a BY Dra or RS CVn source based on its CMD position ancehhission.
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Figure 5.5: Lomb-Scargle power spectrum for source number 8824, dlfter t
mean magnitude in each observing epoch has been removedHeolight curve.
This source is the counterpart to X-ray source CX 1, and is aThé power spec-
trum’s highest peak is at 4.1 hours. Monte Carlo simulati@e® Section 3.4.2.1)
suggest that this peak 4s 95% significant.

51.1 CX1andCX7: Two Dwarf Novae

Very few dwarf novae have been found in GCs (Pietrukowic2.e2808), although
to what extent this is due to selection effects remains @am¢kenigge, 2012). Prior
to this study, only one DN was known in NGC 6752 (Kaluzny & Thasan, 2009).
Two X-ray sources which were previously known to be CVs, CxXil £X 7, show
DN-like outbursts in my data. This takes the number of knovieln NGC 6752
up to three, more than any other cluster.

Pooley et al. (2002) identified source CX 1 as a CV. This soora&ches with
star number 8824 in my catalogue, which was outside the FUW @kview but
was detected in the NUV and U-band images. The light curvaiogt from the
NUV images, shown in Figure 5.3, shows that the source is5 mag brighter in
the second observing epoch than in epochs one and threera&uig the mean
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Figure 5.6: Light curve for source number 8824, folded using the perimahtl
using the Lomb-Scargle power spectrum.

magnitude from each epoch, a Lomb-Scargle power spectrigurg-5.5) shows
that the small scale NUV variability could be fit with a periofl 4.1 hours, but
the peak in the power spectrum is only marginally signifiqga® o). Figure 5.3
also shows that the amplitude of the variation is suppreseetewhat during the
outburst. Figure 5.6 shows the light curve, folded on thd-b#sg period. It is
confused somewhat by the smaller amplitude variation dutiie outburst. This
source exhibits X-ray emission, has short time-scale ity as well as an out-
burst, and is situated in the gap between WD and MS on the CNHeréfore argue
that this source should be considered to be a confirmed C\VedDth sub-class.
CX 7 was first identified as a CV candidate by Bailyn et al. (1990 found
a period of 3.7 hours. This source corresponds to source B3T¥ catalogue and
was identified in all of the wavebands used. The second paR&jore 5.3 presents
the light curve from the NUV data, which clearly shows a 6 magte outburst in
the final observing epoch. This indicates that this souredsis a DN. Subtracting
the mean magnitude measured in each observing epoch froNikedata, | used
the Lomb-Scargle method described in Section 3.4.2 anddfautentative best-fit
period of 3.5 hours (see the power spectrum in Figure 5.7lndXhe Monte Carlo
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Figure 5.7: As Figure 5.5, for source number 6374, which is the countéroa
CX7. The power spectrum indicates a marginaly §0%) significant peak at
3.5 hours.

simulation method described in Section 3.4.2.1, | foundtimapeak at 3.5 hours is
higher than any inx 90% of simulated data sets.

Figure 5.8 shows the light curve when folded on the bestifjtperiod and the
period found by Bailyn et al. (1996). Visual inspection oé tfolded light curves
suggests (as expected from the power spectra) that a peridd bours gives a
better fit to the shape of the light curve, but again, the degaat sufficient to draw
strong conclusions regarding the period.

5.1.2 CX8,CX12and CX16: New Optical Counterpart Candi-
dates

Two of the X-ray sources without optical counterparts in lBget al. (2002), CX 8
and CX 12, have new potential optical counterparts in my.dabaa further source,
for which Pooley et al. (2002) did suggest a counterpartyeHaund a source that
may be a better match.

CX8's error circle contains source ID 24678. CX 8 is outside FUV field of
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Figure 5.8: Phase-folded light curve for source number 6374. Top pdokled
using the marginally significant, best-fitting period fowning the Lomb-Scargle
power spectrum. Bottom panel: folded using the best-fitiagod found by Bai-
lyn et al. (1996).

view, but 24678 was detected in the U- and B-band images. ifhedurve does
not exhibit variability, but the CMD positions indicate thtis a faint gap source. |
suggest that this source may be a CV.

The main-sequence source 7592 is within @eandraerror circle of CX12,
but the FUV and NUV light curves showed no hint of variabilitinterestingly,
source 7581, which is just outside CX 12's error circle, dappear to vary, with
a possible period of 4 hours-(95% confidence; see third panel of Figure 5.3 and
Figure 5.9). The phase-folded light curve is shown in Figad). This source is
also on the MS. It was not detected in the FUV data, despiteghei the field of
view. Based on the variability, possible period and the taat the CMD position
makes a faint BS classification possible, | suggest thaighdas SX Phoenicis star.
SX Phoenicis stars are a Population Il subset of Cepheidblas. Recently, X-ray
emission has been detected from Cepheid variables (Englke, @009), possibly
due to magnetic activity associated with pulsations, orpgresence of an active
binary companion. Knigge et al. (2008) found a source in 47 (foeir Star 2),
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Figure 5.9: Lomb-Scargle power spectrum for source number 7581. Thiscgo
is the most likely counterpart to X-ray source CX 12, and issaqPhoenicis star.
The power spectrum indicates a marginally $5%) significant peak at 4 hours.

which they suggestis a BS star in a binary system with a magsot WD. A similar
configuration could be invoked here: BSs are not expecte@ t8-bay bright, but
the presence of a faint WD companion could explain the X-ratection (CX 12
hasLx = 5.6 x 10°%rg s'1), without significantly affecting the measured colours.
Source 7581 is marked on the finder chart (Figure 5.2).

Source CX 16 was identified as a BY Draconis (BY Dra) star byl&pet al.
(2002). BY Dra stars are a subset of RS Canum Venaticorum (Rg §tars. They
are late type MS stars, which exhibit variability due to ahaspheric activity. |
detected the optical counterpart they suggested and agtie¢hs CMD position
that they found (on or slightly above the MS), but this sowees slightly outside
the 90% confidence error circle of the X-ray position. Theadate not sufficient
to allow further conclusions regarding this source. Anotbeurce, 31669, was
found to be closer to the position of the X-ray source tharcthenterpart suggested
by Pooley et al. This source was only detected in the B-baradj@s, so the data
are not sufficient to draw any conclusions about its natur@wéver, based on the
proximity to the X-ray source, | suggest that this may be the tounterpart.
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Figure 5.10: Light curve for source number 7581, folded using the mattjina
significant, best-fitting period found using the Lomb-Staygpwer spectrum.

5.1.3 Other X-ray Sources
5.1.3.1 CX4: A Known Dwarf Nova

CX 4 was shown to be variable by Bailyn et al. (1996), who deieed a period of
5.1 hours. It was identified as a U Gem type DN by Kaluzny & Theorp(2009).
This source, number 7180 in the catalogue, was identifiedaryavaveband in this
data set. Analysis of the NUV data suggests a best-fittingger 6.9 hours, but the
strength of the Lomb-Scargle peak is marginal, with simatet suggesting: 90%
confidence. The complete NUV light curve is shown in Figu #hile the Lomb-
Scargle power spectrum is in Figure 5.11. Figure 5.12 shbedight curve folded
on both the period suggested by Bailyn et al. (1996) and bl dngb-Scargle power
spectrum. Upon visual inspection, it is difficult to judgeialnis the better fit;
neither appear to be particularly convincing. The foldeghlicurves demonstrate
that the data is not sufficient to draw strong conclusionsingigg source 7180’s
nature.
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Figure 5.11: Lomb-Scargle power spectrum for source number 7180, tha-cou
terpart to CX 4 which was previously identified as a U Gem typpé& Dhe power
spectrum indicates a marginally(©90%) significant peak at 6.9 hours.

5.1.3.2 CX2,CX3,CX5,CX6,CX10,CX13, CX15: Cataclysmic aables

Of the remaining X-ray sources, CX 3 and CX 13 were outside/teC3 field of
view. For CV candidate sources CX 2, CX5, CX 6, CX 10, and CXligs able to
detect the sources that Pooley et al. suggest are the optigaterparts, but the data
are not sufficient to draw any further conclusions regardnsjy characteristics. For
CX6, | found a second source within tedandraerror circle. This is source 34433,
which was identified in the B-band image only and is included@ables 5.1 and 5.2
for completeness.

5.1.3.3 CX11and CX17: The Others

| did not detect the counterpart to CX 11 that Pooley et al.ntbuThey suggest
that this source is a CV or a background galaxy, neither ottviaire ruled out by
the lack of detection. Inspection of the image and compésgin the surrounding
region suggests that any counterpart must be fainterfdsTmac~ 22.5 mag.
Source CX 17, which is thought to be an MSP or a backgroundgdRooley
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Figure 5.12: Phase-folded light curve for source number 7180. Top: tbldgng
the period found using the Lomb-Scargle power spectrumtoBat folded using
the period found by Bailyn et al. (1996).

et al., 2002) is outside the WFC3 field of view.

5.1.3.4 CX9,CX14,CX18 and CX 19: No Optical Counterpart

Pooley et al. were unable to locate an optical counterpagdarces CX 9, CX 14,
CX 18 or CX 19, and | was also unable to identify a counterpart.

Kaluzny & Thompson (2009) claim a match to CX 19, which is alssible
in the observations, but this source is outside th2 Ghandraerror circle in my
catalogue. Kaluzny & Thompson do not state the size of the ey searched for
counterparts. However, the source they foung:i8”’5 from theChandraposition
and corresponds to my source 9889. While Kaluzny & Thompsiggest a period
of 0.11days, | found no such period in the NUV light curve. | bedighat this
source is unlikely to be a real counterpart to CX 19, and amtethat the search for
a counterpart to this source should be considered unretolve
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5.2 A Search for Millisecond Pulsar Counterparts

There are five known millisecond pulsars (MSPs) in NGC 675Akco et al.,
2002), of which 3 (PSR B, D and E) are inside the field of viewhsf WFC3 and
STIS observations. All three of these are known to be isdléEAmico et al.,
2002), and optical emission from the pulsars themselvesibiget been detected.
| used the € 0”01) uncertainty in the radio positions from D’Amico et alO(®) to
compare the MSP positions to the positions of sources in najague, and found
no optical counterparts. | note that the position of X-rayrse CX 11 is consistent
with that of PSR D, but | did not detect any optical source$imithe search region
for this source. Based on nearby sources that were detattia istudy, | set an
upper brightness limit on the MSP counterpart®af\Vstvac~ 22.5 mag.

5.3 A Search for Variable Sources

In addition to searching for variability among optical ceenparts to X-ray sources,
| also carried out a general search for variability usingrses detected in the FUV
and NUV images. This was done in two ways. First, | comparedtandard devia-
tion relative to the mean magnitudeRUV or ANUV; see Table 5.1) for each source
to that of sources of similar brightness, and searched fdreos, noting that the
AFUV andANUV values increase as brightness decreases becausegbepan-
tometric errors create more scatter. Second, for each splicalculated a reduced
x? value by comparing each magnitude measurement to the megnitode for
the source and identified sources where the redw@edalue for the FUV or NUV
magnitudes was significantly higher than that of other sesiaf similar brightness.
Outliers found in either of these way are likely to be vargldnd are highlighted
as such in the catalogue (Table 4.3).

| then produced power spectra for the outliers and, as in@ebt1, used a ran-
domisation test to estimate the probability that shuffling positions of the data
could produce a higher peak (the false alarm probabilitfp-ABased on the num-
ber of outliers | investigated, | expest 1 source with an FAP value 0.015. It
should be noted that the presence of excess power impliea thaurce varies on
a particular time-scale, but this variability does not resegily have to be peri-
odic. For example, red noise produces excess power overge i@nfrequencies,
but the variability is not periodic. Aside from the DNe, | fodi three sources with
FAP < 0.015 and three more sources with FAP0.005. However, periodograms
of these sources tend to have peaks at frequencies closmisaggesting that the
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Figure 5.13: Lomb-Scargle power spectrum for source number 596. This per
odogram has FAR- 0.01, but there are a number of peaks of similar significance
close to zero, indicating that the power spectra is domihbielong-term trends.

power spectra in these cases are affected by long-termstsantihe period detection
is marginal, at best.

As an example, one of the periodograms with a low FAP is shoviAigure 5.13.
This source’s power spectrum has a number of peaks of sipolaer. Figure 5.14
shows the light curve fitting on the ‘best-fitting’ period ohéurs (frequency=
4.81 days 1), as well as two other periods which had strong LS periodograaks.
This demonstrates that the light curve can be fit almost aswhedther a period of
5, 8 or 11.2 hours is chosen. Clearly, the variation cannav&@émodelled with a
simple sine wave, and a low false alarm probability in the beStargle test is not
sufficient evidence to suggest that the true period of Vanahas been found. A
combination of Lomb-Scargle result, FAP, and careful isjo@ of the light curve
IS necessary to ensure that the resulting period is real.
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Figure 5.14: Light curve for source number 596 folded on various periotigp
panel: folded on the best-fitting period (5 hours) as deteeahifrom the LS power
spectrum. Middle panel: folded on a period of 8 hours. Botfanel: folded on a
period of 11.24 hours. In all cases, the error bars are todl $ofae apparent. The
poor fit to the data indicates that the variability exhibitgdthis source cannot be
well modelled using a simple sine-wave.

5.4 Conclusions

By comparing the positions of sources in the catalogue \hitisé of known X-ray
sources, | have found that two X-ray sources, CX 1 and CX 7 mviere previously
thought to be CV candidates are actually dwarf novae. Paoidhis study only one
DN was known to exist in NGC 6752. With a total of three knownadfanovae,
NGC 6752 now harbours more known DNe than any other GC. Shaala (@.996)
and Pietrukowicz et al. (2008) suggest that dwarf novae apymebe abnormally
rare in globular clusters compared to the field, but Knigdg¥ @ suggests that this
may be due to selection effects. This survey shows that NGZ &vght be a good
place to study known dwarf novae in a globular cluster emrment, since all three
can be observed in one telescope pointing. It also demadestreow useful UV
observations can be in general in searching for DNe.

| have identified previously unknown optical counterpantbio X-ray sources,
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and suggest that one is a CV and the other is an SX Phoenicig\stather source,
number 7582 in the catalogue, which is just outside the Xp@sition uncertainty
of CX 12, shows variability with a period of 4.1 hours. One &§¢rsource, CX 16,
was thought to be a BY Dra binary. | suggest an alternativecalpsource as the
true counterpart. A search for variability revealed a nundieotentially variable
sources, which are indicated in the catalogue.

The work described in this chapter demonstrates the impoetaf using multi-
wavelength, and particularly UV wavelength studies of GEsoals for investigat-
ing the X-ray populations. Using a combination of X-ray, UNdaoptical obser-
vations, sources can be classified more securely than usshgmne type of survey.
Secure classifications of X-ray sources and other closeibmare essential for fur-
ther investigations of the dynamical history and statushefGC and comparisons
between such populations in globular clusters and the field.






