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Abstract

Globular clusters are a crucial component of their host galaxies. They are ubiquitous in
both distant and local galaxies, including our own Milky Way. Despite their importance,
however, some fundamental questions about globular cluster formation and evolution
are still unanswered: how many black holes are retained in clusters, and could more
massive clusters host an illusive intermediate mass black hole (IMBH)? How do multiple
populations form, creating populations of stars each with distinct chemistry? Can any
links be made between young and ancient star clusters? And can galactic archaeology
identify the population of accreted globular clusters, including bright, massive nuclear
star clusters (NSCs) that form in the centres of their host galaxies, and track the merger
history of the galaxy? A key topic to understanding globular clusters is binary stars.
Binary systems are present at the birth of the cluster and act to delay the later stages
of cluster evolution. They can also provide insights on the properties of the cluster,
namely the number and masses of black holes within the cluster centre, and the formation
conditions and evolution of multiple populations. And yet, for many of the most complex
and unusual clusters in the Milky Way, the binary fraction, and the demographics of

binary stars, are still unknown.

NGC 5139 (w Cen), is the closest candidate of a NSC that has been stripped of its host
galaxy in the Milky Way. Despite extensive studies through the last decades, many open
questions about the cluster remain, including the properties of the binary population. In
this study we use multi-epoch spectroscopy from the Multi Unit Spectroscopic Explorer
(MUSE) to identify binary systems in w Cen. The observations span 8 years, with a

total of 312248 radial velocity measurements for 37 225 stars.

Following the removal of known photometric variables, and using dedicated simulations,

we identify 275 stars that show radial velocity variations, corresponding to a discovery
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fraction of 1.440.1%, and show that our data is sensitive to 70 £10% of the binaries ex-
pected in the sample. By combining these results, we calculate a completeness-corrected
binary fraction of 2.1+ 0.4% in the central region of w Cen. We find similar binary frac-
tions for all stellar evolutionary stages covered by our data, the only notable exception
being the blue straggler stars, which show an enhanced binary fraction. We also find no
distinct correlation with distance from the cluster centre, indicating a limited amount

of mass segregation within the half-light radius of w Cen.

By using a combination of spectroscopy and photometry, we then investigate the binary
fraction across the various stellar populations of w Cen. By separating our sample into
populations grouped by metallicity and light element abundance respectively, we sep-
arate the red giant branch of w Cen into 9 chemically distinct populations. Overall,
we find no statistically significant trend in binary fraction across the different popula-
tions. This result may be due to the effect of cluster relaxation, which will erase the

distributions of populations over time.

FLORENCE WRAGG NOVEMBER 2024
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Chapter 1

Introduction

“You are about to move into areas of the galaxy containing wonders more incredible than

you can possibly imagine”

Q - Star Trek: The Next Generation
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1.1 Globular clusters

The history of globular cluster observations is fraught with mistaken identity. In 1665,
it was the German amateur astronomer Abraham Ihle who observed a strange object
while observing Saturn in the constellation of Sagittarius (Lynn, 1886). Ihle observed
that this object was less of a point source like the stars around it, but was diffuse and
nebulous. Approximately 100 years later, the French born astronomer Charles Messier
was reportedly annoyed by finding the same stationary objects while hunting for comets.
Comet hunting was a popular pass time for astronomers of the time, however, comets
appear diffuse when observed through a telescope and so stationary objects similar to
those observed by Ihle often led to false discoveries. These false detections led Messier
to catalogue a list of 103 stationary, diffuse objects visible in the northern hemisphere
between 1758 and 1784 (Carroll & Ostlie, 2017). It is Messier who is credited to have
first resolved individual stars in the cluster M4. We now know that that first observation
by Ihle is a globular cluster known as M22. It was then in 1789 that William Herschel
presented a second catalogue of ‘nebulae’ (Herschel, 1789), a large number of objects
that could be resolved into structures of thousands of stars. It was also Herschel that

first coined the name ‘globular cluster’.

In broad terms, star clusters in the Milky Way field are split into two categories: open
and globular. Open clusters are typically described as groups of hundreds up to tens of
thousands of stars. These systems are normally younger than 10° years, as they have a
weaker gravitational potential, which prevents retaining cluster members for long periods
of time. Open clusters are observed to host younger, bluer and more massive stars due

to their age.

Globular clusters are typically described as groups of tens of thousands up to millions
of stars. These systems are exceptionally old, with some globular clusters in the Milky
Way estimated to be almost as old as the Universe itself due to the deep gravitational
potential, which allows the cluster to retain members and survive the environment of
the host galaxy. Globular clusters are observed to host an older (~ 10 Gyr), redder and
less massive populations of stars, as only the least massive stars (typically F, G, K and
M type stars) can live long enough to be observed today. For comparison, an example

of both an open and globular star cluster is shown in Fig. 1.1.

The old age of globular clusters and their ability to survive within their hosts make them
particularly useful objects to study in astronomy. They can provide minimum age limits
for the Universe in simulations, act as markers and test particles in distant galaxies and

may possibly provide insights into the conditions the cluster was formed under.
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FicURE 1.1: An example of both an open and globular cluster. On the left hand
side we show Messier 7, NGC 6475, an open cluster ~ 200 Myr old (Villanova et al.,
2009) within the tail of Scorpius. We see a looser cluster of stars that is populated
with bluer and more massive stars. On the right hand side, we show 47 Tucanae (47
Tuc), NGC 104, a globular cluster ~ 13 Gyr old (Forbes & Bridges, 2010). The stars
within the globular cluster are more tightly bound to the cluster and are redder and
less massive. Messier 7 image credit (left): ESO, 47 Tuc image credit (right): ESO/M.-
R. Cioni/VISTA Magellanic Cloud survey (acknowledgment: Cambridge Astronomical
Survey Unit).

1.1.1 Cluster formation
1.1.1.1 Formation of massive star clusters

In modern astrophysics, there is a generally accepted view of what a globular cluster
is. Although there is some debate when calculating the exact ages of globular clusters,
globular clusters are typically t~ 100 years old. They are also massive objects, with
most clusters within the mass range M ~ 10* — 10 M. Despite having this view of
globular clusters today, however, the topic of globular cluster formation has been hotly
debated.

The most widely accepted model of in-situ cluster formation is via hierarchical mergers.
This begins with “proto-clusters”, which form in high pressure, gas rich discs of young,
“normal”, star forming galaxies at redshifts z > 2. Within the scale of a few Myr, the
globular clusters slowly forms through the hierarchical merging of the smaller proto-
clusters (Elmegreen & Falgarone, 1996; Hopkins, 2013). Typically, cluster formation
efficiency and the maximum mass of a globular cluster increases with star formation
efficiency, as galaxies with higher star formation rates are more likely to form a higher

fraction of stars within clusters compared to “normal” galaxies (Adamo et al., 2011).
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Other models of cluster formation suggest a connection between globular clusters and
special conditions in low mass dark matter halos, during or before reionisation. There
have been various suggestions which possibly link dark matter halos and cluster forma-
tion, such as Hy cooling (Padoan et al., 1997), shocks induced by a hydrogen ionisation
front (Cen, 2001), and the mergers of gas rich, star free mini halos (Trenti et al., 2015),

however there is no overarching theory to consolidate these ideas to date.

1.1.1.2 Formation of globular cluster populations

The formation of globular cluster populations within galaxies is heavily reliant on both
the survival of clusters that have formed in situ, and ex situ globular clusters that are
accreted during galaxy mergers. After their initial formation, clusters then stay within
the gas rich, high pressure disc environment of their host galaxy, in which frequent tidal
shocks due to high density gas rapidly disrupt formed clusters (Lamers & Gieles, 2006).
The disruption of newly formed clusters in the galactic disc continues until the cluster
is forced into the galactic halo, typically due to galaxy mergers (Renaud & Gieles, 2013;
Rieder et al., 2013). In merger processes, along with the in situ clusters migrating to
the halo, the ex situ clusters from the merging galaxy are accreted into the halo of their

new host.

The disruption of newly formed clusters is dependent on their environment within their
host galaxy. This begins on formation, as the disruption of young globular clusters is
strongly linked to gas density. This means that clusters in galaxies with higher mass
get disrupted much faster and, therefore, their clusters have a much lower survival rate
compared to clusters in less massive galaxies (Lamers et al., 2017). The higher rate of
disruption of clusters in high mass galaxies continues during galaxy mergers, as galaxy
mergers with mass ratios closer to unity allow for the most efficient migration of clusters
into the halo. As the merger rate for equally or more massive galaxies decreases with
higher galaxy mass (e.g Renaud & Gieles, 2013), clusters in massive galaxies experience
a longer period of rapid disruption as they spend longer in the disc, which further
lowers the survival rate of massive clusters. Galaxies that experience frequent galaxy
mergers also have lower disruption rates of their clusters than galaxies in more quiescent

environments that experience fewer mergers (Rieder et al., 2013).

When a cluster has reached the halo, the survival rate of clusters is far higher, with
clusters now only being slowly disrupted through evaporation and a scarce few tidal
perturbations (Spitzer, 1987; Gnedin et al., 1999; Fall & Zhang, 2001). As there are

very few disruptive, external processes acting on the globular clusters that are securely
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in the halo, very little evolution of cluster mass is seen. Instead, clusters are now able

to structurally evolve freely.

1.1.1.3 Globular cluster population in the Milky Way

It was Searle & Zinn (1978) that first argued that some Milky Way globular clusters
may have originated outside of our Galaxy and that, perchance, galaxy mergers and
accretion could play an important role in the globular cluster population seen today.
Indeed, in observations today, it is clear that both in situ and ex situ clusters make up a
considerable fraction of the globular cluster population. Multiple studies have confirmed
that the Milky Way has undergone a number of mergers and that a large population
of globular clusters in the Milky Way, predominantly in the halo, formed outside of
our galaxy. Furthermore, a number of studies (e.g Massari et al., 2019a; Pfeffer et al.,
2021) have then traced a number of individual clusters back to previous merger events.
A summary of these results is illustrated in Fig. 1.2 from Massari et al. (2019a), which
shows a sample of Milky Way globular clusters. This shows some key differences between
in situ and accreted clusters: in-situ clusters are characterised by low energies (tightly
bound) and prograde rotation, while accreted clusters have higher energies and little or
even retrograde rotation. It is thus clear that a considerable fraction of galactic globular

clusters originate from other galaxies which have subsequently merged.

1.1.1.4 Links to young star clusters

The formation processes of globular clusters has historically been viewed as a phe-
nomenon of the early universe (Peebles & Dicke, 1968; Fall & Rees, 1985), however
there are some potential links to younger clusters seen within the Large and Small Mag-
ellanic Clouds (LMC and SMC respectively). The young and intermediate age clusters
within both the LMC and SMC have similar structural parameters compared to Milky
Way globular clusters (for comparison, see Song et al., 2021; Baumgardt & Hilker, 2018)
and also show some chemical inhomogeneity (Mucciarelli et al., 2009), which is typi-
cally only seen within globular clusters (see Sec. 1.1.5 for further discussion). The links
between these young and intermediate clusters and ancient globular clusters could be
due to the star formation history (SFH) of their host galaxies. While the majority of
star formation in the Milky Way, and therefore globular cluster formation, happened
relatively early due to an early starburst (~ 12 Gyr), the LMC and SMC have a much
broader SFH with more recent periods of star formation (Harris & Zaritsky, 2009). A
comparison of the ages of globular clusters for the Milky Way and LMC/SMC is shown
in Fig. 1.3, from which the extended SFH and globular cluster production of the LMC
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FIGURE 1.2: The globular clusters of the Milky Way colour coded to show the predicted
origins of the cluster taken from Massari et al. (2019a). Each of the colours represents
a separate source of globular clusters, which are shown in the legend. The y axis
represents the energy of the cluster, which is a measure of how bound the system is
to the galaxy, while the x axis represents the angular momentum of the cluster, which
is used to show whether the cluster is in prograde or retrograde motion. Many of the
clusters transferred to the Milky Way through mergers, namely the Gaia-Enceladus
(red), Sagittarius (green) and Sequoia (brown), have higher energies and little or even
retrograde motion, while the majority of the globular clusters formed in-situ are tightly
bound and have prograde motion.

—2000

and SMC compared to the Milky Way can be seen. Direct comparisons between young
massive LMC/SMC clusters and Milky Way clusters of a similar age is not possible due
to the lack of young massive clusters within the Milky Way, and so further study is

required to confirm this link between younger and older star clusters.

1.1.2 Cluster evolution

As discussed in Sec. 1.1.1.2, it is important to consider globular cluster evolution sepa-
rately to cluster formation as, while the conditions that the cluster forms in may impact
the evolution, many of the processes important to evolution are relatively internal and
isolated from its host galaxy. There are a number of particularly important concepts
when discussing the dynamic evolution of a cluster: relaxation time, mass segregation
and core collapse. The extent to which a cluster has undergone dynamical evolution is

described as the cluster’s “dynamical age”.
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FIGURE 1.3: The age of clusters within the Milky Way, LMC and SMC using data

provided by Kamann (priv. comm.), which shows the timeline for cluster formation.

The majority of Milky Way clusters formed are older than ~ 8 Gyr, which suggests that

the majority of star formation also happened within this time. The LMC and SMC

have a more extended star formation, with a large fraction of clusters formed within
the last ~ 2 Gyr.

Globular clusters are examples of “collisional stellar systems” in the universe. The den-
sities of globular clusters makes it inevitable for cluster members to experience multiple
gravitational interactions during their lifetimes, resulting in the regular exchanges of
kinetic energy. An important factor is the relaxation time, which is defined as the
timescale after which the energy of a particle changes by the order of itself. As seen in
Eqn. 1.1 (Binney & Tremaine, 2008), the relaxation time of an average cluster member
is dependent not only on the size of the cluster and the velocity of the cluster member,

but also the total number of stars within the cluster:

N R
trelax N ——— — 1.1
rela 8InN v (1.1)

Where f,c1ax is the relaxation time, v is the average velocity of a cluster member, and
N and R are the number of stars in the cluster and the distance from the cluster centre
respectively. For stars in the centre of globular clusters, this relaxation time is shorter
than the clusters age (Harris, 1996), suggesting that most clusters ‘forget’ their initial
dynamical configuration and become relaxed. This happens through interactions and

energy transfers between stars. We show the distribution of relaxation time as a function
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FIGURE 1.4: The half mass relaxation time as a function of cluster mass using the

catalogue of globular cluster parameters by Baumgardt & Hilker (2018). We see that

typically higher mass clusters have a longer relaxation time than lower mass clusters.
The point marked with the orange star will be discussed in Sec. 1.3.

of the total cluster mass for a variety of clusters in Fig. 1.4 using the catalogue of cluster

parameters by Baumgardt & Hilker (2018).

One of the effects of regular interactions is a state of “energy equipartition”, which
describes the state in which stars all approach a similar specific kinetic energy, regardless
of their masses. In practice, and on average, when a less massive star interacts with a
more massive star, the less massive star will gain kinetic energy and escape further to the
outer areas, orbiting with a higher velocity in the outermost regions of the cluster, while
more massive stars lose kinetic energy and fall further towards the centre of the cluster,
orbiting, with slower velocity, closer to the centre. After multiple interactions such as
these, the cluster undergoes a process called “mass segregation”, in which the average
mass of a star decreases with cluster radius. As an example, Fig.1.5 shows how the
stellar mass of cluster members of NGC 6293 are distributed within the cluster radius.
NGC 6293 shows particularly pronounced mass segregation even within the clusters half
light radius, with a positive stellar mass function slope in the innermost region of the
cluster (shown in red), suggesting a larger fraction of higher mass stars, and a negative
slope towards the clusters half light radius (shown in yellow), suggesting a larger fraction

of lower mass stars. The result of mass segregation is the gradual stripping of low mass
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FI1GURE 1.5: The distribution of mass within the cluster NGC 6293 taken from Baum-
gardt & Hilker (2018). The data points represent measurements based on star count,
while the lines are the result of predictions from N-body models. The colours represent
the range of separation to the cluster centre, and then shows the number of stars as
a function of stellar mass. We see a positive slope within the closest separation from
the cluster centre (seen in red), which shows a larger fraction of higher mass stars. At
the furthest separation from the cluster centre (seen in yellow) we see a negative slope,
which suggests that there are a larger fraction of low mass stars towards the half light
radius.

stars, as they are more likely to be removed, with a typical globular cluster losing on

average 75% — 90% of its initial mass over a Hubble time (Baumgardt & Sollima, 2017).

As the cluster becomes more and more segregated and the core becomes denser and
“cooler” as kinetic energy is lost, the cluster becomes unstable in a state known as “core
collapsed”, which is when a globular cluster is unable to prevent the most massive stars
from falling into the centre. Due to the most massive stars infalling to the centre of
the cluster, the surface brightness profile of a cluster can demonstrate whether or not
the cluster is core collapsed, as displayed in Fig. 1.6 from Noyola & Gebhardt (2006),
which shows the surface brightness profile for a variety of clusters. We see for non core
collapsed clusters, such as NGC 5897 and NGC 5904 in Fig. 1.6, the surface brightness

steadily increases with respect to the radius up until the core radius, where the surface
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F1GURE 1.6: The surface brightness of a number of globular clusters as a function

of radius, from Noyola & Gebhardt (2006). We see some examples of core collapsed

clusters (e.g NGC 6284 and NGC 6293) with continuously increasing surface brightness

profiles closer to the cluster centre, compared to core collapsed clusters (e.g NGC 5897
and NGC 5904), where surface brightness flattens towards the cluster centre.

brightness begins to plateau. In core collapsed clusters, such as NGC 6293 and NGC
6284 in Fig. 1.6, the surface brightness profile steadily increases even inside the core
radius, which indicates that the most massive (and brightest) stars have fallen into the
core radius. Due to their old age and relaxation times, all globular clusters should be
core collapsed, however this contradicts observations, which show that less than 20%
of globular clusters are core collapsed (Harris, 1996). The distinct lack of core collapse
within globular clusters implies that there are other factors at play within these clusters
that resist core collapse, such as dark remnants (e.g black holes) and binary stars which

will be discussed in Sec. 1.1.3 and Sec. 1.1.4 respectively.

1.1.3 Black holes

The first suggestion of a body that was so massive that even light could not escape was a
brief proposal in a letter by the English clergyman John Michell in 1784. The principles
of a modern black hole were first described in 1915 by Albert Einstein’s theory of General
Relativity, but predicted that they should not exist in nature. A part of that theory
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was the existence of Gravitational Waves (GW), small ripples in space time caused by
accelerated masses, however in a similar vein, Einstein predicted that these would not
be seen in nature as the effects would be too small. It was Karl Schwarzchild who
then solved Einstein’s field equations to show that they allow for a ‘singularity’. From
that point to the present, numerous studies have attempted to constrain the formation,
evolution and properties of black holes. The term ‘black hole’ was not coined until the
mid 1960s when a student reportedly suggested the phrase during a lecture by John
Wheeler. Before this time, the term ‘dark star’ was commonly used as a name for the
object, even being mentioned during multiple episodes of the classic TV show Star Trek:

The Original Series.

Modern experiments such as the Advanced Laser Interferometer Gravitational-Wave
Observatory (LIGO) and Advanced Virgo interferometers and the Event Horizon Tele-
scope (EHT) have made great strides in the field. It was LIGO in 2016 (Abbott et al.,
2016) that confirmed the first detections of gravitational waves, which answered three
important points: GWs do exist in nature, the detections are completely consistent with
General Relativity, and that stellar mass black holes can merge, confirming predictions

made by Einstein and Schwarzschild over 100 years earlier.

1.1.3.1 Black hole classification

Our current understanding of black holes is that there are two parts to them. An outer
area called the event horizon, this is the point at which light cannot escape and is what
gives the black hole its “appearance”. The centre of the black hole is the driving force
behind the system, known as the singularity, which is the ultra dense high mass point
source that is responsible for the gravitational forces. There are currently two confirmed
types of black holes in the Universe: stellar mass black holes (BHs) and supermassive
black holes (SMBH). Stellar mass black holes are normally the remains of stellar activity,
forming when massive stars reach the end of their life and their cores compact to the
point of degeneracy. It is the mass of the stellar core that determines if the star will
become a black hole. If the stellar core is above the Oppenheimer-Volkoff limit of
approximately 3 Mg (Bombaci, 1996), the star will collapse to a black hole.

SMBHs are similar to stellar mass black holes, but on a far larger scale. From observa-
tions of gas and stellar kinematics, SMBHs seem to reside in the centres of galaxies and
have a mass of at least 10° M. There are multiple suggestions for how these massive
black holes form and grow, for example observations of the early universe suggest that
SMBHs could form from primordial gas clouds (Volonteri, 2012). SMBHs may also arise

from runaway merging of massive stars and stellar mass black holes, though this process
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is metallicity dependent (Gieles et al., 2018b). Images taken by the EHT (Akiyama,
2020) show the accretion disk surrounding the SMBH at the centre of the galaxy M87.
There have also been observations of the SMBH in the centre of our own galaxy, such
as the Nobel prize winning observations by Ghez et al. (1998) and Schédel et al. (2002)
of stellar orbits around the SMBH at the galactic centre.