The most exciting phrase to hear in science, the one that her-
alds new discoveries, is not ‘Eureka!’ but ‘That's funry...

I. AsIMOV (1920 — 1992)

The Globular Cluster NGC 6752: The
Search for Broadening in the
Main-Sequence

Globular clusters were once thought to be made up of starédimaed at the same
time and from the same material, making them reliable exampf simple single
stellar populations. Recent observations have, howeveyiged overwhelming

evidence that GCs are much more complex than traditionalgwed. Evidence
from spectroscopy and, more recently, photometry has legtatiffering chemical

abundances and multiple CMD sequences, indicating thatipteugenerations of
stars are contained within individual clusters.

In this chapter, | search for hints of multiple stellar pagtidns in the NUV - U
and V - | CMDs of NGC 6752.

157
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6.1 The Possibility of Multiple Stellar Populations in
NGC 6752

A summary of the development of knowledge of multiple pofiales of stars in
GCs is included in Chapter 1. In this chapter, | focus on thespmlity of multiple
MS populations residing within NGC 6752. Throughout thigoter, as before, |
assume that the phrase ‘multiple populations’ is synonyswath ‘multiple gener-
ations of stars’.

The Galactic globular cluster NGC 6752 is one of the closest most fre-
guently observed GCs and is a known contender for harbourintjiple popu-
lations. Strong evidence of abundance anomalies has beewl fdor example,
Pasquini et al. 2008 found a difference in nitrogen abunedetween two MSTO
stars of more than an order of magnitude), and it has beerestem(Kravtsov et al.,
2011) that bluer and redder RGB sources on the U - B CMD araltgdiegregated.

Milone et al. (2010) analysed the MS and SGB of NGC 6752 (ahnty the
central 1 due to crowding) and found evidence for a broadened MS, ame: $iodi-
cation of a splitin the MS. In this chapter, | follow closehetanalysis method used
by Milone et al. (2010), and search for further evidence of bM&dening, includ-
ing, for the first time, the core of the cluster. Searchingdigns of broadening in
the core is important because radial segregation of malppbulations is expected
from their formation mechanisms. As described in Secti@?216, the leading the-
ories on the origin of the material which forms the secondegation stars involve
ejecta from massive stars, suggesting that the secondajemeforms close to the
core of the cluster. Finding evidence of broadening in the ¢, therefore, vital
if we are to understand the origin of the multiple populasioin this search, | use
data taken with the ACS and WFC3 on-bo#&t8T to study broadening in the MS
of the V - I and NUV - U CMDs. | also include a search for a radraind in the
broadening.

The structure of this chapter is as follows. In Sections 6@ &.3, | outline the
observations and data reduction method, including rostrequired to correct for
position-dependent instrumental effects on measuredical&ections 6.4 and 6.5
contain a description of the search for broadening of the M&ée NUV - U and
V -1 CMDs. In Section 6.6, | describe the simulations | usedgeess the validity
of the claimed levels of broadening within each CMD, and stigmate the validity
of the approximations used in the simulations created tiitout this investigation.
In Section 6.7, | take advantage of the fact that | have twepethdent CMDs
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(NUV -Uand V - 1) and compare the colours of stars in both CMibss allows me
to assess the strength of the conclusions drawn from thereqplaroadening. In
Section 6.8, | search for radial trends in the amount of beoatyy. | briefly discuss
the intriguing signs of multiple populations in the SGB an@HBRin Section 6.9,
and in Section 6.10, | summarise the conclusions of this work

6.2 The Observations

For this study, | used data from two instruments on-bd4&T, as summarised in
Table 6.1. First, | used data taken with the WFC3/UVIS filtle225W (NUV) and
F390W (U-band). Second, | used data taken using the ACS/Wiilthe F606W
(V-band) filter and the F814W (I-band) filter.

The ACS has a large field of view, at 202 202, and a plate scale of’05/pixel,
while the WFC3 has a slightly smaller field of view of 162162, but a finer plate
scale of @04/pixel (see Appendix B for details fSTinstruments). The improved
resolution afforded by the WFC3 meant that crowding in thee¢s less of a prob-
lem, particularly at these bluer wavelengths, while it isgible to observe a reason-
able portion of the cluster in one exposure, allowing sigaifit numbers of stars to
be observed simultaneously. In Chapter 4, | showed thatghected completeness
in the V- and I-band data is over 50% in the core of the clusied, almost 100% in
the outer region, down to a limiting magnitude\&frmac= 19.7 mag, which, for
MS sources, corresponds ltormac= 20 mag. While | caution that completeness
will affect the number of faint sources detected in the cthes should not impact
the conclusions drawn regarding the measured broadening.

In order to ensure that any broadening | observed in the CM®neamerely due
to photometric errors, | chose data sets that are easilgefivinto two groups, so
that photometry could be carried out on two comparable, tdependent, subsets
of the data. The images were split into groups such that oaepgcontains the
images taken earliest, and the other group contains thatadges; in this way, any
time-dependent problems with the images will be exaggératgher than hidden.
For the sake of clarity, | refer to Group 1 or Group 2 throughaowte that for the
F390W images, each ‘group’ actually contains only one in(gge Table 6.1).



Table 6.1: Summary of observations used in this investigation.

Instrument/  Field of View Plate Scale Waveband Filter Date uniderx Exptime

Detector [Ipixel] Overall Per Group
WFC3/UVIS 162 x 162’ 0.04 NUV F225W 2010 July 31, August 7,21 18120s 9x 120s
WFC3/UVIS 162 x 162’ 0.04 U F390W 2010 January 5 2348 s 1x 348s
ACS/WFC 202 x 202’ 0.05 Vv F606W 2006 May 24 4 35s 2x 35s
ACS/WFC 202 x 202’ 0.05 I F814W 2006 May 24 4 40s 2x 40s
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6.3 Data Reduction

Photometry was performed on each group of images indivigad well as on the
overall data sets, which were used to create a referendegatsfor each filter with
the smallest possible photometric errors.

Photometry of the ACS and WFC3 images was carried out usied\@S and
WFC3 module oDOLPHOT, respectively. As described in Section 4.208L.PHOT
performs photometry on individual images, giving the otiiputhe WCS of a ref-
erence image. In this case, | used tidrizzle running undePyRAF to combine
all of the F225W images into a drizzled, distortion-coresitmaster image, which
| used as the reference image for the photometry of the F2288VF890W im-
ages. Similarly, | created a reference image for the F606UMR814W photometry
by combining all of the F606W image®0LPHOT is capable of performing pho-
tometry simultaneously on images from different filters)@sgy as sources can be
found in each individual image that can also be found in theremce image. The
DOLPHOT output contains the result for each source in each indivitaae, as well
as the combined result for each filter useBhotometry was then performed on the
following sets of images, following the method describe&attion 4.2.2:

e ‘Overall’ NUV and U-band— All 18 of the 120 s F225W images and both of
the 348 s F390W images,

e ‘Group 1' NUV and U-band- The first 9 F225W images and the first of the
F390W images,

e ‘Group 2’ NUV and U-band- The remaining 9 F225W images and the other
F390W image,

e ‘Overall’ V- and I-band— All 4 of the 35s F606W images and all 4 of the
40 s F814W images,

e ‘Group 1' V- and I-band— The first 2 F606W images and the first 2 F814W
images,

e ‘Group 2’ V- and I-band— The remaining 2 F606W images and the latter 2
F814W images.

1This feature was not used in the full survey of NGC 6752 desctin Chapter 4)0LPHOT was
only used to photometer data from two of the five filters in thaestigation, so the work involved
in preparing the images for combined photometry would hasenbcomparable to that in simply
matching the catalogues afterwards.
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Using the parameters recommended in BA&PHOT manual, | removed sources
which had extreme sharpness estimates, whititPHOT suggested were not stars
(cosmic rays etc.) and extreme crowding measurements.ninisnised contami-

nation of the catalogue from non-stellar objects, or stdrs were poorly measured.

6.3.1 A Position-Dependent Error Correction

Determining the level of broadening in the CMD requires aatsi photometry,
so it is important to account for any position-dependentrimsental effects that
might lead to errors in the measured colours. These mighabsed by differential
reddening, inadequacies in the PSFs, telescope breathingadequacies in the
charge-transfer efficiency correction built into tHST pipeline ancdbOLPHOT.

Charge transfer efficiency (CTE) is a measure of how well tDGs able to
move charge from one pixel to the next during the chip reagbaise. A perfect
device would transfer all of the charge and would have CTEGE%. In reality,
defects in the silicon cause charge to be trapped momentardertain pixels and
released some time (microseconds to seconds) later. Soieetgienay be intro-
duced during the manufacturing of the device, but more dgveler time as a
result of radiation damag@IST CCDs are particularly susceptible to CTE degrada-
tion, becaus&STs low-Earth orbit frequently crosses through parts of tleetk's
Van Allen radiation belt. Moreover, the CTE degradatiorH8Ts newest instru-
ment, WFC3, is considerably worse than anticipated. Thig beas a result of
the last few years’ increase in solar activity, resultinggmincrease in solar wind
strength and more charged particles in the magnetosphere.

CTE problems manifest themselves in two ways. Firstly, tbayse a loss in
source flux, so sources falling on affected pixels appeatdai Secondly, the de-
layed release of charge gives erroneously high flux readorgsixels further from
the CCD chip amplifiers, making sources appear to have fidgire 6.1 shows an
example of the visual effect of CTE problems.

The amount of source flux lost due to CTE inefficiencies dep@mithree major
factors: pixels further from the amplifiers are more prongtoblems than those
near to the amplifiers, because the charge must transferaia pixels, so is more
likely to encounter a trap; fainter sources are affectedartban bright sources,
because they lose proportionally more of their flux; imagéh Wewer background
flux suffer more than those with high background, becauseghenibackground
flux is more likely to fill some of the charge traps, reducing tbss of source flux
during readout.
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Figure 6.1: The effect of CTE inefficiencies. This is part of a SH§T/ACS/WFC
exposure of the GC 47 Tuc (image ja9bw2ylkifits). The trails extending upward
from the stars are due to imperfect CTE (Anderson & Bedin (301

In this investigation, CTE problems are far more obvious©imKUV and U-band
Images than in the V- and I-band ones. Moreover, the V- arahdbmages are taken
with the ACS, for which the level of CTE is well understood améll-established
corrections are availabfe.Furthermore, the V- and I-band images were taken at
almost the same alignment, so sources positioned farttoestthe amplifier (which
are, therefore, most prone to flux loss) in V-band images @ farthest from the
amplifier in the I-band imagés The NUV and U-band images, on the other hand,
were taken with the WFC3, for which CTE problems are less wedtlerstood and
are poorly accounted for by current correction algorithiike images taken with
the U-band filter are aligned almost perpendicular to the Nkhgeges. This means
that, unlike in the V- and I-band case, sources are affeatedehtly in the two data
sets.

°Note that a new version of the CTE correction for the ACS/WFRG heen released since this
investigation was completed. The new version is based ok pAnderson & Bedin (2010) and
Ubeda & Anderson (2012), and includes a correction algoritthich takes into account pixel-based
CTE, and time and temperature dependent CTE losses.

3] note that there is no reason to assume that the flux loss twthiiiters is the same; merely that
there is likely to be a spatial trend in the proportion of flogtlin two filters at the same alignment.
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Figure 6.2: Before and after the catalogues are corrected for positependent
instrumental colour effects. Panel (a) shows the X, Y posgiof MS sources
from the NUV - U CMD, before the correction algorithm is agali Sources are
coloured red and blue depending on their CMD positions ikelab an MSRL.

The red and blue sources are not distributed isotropicaligas of almost entirely
red or blue can be seen. Panel (b) shows the same thing, fof el I-band MS

sources. Panels (c) and (d) show the positions of the redfWV and U-band,
and V- and I-band sources, respectively, after the colotecton algorithm has
been applied. The red and blue sources are much more eveirijpdiied.



6.3 Data Reduction 165

Consider, for example, a source positioned far from the dmpin the NUV
images. This source will appear fainter than it should inNlud/ measurements. It
is not necessarily among the most affected sources in thard-bmages, however,
so may lose less flux in U-band, and appear red in the CMD. $surwst prone
to flux loss in the U-band images, on the other hand, appeatefan the U-band,
but not necessarily in the NUV, so appear blue. FurthernibeeNUV exposures
are fairly short (120s each; see Table 6.1), so there is a Bwkdround £ 10
counts), and the MS sources considered in this investigatie relatively faint £
700 counts), making these images susceptible to CTE effébis U-band images
are longer (348 s each), with higher background and soure€8l4 30 and 5000-
60000 counts, respectively), so CTE problems have lessattpan in the NUV
case, but the effect is still not negligible.

In the top panels of Figure 6.2, sources are coloured redus tépending on
their position relative to a main-sequence ridge-line, éondnstrate the different
ways that CTE and other position-dependent problems netnifehe two CMDs.
In the NUV and U-band case (panel (a)), there is an excessdasaarces along
the near-horizontal axis (the gap along this axis is the ghjpin the NUV images),
and a large population of blue coloured sources along thevestical, U-band chip
gap. In the V- and I-band case (panel (b)), the pattern ismobsious, but it is still
clear that something is affecting the colours and creatktgssively red and blue
areas.

Regardless of the reason for the position-dependent colmiations shown in
Figure 6.2, an empirical, star-by-star correction can q@iag to improve the mea-
sured colours. The procedure, which follows Milone et aD1@), is as follows.
The steps are illustrated in Figure 6.3.

1. Refer to panel (a) of Figure 6.3.
Use the overall V - | CMD to plot a main-sequence ridge-lineSRL) by
finding the median colour in successive, nharrow magnituds.bRefine the
result using sigma-clipping, performed using the perpeuldr distance from
the ridge-line to each source. This ensures that the wholRIMS treated
equally, regardless of the direction of the MSRL at a givegnitaide, to give
as precise a ridge-line as possible.

2. Refer to panel (b) of Figure 6.3.
Select a ‘target’ source to be corrected. Calculate thedcst (defined as
difference in colour, rather than perpendicular distarfo@n this source in
the (overall) CMD to this ridge-line.



166 Chapter 6. NGC 6752: The Search for Broadening in the A8aiguence

3. Refer to panel (c) and (d) of Figure 6.3.
From the ‘target’ source, find the nearest-5Q00 MS stars (on the image)
that are

e ‘well-behaved’ (i.e. thedOLPHOT output shows a high signal to noise,
very small photometric error, and good values for thesharpness,
crowding and roundness parameters),

e within 4 2 I-band magnitudes of the ‘target’ source,

e within 250 pixels (10) of the target source. This leads to some ‘target’
sources having: 100 ‘calibration’ sources (but all ‘target’ sources have
at least 50 ‘calibration’ sources).

4. Refer to panel (d) and (e) of Figure 6.3.
Find the mean distance in colour from these sources to thelMSR

5. Refer to panel (f) of Figure 6.3.
Correct the ‘target’ source’s colour by this amount.

6. Choose the next source to be used as a ‘target’ source peatgeps 2 5.

A similar process is carried out for sources in the NUV - U CMEth two
changes:

e Due to the more exaggerated change in the width of the MS dpvg mag-
nitude (see Figures 4.1 and 6.4), | limit the sources to thvaidein + 0.7
U-band magnitudes of the chosen source.

e The lower stellar density in the NUV and U-band mean that Itheenearest
10— 50 MS stars to calculate the correction factor in these wands.

Experiments with different, reasonable, magnitude lirgége consistent results,
as did using the median distance for the colour correctiatesd of the mean.
As the groups of images are taken at almost identical pajstinreating separate
MSRLSs for the Group 1 and Group 2 images, and running the coorealgorithm
on each group independently of the overall image, made liifference.

The lower panels of Figure 6.2 show the position of red an@ Blwrces after
the colour correction algorithm has been applied. Theifistions of red and blue
coloured sources are much more even in these panels, imgj¢hat the position-
dependent colour gradients have been reduced.
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6.4 The Search for MS Broadening in the NUV - U
CMD

In this section, | investigate broadening in the MS of the NUY CMD. Anderson
et al. (2009) showed that using independent data sets igbleelvay to distinguish
between photometric errors and real broadening. If thedwoeng is real, then
a source that is measured to be towards the red side of a sexjirenne half of
the data should be measurably redder than average in thehalielf it is due to
photometric errors, however, the colour in one half of theadeill not be the same
in the other half of the data. Milone et al. (2010) used thitteque to study the MS
of NGC 6752 using B- to I-band data, excluding the innerméstHere, | follow
this process, but extend it by using UV images and includiegduster core.

First, | create an MSRL for the NUV and U-band Group 1 imagesngithe
process described in Section 6.3.1, and find the distanoe éach source to this
line. In panel (a) of Figure 6.4, the distance from the MSRedoh source is plotted
against U-band magnitude, and the sources are coloured tddeodepending on
their position relative to the MSRL. | note that the distafroen the ridge-line is a
simple difference in colour, rather than the distance pedpmilar to the MSRL.

| then create an MSRL for the Group 2 images and find the soudistance
from this MSRL on the Group 2 CMD. This is plotted in panel (Bach star has
the colour that was assigned to it in panel (a). The colouesreasonably well
maintained between the two panels.

Panel (c) emphasises the relationship between the sousd&ps in panels (a)
and (b), by displaying the correlation between the colodirsach star in Group 1
and Group 2. | have split this panel into separate magnitutetb avoid confusion
due to the increase in photometric errors at fainter magegu In each magnitude
bin I include a diagonal line with a gradient of 1, indicatithgg expected result if
there was a perfect correlation and no photometric erroedsd show the best-fit
line to the data. Table 6.6 lists the gradient of the bestrféd to the data in each
magnitude bin, as well as Spearman’s rank test results. Arg@n’s rank test is
a non-parametric measure of statistical correlation bebwsvo data sets. With-
out being affected by the relative spreads of the data, ipirassesses how well
the relationship between the data sets can be describedwiiinotonic function.
A positive Spearman’s rank correlation coefficient mearat,tin general, as one
variable increases, so does the other. A perfectly monotmiction would give
a Spearman coefficient of1. The gradients shown in Table 6.6 are close to 1,
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Figure 6.4: Evidence for broadening in NUV - U data. Panel (a): straighte
MS for Group 1 data. Stars are coloured blue or red dependintheir colour
relative to the MSRL. Panel (b): straightened MS for Grouatad Each source is
plotted with the colour assigned to it in panel (a). Panel ¢oyrelations between
the two measurements, in U-band magnitude bins. The bladqeatl line has a
gradient of 1 and is the expected result if there was a pecfatelation between
the measurements, with no photometric errors. The darkngi=aid line shows
the actual best-fit line to the data. Panel (d): the meanrdistaf each source from
the MSRLs. Panel (e): estimates of errors in the mean colour.
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demonstrating that the colours measured in Group 1 and 2omsistent, and the
Spearman’s rank correlation coefficients are all positsfgwing that there is a
correlation. The Spearman’s rank values indicate that tineelations are strongly
statistically significant.

In panel (d) of Figure 6.4, | calculate the mean distance ofisaurce from the
MSRL. Combining Group 1 and Group 2 data in this way meansttieerrors in
this panel are smaller than in either of the individual par{éh) or (b)) by a factor
of v/2. Panel (e) shows estimates of the colour errors, found layikeding half of
the difference between the independent colour measuremémteach section of
panels (d) and (e), | give the standard deviation of the shraa determined from
the interquartile range. It is immediately apparent that tolour errors seen in
panel (e) cannot account for all of the MS spread seen in gdhel

An estimate of the intrinsic broadening in each magnitudechin be calculated

using
. 2 2
broadening= 1/ Gfiean— % ror -

Table 6.2 lists the intrinsic broadening measured in eacibade bin.

The amount of helium enhancement required to reproducertfauat of MS
broadening seen here can be determined using comparis@asid models (see
Section 4.3). In Table 6.3, | list the amount of broadeningdpiced at various
magnitudes when different helium enhancement levels axeked in the models.
| show the colour difference between a helium abundance-60249 and three
other values: ¥= 0.3, 0.35, Q4. These correspond to relative helium enhancements
of 20, 40 and 60%. In each U-band magnitude bin considereeljanhabundance
of Y= 0.3 (soAY = 0.05; an enhancement of or 20%) is sufficient to reproduce
the MS broadening seen in the data. The models do not allow foore precise
measurement of the helium abundance required, but ineipgl on the grid of
available models, | suggest that the actual helium aburedeatired is ¥= 0.27+
0.01 (AY = 0.02+0.01), which corresponds to an enhancement of 8%.



Table 6.2: Estimates of the level of broadening of the MS in the NUV - U CMiDdifferent U-band magnitudes. The first two columns give
the U-band magnitude bin considered and the number of seurckided. Columns 3 and 4 give the results of the compabsbween Group

1 and Group 2 measurements (see panel (c) of Figure 6.4)n@oBugives the gradient of the best-fit line, and Column 4 tis¢sSpearman’s
rank correlation coefficient (SRCC). Columns 5 and 6 givedtandard deviation of the mean distance from the MSRL andstidwedard
deviation of the error on this distance. In both cases, thedstrd deviation is determined from the interquartile mrand is also shown on

panel (d) and (e) of Figure 6.4. The final column lists theneated upper limit on the intrinsic broadening, given,yp,\%lean— OZ 1o

U Nsources Group1lvs Group2 Omean Oermor Intrinsic Broadening
[mag] Gradient SRCC [mag] [mag] [mag]
17.0-177 1475 0966+0.041 0.549 0.0245 0.0122 0.0213
17.7—-184 1831 1024+0.028 0.627 0.0355 0.0154 0.0320
184—-191 1887 0967+0.030 0.621 0.0603 0.0254 0.0547
191-200 1618 1058+0.036 0.627 0.1310 0.0587 0.1171
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Table 6.3: The level of helium enhancement required to reproduce thesaored MS broadening in the NUV - U CMD. The first column gives
the U-band magnitude bin considered. In the data, the spareesplit according to these magnitude bins; in the motlespnedian magnitude
in each bin is used. The second column gives the intrinsiad@ning measured in the data. Columns B give the level of broadening
expected from BasTI models if different helium enhancemeané used. Starting with the (canonical) helium abundahde=00.249, |1 list
the values obtained comparing the=Y0.249 colours to helium abundances c£Y0.3, 0.35, and ™4, corresponding to enhancements of 20,

40 and 60%.

U
[mag]

Measured Broadening Model Broadening=¥.249 and
Y=0.30 Y=0.35

Y=0.40

17.0-17.7
17.7-184
184-191
191-20.0

0.0213
0.0320
0.0547
0.1171

0.0384
0.0874
0.1204
0.1538

0.0853
0.1448
0.2113
0.2691

0.1310
0.2099
0.2908
0.3668

clT
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6.5 The Search for MS Broadening inthe V -1 CMD

The search for broadening was repeated for the V- and I-baviD,Gnd the result

is shown in Figure 6.5 and Table 6.7. The broadening is les®ab here than in

the NUV and U-band data; the difference between the digtabs in panel (d) and

(e) of Figure 6.5 is less pronounced than in Figure 6.4, aadrtBximum intrinsic

broadening in the V- and I-band, listed in Table 6.7, is cdesably smaller than
that shown in the NUV and U-band data. This is in line with firgs in other

clusters, which suggest the colour spread due to metal eeh@nt has more effect
in blue wavebands than in V- and I-band (see, for examplepmdilet al. 2012a,
their Figures 7 9).

Comparison between the broadening seen in the data andeatiis BasTI
models of different helium abundances (see Table 6.5) shasve1 the NUV - U
case, that the helium enhancement required to reproducaberved broadening
is < 20%. As before, | interpolated the models to provide broaugastimates for
a finer grid of helium abundances. As the correlation betweslium abundance
and broadening is not always linear, | restricted the cakioh to magnitude bins in
which the change in the level of broadening with helium emleament could be well
approximated by a straight line, to allow for a more strafighward interpolation (I
used only those bins with a product moment correlation amefit,r > 0.995; this
included only magnitude bins for which I8< | < 21.6). | suggest that the helium
abundance required to reproduce the observed broadenig &265+ 0.01 (so
AY = 0.015+0.01; helium enhancement of 6%), which is consistent with éselt
found in the NUV - U case.

Panel (c) of Figure 6.5 shows the correlation between theutoheasurements in
the Group 1 and 2 images. Although the Group 1 and Group 2 csloarrelation
appears to be worse than that of the NUV and U-band measutepika best-fit
line has a positive slope in every magnitude bin, indicathag there is a positive
correlation, and Spearman’s rank tests show that the ediwalis significant at all
I-band magnitudes.

Panel (d) shows the mean spread of the data. As this is theigethtata set,
the colour error on any point here is a factor\@® smaller than in either panel (a)
or (b), making this the most accurate demonstration of the ¢olour, and the most
likely place to be able to distinguish features in the MS.d se suggestion of the
splitin the MS of the V - | CMD suggested by Milone et al. (201l@wever.
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Figure 6.5: Same as Figure 6.4, but for the V- and I-band data, as a fumofio
I-band magnitude.



Table 6.4: As Table 6.2, but for V- and |-band data.

[ Nsources Group1vs Group2 Omean Oermor Intrinsic Broadening

[mag] Gradient SRCC [mag] [mag] [mag]
182—-186 1619 0646+0.079 0.200 0.0108 0.0085 0.0066
186—-190 2060 09234+0.069 0.262 0.0116 0.0087 0.0077
19.0-194 2308 1070+0.071 0.312 0.0142 0.0100 0.0101
19.4-198 2509 10724+0.062 0.329 0.0162 0.0108 0.0122
19.8—-202 2349 1083+0.061 0.333 0.0188 0.0125 0.0140
202—-206 2055 1072+0.065 0.351 0.0230 0.0149 0.0176
206—-21.0 1952 1074+0.065 0.368 0.0278 0.0172 0.0219
21.0-214 1729 1048+£0.057 0.386 0.0353 0.0222 0.0275
214—-218 1706 1091+0.070 0.346 0.0385 0.0273 0.0272
21.8—222 1479 1140+0.078 0.348 0.0478 0.0323 0.0353
222—-226 1396 1208+0.104 0.288 0.0588 0.0400 0.0431
226—230 1438 1296+0.117 0.259 0.0693 0.0523 0.0454
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Table 6.5: Same as Table 6.3, but for V- and I-band data. Model broadevafues are not available fainter thaa 22.2 mag, as the model
isochrones do not extend this far.

I Measured Broadening Model Broadening=¥.249 and

[mag] Y=030 Y=0.35 Y=0.40
182186 0.0066 0.0225 0.0328  0.0528
186—19.0 0.0077 0.0271 0.0428  0.0653
19.0—19.4 0.0101 0.0289 0.0492  0.0707
19.4—19.8 0.0122 0.0349 0.0585  0.0810
19.8—20.2 0.0140 0.0348 0.0673  0.0936
20.2—20.6 0.0176 0.0358 0.0685  0.0985
20.6—21.0 0.0219 0.0420 0.0744  0.1093
21.0-214 0.0275 0.0448 0.0738  0.1137
214218 0.0272 0.0876  0.1199  0.1408
21.8-222 0.0353 0.1811 0.2032  0.1908
222226 0.0431
22.6—23.0 0.0454
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6.6 A Comparison to Simulations

The results described above depend on a good correlatiaebptthe colours mea-
sured in the two independent groups of images. To assessliagility of these re-
sults, | constructed simulated data sets and comparedrthdations’ correlations
to those from the data. The simulations are performed asguthat the spread
of the colours measured in each group of images (panel (aj@naof Figure 6.4
and 6.5), and the mean spread and error distributions (sihropanel (d) and (e) of
Figure 6.4 and 6.5) are well approximated by Gaussian Higions. The distance
from the MSRL in the simulated data set is then a combinatioiwvo Gaussian
distributions; one representing the intrinsic broadenangd another due to the the
error on the colour measurement.

The assumption that the intrinsic broadening, mean distdrmen the MSRL
and measured errors can be well approximated by a Gaussaibdiion should
be reasonable. | begin this section by investigating thiglitlof this assumption,
however, as the distances from the MSRL considered in thissiigation are so
small that | suspect that subtle deviations from this modedtrbe considered.

In the left panels of Figures 6.6 and 6.7 | replicate panelfi@n Figures 6.4
and 6.5, respectively. These show the mean distance of aestrom the MSRL in
the NUV - U and V - | CMDs. In the right panels, | plot the resudisa histogram
for each magnitude bin, and over-plot a Gaussian distobutvith width oyean,
where gyiean Was determined from the interquartile range of the data. malk
distances from the MSRL, the data is well fit by the Gaussigr@apmation. At
larger distances, however, the shape of the histogramsgeéifeom the Gaussian
distribution.

In Figures 6.8 and 6.9, | repeat the process for the errorh@mtean distance
(see panel (e) of Figures 6.4 and 6.5). | over-plot a Gauskgnbution with width
Oerror, 10 See how well the model fits to the data. Again, the data siaway from
the Gaussian distribution as the errors increase. This i® @pparent in the V - |
case than the NUV - U, although the error distribution is widtethe V - |, and
there are more sources, making differences more obvious.