By extrapolating the results of observations, it is reasonable for one to assume that,
along with small stellar remnants and supermassive dark objects, there would be some
black holes between the ranges of 10? and 10° My. Black holes in this mass range
are called intermediate mass black holes (IMBH). They have been predicted to exist
in the Universe, although no confirmed detections have been made to date. From a
theoretical view point, the gap between stellar mass and supermassive black holes is
often described as the “forbidden range” as above 60 Mg, the stellar core starts pair
production. By producing electron-positron pairs, the pressure within the core caused
by photon pressure is reduced (Stevenson et al., 2019), causing the core to suddenly
collapse. For high mass stars, the core directly collapses into a black hole. For 60 Mg
stellar cores, however, this process leads to the complete disruption of the star as it
goes supernova (a so-called pair-instability supernova) and leaves no remnant (Heger &
Woosley, 2002; Mapelli, 2018). It is important to note, however, that the 60 Mg, limit
on the stellar core is still very uncertain, and so it cannot be ruled out that stars form

black holes slightly more massive than 60 Mg.

A scenario for IMBH formation that is not directly caused by stellar collapse is long
chains of mergers between black holes. This model suggests that large series of black
hole mergers form more and more massive black holes (Mapelli et al., 2021), although
this build up would only be possible in very particular environments and conditions (e.g
massive, dense star clusters, see discussion in Sec. 1.1.3.2 and Sec. 1.2). IMBHs could also
be formed due to multiple mergers in stars. If a massive star merges with multiple stars
in a short time frame, this can trigger the collapse of a star resulting in a black hole with
a mass > 60 Mg (Kremer et al., 2020). Recently, LIGO/Virgo detected a particularly
significant IMBH candidate, GW190521. The merger product was determined to have a
mass of ~ 142 Mg, and is thought to have formed from a merger of two black holes with
masses of ~ 66 Mg and ~ 85 Mg, respectively (Abbott et al., 2020). This detection is a
significant step in the search for IMBHs, as this suggests that mergers products reaching

these masses are not only possible, but are also detectable.
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1.1.3.2 Black holes in globular clusters

It has long been suggested that stellar mass black holes should form within globular
cluster environments (e.g Kulkarni et al., 1993), but it was believed that only a small
handful could survive the natal kicks and interactions that new black holes would expe-
rience. It was thought that black holes that were retained in the cluster would migrate
to the centre, via mass segregation, and form an isolated interior structure with a short
relaxation time, and that these black holes would be quickly ejected through dynamical
interactions (Spitzer, 1969). In recent observations, however, we see that black holes are
not only retained with globular clusters, but also interact with luminous cluster members
(Morscher et al., 2015). Globular clusters are considered to be major contributors to
observed GW rates, given the possibility to dynamically form binary pairs of black holes
(see Sec. 1.1.4), although the fraction of their contribution is still debated (Rodriguez
et al., 2016; Antonini et al., 2019).

There have been a number of detections of stellar mass black holes in cluster environ-
ments (e.g Maccarone et al., 2007; Strader et al., 2012; Chomiuk et al., 2013; Miller-Jones
et al., 2015) using radio or X-ray observations to detect low mass X-ray binaries (see
Sec. 1.1.4.2). Shown in Fig. 1.7 is the velocity curve, using multi epoch spectroscopy,
of a binary star in the globular cluster NGC 3201 from Giesers et al. (2018), which
shows the star’s observed radial velocity along with the best fitting orbital curve (shown
in red). From this curve, the minimum mass of the companion was calculated to be
4.36 + 0.41 Mg, (Giesers et al., 2018), which provides proof that this object must be a
stellar mass black hole. This result is also particularly important, as it was the first
detached (non-interacting) black hole that had been detected in a globular cluster. It is
observations such as this that cement black holes as an important part of cluster evolu-
tion rather than exceptional objects (Minniti et al., 2015; Giesers et al., 2019). It also
highlights the importance of binary stars (further discussed in Sec. 1.1.4) in the hunt for

black holes in globular clusters.

Although more massive stars were present during the early life of a typical globular
clusters, allowing stellar mass black holes to form, the average mass of stars seen today
within globular clusters is < 1 Mg. Due to the relatively high mass of stellar mass black
holes compared with the current cohort of stars, it is natural to assume that, due to the
energy transfer and mass segregation effects discussed in Sec. 1.1.2, black holes would
gravitate to the centre of the cluster, along with other higher mass objects such as white
dwarfs and neutron stars. It is in the cores of the clusters that they prevent further
infall, as black holes and other stellar remnants in the centre of the cluster provide a
sort of barrier between the cluster core and stars falling into the centre. When a star

falls into the centre, it will interact with a black hole and, as the black hole must be
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FicUre 1.7: Radial velocity curve of a luminous star in NGC 3201 from Giesers et al.

(2018). The observed radial velocity measurements are shown in black, and the best

fitting orbital solution for the binary system shown in red. Using this, the minimum

companion mass of the star was calculated to be 4.36 + 0.41 Mg, which means the
companion is a stellar mass black hole.

more massive than the current mass range of stars, the approaching star will, on average,
gain kinetic energy through the encounter, which then moves the star to a wider orbit.
This provides a large reservoir of kinetic energy or “heat” for the cluster to prevent the
cooling associated with core collapse (Askar et al., 2018; Weatherford et al., 2020). This
implies that older clusters that have not yet undergone core collapse are likely to have

a large population of black holes at the core.

Other than a large collection of stellar mass black holes, it is also important to consider
the possibility of central IMBHs in clusters, as discussed in Sec. 1.1.3.1. Indeed, IMBH
formation may be the result of multiple mergers of stellar mass black holes within par-
ticularly massive clusters (see Sec. 1.2). It is important to remember, however, that
even if IMBHs form within clusters, it is very likely that they would have been ejected
from their host cluster due to the recoil kick that the merger product would receive due
to the emission of gravitational waves. The likelihood that an IMBH will be retained
in a cluster also decreases with each subsequent merger, as on average the kick velocity
increases with each successive merger (Fragione & Rasio, 2023). In order for a cluster to
retain a merger product, the natal kick must be lower than the clusters escape velocity,
however the natal kicks that black hole-black hole (BH-BH) mergers typically receive

is > 100 kms™!, which is more comparable to the escape velocity of galaxies than star
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clusters (Atri et al., 2019; Mapelli et al., 2021). As Milky Way globular clusters have es-
cape velocities < 90 kms~! (Baumgardt & Hilker, 2018), this means that only unusually
massive clusters would be able to host IMBHs. The topic of IMBH and BH-BH merger

product retention will be discussed further in Sec. 1.2.

There has been fierce debate on the topic of IMBHs in globular clusters, with a lack of
clear evidence for or against and multiple studies attempting to identify potential IMBHs
in clusters in the Milky Way. A study by Héberle et al. (2021) searched for an IMBH in
the massive globular cluster NGC 6441 by searching for high velocity stars, as these are
indicators of luminous stars in a binary orbit around a central IMBH. While the study
could not conclusively say that there is an IMBH in the cluster core, the study also
could not rule out the possibility. A study by Baumgardt et al. (2019) also investigated
IMBH presence in Omega Centauri (w Cen, NGC 5139), and NGC 6624. We show in
Fig. 1.8 the surface density and velocity dispersion profiles for NGC 6624 compared
to a range of IMBH mass N-body models, ranging from no IMBH to an IMBH which
is 10% of the cluster mass. The study concluded that NGC 6624 showed no evidence
of hosting an IMBH in the cluster center, which agrees with models by Gieles et al.
(2018a) that, using data from Saracino et al. (2016), showed that NGC 6624 could be
modelled without an IMBH. The models shown in Fig. 1.8 show some distinct differences
within the central region of the cluster. For example, the models containing an IMBH
show the surface brightness of the cluster flattening further from the cluster centre and
the velocity dispersion increasing within the core radius. These effects show that an
IMBH is effective at preventing core collapse within clusters, as when stars interact with
the IMBH they gain kinetic energy which allows them to move further away from the
cluster centre (Aros & Vesperini, 2023). The IMBH of modelling and observations will

be discussed further in Sec. 1.3.

1.1.4 Binary stars

As will be demonstrated in this section, binary stars are a crucial element of the evo-
lution of globular clusters. Despite their importance, and research into the dynamics
of binary systems (e.g Heggie, 1975), there had been no observations of binary stars in
globular clusters before the 1980s. Before this, and interpreted from the lack of spec-
troscopic binaries detected by Gunn & Griffin (1979), globular clusters were thought to
be born with a significant lack of binary systems (Hut et al., 1992, otherwise known as
“primordial binaries” created at the birth of the cluster). It was a study by Pryor et al.
(1988) that observed singular spectroscopic binary in M3 which became the first of a

many subsequent detections of binary stars in globular clusters, cementing binary stars
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FIGURE 1.8: The surface density profile (left hand panel) and the velocity dispersion
profile (right hand panel) of NGC 6624 compared to a number of models with a range
of IMBH masses taken from Baumgardt et al. (2019).

as not only a standard of cluster formation but also as a crucial part of cluster evolution
(Heggie, 1975; Goodman & Hut, 1989; McMillan et al., 1998a).

There are two types of binary systems: soft binaries and hard binaries. Soft binaries
are defined as binary stars with a binding energy lower than the typical energy of a
cluster member, while hard binaries are binary stars with a binding energy greater than
the typical energy of a cluster member. Due to their weak connection, soft binaries are
easily disrupted by a strong encounter with a star or another binary pair. Even though
hard binaries can be disrupted, this only happens with particularly strong interactions
with other binary pairs and often interactions actually harden the binary (Ivanova et al.,
2005). When discussing binary systems and interactions from this point, this will pertain
to hard binary systems. The hardness of a binary system is measured by 7, which is
defined in Eqn. 1.2 (Ivanova et al., 2005):

Gmim
=12 (1.2)
ao?(m)

Where 7 is the hardness of the system, m; and msg are the masses in the binary system
respectively, (m) is the average mass of a star in the cluster, o is the velocity dispersion

of the cluster, a is the semi major axis of the system and G is the gravitational constant.

Using Kepler’s third law, the semi major axis can be replaced by the orbital period, which
allows a comparison between the hardness and the orbital period which can be used to

constrain the upper limit for orbital period of a stable binary system in the cluster. For
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however the threshold of a hard binary is met at longer orbital periods for higher mass
companions.

example, assuming that a test cluster has a velocity dispersion of o = 21km ~! (as is
the case for w Cen) and an average mass of (M) = 0.5Mg, a typical binary system
would have a maximum orbital period of approximately 10% days. Using these same
assumptions, the correlation between binary hardness and orbital period is shown in
Fig. 1.9 for a variety of potential companion masses. The results of Figure 1.9 show
that, for the same orbital period, an increased companion mass, such as a star with a

black hole companion, makes the system harder and less likely to be disrupted.

We see in observations of binary systems an irrefutable link between binary stars and
evolutionary processes within globular clusters. For example, the binary fraction of
globular clusters is seen to decrease with radius (e.g., Milone et al., 2012d), which can
be understood as a consequence of mass segregation (Hurley et al., 2007; Fregeau et al.,
2009), as binary systems are by nature approximately double the mass of a typical cluster
member. This has been seen in numerous studies of globular clusters, including the
study of NGC 3201 by Giesers et al. (2019), from which Fig.1.10 shows that the binary

fraction increases towards the cluster core for both observed (in blue) and simulated
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data (in orange). There are a number of consequences to binary systems interactions,
both binary-binary (when one binary system interacts with another binary system) and
binary-single (when a binary system interacts with a single star): the destruction of the
binary system, exchange interactions, the hardening or softening of the binary system

or the binary system experiencing the Kozai-Lidov effect (see discussion below).

In the event that the binary system is destroyed, the incoming star or binary system
completely disrupts the original system, and in the case of binary-binary interactions,
both systems may be destroyed in the process. During exchange interactions, in both
binary-binary and binary-single interactions, the stars in the interaction reconfigure to
favour producing the highest mass binary system. This means if the single star is more
massive than either star in the original binary, the least massive companion will be
ejected and the single star will take its place. During binary-binary interactions, a higher
mass binary system is formed similarly to the binary-single interaction, however the
other binary system will be destroyed in the process, resulting in the highest mass binary
system and two single stars. As this resulting binary system interacts with other systems
in the cluster, on average the mass of a binary system will incrementally increase over
time (Heggie, 1975). In the case of hardening and softening binary systems, this
typically occurs in systems that are already considered hard or soft binaries respectively,
as Heggie’s Law states that hard binaries tend to harden, while soft binaries tend to
soften (Heggie, 1975). This is consistent with the trend seen that binary interaction
products are commonly found in dense clusters (see Sec. 1.1.4.1 and Sec. 1.1.4.2). The
final interaction is the Kozai-Lidov effect (Kozai, 1962; Lidov, 1962; Naoz, 2016),
which happens in hierarchical triple systems (Antonini et al., 2016). In this case the
orbit of the inner binary system is perturbed by the third star, which leads to the

eccentricity and inclination of the inner binary system oscillating.

Interactions between binary systems are also a crucial factor for retarding core collapse.
In essence, a cluster can repel the effects of core collapse by “burning” binary pairs in a
similar way to a star burning Hydrogen. While the energy transfer processes discussed
in Section 1.1.2 can act as a transfer of kinetic energy from the higher mass star to the
lower mass star, binary stars act as an exchange pool of energy, where kinetic energy
can be withdrawn or deposited. For example, if a more massive star falling towards the
centre of the cluster interacts with a binary pair, it is possible for the in-falling star to
capture a portion of the binding energy of the binary system and convert it to kinetic
energy, allowing the star to stay in orbit further from the cluster centre. The binding
energy acts as a reservoir which allows the stars to resist the effects of mass segregation

within the cluster core and, in turn, allows the cluster to resist core collapse.
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FIGURE 1.10: The binary fraction as a function of the distance from the cluster centre of
NGC 3201 from Giesers et al. (2019). Observed data are shown in blue, while simulated

data are shown in orange. Both distributions show that binary fraction increases closer
to the cluster centre.

Even when a cluster goes into core collapse, binary stars play an important role. As
stars fall into the centre and the core becomes denser, existing stars are more likely to
form binary systems via three body interactions. The binary star systems that form
then provide this same reservoir of energy that stars then use to move out of the core.
This continues until the new binary systems are destroyed by this, at which point the
core collapses once more. This cycle of binary systems forming and being destroyed
produces oscillations in the core called post core collapse oscillations (Fregeau et al.,
2003).

Among field stars, binary stars are common, with a typical binary fraction of > 50%
(Duquennoy & Mayor, 1991; Duchéne & Kraus, 2013), with the incidence of more massive
stars in binary systems or in systems of three or more stars even greater due to a strong
dependence on stellar mass (Offner et al., 2023). Globular clusters, however, typically
have a binary fraction far lower than 50%, and the number of systems with three or more
stars is thought to be significantly lower than the field (Fragione et al., 2020). Indeed,
spectroscopic studies of M4 by Sommariva et al. (2009) and of NGC 3201 by Giesers et al.
(2019) report global binary fractions of 3.0% %+ 0.3% and 6.75% =+ 0.72%, respectively.
The photometric study of 59 galactic globular clusters by Milone et al. (2012b) also

supports a lower global binary fraction, which for most clusters falls between 2% and
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15%. This discrepancy between field and cluster stars can be explained by the density of
star cluster environments which causes a high frequency of dynamical interactions (e.g
binary-binary and binary-star interactions), as this makes the disruption of binaries,

and particularly soft binaries, more likely (Heggie, 1975).

Due to both the frequency of dynamical interactions and the naturally higher chance of
binary disruption, the observed binary fractions we see today cannot be easily converted
to a primordial binary fraction (Hut et al., 1992). The primordial binary fractions used
in studies today are still poorly constrained, as simulations of globular clusters using a
wide range of primordial fractions, between 5% (Hurley et al., 2007) and 100% (Ivanova
et al., 2005), are able to reproduce the observed fractions. Studies of young massive
clusters (ages < 10Myr), such as 30 Doradus (Sana et al., 2013; Dunstall et al., 2015),
Westerlund 1 (Ritchie et al., 2022), or NGC 6231 (Banyard et al., 2022) report binary
fractions between 40 and 55%. These results suggest, assuming young massive clusters
are representative of young globular clusters, that the primordial binary fractions of
globular clusters were indeed much higher than the fractions observed today. However,
care must be taken when comparing young massive clusters and ancient globulars, as
results for each cluster class are based on very different populations of stellar mass and
that the likelihood of a star in a young massive cluster being in a binary system is

strongly linked to stellar mass (see Offner et al., 2023, for a recent overview).

1.1.4.1 Blue straggler stars

Due to binary interactions being so common in cluster environments, it is natural to
expect that the products of these binary interactions are still present within globular
clusters. One of the interaction products we observe in clusters is Blue Straggler Stars
(BSS). It was Sandage (1953) that first detected BSS in the form of an extended branch
of the main sequence toward bluer and brighter areas of the colour magnitude diagram
(CMD). The detection of blue stragglers highlighted the incomplete understanding of
stellar evolution and star formation within clusters. If BSS formed through a typical
star formation process, they would have had to have formed several giga-years after
the main population and would have also caused a widening of the main sequence and
red giant branch, which is not seen (e.g Williams, 1964). It was both McCrea (1964)
and van den Heuvel (1967) that first put forward the idea that BSS formation may be
linked to binary activity. It is now understood that BSS are not only a ubiquitous and
integral element of globular clusters (Ferraro & Lanzoni, 2009), but also linked to cluster

evolution (Bailyn, 1995) and the evolution of the binary population within a cluster.
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There are two widely accepted explanations for the BSS formation process: through
mass transfer and stellar collisions within binary systems (Stryker, 1993). Mass transfer
BSSs are thought to form either through a binary system hardening to the point at
which mass transfer starts, or from the more massive companion in a binary system
evolving off the main sequence and expanding, with both cases resulting in mass trans-
fer. Collisional BSSs, on the other hand, are thought to form as a result of dynamical
interactions with other binary systems or single stars, resulting in a stellar merger which
forms the BSS (Leonard, 1989; Fregeau et al., 2004). This is seen in observations of sep-
arate tracks of the BSS population, as illustrated in the CMD of M30 in Fig. 1.11, which
shows isochrones for both the mass transfer (red) and collisional (blue) branches. The
dominant formation of BSSs is thought to be dependent on the evolutionary stage of
the host cluster. This is seen in Fig. 1.11 as the mass transfer BSS branch is broader
than the collisional BSS branch, which suggests that the branches formed at different
times and is concurrent with the theory that collisional binaries form later in the cluster
lifetime (Ferraro et al., 2009). Mass transfer BSSs are thought to form gradually during
the evolution of the cluster’s first binary systems, which leads to the creation of a popu-
lation of “primordial blue stragglers” (Ferraro et al., 2009; Hypki & Giersz, 2017). The
formation of collisional BSSs is thought to be linked to core collapse (see Sec. 1.1.2) as,
theoretically, denser environments, such as the core of a core collapsed globular cluster,
would lead to a higher fraction of collisional BSS (Hypki & Giersz, 2017). The distribu-
tion of collisional BSSs in Fig. 1.11 agrees with this theory, as a narrower distribution
suggests these BSSs likely formed during a single event. This is because if collisional
BSSs form through a single event, such as core collapse, they will all have the same age,
and hence can all be described by a single isochrone. It is clear from Fig. 1.11, however,

that both formation processes contribute to the overall BSS population within clusters.

A higher BSS binary fraction compared to the global globular cluster population is well
documented (Sollima et al., 2008; Milone et al., 2012b). In the study of NGC 3201 by
Giesers et al. (2019) a BSS binary fraction was calculated to be 57.5%+7.9%, significantly
higher than the global fraction of 6.75% =+ 0.72%. The combination of formation theory
and the simulations and observations of globular clusters are consistent with the concept

that BSS are more likely to be in binary systems than typical cluster members.

1.1.4.2 Other exotic objects

Along with blue stragglers, there are a number of exotic binary interaction products that
are observed within globular clusters today. Cataclysmic variables (CVs) are close
binary systems where a white dwarf accretes mass from a red dwarf or subgiant. The

dense environments of clusters also influence CVs, as a study by Ivanova et al. (2006)
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with lines. The red points and red dashed line represent BSS formed through mass
transfer and the corresponding isochrone, and blue points and black solid line represent
BSS formed through collisions and corresponding isochrone. The red solid lines corre-
spond to the single star isochrones respectively corresponding to 13 Gyr (well fitting
the main cluster evolutionary sequences) and to 0.5 Gyr (representing the reference
cluster zero-age main sequence)

found that up to 50% form via binary encounters. In globular clusters these systems are

relatively faint and spectra of these objects are rare (Gottgens et al., 2019).

Red stragglers (RSs), also named sub-subgiants (SSGs), are systems that reside in
the region of the CMD that is redder than the MS branch and fainter than the subgiant
branch. There have been multiple formation scenarios proposed for SSGs and RSs, and
it is clear that the evolution of these stars cannot be explained by the evolution of a
single star (Geller et al., 2017a). The formation scenarios of SSGs and RS explained in
Geller et al. (2017b) and Leiner et al. (2017) all include an element of binary evolution:
isolated binary evolution, the rapid stripping of a subgiant’s envelope, or stellar colli-

sions. Millisecond pulsars (MSPs) are rotating neutron stars with periods within
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the range of 1072 seconds that are spun up (or “recycled”) by accreting matter from

their companion star in a close binary systems (Tauris & van den Heuvel, 2006).