These investigations show that the Gaussian approxingtised in the simula-
tions are reasonable for small mean distances and errarthdthe distributions
of the data are strongly influenced by sources farther froedMISRLs which are
not well modelled. This could contribute to differencesvietn the data and simu-
lations seen in Sections 6.6 and 6.7.
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Figure 6.6: Left panel: reproduction of panel (d) from 6.4. Right panelean
distance from MSRL in the NUV - U CMD, plotted as a histogranheTyan line
shows a Gaussian with widthean (determined from the interquartile range of the
data).
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Figure 6.7: As Figure 6.6, but for the V - | case.



180 Chapter 6. NGC 6752: The Search for Broadening in the A8aiguence

17 e e g 1000
| o= 0012 i E
[ = { < 100
|- - 1 |
175 - £ | 410
7777777777777 m]w 1000
o= 0.015 £ E
| E 4 100
18 - e E
L £ ERY
57 1 ]
g \HH\HH\HH\H\H\‘“\H\HH\HH\HHmm
R e . g 1000
b 185 - 7= 0.025 - ]
I I3 < 100
L £ 7 10
i 1 W ]
777777777777 EmWHHMHHWHH}‘HH}1HHHH}HH}HH}HH; 1000
o= 0.059 s E
| F 4 100
195 - -+ 1
L i 3 10
T oLt S T HH\HH\\HH[H\ Ll “HH\‘HH‘HH

—0.4 —0.2 0 0.2 0.4 ~0.4-0.3-02-0.1 0 0.1 0.2 0.3 0.4
(AM, — AM,)/2 (AM, — AM,)/2
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Starting with the NUV and U-band data set, | created mock data in two
ways. First, | created a ‘Group 1’ data set for each magnitudecontaining the
same number of sources as the real data, by adding a colaun fh@m a Gaussian
distribution with width equal to the intrinsic broadening @an error value drawn
from a second Gaussian distribution with width equal to tttergsee Table 6.2).
A simulated ‘Group 2’ data set was then created by assigranh source the same
intrinsic colour as in Group 1, and adding another Gausdiattibuted error value.
Plots of simulated Group 1 colour against simulated Groupl@ur are shown in
the middle panels of Figure 6.10, while the results from #ed data (panel (c) of
Figure 6.4) are replicated in the left hand panels.

The simulated data exhibits narrower distributions thanrdal data. Columns
5 and 6 of Table 6.6 give the gradient and Spearman’s rankledion coefficient
found when comparing these two fake data sets. They showpasted, that com-
parisons between simulations in which the only differene®veen the colour mea-
surements in the two groups is caused by photometric erlare strong correla-
tions between measured colours. They also show that thiegé&sm the real data
(Columns 3 and 4) are reasonable.

If the photometric errors were different in the Group 1 and@r 2 images
(due to, for example, telescope breathing), there would diference between the
widths of the distributions shown in panels (a) and (b) ofurey6.4, which would
alter the shape of the distributions shown in panel (c). Bwlkeat effect | should
expect this to have on the data, | created simulated datansetsch the Gaussian
distribution representing the overall intrinsic broadenivas replaced by Gaussian
distributions reflecting the spread of the colour measurgmie each independent
group of images. Group 1's fake data set was made up of sowitleolours
drawn from a Gaussian distribution with width equivalentiie (measured) intrin-

Error,1’
standard deviation of the Group 1 data, determined fromrttezquartile range, and
OError,l = V2 % Ogror IS the error on either of the data sets), and a Gaussian repre-
senting the error on the Group 1 colours, Which/ x Ogror. Assuming that any
difference in the errors would create a systematic changegasured broadening,
the ratio of the measured widths should be the same as tleafathe errors on
each group. To create Group 2 data, | multiplied the Grouplduraneasurement

sic broadening of the Group 1 colours (defined, ésf — 02 whereo is the

by the ratio of the spreads in the Group 1 and Group 2 colom aalded an error
drawn from an independent Gaussian distribution. The tiegutolours are plotted
in the right-hand panels of Figure 6.10. The last two columnsable 6.6 show
the gradient and Spearman’s rank correlation coefficietdinobd when these two
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Figure 6.10: Comparison of Group 1 and Group 2 colours in NUV and U-band
images. Left: real data. Middle: simulation assuming that broadening seen
in either group of images is the same as the overall intribsi@dening. Right:
simulation allowing for different intrinsic broadening msurements in the two
groups of images. This might happen because of, for exarghkscope breathing
resulting in larger errors and wider spread in one grouplsws.

simulated data sets are compared.

In the NUV and U-band case, there is little difference betwe results based
on real data and the simulated data, regardless of whichaiio method is used.
This shows that the data is consistent with the simulationsthat the spread mea-
sured separately in Group 1 and Group 2 is consistent witlotteeall measure-
ments.

The process was repeated using numbers appropriate to thedi-band data
set. Plots of Group 1 colour against Group 2 colour using #a data (see Fig-
ure 6.11) exhibit more spread than those of the simulatidbhs is expected, since
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Figure 6.11: As Figure 6.10, for V- and I-band images. Four of the twelvgma
tude bins are shown.

the photometric errors (panel (e) of Figure 6.5) are comgarto the colour spread
(panel (d)). The gradients and Spearman’s rank tests list€able 6.7 show, how-
ever, that the data were consistent with the simulations astrmagnitude bins.
The obvious exception to this is in the brightest magnituite(b8.2 < | < 18.6),

in which the real data has a gradient 0686+ 0.079, and the simulations have
gradients of 13+ 0.083 or 1613+ 0.190, depending on the simulation method
used. This magnitude bin has the smallest intrinsic broadei®.00657 mag; see
Table 6.4), so is most affected by photometric errors, winay explain the poor
match in this instance.



Table 6.6: Results of the investigation into consistency between ttwei®1 and Group 2 measurements of MS sources in the NUV - U CMD.

The first two columns give the U-band magnitude bin and thebmrmof sources included. Columns 3 and 4 give the gradiertieobest-fit
line to the plot shown in panel (c) of Figure 6.4 and the cqoesling Spearman’s rank correlation coefficient (SRCCJu@aos 5 to 8 give
the gradient and SRCC of similar plots created using siradldata. In Columns 5 and 6, | have assumed that the spreael déth in Group
1 and Group 2 measurements are equal; in Columns 7 and 8, latlawesd for differences between the measurements. Se®&&c6 for

more details of these simulations.

U Nsources Data Simulation Method 1 Simulation Method 2
[mag] Gradient SRCC Gradient SRCC Gradient SRCC
17.0-177 1475 0966+0.041 0.549 ®80+0.034 0.589 1039+0.035 0.592
17.7—184 1831 1024+0.028 0.627 ®78+0.025 0.650 1003+0.024 0.668
184—191 1887 0967+0.030 0.621 ®86+0.022 0.696 M74+0.022 0.706
191-200 1618 1058+0.036 0.627 M74+0.029 0.634 1103+0.038 0.601

suonenwis 0} uosuedwo) v 9°9

a8T
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Table 6.7: As Table 6.6, but for V- and |-band data.

I Nsources Data Simulation Method 1  Simulation Method 2
[mag] Gradient SRCC Gradient SRCC Gradient SRCC

182-186 1619 0646+0.079 0.200 ®13+0.083 0.246 1613+0.180 0.196
186—-190 2060 0923+0.069 0.262 1078+0.091 0.246 1153+0.079 0.293
19.0-194 2308 1070+0.071 0.312 ®81+0.055 0.322 14594+0.099 0.279
194-198 2509 1072+0.062 0.329 ®20+0.040 0.387 (M58+0.044 0.374
198-202 2349 1083+£0.061 0.333 ®76+0.050 0.354 1025+0.051 0.353
202—-206 2055 1072+£0.065 0.351 1019+0.055 0.350 ®@®69+0.046 0.411
206—-21.0 1952 1074+0.065 0.368 B99+0.045 0.417 1221+0.052 0.431
210-214 1729 1048+0.057 0.386 ®08+0.037 0.475 11674+0.055 0.408
214-218 1706 1091+0.070 0.346 ®75+£0.063 0.338 M®84+0.053 0.387
218—-222 1479 1140+£0.078 0.348 1042+0.070 0.353 1246+0.077 0.361
222—-226 1396 1208+0.104 0.288 M®09+0.065 0.332 1276+0.081 0.388
226—-230 1438 1296+£0.117 0.259 1053+0.085 0.308 B90£0.081 0.264

aouaniy@gy ay) ul Buiuapeo.g 10j Yyaseas ayl :zS/9 9N 9 Jaideyd
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Comparisons between the Group 1 and Group 2 measuremettsygparisons
between real and simulated data, indicate that there appzae clear evidence of
broadening on the MS in both the NUV - U and V - | CMDs. In the daling
section, | will take advantage of the fact that | have two clatgly independent
data sets (NUV and U-band, and V- and I-band), in order tosasee extent to
which this measured broadening can be trusted.

6.7 Comparing the NUV - U and V - | Results

If the broadening seen in both of the CMDs is real, | expecte® & correlation

between the colours measured in NUV - U and V - I; a source é&ut#d the blue

side of the MS in the NUV - U CMD should, ordinarily, also lie tioe blue side

of the MS on the V - | CMD. If the positions in the two CMDs are monsistent,

this would indicate that at least one of the measured broagsmannot be trusted.
In this investigation | use the overall measurements foheemveband, which have
smaller intrinsic photometric errors than those of eith@ugp (see Table 6.1).

6.7.1 The Overall Results

The two catalogues were transformed to match the Tychodb®4eS, using the
method described in Section 4.2.3 and 4.2.4, and matcheséetthe two cata-
logues were identified. Approximately 90% of the possiblagahes were recov-
ered.

Figure 6.12 shows the distribution of source&Myyv_u, with sources coloured
red and blue depending on a source’s position relative taMB&L in the V - |
CMD. The data is split into bins based on I-band magnitudaytad confusion due
to the increase in photometric error at fainter magnitudé® histograms show that
there is a weak correlation; the blue histograms peak $§igbtthe left of the red
histograms.

The grey points in Figure 6.13 shaWinyy_u againstAMy _, for all (individ-
ual) sources, and show a weak but positive gradient, indigahat there is a weak
correlation between the sources’ positions in the two CMDwte that one should
not expect a 1:1 correlation between the two colours as ielp@ah of Figures 6.4
and 6.5. Instead, | expect the best-fit line to have a gradigual to the ratios of
the intrinsic broadening in the two CMDs. This will then bergalicated by the
fact that the intrinsic broadening of each MS changes diffdy with magnitude,
so the ratio will be different for brighter and fainter soesc The expected result
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Figure 6.12: Distribution of sources about the MSRL in the NUV - U CMD,
with sources coloured red and blue depending on a sourcsiggrorelative to the
MSRL in the V - | CMD, in I-band magnitude bins.

is further complicated by photometric errors, which ardedént in each waveband
and introduce different levels of scatter at different magtes.

The red triangles in Figure 6.13 show the medidvl, | value forAMnuv_u
bins. The correlation between the two colour measurememtsie apparent, as is
the changing gradient of the slope wiiMnyy_u. The black bars give the standard
deviation of the data in each bin, while the red bars inditaeerror on the median
value (given b%).

The positive correlation between the NUV - U and V - | colourdicates that
the colours obtained for sources in the two independent CEl®<sonsistent, sug-
gesting that the broadening seen in each of the CMDs (Figudeand 6.5) is real.

6.7.2 A Comparison to Simulations

Simulated data can be used to establish how well the datarsimoigure 6.13 fits
with expectation. The first method used to create fake ddtaassumes that the
intrinsic broadening and photometric errors are both Gansdistributed. First, |
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Figure 6.13: Grey points: AMyyv_u againstAMy,_; for all sources. Red trian-
gles: mediam\My,_; value forAMyyy_u bins. The black bars show the standard
deviation and the red bars indicate the error on the medilreyvahere is a weak,
but statistically significant, correlation between thly, |, and AMyyv_y mea-
surements.

created a set of intrinsic NUV - U broadening values by sélgotalues at random
from a Gaussian distribution with width equal to the meadumé&insic broadening.
The number of sources and intrinsic broadening measuramesgd were for I-
band magnitude bins, so the change in broadening with matgiwvas reflected
in the simulation. A V- and I-band intrinsic broadening valas determined by
multiplying the NUV - U value by the ratio of the measured ldeaing values
in the two CMDs. Photometric errors were selected from Gansdistributions
with widths equal to the measurext o in each CMD, in each I-band magnitude
bin. The sum of these values formed the distance from the Mf8Reach source,
in each CMD. In Figure 6.14 | ploAMyyv_u againstAMy _; for the simulated
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Figure 6.14. AMnuv_u againstAMy_, for simulated data, assuming that a
source’s distance from the MSRL is a combination of its irgi¢ broadening and
photometric error. In this simulation, | assume that bottheke factors are Gaus-
sian distributed.

data. The changing ratio between the intrinsic broadenalges, combined with
the increase in intrinsic broadening with magnitude, ldadschange in gradient as
one moves farther from the origin. The level of scatter irs §imulation is clearly
considerably smaller than that seen in the data (the greytgoin Figure 6.13.
This is to be expected, since the broadening in the data iw@lbtepresented by a
Gaussian distribution at larger distances from the MSRL.

To investigate further the difference between the real @aid simulations, |
created a second fake data set which reflected the real pktiorarrors, rather
than assuming that they are Gaussian distributed. Eachessimtrinsic broadening
in NUV and U-band or V- and I-band were determined as befane] then added
the photometric error belonging to a real source, drawnrdaan from within the
relevant I-band magnitude bin. As the NUV - U and V - | errorseaich fake source
came from the same (real) source, any correlations betweserrors measured
in the two colours (due to blends, for example) are reflectethée simulations.
The resulting distances from the MSRLs are plotted in Figufé. The differing
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Figure 6.15. AMyuv_u againstAMy_, for simulated data, assuming that a
source’s distance from the MSRL is a combination of its irgi¢ broadening and
photometric error. In this simulation, | assume that the mestance from the
MSRL can be well described by a Gaussian distribution, bigel hhe errors from
real sources, drawn at random from the population.

gradients and distribution widths at different magnitudes less apparent than in
Figure 6.14, and there is substantially more scatter appdwere, which further

indicates that the Gaussian distributed errors assumeigimd=6.14 might not be a
good reflection of the true errors. The correlation betwédewndolours is still more

obvious than in the data (Figure 6.13), however, suggestiagsomething else is
affecting the distribution of the data, which is not accaahtor in this simulation.

6.7.3 The Most Trusted Sources

As the sources’ measured colours in the NUV - U and V - | CMDsrareas well

correlated as one might expect from simulations, | now gietdorrelation only for
sources for which | should be able to be confident about the gighe measured
colours’ offset from the MSRL. | select sources within eadiahd magnitude bin
which satisfy the the following criteria:
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e Mean distance from ridge-line, defined @8Vl; + AM32) /2, < 3 X Omean,
so the sources are not outliers in colour;

e Mean distance from ridge-line, defined @811 + AM>) /2, > 2 X Ogrror,
so the distance from the MSRL is unlikely to be due to photoimetror.