Along with cluster evolution, black holes also have an important impact on binary
systems in clusters. An example of this is low-mass X-ray binaries (LMXBs),
which are compact systems consisting of either a black hole or neutron star and a less
massive star which transfers mass to the companion (Tauris & van den Heuvel, 2006).
Black holes also have an effect on the overall binary fraction of a cluster. As shown
in simulations by, Aros et al. (2021), the radial distribution of binary stars sensitively
depends on the number of black holes, or the presence of an IMBH, inside the cluster. As
discussed in Sec. 1.1.2, the presence of a large black hole mass can act as a preventative
for core collapse, and in turn mass segregation. Therefore, if a cluster has a substantial
black hole component, either as a higher number of stellar mass black holes or an IMBH,
the cluster will show less mass segregation. A low mass segregation also corresponds to
a flatter distribution of binary stars, as binary stars would typically be more centrally
concentrated due to their mass compared to a typical cluster member. The result of the
simulations by Aros et al. (2021) also showed that the radial distribution of binaries (i.e.
mass segregation) in clusters hosting an IMBH was significantly flatter than a cluster
hosting a collection of black holes. As such, studying the properties and distribution of
binary systems inside globular clusters promises to offer new insight into the distribution

of unseen mass inside the clusters.

1.1.5 Multiple populations

The classic image of a globular cluster is a singular, simple stellar population of stars,
all with the same ages and abundances. It has become clear that this static image of a
globular cluster is not the case, as almost all globular clusters boast a significant spread
of light element abundances (e.g. Carbon, Nitrogen, Oxygen, etc.) (Lee et al., 1999;
Kraft, 1994). These multiple populations can be split into two broad groups, primordial
stars (1P), which have a similar abundances to field stars with the same metallicities,
and enriched stars (2P), which are enriched in some elements (e.g He, Na, Al) and
depleted in others (e.g O, Mg, C) compared to field stars with the same metallicities. In
some clusters, however, the 2P population can split into a number of sub-populations
with varying levels of element depletion and enhancement. Enriched stars tend to make
up the majority of stars in a cluster and are typically more concentrated in the centre
of the cluster than primordial stars (D’Ercole et al., 2008), despite being exceedingly
rare within the field (Martell et al., 2011; Ramirez et al., 2012). This concentration and
ratio of 2P stars in central regions, however, is debated and studies have shown that it

is dependent on cluster mass (e.g Leitinger et al., 2023; Cadelano et al., 2024).
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The topic of multiple population formation is one of the most fiercely debated in the
subject of globular clusters. To date, there is no generally accepted model for multiple
population formation, however the majority of proposed formation scenarios are based
on one fundamental model (e.g D’Ercole et al., 2008; Valcarce & Catelan, 2011): 1P stars
form first within the cluster, pollute and enrich the remaining gas within the cluster,
which then goes on to create 2P stars (exceptions to this scenario include Bastian et al.,
2013). Despite this concept, however, the method in which the gas is enriched with light
elements is hotly contested. The most popular models to date include AGB winds (e.g
Cottrell & Da Costa, 1981; Dantona et al., 1983; Ventura et al., 2001), fast rotating
massive stars (e.g Prantzos & Charbonnel, 2006; Decressin et al., 2007; Krause et al.,
2013), massive interacting binaries (e.g de Mink et al., 2009; Bastian et al., 2013) and
very massive stars formed by runaway stellar collisions (e.g Denissenkov & Hartwick,
2014; Gieles et al., 2018b).

Despite there being a number of models on the origin of multiple population formation,
the ratio of 2P to 1P stars creates a fundamental tension, known as the “mass-budget
problem”. The issue that arises from the concept that 1P polluted gas goes on to form
2P, is that the mass of the material that 1P stars eject into the surrounding gas that has
the light element abundance pattern required to create 2P stars is only a small fraction
of what would be needed to create the mass of 2P stars we see in globular clusters today
(Prantzos & Charbonnel, 2006). According to the requirements of the 2P population,
globular clusters would have to have been much more massive at formation, by a factor
of ~ 5—20 (e.g Renzini, 2013). Initial solutions included the cluster losing a fraction of
the 1P population, however a suite of simulations by Reina-Campos et al. (2018) showed
that dynamical cluster mass loss was unable to reproduce observed conditions. There
is, to date, still no clear solution to this discrepancy, and research attempting to resolve

this tension is still ongoing.

Observationally, there are a few methods to visualise and identify multiple populations
within globular clusters. One of the key features of multiple populations is each popula-
tions chemical abundances. By observing the cluster spectroscopically, the abundances
of each element can be determined for each star and when plotted, show distinct cor-
relations and highlight the different populations. Shown in Fig 1.12 is the CMD of the
globular cluster NGC 6752 along with a number of element abundance comparisons from
Bastian & Lardo (2018), with each distinct population marked with different colours.
The element abundances of multiple populations can also have an effect on the photom-
etry of each star, and so multiple populations can also be separated in what is known
as a “chromosome map” (discussed further in Sec. 5.1). The chromosome map shown
in Fig. 1.13 from Milone et al. (2017) shows the grouping of the populations within a

globular cluster. Broadly speaking, the y axis of the chromosome map can be used as
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FIGURE 1.12: Spectroscopic analysis of multiple populations in the globular cluster

NGC 6752 from Bastian & Lardo (2018). On the left hand side, the RGB sequence of

the cluster is marked on the CMD, while the right hand side shows a of comparison of
element abundances, with each separate population marked with different colors.

a proxy for the abundance spread in some elements, in particular Nitrogen, while the x
axis can be used as a proxy for the abundance spread of Iron and also for the depletion
of Helium within 1P and 2P stars. It is important to note, however, that these are only
approximations. In some more unusual cases, multiple populations can be seen in the
CMD as a splitting of the MS, into a redder and bluer branch, as seen in Fig. 1.14. From
the CMD of NGC 2808 from Milone et al. (2012a), we see distinct populations within
the MS region, although it is important to note that this is due to a particularly high
spread in Helium within the cluster, which impacts how blue a star appears, and this

phenomenon is relatively rare.

Clusters are typically split into “Type I” and “Type II” depending on the characteristics
of their multiple populations. Type I clusters make up the majority of clusters within the
Milky Way, but are characterised by a relatively “simple” chemical abundance spread: a
1P and a 2P population with similar metallicities. Type II clusters have a more complex
chemical composition and are rarer than their Type I counterparts, only accounting for
15 — 20% of Milky Way globular clusters (Milone & Marino, 2022). Type II clusters
are identified by having at least one of three markers: at least one additional group to
the 1P and 2P populations in the cluster’s chromosome map (on the red side), split or
broad SGB and RGB branches in the cluster’s CMD, and, most unusually for globular

clusters, a significant spread in metallicity (Milone et al., 2017).
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FIGURE 1.13: The chromosome map of NGC 6723 taken from Milone et al. (2017).
This shows the separation of two stellar populations, 1P and 2P stars, which are labelled
accordingly.

We can see the first and last points clearly in Fig. 1.15, which shows a comparison of
chromosome maps for a Type I and a Type II globular cluster. While the Type I cluster
(the same cluster as shown in Fig. 1.13) shows a relatively simple example of two groups
with little metallicity variation that are clearly separated, the Type II cluster shows a
more complex structure, including the additional population marked in red. Type II
clusters also include some of the most massive clusters in the Galaxy, which suggests
that these clusters being able to retain ejected material from events such as supernovae
may have an effect on the fraction of 2P stars, and that a high mass may be needed to

create the features seen in these clusters (Marino et al., 2015).

There are some typical behaviours of multiple populations in globular clusters, along
with some dependence on their host cluster. For example, recent work has shown that
cluster mass has an impact on multiple populations. The fraction of 2P stars in Milky
Way globular clusters varies significantly with cluster mass, ranging from less than 40%
in low mass clusters, to over 90% in the highest mass clusters (Milone et al., 2017). In
addition to this, we also see that the internal variations of some light element abundances,
such as Nitrogen and Helium, also seem to increase with cluster mass (Lagioia et al.,
2019). Despite this, it is interesting to note that there is no clear dependence for multiple

populations on individual stellar mass, as studies have shown that the abundances of
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very low mass stars are consistent with their more massive counterparts (Milone et al.,

2014, 2019).

Different populations also have different spatial distribution within the cluster, which
can act as a “fossil record” of when, where and how each population formed. In Type I
clusters, 2P stars tend to be more centrally concentrated than 1P stars, which seem to
reside towards the outer regions of the cluster (e.g Milone et al., 2012¢; Cordero et al.,
2014; Lee, 2017), although the distribution of populations for some Type I clusters
have been observed to be more mixed (e.g Dalessandro et al., 2018; Milone et al., 2019;
Dondoglio et al., 2021; Leitinger et al., 2023). These results are consistent with the
scenario that 2P stars are formed more centrally than the 1P population and, while
some clusters have retained that initial distribution, some clusters have become more
mixed due to dynamical evolution (Vesperini et al., 2013). These behaviours are only
typical for Type I clusters, however, as the distribution of populations in Type II clusters

are poorly studied.

1.1.5.1 Multiple populations in binaries

The binarity of multiple populations is another important behaviour of multiple popu-
lations, again with links to cluster evolution and the other observed features. Overall,
among Type I clusters, 1P stars tend to have a higher binary fraction than their 2P
counterparts. This is seen in a number of observations, such as the study by Lucatello
et al. (2015), which concluded that the fraction of 1P binary systems was 4.1+ 1.7 times
larger than the fraction of 2P binaries. This is consistent with observations that 2P
stars tend to be concentrated in the denser environment of the cluster centre, in which
binary systems are more likely to be disrupted (Dalessandro et al., 2019). Similarly, a
study of NGC 6362 by Dalessandro et al. (2018) found a striking difference between the
fraction of 1P stars in binary systems, ~ 14%, compared to the fraction of 2P stars in
binary systems, ~ 1%. Another study of NGC 3201 by Kamann et al. (2020) reported
an observed binary fraction of 23.1 + 6.2% for 1P stars and 8.2 + 3.5% for 2P.

There have also been a number of simulations on the binary fractions of multiple popu-
lations, which agrees with many of the observations. Simulations by Hong et al. (2015)
and Vesperini et al. (2011) both show that 1P stars are more likely to be in binary
systems than 2P stars. Results such as these suggest that this distribution may be a
“fingerprint” of the populations formation, and are also consistent with the current un-
derstanding that 2P form in the inner regions of the cluster (Vesperini et al., 2013). Due
to this radial distribution, 2P binary systems may have a higher disruption rate than

the 1P binary population due the high density environments that 2P stars are more
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FIGURE 1.16: A comparison of the observed characteristics of globular clusters and

NSCs, taken from Neumayer et al. (2020). The left hand side shows the absolute

magnitude of NSCs and globular clusters as a function of the position of each cluster

within their host galaxy, while the right hand side shows the distribution of absolute

magnitudes separately for each galaxy, ordered by host stellar mass. From these plots,

it is clear that NSCs are nearly always the brightest and most central cluster within
their host galaxy.

likely to reside in (Hong et al., 2019). The suggestion that separate populations may be
able to “remember” their initial formation conditions to some extent is expanded upon
in Kamann et al. (2020), which suggests that, rather than the binary fraction being
affected by interactions, the different populations may have also formed with different

intrinsic binary fractions.

1.2 Nuclear Star Clusters

A nuclear star cluster (NSC) is identified as a massive, dense, compact and bright stellar
system located at the dynamical centre (or “nucleus”) of its host galaxy (Neumayer
et al., 2020). It’s due to their unusually high brightness and mass that these clusters are
easily distinguished, and clearly “stand out”, from their surroundings of typical globular
clusters. NSCs are also relatively common objects within galaxies (e.g Bender et al.,
2005; Nguyen et al., 2018) and have been known to co-exist with SMBHs in the centres
of galaxies, the closest example being the NSC in our own Milky Way (Genzel et al.,
2005; Feldmeier-Krause et al., 2017). A comparison of globular clusters and NSCs within
the Virgo galaxy cluster is shown in Fig. 1.16, which compares brightness to position
within host galaxy, on the left panel, and the mass of their host galaxy, on the right
panel. This result confirms that NSCs are both the brightest and most central cluster
objects in almost all cases (Boker et al., 2004).
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The presence of NSCs raises further questions on cluster formation. For example, when
do NSCs form? How do NSCs fall to the centre and resist the displacement caused by
merging galaxies? It is reasonable to argue that, given NSCs reside in the dynamical
centre of their host galaxies, that NSCs (or at least some form of proto-NSC) could be
some of the earliest structures to have formed within the galaxy. Due to the complexity
of NSCs, however, detailed studies of the abundances of stars in NSCs, such as done for
the Milky Way (Do et al., 2015; Rich et al., 2017), are needed to investigate this.

There are two main theories as to how these large dense structures form within the
galactic centre: in situ or by migration. The first is in situ formation, as there is evidence
that NSCs may form independently from other globular clusters within their host galaxy
by forming directly at the dynamical centre (e.g Loose et al., 1982; Antonini et al., 2015).
In this formation scenario, gas is funneled into the galactic centre, which is then able to
form stars and massive compact objects, provided enough gas is available. The reason
for the gas funneling effect has been proposed to be from a number of different sources,
including gas-rich galaxy mergers (Mihos & Hernquist, 1994) and instabilities in the host
galaxies internal gas structure (Milosavljevi¢, 2004). The alternative is the migration
of formed globular clusters into the galactic centre. A model offered by Tremaine et al.
(1975) suggested that compact nuclear structures would form if globular clusters were
“dragged”, via dynamical friction, to the centre of the galaxy, which has also been backed
up by simulations by Hartmann et al. (2011) and Antonini et al. (2012). The strength
of the dynamical friction that a cluster would face is also proportional to the mass of
the cluster, which means that the most massive clusters would be more likely to fall to

the centre and form an NSC.

There is also evidence that the likelihood of an NSC forming is linked to the mass
and morphology of a galaxy. Studies have shown that there is some link between both
galaxy mass and the presence of an NSC. In galaxies with masses ~ 10? Mg, over 80%
contain an NSC, which steadily decreases with mass until the point where almost no
NSCs are found in galaxies with a mass of ~ 105 M, (e.g den Brok et al., 2014; Ordenes-
Briceno et al., 2018; Sanchez-Janssen et al., 2019). Both early-type elliptical galaxies
and late-type spiral galaxies host NSCs, however, at particularly high masses, ellipticals
are considerably less likely to host an NSC (Lauer et al., 2005). The lack of NSCs in high
mass ellipticals could be explained by the merging of galactic nuclei with SMBHs, as this
would lead to the formation of black holes in binary systems, which would decrease the
central density to the point where the NSC would effectively be destroyed (e.g Quinlan
& Hernquist, 1997; Milosavljevi¢ & Merritt, 2001).

Outside of formation, survival is an important mechanism when discussing NSCs. In

the aftermath of galaxy mergers, and after an extended period of time, the remaining



Chapter 1 31

structure of the host galaxy can be stripped away, leaving the nucleus as the only sur-
viving visible entity. Commonly, more massive stripped NSCs (above ~ 10 M) are
referred to as Ultra Compact Dwarf galaxies (UCDs) (Hilker et al., 1999; Drinkwater
et al., 2000). Stripped NSCs can be mistaken for typical globular clusters at first glance,
however, they share the same features that are used to distinguish NSCs from ordi-
nary globular clusters within their host galaxy: a similar structure to typical globular
clusters, but brighter, more massive, and with a more complex population, featuring
metallicity and age spreads consistent with the regular infalling of gas to the galactic
centre (Dabringhausen et al., 2008; Frank et al., 2011; Neumayer et al., 2020). In the
Milky Way, there are thought to be as many as six globular clusters that can be defined
as accreted NSCs that have been linked to previous galaxy mergers within the Milky
Way’s history (Kruijssen et al., 2019; Pfeffer et al., 2021).

Stripped NSCs may also be prime candidates to host IMBHs (Pfeffer et al., 2021). As
these objects are the former nuclei of galaxies, it is reasonable to assume that their
original host would have a black hole at the centre, alongside their NSC. In the case of
a more massive galaxy, this would likely be a SMBH, however, for a less massive galaxy,
this could potentially be an IMBH (see Sec. 1.1.3). During the merging process, it is
feasible that a stripped NSC may be able to hold onto the black hole of their original
host (Pfeffer & Baumgardt, 2013; Askar et al., 2021). Although there have been no
confirmed instances of IMBHs, this retention of black holes mass during accretion has
been confirmed by a number of studies of massive (~ 10® Mg) UCDs, including the
detection of a 2.1 x 107 Mz SMBH within a UCD in M60 by Seth et al. (2014) (see also
Ahn et al., 2017, 2018; Afanasiev et al., 2018). It is important to note that massive black
holes have only been detected in massive UCDs to date. It is unclear if less massive
stripped NSCs would host a massive black hole, or be able to retain a massive black hole
during the accretion process. For simplicity, we will refer to UCDs as stripped NSCs for

the remainder of the introduction.

1.3 Omega Centauri

NGC 5139, Omega Centauri (w Cen), is a particularly important and interesting object
in the Milky Way. Located in the Centaurus constellation in the southern hemisphere
~ 5 kpc from the Sun, it is the most massive cluster in the Milky Way other than the
Milky Way NSC at 3.94 4 0.02 x 10° My, (Baumgardt & Hilker, 2018).

There is a longstanding debate as to the classification of, w Cen, either as a genuine
globular cluster or a stripped NSC (e.g Bekki & Freeman, 2003; Pfeffer et al., 2021)

though, if w Cen is in fact a stripped NSC, there is still no consensus on whether it
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FIGURE 1.17: The surface brightness profile of w Cen from Baumgardt & Hilker (2018),

which shows the profile flatten within the core radius. The yellow line represents the

core radius, the green represents the half light radius and the blue represents the half

mass radius. This is evidence that the cluster is not core collapsed, and likely hosts a
considerable black hole mass.

belonged to either the Gaia-Enceladus or the Sequoia dwarf galaxies (Massari et al.,
2019a; Forbes, 2020; Pfeffer et al., 2021). The unusual complexity of w Cen, however,
supports it’s classification as a stripped NSC, as the cluster: shows complex kinematics
and internal dynamics (van de Ven et al., 2006), has a particularly complex chemical
composition (Alvarez Garay et al., 2024), and dynamical models have shown that the
morphology and kinematics can only be explained by either an IMBH or large population

of stellar mass black holes (or a combination of the two, discussed below).

Dynamically, w Cen is classed as young. As seen in Fig. 1.4, w Cen has a particularly
long relaxation time at ~ 10'° years. The surface brightness profile of the cluster in
Fig. 1.17 is flattened towards the cluster centre, which shows that w Cen is not core
collapsed, which is further evidence for substantial black hole content in the cluster.
w Cen also shows limited mass segregation, as shown by the flat distributions in the

mass profiles for each cluster region in Fig. 1.18.

Due to the cluster’s status as a potential former NSC, and to the fact that the cluster
is not core collapsed, there is a long standing debate as to whether the cluster hosts
an IMBH, or a collection of stellar mass black holes at the cluster centre. There have

previously been claims of IMBH detections, including suggestions of a 40000 M5 IMBH
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F1cURrE 1.18: Similar to Fig. 1.5, this figure shows the stellar mass function of w Cen

with different projected distances to the cluster centre, taken from Baumgardt & Hilker

(2018). The distributions within each of the cluster regions are flat, which suggests little
mass segregation within the cluster.

at the centre of w Cen based on its velocity dispersion and surface brightness profile
(Noyola et al., 2008). These claims have been investigated by a number of studies since
then, such as a study by van der Marel & Anderson (2010a), which found the upper
limit of an IMBH to be 10000 M. Other studies have also reported that w Cen can be
successfully modelled without an IMBH. A study by Zocchi et al. (2019), for example,
was able to model the velocity dispersion of w Cen with a concentrated central cluster
of stellar mass black holes rather than a central IMBH. The comparison between models
and observations in a study by Baumgardt et al. (2019) is shown in Fig. 1.19, which
shows the proper motion and line of sight velocity dispersion of the cluster and N-body
models with different assumptions; an IMBH and a low and high retention of stellar mass
black holes, as the retention fraction of stellar-mass black holes in w Cen is debated (see
van der Marel & Anderson, 2010b; Noyola et al., 2010). The conclusion from Baumgardt
et al. that if w Cen does contain an IMBH, its mass would be significantly less than the
40000 Mg, and suggested that the black hole content of w Cen may be a combination of
both a lower black hole retention fraction and a lower mass IMBH, though this would

require further study.

A recent breakthrough has been made by a study by Héaberle et al. (2024), which has
made a convincing case for an IMBH presence by observing seven fast moving stars

within the central region of the cluster. Shown in Fig. 1.20 is the observed velocity
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FIGURE 1.19: A comparison of observations (black points) to a number of models for

the black hole content of w Cen taken from Baumgardt et al. (2019). The black dotted

line represents a 10% stellar mass black hole retention fraction, the red solid line a 75%

retention fraction, and the blue dashed line represents a single 47500 M IMBH. The

left panel shows the proper motion velocity dispersion and the right panel shows the
line of sight velocity dispersion

distribution is compared to both a model with no IMBH and a model with a massive
IMBH and, as seen, a number of observed stars have a velocity significantly larger than
the 62 kms™! escape velocity of w Cen. This is in contrary to the no IMBH model,
which is shown to have no stars with velocities higher than w Cen’s escape velocity.
This means that these observations can only be explained by the stars being bound to a
massive black hole. The study was also able to determine that the most likely mass for
the black hole is ~ 40000 M, with a lower mass limit of ~ 8200 M, which provides

compelling evidence for a IMBH presence.