The top panel of Figure 6.16 shows the resulting plaAblyyy_y againstAMy .
In the lower panel, | plot the result if | also specify that sms must satisfy an extra
criterion:

e Mean distance from ridge-line, defined @M; + AMy) /2, > 2x Error (de-
fined as(AM; — AMy)/2) for the source. This further enforces the rule that
distance from the MSRL cannot be due to photometric error.

As | expect sources which are on the blue side of the MSRL ilNtl® - U CMD
to also lie on the blue side of the V - | MSRL, the sources shdiel@ither in the
lower left or upper right quadrants of these plots. In Figérg6, the number of
sources falling in each quadrant is displayed, and showsttaanajority of sources
follow this trend. However, there are also a number of saiinehe lower right
and upper left quadrants, which lie to the blue of the MSRLnie €MD and red
of the MSRL in the other. Some of these spurious colour measents can be
explained. For example, some might be unresolved binariesich the red source
dominates in the red (V- and I-band) filters, and the bluer@®uontributes most of
the flux in the NUV and U-band. Another possibility is fastation of single stars;
coronal mixing could cause the source to appear red in thdergd/- and I-band)
filters, but the high temperature means that they appearibline bluer (NUV and
U-band) filters. Of course, some sources might simply benewasly positioned in
one of the CMDs; | have selected sources based on the iatphsitometric error,
defined using the difference between the two measuremeuither CMD, but it
is possible that some sources are poorly measured in botipgmf NUV and U-
band, or V- and I-band images, leading to a poorly measurémicavith a small
measured error.

In order to assess the strength of the evidence for a cdoelaietween the
NUV - U and V - | data sets, Table 6.8 displays the probabilftines ratio of ‘good’
to ‘bad’ sources occurring by chance. This is calculatedssueming that the dis-
tribution is binomial, and that in the limit that there wascwrelation between the
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Figure 6.16: AMyuv_u againstAMy _, for sources for which the colour determi-
nation is considered safe. Top: measurements are condidaefe if the sources
satisfies the following criteria(AM; + AM3) /2 < 3 X Opean, (AM1+AM3)/2 >

2 X Ogrror- Bottom: sources also satisfyingAM; + AMy) /2 > 2 x (AM1 —
AM3)/2). As | expect sources which are on the blue side of the MSRithén
NUV - U CMD to also lie on the blue side of the V - | MSRL, the soescshould
lie either in the lower left or upper right quadrants. The fngmof sources in each
quadrant is shown.
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Table 6.8: Results of a comparison between the position of sourcesvela the
MSRL in the NUV - U and V - | CMD. If the data is reliable, a souragich
is bluer than the MSRL in the NUV - U CMD should also be to theeb$ide of
the MSRL in the V - | CMD. The first column gives the selectionthua used.
See text for details. Columns 2 and 3 give the number of ‘geodirces (those
falling in the lower left or upper right quadrants) and th&atomumber of sources
considered. Column 4 lists the percentage of sources wiécbamsidered ‘good’.
In the final column, | present the probability of this fractiof sources appearing in
the ‘good’ quadrants (lower left and upper right, indicgtinlue-blue or red-red),
if | assume that the distribution is binomial, and that 50%h# sources would
fall in these quadrants if there was no correlation betwbemieasurements in the
two CMDs.

Method Nspod Ntotar %cood Probabilityshance[%0]
1 216 318 68 MD29x 10°°
2 128 175 73 B54x 1078

colours, 50% of the sources would fall in the ‘good’ quadsarithe results show
that there is a very small probability of finding as many sesras observed in the
“correct” quadrants by chance, indicating that the cotrefebetween the sources’
colours inthe NUV - U and V - | CMDs is real.

6.7.4 The Result At Different Magnitudes

Having shown that the data set, as a whole, is behaving in aenavhich is rea-
sonable when compared to simulations, | now focus on soatcgsilar locations
on the MS, as | did in the initial searches for broadening ictisa 6.4 and 6.5.

In Figure 6.17, | ploAMnyv_u againstAMy _, for a range of I-band magnitude
bins. The left panels show the plots for the real data, winiéeright panels show
the result of simulations in which the assumed photometrarg are the errors of
a real source drawn at random from within the relevant magleitbin. In each
plot, the dark green line shows the best-fit line to the datd, the cyan, dashed
line shows the expected correlation (with gradient equétéaatios of the intrinsic
broadenings in each magnitude bin). In each bin | find a p@storrelation in the
real data, indicating that a source to the red of the MSRL enNtuV - U CMD
is, in general, also red in the V - | CMD. The gradient of thetHédine is always
lower than expected from the ratio of the measured intris@adening in each
CMD, and is also lower than the gradient of the simulatiortss Tight imply that
using a Gaussian distribution to simulate the intrinsicaolening might not be a
good representation of the real data, even allowing for Gamssian errors. An
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Figure 6.17: AMnyuv_u againstAMy _, divided into I-band magnitude bins. Left
panels: real data. Right panels: simulated data in whiclagsemed photometric
errors are the errors of a real source drawn at random frorhinvihe relevant
magnitude bin. Dark green, solid lines: best-fit line to ttad Cyan, dashed line:
expected correlation (with gradient equal to the ratioshefintrinsic broadenings
in each magnitude bin).

alternative explanation is that the position-dependetdwaocorrection algorithm

described in Section 6.3.1 is not 100% effective in remospgtial trends. This
would explain why there is a good correlation within datssgsee Figure 6.4 and
6.5), but a less good correlation between the data setsri8pea rank tests show
that the correlation seen in the data is significant in all nitagle bins. | conclude,
therefore, that there is a correlation between the colowrsmeements, but that it is
not as strong as | would expect. The spread in the MS appeatgygest that the
broadening is real, but the levels of intrinsic broadenibgeyved in either CMD

should be viewed as upper limits.
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6.8 Radial Trends in the MS Broadening

Milone et al. (2010) demonstrated that there is clear evdiddor MS broadening
in NGC 6752 between 1 and 2.2’ from the centre. | have shown in this investi-
gation that broadening can also be seen in the core regidreafitister. Milone et
al. (2010) found no evidence for a difference in the radiatrdbhution of the red-
der and bluer stars, with the Kolmogorov-Smirnov test iatlitg that there is a
49% chance that a difference this large between the radiiitalitions of two sam-
ples drawn from the same overall population. KS tests aaggsttforward to apply
where a clear split sequence can be seen, and can be usedrnuidetdifferences
in the radial distribution of sources which clearly belongach sequence. | note,
however, that the KS test depends entirely on whether a sasmarked as red
or blue, so is very sensitive to the position of the MSRL. la tdase of broadened
sequences, a test which is less sensitive to the exactgositithe MSRL might
be better. One such test is to look at the size of the intrinadening at different
radial distances.

To search for radial trends, | split the data into radius lsinsh that there is an
equal number of sources in each bin. Figure 6.18 shows thé festhe NUV and
U-band data, for different U-band magnitude bins. The leftgds show the mean
spread of the MS (cyan points) and the estimated intrinsatgrhetric error (ma-
genta crosses). These are analogous t@thalues marked on Figure 6.5, but split
into radial bins. In the right hand panels | present the estidahintrinsic broadening,
defined as,/ 0Gan— O&iror- TO €Stimate the uncertainties in the measurements, |
used a bootstrapping technique involving sampling withaegment from the data
to create 1000 fake catalogues and estimating the meardsmear estimate, and
broadening of each one. The standard deviation of thesérfed@surements’ gives
the error on the real measurement in each plot.

In all but the faintest magnitude bin, there is a strong sstige that the broad-
ening is greatest towards the centre of the cluster. Theltiefess obvious in the
faintest U-band magnitude bin, but the larger error barsmtbat such a trend is
not ruled out.

Figure 6.19 shows a sample of the results for the V- and |-lgatd. Four of
the twelve I-band magnitude bins are shown for the sake oityglédut the trends
described here are apparent in all magnitude bins. In evexgnitude bin, the
extent of the intrinsic broadening is largest in the innestradial bin. This cannot
be explained simply in terms of crowding, because the isitierror has been taken
into account.
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Figure 6.18: Radial distribution of intrinsic broadening in the NUV - U M&t
different magnitudes. Left: mean spread of the MS (cyan tgpiand error on
the measured mean spread (magenta crosses). Right: upiteoni the intrinsic
broadening.

Figures 6.18 and 6.19 imply that the level of intrinsic bremithg decreases as
one moves away from the centre of the cluster. | regard thegs@gliminary result
because, as stated in Section 6.4, | interpret my resultscasdng upper limits
on the intrinsic broadening. Milone et al. (2010) searchmdofoadening in a re-
gion overlapping with, but extending further out than, tegion considered here.
Assuming the radial trend shown above continues to hold @at 2.2” from the
centre, one would expect Milone et al. to have found smatigimisic broadening
than measured in this investigation. This is not the casdadt) the broadening
measured by Milone et al. is twice as large as measured meat four of the mag-
nitude bins that they considered. This is a very puzzlinglteghich might suggest
that the mean distances from the MSRL or the intrinsic emepsrted in that paper
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Figure 6.19: As Figure 6.18, for the V - | case. Four of the twelve magnitbotes
are shown.

are incorrect. Nonetheless, further investigation ineriddial trends at larger radii
would probably be needed before conclusions can be drawmtie difference in
the amount of broadening detected in the two investigations

The radial trend in the level of broadening seen, with theastdntrinsic broad-
ening found in the core of the cluster, implies that there temvariation in the
metal abundances of sources in the core. Milone et al. (9Gitzha difference be-
tween the dominant population in the core of 47 Tuc and thskini$ (R< ~ 2’ and
R >~ 15), but do not search for a trend on smaller scales. Given ti&E H752
is thought to be a core-collapsed cluster (see Chapter wjltd be interesting to
know if similar trends are present in other clusters, antiéytare a product of the
dynamical processes involved in core-collapse, or if alstgrs with multiple stellar
populations exhibit such a trend.
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6.9 A Note on The Sub-Giant Branch and Red Giant
Branch

In addition to the MS broadening presented here and in Miketred. (2010), pre-
vious studies have also found photometric and spectros@wnilence for multiple
populations in the red giant branch of NGC 6752 (Grundahll.e2802; Milone

et al., 2010). Milone et al. (2010) studied the sub-gianhbhaand found no evi-
dence for broadening. Unfortunately, while the correctabgorithm described in
Section 6.3.1 is able to correct for CTE errors in the MS, timalsnumbers of red
giant branch stars in the NUV and U-band data mean that suolr@ction is not

suitable for use in investigating broadening in the RGB tlkenmore, the F390W
exposures used in observing the red giant branch stars are(&s) so have low
background, making them more susceptible to CTE effectssods as CTE cor-
rections become available, it should be possible to deteetdening in the RGB
in the NUV and U-band, and perhaps trace the different pajpms through their
evolution from MS to RGB. This is discussed further in Chafte

6.10 Conclusions

| have searched for MS broadening in the NUV - U and V - | CMDs @@I6752.
Having corrected for position-dependent colour trend$iendata, | found that the
MS in both the NUV - U and V - | CMDs exhibit broadening, and tkti@s cannot
be explained only in terms of intrinsic photometric errofie broadening is more
apparent in the NUV - U CMD than in the V - I, which is in line withe trend seen
in helium enhancement models. A small helium enhancemelto8% AY ~
0.02) is enough to produce broadening at the level seen here.

Taking advantage of the two completely independent dat (b8 and U-
band, and V- and I-band), | assessed the extent to which theremt broadening
can be trusted. Comparisons between the two sets of coldMig (v _u VSAMy )
do not have as high a gradient as one would expect from theahimtrinsic broad-
ening measurements, leading me to conclude that the iltbnsadening measured
in each CMD should be considered to be an upper limit. The esispns do, how-
ever, show a significant correlation in all I-band magnitbites considered, indi-
cating that, in general, a source which is found to the blde sf the MSRL in the
NUV - U CMD also lies to the blue of the MSRL on the V - | CMD. Usingly the
sources for which the colour determination can be trustestphéound that the cor-
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relation between colours is strongly significant and théphulity of the measured
colours matching in as many cases as they do by chance istaieros

| conclude, therefore, that there is evidence for some kaoiag) in the MS of
NGC 6752, but that it is small. | have determined upper liroitsthe amount of
broadening in the NUV - U and V - | CMD and found that a small elifince in
helium abundance ofAlY ~ 0.02) is sufficient to produce the observed levels of
broadening.

I have found hints of a radial trend in the level of broadenimgach CMD,
with more broadening in the core of the cluster than furthgr a'his contradicts
the result of Milone et al. (2010), who considered a regioartapping with, but
extending further out than, the region considered in thigstigation. If the radial
trend found here is extrapolated to cover the region conselby Milone et al.,
| would expect the broadening found in their investigationbe lower than the
results shown here; in fact, they found twice as much inicibsoadening as in this
investigation.



...And whether or not it is clear to you, no doubt the Uni-
verse is unfolding as it should.

M. EHRMANN (1872 — 1945)

Summary and Further Work

In this thesis | have discussed surveys of two GCs: Chapters8ribes an FUV
survey of M 80, and Chapters 4 to 6 present an in-depth, muattielength study
of NGC 6752. In this chapter, | will summarise the main cosmuas of both in-

vestigations, highlight the key outstanding issues, aggest some of the ways in
which they might be addressed.

7.1 The Colour-Magnitude Diagram and Stellar Pop-
ulations

The colour-magnitude diagrams of M 80 and NGC 6752 are shovagures 3.15,
4.1 and 4.2. In M 80’s case, the CMDs were created using FUV Vidbd V - |
colours; in the case of NGC 6752, NUV - U, V - | and FUV - NUV messuents
were used. The CMDs exhibit the main types of stellar popariatfound in GCs,
and demonstrate the differences between using UV and opteeelengths. In
the UV CMDs, gap sources and white dwarfs are found easilyteviln the optical
CMD in each case, the vast majority of sources are main-seguand red giant
branch stars.

201
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7.1.1 The Horizontal Branch

In both clusters’ CMDs, the horizontal branches are wellpafed and can be
divided into BHB and EHB populations. Neither cluster extsilany HB sources
to the red side of the instability strip (‘red HB stars’). $hs as expected and
follows from the so-called ‘first parameter’ in HB morphologmore metal poor
clusters tend to have bluer HBs, and both of these clusters loav metallicity
(M 80 and NGC 6752 havg-e/H = —1.7 dex and—1.54 dex, respectively). While
the colours of stars distributed along the HB is understodmktdue to differences in
the envelope masses of stars when they leave the RGB (eid?é&as et al. 1993),
a number of clusters are known to exhibit complex morph@sguch as gaps,
whose physical origins are not understood. Accuratelybdistang the detailed
morphology of the HB populations in GCs is important in thetext of refining
stellar evolution models. This is highlighted in Sectioh.3, in which the positions
of gaps found in the HB of M 80 are compared with those found previous
survey, demonstrating the difficulties in using models touaately convert from
temperature to magnitude.