Another unusual feature of w Cen is the multiple populations in the cluster. w Cen
is classed as a Type II cluster and shows not only numerous additional populations,
but also a wide spread in metallicity. The chromosome map of w Cen from Milone
et al. (2017) is shown in Fig. 1.21 and highlights the complexity of the cluster, with
the traditional 1P and 2P stars shown in black and the additional populations observed
in Type II clusters shown in red. This complexity is also shown in the cluster’s main
sequence, which is shown in Fig. 1.22 from Bellini et al. (2017). To date, at least 15
chemically distinct populations have been detected in w Cen, which only raises more

questions as to how the multitude of populations formed and evolved.

One of the key pieces of information missing about w Cen is a well defined binary
fraction. Determining the binary fraction of a cluster as complex as w Cen will provide
a crucial insight into the evolution of the cluster, which is particularly important given
its status as a stripped NSC. The binary fraction can also give a better understanding

on the black hole content of the cluster, which is important given the potential for the
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FIGURE 1.20: The observed stellar velocity distribution of w Cen (grey) compared to

two N-body models: a model with no IMBH (black) and a model with a 47000 Mg

IMBH (blue) from Héberle et al. (2024). A number of stars are observed with a velocity

significantly higher than the escape velocity of the cluster, which can only be explained
by the presence of a massive black hole.

cluster to host an IMBH. Studies of multiple populations can also benefit from a well
defined binary fraction, as binarity in multiple populations of Type II clusters is not
well studied. To date, there have been a scarce few studies of the binary fraction of
w Cen and, of the very few direct investigations for binary systems in w Cen, no studies
that give a well measured value for the global fraction of the cluster. The most recently
published estimates for binary fraction are photometric studies by Bellini et al. (2017),
which estimates a fraction of 2.70£0.08%, and one by Elson et al. (1995), which estimates
an upper limit of 5%. Dark remnants have also been recently detected by a study by
Platais et al. (2024), which was able to successfully identify four cluster members that
have acceleration patters consistent with the gravitational pull of an invisible companion,

such as white dwarfs, one of which is massive enough to be classed as a neutron star.
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FIGURE 1.21: The chromosome map of w Cen taken from Milone et al. (2017), which

shows the traditional 1P and 2P population in black and the additional Type II cluster

features in red. From the chromosome map, we see a number of additional populations
and the characteristic spread in metallicity of a Type II cluster.

1.4 Observational techniques

1.4.1 Photometry vs. spectroscopy

Detecting stars in binaries poses a number of difficulties, particularly in globular clusters.
The two most widely used and efficient methods are through photometry and through

spectroscopy.

There are a number of different methods for detecting binaries photometrically. Multi
epoch photometry, which traces the flux of one star, allows for the dip in brightness
that may be caused by an eclipsing binary companion. Astrometric wobble is also used,
in which a star is monitored for small but regular displancements in a star’s relative
position. The most commonly used method for photometrically detecting binaries in
globular clusters, however, is based on the principle that, when observing an unresolved
binary system (typical for tight binaries in distant globular clusters) made of two lu-
minous stars (rather than stellar remnants), both the primary and the companion will
contribute to the total brightness of the observed primary star. This has the effect of
giving the primary star a different position in the CMD to that of a single star, with the

severity of the difference dependent on the mass ratio of the secondary compared to the
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F1GURE 1.22: The main sequence portion of the CMD of w Cen taken from Bellini
et al. (2017) marked with separately identified populations. In total, there are at least
15 chemically distinct populations, which highlights the complexity of the cluster.

primary. For example, although an equal mass binary system will have the same colour,
the observed star will be ~ —0.7 magnitudes brighter than if the star had no companion.
This shifting in the main sequence forms a distinct branch along the main sequence that
is often referred to as the binary main sequence. An example of a CMD with tracks
to show the binary main sequence for different mass ratios is shown in Fig. 1.23. This
CMD shows that a higher mass ratio results in a more separated and distinct binary
main sequence region than lower mass ratio bands. A number of studies have success-
fully reported photometric binary fractions using a photometric approach, including the
study of 59 galactic globular clusters by Milone et al. (2012b) and the study of binary
systems in open star clusters such as Cordoni et al. (2023) and Mohandasan et al. (2024).
Despite the success of previous studies, Fig. 1.23 also highlights a number of drawbacks

to the photometric method.

The first is that, although the photometric approach allows for the estimation of the mass
ratio of the system, it does not allow for the determination of orbital parameters such
as orbital period or eccentricity, hence it offers a limited study into the demographics
of the population. Secondly, as seen from the separation of the different mass ratios in

Fig. 1.23, this method is less sensitive to binaries with a low mass ratio. Although the
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F1GURE 1.23: The CMD of the open star cluster NGC 1718 taken from Mohandasan

et al. (2024) with coloured lines as a reference for binary systems with a variety of mass

ratios (q). The black dash lines show the location on each track for primary stars of
different masses.

separation is clear for binaries with mass ratios 2 0.6, binaries with mass ratios less
than this are easily obscured by the CMD. Thirdly, this approach can also be affected
by multiple populations. As seen in Fig. 1.14, multiple populations in exceptional cases
can result in a secondary branch of the main sequence which is indistinguishable from
a binary main sequence branch. This is particularly important in the case of w Cen
where, as seen in Fig. 1.22, the multiple populations of the cluster form a number of
separate main sequence branches which makes estimating a photometric binary fraction

particularly challenging.

This study uses the spectroscopic approach to detecting binary systems. The spectro-
scopic approach is based on the concept that, as the primary star will move due its binary
counterpart, the observed star’s spectrum will experience a Doppler shift proportional

to the radial velocity of the star:

AN = Aobs — Ao = Ao (1.3)
C

Where \g is the actual wavelength of the source (if it were not moving), Aops is the

observed wavelength and v is the stars radial velocity.
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Using the magnitude of the shifts in spectra, it is then possible to calculate the orbital
velocity of the primary star given the actual wavelength, \g, is known. By taking a
number of measurements, it is then possible to detect velocity measurements to detect
significant velocity variation around the mean system velocity. An example of radial ve-
locity measurements of a star in w Cen that has been identified as a binary system, based
on the work that will be presented in this thesis, is shown in Fig. 1.24. In this example,
the radial velocities vary with each measurement and a clear variation around the mean
system velocity can be seen (the systemic velocity of w Cen is indeed ~ 250 kms~1). This
method will also be discussed further in Sec. 2.4. This technique has a long history of
success, with some of the first studies using this method dating to the 70’s (e.g Gunn &
Griffin, 1979). More recent studies that have used the spectroscopic approach to detect
binary systems in star cluster environments include the study of NGC 3201 by Giesers
et al. (2019), the study of NGC 1850 by Saracino et al. (2023) and the study of M4 by
Sommariva et al. (2009). There are a number of advantages to using a spectroscopic
approach as opposed to the photometic approach. One benefit is that this method can
be used to provide further details into individual binary systems through the estimation
of orbital parameters, including velocity amplitude, eccentricity, mass ratio and orbital
period, rather than just the mass ratio derived from photometry (see Sec. 6.2). By
estimating orbital parameters for binary systems within cluster environments, it is then
possible to identify any trends within the binary population, which may provide a link
to the properties of the host cluster, such as the clusters formation, evolution, and black
hole content. This also enables a binary search in clusters where multiple populations
are visible on the CMD as, unlike photometry, the detection of binary system is not re-
liant on the star’s position on the CMD. Another advantage is that this is also sensitive
to binary systems with dark components, such as white dwarfs, neutron stars and black

holes.

There are still, however, some drawbacks to the spectroscopic approach that much be
considered. This method is not sensitive to binary systems with particularly long orbital
periods and low mass ratios, as in these cases the companion star has little observable
effect on the primary star. This effect will be discussed further in Sec. 1.4.2. This
method also relies on multi-epoch data in order to detect velocity variations, which

requires more observation time.

1.4.2 Using velocity variations to identify binary systems

As discussed in Sec. 1.4.1, the spectroscopic approach adopted in this study relies on
detecting velocity variations from the spectrum of the observed primary star that are

caused by a binary companion. This means that the orbital properties of the binary
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FIGURE 1.24: The radial velocity measurements for a binary system in w Cen derived

from the star’s spectrum overlaid with the best fitting orbit from Saracino et al. (in

prep.). The top panel shows the radial velocity measurements and best fitting orbit

against the observation date, while the bottom panel shows the relative position of each
radial velocity measurement within the fitted orbit.

system, in particular the orbital period, mass ratio, eccentricity and inclination, will
have an impact on the system’s velocity measurement. For this, consider a test binary
system where: each star has the same mass, the orbital period is 10 days, the orbit
is completely circular (e = 0), the inclination angle is 90° (discussed in this section),
and the mean system velocity is set to be 250 kms~—!. For this test system, by varying
each of these parameters, it is possible to see the effects of the orbital parameters on
the detection of a binary system. The velocity measurements for the test binary system
are calculated based on the principle of Kepler’s third law, which can be rearranged to

calculate individual velocity measurements, given by:

G
M + Mg)(l — 62)

vr1(t) = vo+Kile cos(w)+ cos(T(t)+w)] where K; = Mg\/a( sin(z)

(1.4)
Where v,.1(t) is the measured velocity for each time step, vy is the barycentric system

velocity, K7 is the velocity amplitude, e is the system eccentricity, w is the argument

of periapsis (orientation of the eccentric system), a is the semi-major axis, M; and
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My are the primary and secondary mass respectively, and ¢ is the inclination of the
system. T'(t) represents the true anomaly of the system, which is a coefficient calculated
for each system which is dependent on the system eccentricity and orientation (Lovis
& Fischer, 2010). This equation is used to create all of the velocity curves shown in
Figs. 1.25, 1.26, 1.27 and 1.28. This equation is also used to generate the mock data

sample in Sec. 3.2

The first orbital parameter that will be discussed is the orbital period of the system.
There are two major effects that increasing the orbital period has on the velocity curve:
a lower velocity amplitude, and the elongation of the wave shape compared to shorter
orbital periods. This is seen in Fig. 1.25, which shows the test binary over a range of
orbital period values, 5, 10, 20 and 40 days. For the 5 day orbit, the velocity amplitude
is ~ 80 kms™!, compared to the amplitude of ~ 40 kms~! for the 40 day orbit. The
elongation and, in turn, frequency of the orbit is also visible, as there are a total of 4
orbits visible within the observed range for the 5 day orbit, while only a 0.5 orbits are
seen for the 40 day orbit. This results in a much less significant variation of orbital
velocity for the longer period orbit compared to the shorter period orbit. Due to the
higher velocity amplitude, the more frequent instance of the peak velocity, and the more
significant variation in velocity within the observation period, it is more likely that a
binary system with a shorter orbital period would be detected rather than a longer

orbital period.