One of the key unresolved mysteries in GC astronomy is theoisg parameter’
problem, which concerns what, aside from metallicity, gogehe morphology of
a GC’s horizontal branch. Current theories suggest thateftage or central den-
sity are likely to determine the morphology, but this praobles far from resolved.
Furthermore, as outlined in Sections 1.3.2.4 and 2.1.3, Bhology is linked to
the presence of multiple populations, but the nature of tmnection is unclear.

It is likely that the solutions to the ‘second parameter’ amaltiple population
mysteries will be intrinsically linked, and investigat®imto both topics can be
aided by deeper and more precise CMDs of individual GCs. Useolations will
be key here, since HB stars are most easily distinguishedirCMDs. Compar-
isons between the HB morphologies of a number of clusterbntiign be done in a
way similar to that employed by Ferraro et al. (1998), who panad the position of
gaps in the HB of M 3, M 13 and M 80. Another option is to inveatathe size and
radial distributions of HB populations found in clustersdifferent masses. Leigh
etal. (2011) found that the number of HB stars scale with GEsylaut also suggest
that the radial distribution in lower mass GCs might be modterded. In order to
clarify this relationship, surveys of more GCs are requinddch are deep enough
to measure the whole horizontal brantg{mac~ 19 magFUVstmac~ 16 magis
sufficient for nearer GCs such as NGC 6752, but completendkg icluster core to
a level ofVstmag~ 21 mag and-UVsTuac~ 18 mag are required for more distant
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GCs like M 80). These surveys must also cover sufficient apéése cluster that
the HB population can be accurately measured.

An ongoing issue is that theoretical isochrones are highlyettain in the HB.
This makes consistently determining what defines an HB staething of a chal-
lenge at present; improved theoretical models will allowa@tconsistent approach
to be used in comparing HBs of different clusters, both imteiof numbers and
morphologies.

In terms of the link with multiple populations, specificalgpectra can be used
to establish the abundances of a number of HB stars withimglescluster, and
used to search for evidence of multiple populations of st&® example, Peter-
son et al. (1995) found that oxygen abundance decreasedenifherature along
the HB of each cluster that they studied. Searches have akso ¢arried out for
anticorrelations between sodium and oxygen in stars oflairhelium abundance
(see, for example, Villanova et al. 2009, 2012; Marino ef@ll1b), and redder and
bluer parts of the HB have recently been linked with différerain-sequences in
NGC 2808 (Gratton et al., 2011). Most of these surveys usg @féw stars each
(Gratton et al. (2011) is the exception, with a few tens ofs3teSurveys including
larger numbers of stars will allow stronger conclusionsealbawn regarding these
anticorrelations, and connections to be drawn betweertrgseopic and photomet-
ric features.

7.1.2 The Blue Hook

Only one candidate blue hook star (which may actually be aB Etdr) was found
in M80. This was contrary to a prediction by Momany et al. (2Q0vho sug-
gested that M 80 may house a BHk population. No blue hook stars found in
NGC6752.

Debate continues over whether BHK stars can exist in all GGthere is a
lower mass limit and only the most massive clusters contaynBHk stars. Both
M 80 and NGC 6752 can be considered to be relatively low massi\(B et al.,
2010), so the lack of observable BHk stars is in line with treoty that lower mass
GCs do not house BHk populations. To date, no BHk stars haga fmnd in
any low mass clusters. However, as argued by Dieball et @D9p, this may be
due to selection effects and may not be a physical mass lirhi¢. sample of GCs
for which surveys capable of identifying BHk stars have beempleted is small,
and skewed towards more massive clusters (see Dieball(@0819), their Table 2).
Deep, ultraviolet surveys of a number of low-mass clusteesn@eded to address
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this imbalance and allow proper statistical analyses oftyipes of clusters that
house BHk stars. Similarly, it should be noted that no BHkssli@ve been found in
47 Tuc or NGC 6441, which are both massive clusters. This neapndicative that
it is possible for massive clusters to not house any BHK shartsof course, it may
simply be that they are yet to be found.

Once a blue hook population has been convincingly found umalyer of clusters
and the relationship between the presence of BHk stars anth&ss is resolved,
attention will turn to the size of the BHk populations. Comgpans could be drawn
between the size of the population and various GC parama&ielsas concentration
parameter or core radius. A more uniform data set would beired for this survey;
at present, only lower limits on the numbers of BHk stars aeglable. A number
of clusters would need to be studied using observationswtbed deep enough to
reliably reveal the BHK population. The radial profile of aeflthe clusters would
also be needed, in order to determine the core radius in a&seffistent way (ob-
servations of the outskirts of the cluster would also be edafithe concentration
parameter were to be used, as this requires knowledge atigadius).

7.1.3 Pulsating Stars

This thesis includes a search for variable sources in thelarpies of both GCs.
In M 80, three variable sources were found, including an RR&ysource of type
ab. This source was observed around the peak of the lighecand demonstrates
the extreme magnitude variation exhibited by RR Lyrae attsivavelengths. In
NGC 6752, a number of candidate variable sources were fahti

Ultraviolet observations are excellent tools in the sedoclvariable sources: as
well as the ability to resolve bluer stars in the dense cor&0§, the magnitude
variation in pulsating stars is larger at UV wavelengthsitbatical. Searches for
periods among such sources tend to be limited by the numbsysarvations. Sur-
veys which are deep enough to reliably find pulsating sourgesinclude large
numbers of individual exposures are needed in order to atelyrmeasure periods
and categorise pulsating stars correctly. Surveys camdibbeating instability strip
sources (such as RR Lyrae stars) in GCs would be useful ingigihderstanding
of pulsating stars themselves, since GCs present the aityrto study a number
of these stars simultaneously. Surveys capable of aclgekia would also be deep
enough to be useful in studies of HB stars, as described abAtv@resent, ob-
serving programmes tend to be skewed to preferentially thadtgeriod variables;
observations over longer time-scales are needed to measuoels in longer period
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variables such as TDK 3, described in Chapter 3.

7.1.4 Blue Straggler Stars

Blue straggler stars were found in both of the clusters stlidh this thesis. BSs
are abnormally massive stars that lie above the MSTO on th® Cihe forma-
tion mechanism (or mechanisms) responsible for BSs is nowe# understood
and a topic of current debate (see Section 2.1.8). It is\likeat they form from
either direct stellar collisions (Hills & Day, 1976) or cesaking primordial bina-
ries (McCrea, 1964), or a combination of the two (Knigge et2009; Ferraro et
al., 2009). Comparing the NUV - U and V - | CMDs shown in Figur& demon-
strates how much easier it is to separate BS stars from theO\8gion using UV
observations. As shown in Chapters 3 and 4, studies usingnuAges are valu-
able tools in searches for BSs, especially in the dense obluster cores. They
could play a vital role in establishing correlations betw®&sS population sizes and
cluster core mass, collision rate and binary fraction, ameflsmuch needed light
on the formation mechanisms at work. In turn, the formatiechanism is closely
linked to the dynamical status of the host GC, since a langarkifraction can delay
core-collapse (e.g. Ferraro et al. 1999), while core-pskaincreases the number of
collisions and hardens existing binaries (e.g. Ferrard. 2009).

In an earlier study, Ferraro et al. (1999) found that M 80 leoles large, centrally
concentrated blue straggler population and suggestedhbanteractions which
formed the BS stars was also delaying core-collapse. Inttlty slescribed in Sec-
tion 3.1.4, the BS population of M 80 is the most centrally@amtrated population,
but it does not appear unusually large, when compared totihatl5 (Dieball et al.,
2007) or the numbers expected from the number of horizomtaddh stars. What
was found to be unusual about M 80’s BSs, however, was thalrdditribution
of the brighter and fainter BSs. Brighter and bluer BSs acaigjint to be younger
(Ferraro et al., 2003b) and more massive (Sills et al., 200&) faint, red BSs, so
are expected to be more centrally concentrated. As Fig@érsi®ws, the opposite
was found in M 80: the redder and fainter BSs were more cdytcaihcentrated,
and the KS test showed just a 3.5% probability that the twaigsavere from the
same underlying population. This might suggest that theiB8ss cluster receive
a ‘kick’ at their formation, moving them towards the clustertskirts, and they then
sink back towards the core. The younger, bright BSs could tieefound further
out in the cluster because (assuming that the relaxatiog+$icale of the cluster is
longer than the typical age of a bright BS) they have not ydtthrae to settle back
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to the expected distribution. In NGC 6752 (see Figure 4 .th@ distributions were
found to be in line with expectation, with no significant éiftnce between the two.

The intriguing result found in M 80, and the contrast betwtenradial distribu-
tions of M 80 and NGC 6752’s BSs could be further investigatsidg comparisons
with other GCs. Leigh et al. (2011) present a homogeneouwdatate of RGB,
MSTO, HB and BS stars in 35 Galactic GCs, which was constduggng data
taken from the ACS Survey for Globular Clusters (Sarajeéinal., 2007). This
catalogue includes V- and I-band measurements for soumes tb at least 7 mag
below the MSTO and is complete above at least 0.5 mag beloM 81O, so should
include all (detectable) blue stragglers. The GCs are edrtr the ACS field, and
the field extends several core radii from the cluster cemtreaich case. The cata-
logue includes M 80, but not NGC 6752. Exploiting this caggaie to investigate the
radial distributions of redder and bluer BSs seems a naéxtainsion to the work
presented in this thesis.

Knigge et al. (2009) and Leigh et al. (2011) found that the beinof BSs scales
(sub-linearly) with cluster mass, and that the number of #888d within a given
radius scales with the total mass enclosed in that raditex@ected. They did not,
however, consider sub-populations of BSs. It would be e##ng to use their cat-
alogue to construct radial profiles for redder and blueni and brighter) BSs to
see if the radial distributions differ in other GCs or if M 8unique in exhibiting
such a trend. It would also be worth seeing if the presencdffarences in ra-
dial distributions are correlated with GC parameters liké @ass, core density, or
collision rate.

7.1.5 X-ray Sources and Compact Objects

One of the key questions in GC astronomy at present is how d&ydand, indeed,
if) X-ray sources in globular clusters are fundamentallyedent from those found
in the field. In order to help address this problem, this théstludes searches for
optical counterparts to X-ray sources in M 80 and NGC 6752.

Cataclysmic variables in the field are known to have a peristtidution which
has a gap; very few field CVs have orbital periods ef2hours (e.g. Knigge 2012).
In the (small) sample of known GC CVs, this period gap is nensdt is not yet
known if this is due to physical differences between GC and f&Vs, or if it is
simply a selection effect. Observing CVs in globular clustend ascertaining their
orbital periods is vital if we are to understand if the appaudifference is real. Pre-
viously unknown counterparts to X-ray sources were founilath clusters studied
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in this thesis, and candidate CVs were identified based an@h&D positions. In
neither cluster did | detect any CVs with orbital periods e 22— 3 hour range,
but the number of CVs with known periods in both clusters is/\&@mall; further
studies, with multiple observations taken over severat$iare needed to establish
the period distribution of the CVs in these and other globalasters.

Edmonds et al. (2003a,b) used an extensive WFPC2 study ihination with a
ChandraX-ray survey to search for CVs in 47 Tuc, and determined bétigperiods
for six CVs (compared to a total of fifteen GC CVs with knownipds). Their
study used over 120 orbits of V- and I-band observations, m@mimg over 600
images in each band, and a limited number of short U-bandsexpe. Crowding
was acknowledged to be a limiting factor in this study. A stod similar scale,
using deep observations taken over many orbits, but usegelwver WFC3 rather
than WFPC2 might prove even more enlightening; WFC3 has danpaxel scale
than WFPC2 (004 per pixel vs. 01 per pixel; see Appendix B), so crowding will
be less of an issue. Furthermore, one could take advantay&68’s UV filters, to
further reduce crowding in the core of the cluster and allomikely counterparts
to X-ray sources to be categorised more clearly based on Cbd4Ripn.

In M 80, it was discovered that the brightest X-ray sourceicWwlwas known
to lie close to the location of the classical nova T Scorpigswn fact the nova
remnant. The optical counterpart was also recovered anaifembe undergoing a
dwarf nova outburst during the FUV observations, leadintheéosuppression of the
expected flickering (Bruch, 1992; Warner, 2003). In thisstdw, five further optical
counterparts to known CVs were recovered, as well as thé dgitncal counterpart
to the known dwarf nova, DN 1. NGC 6752 was already known tbar at least
one dwarf nova, which was known to have an orbital period &hdurs. In the
search described in Section 5.1, | discovered that two Xs@ayrces which were
previously categorised as CVs were, in fact, DNe, which wvdat outbursts in
my observations. This takes the number of known DNe in NGQ6G@%hree, more
than any other globular cluster. Observations like thedachvadd to the list of
known GC DNe, are invaluable in discovering if there rea#lyai lack of DNe in
globular clusters, or if they simply have not been discossyet.

Theoretical evolutionary scenarios suggest that the ntgajof CVs in globu-
lar clusters should be dwarf novae (Knigge et al., 2011). e®faions, however
suggest that dwarf novae are unexpectedly rare in GCs (R@tiicz et al., 2008).
Again, this may be due to a selection effect, as the fractioa cluster’s dwarf
novae that should be detected in a survey depends strondiyeoduty cycle of
dwarf novae, which is not well known (Knigge et al., 2011). Wish other CVs,
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‘collecting’ observations of dwarf novae is important indemstanding more about
the intrinsic properties of individual dwarf novae and theadf nova populations
of GCs in general. This can be done in the same way as seamhethér CVs,
by detecting and then studying optical counterparts toXsaurces. Interpreting
these results in terms of the overall dwarf novae populatt@m requires knowl-
edge of the completeness of the survey, the determinatiamih is proving to be
something of a challenge (Knigge, 2012).

Previous attempts to estimate the fraction of a GC’s dwavbe@opulation that
should be detectable in a survey have used Monte Carlo diimngeand templates
taken from light curves of field DNe (see Shara et al. (199&trekowicz et al.
(2008)). Of course, this immediately relies on the assuomptinat the field DNe
used in the models and the GC DNe found in a given survey aengsly the
same, which is a contentious assumption in itself. The watiwn field DNe that
they chose are likely to be well-known precisely becausg #re bright and fre-
quently erupting (which means they have long periods but digty cycles). In re-
ality, however, the vast majority of DNe are thought to bersperiod, faint sources
like WZ Sge, whose duty cycle is just4¥ (Knigge, 2012), while GC surveys
conducted so far tend to preferentially pick out short pénariable sources. Ob-
servations taken over a large number of epochs (with obsengfrequent enough
to ensure that DNe are caught in their high state if they eduping the survey),
or very deep, shorter surveys (downng ~ 28) are needed in order to guarantee
detection of at least some WZ Sge type objects, if they exi&Cs.

In NGC 6752, the previously unknown optical counterpart h@ of the X-ray
sources appears to be consistent with an SX Phoenicis staaWwVD companion.
If true, this would be the second BS-WD system identified inG @e first was
found in 47 Tuc by Knigge et al. 2008). Such systems are eggddotexist in GCs,
either as the result of stellar evolution in an MS-MS binanttoough dynamical
interactions. Confirmation of the nature of this system waeluire knowledge of
the spectral energy distribution and/or spectral measenesn SX Phoenicis stars
in binary systems would be of interest not only in terms ofay-astronomy and
stellar dynamics, but also in terms of the study of SX Phasrstars themselves.
Models of SX Phoenicis stars are not well constrained byetuitheory, and further
observations are required in order to better understanghilgsical mechanisms at
work (see, for example, Bruntt et al. 2001).



7.2 Globular Cluster Morphology 209

7.2 Globular Cluster Morphology

7.2.1 Dynamical Status

In Section 4.4, | investigated the dynamical status of NG&26 Even though this
cluster has been studied frequently, its dynamical staasiever been indisputably
determined. Previous studies have concluded both thatuktecis core-collapsed
(Djorgovski & King, 1986; Auriere & Ortolani, 1989; Ferrasti al., 2003a) and not
core-collapsed (Lugger et al., 1995), based on comparisbiine stellar density or
surface brightness profile with models. King (1966) models be used to model
clusters whose radial profiles flatten towards the core. Sla$ters are thought
to be pre-core-collapse (see Section 1.3.3.1), althouggntenvork by Heggie &
Giersz (2009) has shown that clusters whose cores have @ggan a post-core-
collapse bounce might be indistinguishable from pre-psiéaclusters. Radial pro-
files whose density or surface brightness increases intodreare thought to be
about to undergo collapse, in the process of collapsingntarimg a post-collapse
bounce phase. The radial profile does not allow us to distéigbetween these
phases. In this study, | found that NGC 6752’s stellar dgnsibfile cannot be well
fitted using a single ‘King’ profile and concluded that thestér is in a state of
core-collapse.

The fact that so many studies can look at the same clusteresuth different
conclusions indicates that further work is needed for a enssgs to be reached on
the best approach. The key to creating precise stellar tygmsifiles is the ability
to resolve sources in the cluster core, which can be solvexd)uew instruments
such as WFC3 and bluer wavebands where the crowding is lespafblem. Of
course, this relies on the assumption that the sourcesyrtheave the same radial
profile, regardless of colour used; in the investigationcdesd in Section 4.4, |
used U-band observations of main sequence stars. Resoisitso key to surface
brightness profiles, since measurements are needed inamali in the core region
in order to establish the gradient of the profile near thereenPast surveys such
as that by Noyola & Gebhardt (2006) show that dividing ragiaifiles into those
with ‘flat’ and ‘steep’ central profiles is complicated; iratéy, profiles span a range
of central gradients. Numerical simulations which can nynecisely show what
gradients to expect in different dynamical regimes are kaligtinguishing between
core-collapse phases in observations. All radial profilesueements depend on
accurately and precisely locating the centre position efdluster. Estimates of the
cluster centre are limited by crowding in the core; agairplgV observations can
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assist in establishing reliable measurements.

Establishing the shape of the radial profile accurately mby tells us the dy-
namical status, but might also hint at the presence of blatégshin GCs, since a
‘cusp’ in the central region of the radial profile might indte the presence of a
central black hole. This is a topic which is a key area of regeat present (see
Sections 1.4.3 and 2.3.4).

Determining the binary fraction of clusters with centraspa might help to rule
in or out the presence of an IMBH (Beccari et al., 2010). Rdidbinary fraction
estimates are only available for a few GCs, however (e.g.lifs@let al. 2007,
Milone et al. 2008b). The most robust way to estimate thergifi@ction of a
cluster is using the colour distribution of MS stars (e.g.tldual. 1992). Such
investigations require deep CMDs, preferably with wideocwlbaselines where
the distribution of stars across the MS is most apparent.e @Garst be taken to
fully understand the effects of differential reddening qitbtometric errors, so a
large survey of many GCs, using instruments for which déferal reddening is
understood (e.g. ACS) which can be analysed in a consistaptase the best
option here. The ACS Survey of Galactic Globular Clustetevad for such a
study (Milone et al., 2008b), but more are needed if the lietakeen IMBHS, binary
fraction and dynamical status is to be fully understood (Beicet al., 2010).

7.2.2 Multiple Stellar Populations

One of the most important developments in GC astrophysicsdent times is the
discovery that GCs are not made up of simple, single stebaufations, but that
multiple generations of stars were formed. These multipleytations exhibit pho-
tometric evidence in the form of broadened or split CMD sewas. In Chap-
ter 6, | described a search for intrinsic broadening alomgrttain-sequence of the
NGC 6752 CMD. Having corrected the catalogue for positiepehdent colour er-
rors, | found evidence for broadening and estimated (oiGtstrspeaking, deter-
mined an upper limit to) the amount of broadening presentedy ynodest differ-
ence in helium abundance Af < 0.02 would be enough to account for the small
level of broadening detected in both the NUV - U and V - | CMDs.

An important mystery in the understanding of multiple pa@tigns is the ob-
served range of helium enhancements needed to recreateaffdrerd sequence
widths seen in different GCs. In NGC 6752, a very small heliemmhancement
would be sufficient to explain the MS broadening, but othes@&gjuire very large
spreads, as well as very large absolute helium abundancetheFmore, the pos-
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sible radial trend might suggest that the formation medrasiare linked to radial
positions or density. Searches for similar trends in otlhesters are needed to es-
tablish if this pattern is seen elsewhere or if NGC 6752 ipiail.

In Section 7.1.1, | discussed using spectroscopy to inyastithe link between
chemical abundance anticorrelations among HB stars antipleupopulations.
Spectral analysis of larger numbers of sources, and suwbich search for chem-
ical anomalies among HB, RGB and MS stars in a self-congistay are vital if
we are to establish the connection between multiple stpligulations at differ-
ent stages of stellar evolution. Abundance patterns inralenents (e.g. helium,
lithium, aluminium and fluorine) are also possible with @nt spectroscopic in-
struments, and have not been fully explored. Gratton ekall1) found that “pro-
hibitively long” exposures would be needed in order to aately determine the
helium abundance of large numbers of HB stars, since tharesgignal-to-noise
ratio is higher for absolute helium abundances than foosaif sodium and oxygen.
If achieved, however, this could allow one to determine tkum abundances of
first and second generation HB stars, and connect these thftéxent generations
in other parts of the CMD.

As described in Section 6.8, | found hints of a radial trenthimlevel of broad-
ening detected in NGC 6752, with a wider MS towards the cotb®tluster. Spec-
troscopic surveys including a significant fraction of the H&pulation could also
be used to search for radial trends in the chemical abundan&s explained in
Section 1.3.2.6, most proposed multiple population foromatechanisms would
lead to the second generation preferentially forming indbee. Vesperini et al.
(2013) recently used simulations to show that the secondrgéan is expected to
be more centrally concentrated that the first generationlewdbservational evi-
dence for this has been found among RGB stars (Kravtsov,&Cl1). However,
a link between radial trends in the first and second generainal the radial trends
in the absolute observed width of the broadening has notgen bletermined. In-
vestigating radial trends in both cases would require ateypositions as well as
clearly defined sequences. It might not, however, need wasbers of stars, as
long as those included were well above the confusion linutqrs close to the
core were not preferentially lost). This could be performesihg either accurate,
deep photometric measurements or spectral surveys.
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7.3 A Final Remark

In this chapter | have summarised some of the main resultsstttesis and outlined
some of the key, outstanding questions. | have also givempbes of ways in which
future studies of GCs might yield new and interesting reswithich might help us
to understand the nature not only of the populations preegnCs, but also of GCs
as a whole. The concepts described here approach the alitgjajuestions in two
ways: studying the stellar populations contained in irdlinal GCs, and studying
the overall parameters of GCs, in terms of their morphology dynamical status.
While each is interesting, it is combining the results frdma two strands that will
allow us to fully understand the nature of the binary popatet, their origins and
evolution. It will also allow for better understanding okthature of GCs, including
the nature of the multiple generations of stars which hagently been found, the
dynamical evolutionary processes experienced by GCs,tadglace in the study
of wider topics such as galaxy formation.
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List of Abbreviations

AB — active binary

ACS! — Advanced Camera for Surveys
AGB — asymptotic giant branch

AGN — active galactic nucleus/nuclei
BH — black hole

BHB — blue horizontal branch

BHk — blue hook

BS — blue straggler

BY Dra — BY Draconis

CCD — charge-coupled device
Chandra— Chandra X-Ray Observatory
CMD — colour-magnitude diagram
COS' — Cosmic Origins Spectrograph
COSPAR — Corrective Optics Space Telescope Axial Replacement
CTE — charge-transfer efficiency

IHubble Space Telescopestrument; see Appendix B for details
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CV — cataclysmic variable

DN(e) — dwarf nova(e)

EHB — extreme/extended horizontal branch
EW — equivalent width

FAP — false alarm probability

FGS' — Fine Guidance Sensor

FOC! — Faint Object Camera

FOS' — Faint Object Spectrograph

FUV — far ultraviolet

GC — globular cluster

GSC1- Guide star catalogue 1

HB — horizontal branch

He WD — helium white dwarf

HRC? — high resolution channel

HRS! — High Resolution Spectrograph
HSP — High Speed Photometer

HST — Hubble Space Telescope

IMBH — intermediate mass black hole

IMF — initial mass function

JVLA — Jansky Very Large Array

KS — Kolmogorov-Smirnov (test)

LMXB — low-mass X-ray binary

MAMA 1 — Multi-Anode Microchannel Array
mas— milli-arcsecond

MS — main-sequence

MSRL — main-sequence ridge-line

MSP — millisecond pulsar

MSTO — main-sequence turn-off

NICMOS! — Near Infrared Camera and Multi-Object Spectrometer
NS — neutron star

NUV — near ultraviolet

PSF— point-spread function

gLMXB — quiescent low-mass X-ray binary

IHubble Space Telescopestrument; see Appendix B for details
2Relates to ACSHubble Space Telescopestrument); see Appendix B for details
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rc — core radius

rn — half-light radius

rm — half-mass radius

ri — tidal radius

RG — red giant

RGB — red giant branch

RHB — red horizontal branch

RL — ridge line

RS CVn— RS Canum Venaticorum

SBC — solar blind channel

SED — spectral energy distribution

SGB — sub-giant branch

STIS! — Space Telescope Imaging Spectrograph
teross — Crossing time

tevap — €vaporation time

trelax — relaxation time

UCAC2/3— Second US Naval Observatory CCD Astrograph Catalog veg&i®n
UCXB — ultra-compact X-ray binary

UV — ultraviolet

WD — white dwarf

WCS — world coordinate system

WFC! — Wide Field Camera

WFC3! — Wide Field Camera 3

WF/PC(1} — Wide Field/Planetary Camera(1)
WFPCZ — Wide Field Planetary Camera 2
ZAHB — zero-age horizontal branch

ZAMS — zero-age main-sequence

IHubble Space Telescopestrument; see Appendix B for details
2Relates to ACSHubble Space Telescopestrument); see Appendix B for details






The Hubble Space Telescope

The data used throughout this thesis were obtained usingltiéle Space Tele-
scope(HST). In this section, | briefly introduc&lST and its instruments and, for
convenience, | list the instruments and filters used in thésis, along with some
important parameters.

The idea of positioning a telescope in space was first prapfsih little suc-
cess) by Hermann Oberth in 1923, and more influentially ssiggeby Lyman
Spitzerin 1946 (O’Dell, 2009 STwas designed and built in the 1970s and 1980s,
and launched, after some delay, in 1990.

Its position in orbit around the Earth makeST unique in its capability to ob-
serve the Universe in wavelengths from UV (which cannot bved from the
ground as UV radiation is stopped by the atmosphere), thralig optical wave-
lengths (without the problem of atmospheric distortiom) the infrared (without
the immense background radiation from the Earth’s atmagpitgelf that affects
ground-based telescopes). It does so using a number ofinmsits, which were
updated during the service missions as old instrumentsdatl new technology
became available.

As this thesis involves data from both current and “previpdwn” instru-
ments, it is worth briefly listing them all. The details of timstruments and specific
filters used in this thesis are then summarised in Table B.1.

219



220 Appendix B. The Hubble Space Telescope

B.1 Current Instruments

e The Space Telescope Imaging Spectrograph (STIS) is a tmerdiional spec-
trograph consisting of three detectors: a charge-coupéstcd (CCD) and
two Multi-Anode Microchannel Array (MAMA) detectors. The AMA de-
tectors (one FUV and one NUV) have plate scalesx0d//024 per pixel,
making them excellent tools for use in resolving stars imcted fields, but
the small field of view (25 25”) means STIS MAMAs can only view part
of the core of a GC at one time. STIS was rendered inoperabke fioywer
supply failure in 2004, and was repaired in 2009. It is cuiyeim operation.

e The Near Infrared Camera and Multi-Object SpectrometeCMDS) is an
infrared imaging and spectroscopic instrument, with wergth range @ —
2.5um (8000— 25000&). NICMOS detectors must be maintainedka? 7 K.
It was unusable from 1999 when the nitrogen ice used to c@ot#tectors
was exhausted, to 2002 when a mechanical cooler was irtst&8liece 2008,
the cooling system has been experiencing difficulties. Attitme of writing,
NICMOS is unavailable for use and a decision on the futur@efmstrument
has not yet been reached.

e The Advanced Camera for Surveys (ACS) was installed in 20@2sHSTs
most heavily used instrument to date. It was designed toigealeep, wide-
field capability and is a substantial improvement on eaihstruments in
terms of imaging and instrument throughput. The ACS hasetlcteannels,
each optimised for specific tasks: the Wide Field Channel QYVéonsists
of two CCDs with a plate scale of’05 per pixel and a large field of view
(202x 202') and is capable of observing from 3500 to 1180@he High-
Resolution Channel (HRC) has a smaller field of view than WE&E~(29"),
but twice the spatial sampling capabilities’Q25 per pixel), and is more
sensitive at NUV wavelengths; finally, the Solar Blind Chan(SBC) is a
photon-counting device used in the FUV range of 14507008, The ACS
suffered electronic failures, rendering it out of actiontboief periods in 2006.
One of these failures, in September 2006, proved more seriche SBC was
returned to operation in early 2007, followed by the WFC i@20The HRC,
however, remains offline.

e The Fine Guidance Sensors (FGS), in addition to being pahedd ST point-
ing control system, can be used for precision astrometryteave been used
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in the study of binary star systems.

e The Cosmic Origins Spectrograph (COS) is one of the neweastuiments
on HST, installed during the 2009 service mission. It is a highs#@nty,
moderate- and low-resolution spectrograph, operatingenRUV and NUV
range, useful in studying the origins of large scale stmgctn the Universe,
the formation and evolution of galaxies, and the origin @natary and stel-
lar systems. At the time of writing, the NUV instrument is ogtgonal, but
the FUV detector is suspended following shut-down due toreomelous,
abnormally high count rate, pending investigation and vecp

e The Wide Field Camera 3 (WFC3) was also installed in 200 dtasigned
to provide wide-field imaging with coverage from the NUV tdrared. It
consists of two channels: the UVIS channel covers the UV asitlle range,
from 2000 to 1000@, and the IR channel, operating in the infrared (9600
17000R).

B.2 Previous Instruments

e The Wide Field/Planetary Camera (WF/PC or WF/PC1) was ond3Fs
initial instruments, and was used from 1990 to 1993. It wasighed as a
wide field camera with high resolution.

e The Wide Field Planetary Camera 2 (WFPC2) replaced WF/PGAagd the
first instrument to include a correction for the sphericaberrated primary
mirror, and consisted of four cameras. Three “WF” cameragasitioned in
an “L"-shape with sides of length 150150, and have pixel scales of @ per
pixel, while a smaller “PC” chip has a smaller, 8384’ field of view but finer
pixel scale of 046 per pixel. The WFPC2 worked in the same wavelength
range as WF/PC1 (115011000&). The WFPC2 was removed in the May
2009 servicing mission, when it was replaced by the WFC3.

e The Faint Object Spectrograph (FOS) was one of the origh®&I spectro-
graphs, and was designed to examine faint objects, in a vieetsl range
(1150- 8000,&). In its low-resolution mode, FOS could reach magnitude 26
in one hour of observing. In high resolution mode, it couldale 22 magni-
tude in one hour, but with far better resolving power. FOS vegdaced by
NICMOS in 1997.
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e The Goddard High Resolution Spectrograph (HRS) was ther athginal
spectrograph. It contrasted with FOS in that it was desigoezkamine ob-
jects in fine spectral detail, at UV wavelengths. The two cets were sen-
sitive to light at 1056- 17004 and 1150- 3200A. The HRS could also dis-
criminate variations in light from objects as rapid as 100isgconds apart.
The HRS failed in 1997, shortly before being replaced by STIS

e The Faint Object Camera (FOC) was built by the European Spgeacy.
It was designed to take high resolution images in the NUV t@aned range.
It had a small field of view (14 14"), and a pixel scale down td’014 per
pixel, giving it better spatial resolution than the WFPC®DG-was replaced
by the ACS in 2002.

e The High Speed Photometer (HSP) was onéd8fTs original instruments
and was removed in 1993. It was designed to make very rapitbptedric
observations in a variety of wavebands from UV to visible.

e Corrective Optics Space Telescope Axial Replacement (BB$Mas not
actually a science instrument; it was the package that ciedehe aberration
of the primary mirror ofHST. COSPAR was used in correcting the optics for
the FOC, HRS and FOS. All instruments installed siH&T's initial deploy-
ment have had built-in corrective optics. COSPAR was rerdaw&009 as it
was no longer needed.



Table B.1: A summary of theHST instruments used in this thesis. The first column lists ts&riments used. Columns 2 and 3 give the field
of view and pixel size. The next two columns list the speciftefs, and the final column indicates in which part of the ihé%e data is used.

Instrument FoV Pixel Size Filter =~ Waveband Chapter
[//] [//]
ACS/SBC 3531 0034x0.030 F140LP FUV 3
F150LP FUV 3
3
3

F165LP FUV
ACS/HRC 2926  0028x0.025 F250W NUV

ACS/WFC  202<202 005x0.05 F435W B 3
F606W Vv 4-6
F814W I 4-6

STIS 251x 253 0.025x0.025 F25QTZ FUV 4-5
WFC3/UVIS 162x162 Q04x0.04  F225W NUV 4-6

F390W U 4-6
F410M B 5
WFPC2/PC 3434 0046x0.046 F439W B 3
F555W Vv 3
FG656N Ha 3
F675W R 3
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Preliminary Work Towards Further
Investigation of Broadening in the
NGC 6752 CMD

In Chapter 6, | showed evidence of broadening in the mainsece of NGC 6752
and suggested that the CMD shown in Chapter 4 shows hints ojaéned red
giant branch, while the sub-giant branch appears to bewaRceliminary investi-
gations into these CMD sequences suggest that it would beesting to study the
photometric characteristics of these branches furthethignappendix, | discuss the
investigations carried out so far and how the work might batiooied in future.

C.1 The Red Giant Branch

Correlations between colours of red giant branch stars pedtsoscopic features
(Na and O abundance, for example) have been found by Grumdattl (2002),

Yong et al. (2008) and Milone et al. (2010). In theory, it slibbe possible to
carry out a full photometric investigation of the suspedbealadening in the RGB
using the same technique as that employed in my study of the-seguence in

225
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226 the NGC 6752 CMD

Table C.1: Summary of observations used in preliminary investigatiohbroad-
ening in the SGB and RGB. All observations were taken withWeC3/UVIS
detector, which has a field of view of 162 162’ and a plate scale of'04 per
pixel.

Waveband  Filter Date Number Exptime
Overall  Per Group
NUV F225W 2010 July 31, August 7,21 18120s 9x 120s
U F390W 2010 January 5 R2s 1x2s
B F410M 2010 May 5 2 800s 1x800s

Chapter 6. Searching for RGB broadening using photomeitirowt the need for
comparisons with spectroscopy results, would mean thatsiérvable stars could
be used; not only those with available spectra. It would alkwwv for a quantitative
analysis of the level of broadening, which could then be camag to models to
estimate the levels of light-element enhancement requiFedally, this could be
compared to results from spectroscopy to demonstrate hieablethe photometry
is, or to help refine the theoretical models. In practice,tphwtric measurements
of RGB broadening are complicated by the need for precis¢ophetry and a large
enough population of RGB stars. The WFC3 might be usefuligtyipe of study,
because the wide field of view allows for many RGB stars to teeoked at once
(see Table B.1), while the excellent resolution and avditglof NUV and U-band
filters allow RGBs to be resolved in the GC core.

Using a method analogous to that used in studying the MS, & bawied out
preliminary work using WFC3 images of NGC 6752, in order tarsé for evidence
of RGB broadening. | used images taken with the WFC3, usiadg-225W (NUV)
and F390W (U-band) filters. The NUV images were the same is#tggt | used
when studying the MS. The U-band data set comprised a pas ohages, in which
RGB stars were not saturated. As before, | uB@PHOT to carry out photometry
on two groups of images, and compared the colours measur itwo groups.
Table C.1 lists the observations used, and Figure C.1 shwugsults.

The figure was created in the same way as Figure 6.4: In panelqarces are
coloured red or blue depending on their colour relative tadge-line (RL) which
was created using the Group 1 CMD; panel (b) shows the cotative to Group
2 RL, with sources retaining the red/blue classificatioregiin panel (a); in panel
(c) I compare the two results. The gradient of the best fit (daak green) is close
to 1 in all magnitude bins, even though the small number atsteould make the
fit susceptible to influence from outliers. This suggests tha colours measured
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Figure C.1: Preliminary evidence for RGB broadening using NUV - U data. |
caution that the result is unlikely to be entirely due to fe@adening; it is likely
that position-dependent errors have a significant effeemeP(a): Straightened
RGB for Group 1 data. Stars are coloured blue or red depenalinipeir colour
relative to the ridge-line (RL). Panel (b): StraightenedBRiGr Group 2 data. Each
source is plotted with the colour assigned to it in panel Ranel (c): Correlations
between the two measurements, in U-band magnitude bins. blBle&, dashed
line has a gradient of 1 and is the expected result if thereayaesfect correlation
between the measurements, with no photometric errors. &tlegiteen, solid line
shows the actual best-fit line to the data. Panel (d): The mdesdance of each
source from the RLs. Panel (e): Estimates of errors in thenncekour.
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in the two groups are strongly correlated. Interestindig, best fit line in panel (c)
often sits below the ‘expected result’ (black, dashed |isaygesting that there is a
systematic shift between the two measurements. Upon itispetfound thatAM;
is, on average, approximately 0.02 mag larger (redder) M\ This might be due
to PSF changes due to telescope breathilgpanel (d) and (e) of Figure C.1, | plot
the mean distance from the ridge-line and the minimum effbere appears to be
strong evidence that the broadening shown in panel (d) ¢ddoedue to photometric
errors.

| caution, however, that the RGB catalogues have not beerepsed using a
position-dependent error correction algorithm like the aescribed in Chapter 6.
The Group 1 and 2 RGB images are taken at the same alignmentti{é NUV and
U-band images used in studying the MS), making the measuwiedirs strongly
susceptible to the sorts of errors that were explored in¢hapter. In fact, the low
background in the U-band images makes CTE effects even nii@e issue here
than in the MS investigation. As there are far fewer RGB stfaas MS stars, the
position-dependent trends are far less obvious, which detrates the risk involved
in using techniques like these which rely on precision phaty. Unfortunately,
a colour correction like that applied in Chapter 6 cannot eduhere because the
sparsity of the stars means that sources do not have enoagé eighbours to
make the correction reliable. CTE corrections for the WF@Sraecessary for this
investigation to be completed. Further caution should kertahowever, as CTE
corrections alone might not be enough to account for positiependent errors. If
the remaining spatial trends are purely spatial, and do epédd on source flux or
background level, the correction determined using the MBshay be extended
to correct the colours of the RGB stars; this is something shauld be investi-
gated once the CTE effects are taken care of. The appareaddmong is certainly
intriguing, and as soon as a pixel based CTE correction bes@wailable for this
instrument, a full, quantitative analysis of the RGB braa@dg should be possible
using this method.

C.2 The Sub-Giant Branch

At first glance, the SGB shown in Figure 4.1 looks very narrampared to the
other CMD sequences. Milone et al. (2010) found very littledence of broad-
ening on the SGB and concluded that any broadening must biesitin a few

l“Telescope breathing” is the name given to variations inftes ofHST instruments due to
temperature changes as the telescope orbits the EarttSghbi 2009).
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Figure C.2: Preliminary evidence for SGB broadening using NUV - B data. |
caution that the result is unlikely to be entirely due to fe@adening; it is likely
that position-dependent errors have a significant effeeineP(a): Straightened
SGB for Group 1 data. Stars are coloured cyan or magenta deypenon their
brightness relative to the ridge-line (RL). Panel (b): Bintened SGB for Group
2 data. Each source is plotted with the colour assigned to fianel (a). Panel
(c): Correlations between the two measurements, in NUV - Buwobins. The
black, dashed line has a gradient of 1 and is the expectedt iethere was a
perfect correlation between the measurements, with noopietric errors. The
dark green, solid line shows the actual best-fit line to thi&.ddanel (d): The
mean (magnitude) distance of each source from the RLs. RendEstimates of

errors in the mean brightness.
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hundredths of a magnitude. As in the RGB case, | completeclnpnary in-
vestigation into broadening of this sequence, and found appears to be strong
evidence that a spread exists, but that it is very small. Adasannot rule out that
systematic effects may have caused the apparent resulstudging the SGB, |
used the same NUV images as before, and combined them withBafand expo-
sures taken using the F410M filter with the WFC3 (see Tablg. O hese images
are deep enough to show the SGB, but not so deep that satubatomes an issue.

As the SGB is near-horizontal in the NUV - B CMD, | searchedda@pread in
NUV magnitude, rather than colour, and binned the pointew@ting to NUV - B
colour, rather than magnitude. The result is shown in Figlu2 It appears that
there is clear evidence of very small scale broadening ofSG8, of~ 0.012—
0.022 mag.

A preliminary search for a radial trend in sources brighted $ainter than the
ridge-line indicates that the brighter sources are mahyimaore centrally concen-
trated than the fainter ones; a KS test resulted irB&&probability that the bright-
est and faintest 20% of the SGB sources are from the samelyimgdedistribution.
This contradicts the radial distributions found by Krawtst al. (2011) and Milone
et al. (2010). Kravtsov et al. (2011) found that fainter S@Brses in their B - | vs.
U CMD were more centrally concentrated than brighter scaiggh a confidence
level of greater than 99.9%, while Milone et al. (2010) use&h I-band data to
show that, again, the fainter sources were more centraltig@atrated, with only a
4% probability that they are from the same distribution. M&b few sources, it is
difficult to pick out spatial trends in the data, but the fawttthe radial distributions
do not resemble those of previous work suggests the resafitiéast partly due to
systematic effects.

The near-horizontal appearance of the SGB in the NUV - B CM[amsethat
errors in colour, like those seen in the MS study, would mawerces along the
SGB, rather than away from it. The broadening in the SGB, & ttwCTE prob-
lems, would be almost entirely due to sources appearingptanigr fainter than they
should in the NUV images, with almost no dependence on tharigtbbservations’
CTE. In theory, this should make any position-dependentlpras simpler to cor-
rect. To use a similar correction algorithm to that desatilmeChapter 6, one would
still need a number of sources of similar magnitude, withim¥icinity of each ‘tar-
get’ source (since CTE effects are strongly dependent orcedarightness). This
is not feasible as sources brighter than the MSTO are quéesc Furthermore,
the apparent effects of CTE, while certainly the dominanirse of error, might be
masking other, more subtle effects, which also need to beced. These cannot
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be assessed until the CTE problems are fixed. As with the R@8pbssible that
the trends determined using the MS sources could be usedtagiagspoint for
correcting position-dependent errors in the SGB.

These investigations demonstrate a number of key pointshwhiust be consid-
ered in using precise photometric studies to search foressmpibroadening. First,
CTE corrections for the WFC3 are essential if WFC3 data, tvisicould be ideal
for these investigations, are to be used to their full paééntSecond, due to the
small number of sources available for the position-depenhderrections, a number
of images taken at different alignments would be ideal fag #tudy. The colour
correction algorithm could then be run on images taken &t pamting to remove
the worst of the position-dependent effects, while conguens between different
alignments could be used to correct for any residual effeEteally, consistency
across many data sets is key: In terms of radial distribstigmavtsov et al. (2011)
found a much stronger radial effect than Milone et al. (20®®iile this preliminary
investigation found a contradictory effect; in the MS, Miet al. (2010) found a
level of broadening which was twice as large as the uppet timat | found. Further
study of these aspects is clearly required before we camdtairuly understand the
nature (or, indeed, the presence) of broadening of CMD sempsein NGC 6752.
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