The mass of the companion compared to the primary, mass ratio, has an impact on
the velocity measurements of the primary. The test binary is shown in Fig. 1.26 with
varying mass ratio, between My /M; = 0.1 and My/M; = 1. From this, we see that the
main effect of a low mass ratio is the lowering of the velocity amplitude. In the case
that the primary and secondary have an approximately equal mass, each star exerts a
comparable gravitational force on the other. This means that the primary star will have
significant variations in velocity as it moves due to its companion, which is seen as the
system has a maximum velocity amplitude of ~ 80 kms™! for equal mass stars. This
significantly decreases to to ~ 10 kms™! for a 0.1 mass ratio, as the companion has a
negligible gravitational force compared to the primary. Due to the significantly reduced
velocity amplitude, a system with a very low mass ratio is less likely to be classified as
a binary. There are some observational effects that limit the detection of systems with

equal mass stars, however this will be discussed in Sec. 3.2.

Despite having a significant effect on the observed radial velocity, eccentricity is unusual
in the sense that it is the sinusoidal shape of the velocity curve that is impacted by
increasing eccentricity, along with the velocity amplitude. Shown in Fig. 1.27 is the

velocity curve for the test system with eccentricity values between e = 0 and e = 0.9,
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FIGURE 1.25: The radial velocity of a test star against time for a range of set values

for orbital period, between 5 and 40 days. This shows the effect of a orbital period

on the velocity curve of a binary system, as the velocity amplitude decreases, and the

velocity variations happen over a more extended period of time, both of which make
confidently identifying binary systems more challenging.
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FIGURE 1.26: The radial velocity of the test binary with respect to time, with varying

mass ratios. A smaller mass ratio results in the velocity amplitude of the system being

significantly reduced, which reduces the likelihood of the star being classed as a binary
system.
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FIGURE 1.27: Radial velocity over time of the test binary system with a varied ec-

centricity, between 0 and 0.9. The eccentricity has an unusual effect on the velocity

curve, as the curve becomes deformed, rather than sinusoidal. Increasing eccentricity,

therefore, makes detection more difficult, as it relies on observing the system when the
velocity variation is maximised.

which highlights this effect. In the case where e = 0, the companion orbits in a circular
path, which leads to a sinusoidal velocity curve with a consistent velocity amplitude of
~ 80 kms™!. In the case of high eccentricity systems, such as e = 0.9, the companion
orbits in an oval shaped path, which leads to the velocity curve becoming deformed.
This is due to the effects of Kepler’s Second Law, which states that a the orbit of a
binary companion will sweep out equal areas at equal intervals of time, and so a closer
distance between the two stars implies a higher orbital velocity. This makes detecting
these systems more challenging, as it relies on observing the star as it moves closest to
the primary to detect the largest variations, which in this case in the range of ~ 2 days.
The shape of the radial velocity curve for an elliptical system is also dependent on the
orientation of the system (referred to as argument of periapsis, w, or mean anomaly), as

shown by the solid grey line in Fig. 1.27.

Although inclination is a geometric effect rather than an orbital property, the inclination
of a binary system has a significant impact on the measurement of radial velocities.
Shown in Fig. 1.28 is the test binary with varying inclination angles which shows the
effect of the system geometry. For example, when the system is edge on (i = 90°) and the
plane of the orbit is in line with the observer, the full shift of the spectrum, and therefore
the maximum velocity amplitude, can be observed as the star moves toward and away

from the observer. When the binary system is face on (i = 0°) and the plane of the
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FiGURE 1.28: The radial velocity against time of the test binary with varying incli-

nation angles. As the inclination angle approaches 0° (face on), the plane of orbit

is perpendicular to the observer and the velocity curve becomes a line following the

system mean velocity as the Doppler shift of the spectrum is not observable. As the

inclination approaches 90° (edge on), the plane of orbit is parallel to the observer and

the maximum velocity variation of the system is measured as the full shift of the spec-
trum is observable.

orbit is perpendicular to the observer, the velocity curve will be a flat line at the system
velocity as, even though the star is moving, it is not possible to observe any shift in the
spectrum, as the motion of the star is not in the plane of the observer. Both the mass
ratio and the inclination have the same effect on the velocity curve, namely a reduction in
the velocity amplitude. Hence, the two quantities are impossible to disentangle without
further information and typically, only the minimum mass, Mz sin(i), can be determined

for any companion.

1.5 MUSE

The Multi Unit Spectroscopic Explorer (MUSE) (Bacon et al., 2010) is an integral field
spectrograph (IFS) mounted on Yepun (UT4) at the Very Large Telescope (VLT) at
the Paranal observatory in Chile of the European Southern Observatory (ESO). The
project kick-off was in 2005, and then observed first light in 2014. The instrument has a
wavelength range of 465-930 nm and two observing modes, Wide Field Mode (WFM) and
Narrow Field Mode (NFM), which both use adaptive optics (AO) to improve resolution.
The WFM has a 1’ x 1’ field of view (FoV) and uses ground level AO (GLAO), which
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results in an improved spatial resolution and a sampling of 0.2” per pixel. The NFM has
a7.5” x 7.5” FoV and uses more advanced laser tomography AO (LTAO), which greatly
improves resolution, with a higher sampling of 0.025” per pixel. Although this improved
sampling and resolution makes NFM ideal for studying dense stellar environments, such

as the central regions of star clusters, the higher resolution limits the NFM FoV.

MUSE is classed as an integral field spectrograph (IFS), which is built around 24 sep-
arate integral field units (IFUs). An IFS allows for the observation of the entirety of
an astronomical object, with each pixel being measured for the intensity of light as a
function of wavelength. This results in a 3D data cube of the object: a 2D field of view
plus a third dimension, which is the full spectrum of each pixel. Data from MUSE is
routinely used to study a number of different objects including, but not limited to: glob-
ular clusters, high-z galaxies, ultra faint dwarf galaxies and Lyman « emissions (Bacon
et al., 2023).

This study makes use of the Galactic Globular Cluster Survey (PI: S. Kamann), which
has observed 27 Galactic globular clusters since first light in 2014 (Kamann et al., 2018).
Observing dense stellar systems like globular clusters is challenging due to the crowded
field, which causes multiple stars to blend together on the detector. Although there
have been some previous photometric studies with HST, previous spectroscopic surveys
of individual stars within globular clusters have been seriously limited by crowding, par-
ticularly in the cluster centre. Spectroscopy is limited as it does not preserve spatial
information, and so the spectra of different stars cannot be de-blended. IFSs such as
MUSE, however, are able to preserve spatial information, and therefore can de-blend in-
dividual spectra within the sample (Kamann et al., 2013). As discussed in Sec. 1.4.1, a
large number of epochs is necessary for spectroscopically detecting variable stars and cal-
culating a constrained binary fraction, which had also not been available before MUSE.
There have been a number of studies of globular clusters using MUSE, which have been
able to give important insights into the dynamics and demographics of globular clusters.
These include the study of NGC 3201 by Giesers et al. (2019), the detection of a stellar
mass black hole (Giesers et al., 2018), and the study of multiple populations within
the cluster (Kamann et al., 2020). There has also been a study of the intermediate
age LMC cluster NGC 1850 by Saracino et al. (2023), which has discovered an unusual
object within the cluster that is debated to either be a stellar mass black hole (Saracino
et al., 2022) or a post-interaction binary system (El-Badry & Burdge, 2022). There
have also been a number of studies conducted for w Cen, including a study by Pechetti
et al. (2024) which investigated the location and kinematics of the cluster centre, as the

location of the cluster centre is still uncertain.
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1.6 Aims of this work

In this first of its kind study of w Cen, the aim is identify, and then to study the
demographics of binary systems within the massive globular cluster w Cen. Due to
the density of the cluster centre, the limited spectroscopic surveys of the past and the
complications with photometry of multiple population branches obscuring the binary
main sequence branch of the CMD, it has not been possible to calculate a well constrained
value for the binary fraction of the cluster until now. Using MUSE, this analysis is now

possible not only thanks to the large number of stars in the sample.

The first aim is to calculate a binary fraction, corrected for observational biases. As
discussed in Sec. 1.1.4 and Sec. 1.3, binary stars, and a well constrained binary fraction,
is vital to our understanding of the formation and evolution of globular clusters and
can provide a key insight into other areas of globular cluster study, such as the number
and masses of black hole. This is particularly pertinent for w Cen, due to its status
as a proposed stripped NSC and potential to host an IMBH. As well as providing a
fundamental property of w Cen to compare to other globular clusters in the Milky Way,
a well constrained binary fraction has applications in simulations of cluster formation
particularly as a standard to compare to. Beyond this, it is possible to calculate a
corrected binary fraction for all areas of the CMD. By comparing the binary fractions
for regions of the CMD, it will be possible to determine if any groups within w Cen are
intrinsically more likely to be in binary systems, such as BSSs that were discussed in
Sec. 1.1.4.1.

The second aim is to then identify trends in binarity across the multiple populations
of w Cen. As discussed in Sec. 1.1.5 and Sec. 1.3, the topic of multiple populations
is particularly active and hotly debated. In the case of w Cen, this is particularly
important due to the large number of chemically distinct populations. By determining
the binary populations across the different populations of w Cen and identifying any
trends, this can provide an important insight into the formation and evolution of the
multiple populations. Identifying trends in multiple populations can also provide more
insights into the structure of multiple populations in other Type II clusters, which to

date are relatively poorly understood.

The structure of the following work is as follows: Chapter 2 details the process of
reducing the MUSE data, removing known photometric variables and calculating the
probability that a star is variable. In Chapter 3, the process of generating a sample of
mock MUSE data is discussed, including the physical principles that are considered, the
method for calculating the mock sample, and the observational effects that are applied.

After the mock sample is generated, it is then used to determine the necessary cuts on
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the number of epochs to apply to the observed data and to give a reasonable threshold
over which a star is considered binary. Chapter 4 then combines the results of Chapter 3
and the variability calculations from Chapter 2 to calculate and discuss both a discovery
fraction and a completeness corrected binary fraction for each region of the CMD. The
analysis of multiple population binarity is then discussed in Chapter 5 and the cluster
is split into a number of distinct populations based on the distribution of chemical
abundance within the cluster. Chapter 6 consolidates the main results of this study, and

provides a discussion on the future work and the applications of these results.

A number of the data processing steps were not completed by the author, Florence
Wragg. The initial observations (Sec. 2.1.1) were completed through the relevant survey
team (Kamann et al., 2018). The data reduction stages (Sec. 2.1.2) were processed
through the MUSE pipeline (Weilbacher et al., 2020). The spectral extraction, spectral
analysis, CMD region separation and final sample cleaning cuts were completed by
Sebastian Kamann and Tim-Oliver Husser (Sec. 2.2 Kamann et al., 2013; Husser et al.,
2016). The pseudo colours (Sec. 5.1) were calculated by Husser et al. (2020) based
on work by Milone et al. (2017). All work, other than the steps declared above, was
completed by Florence Wragg. Throughout this thesis, the use of “we” refers to the

study as a whole rather than a collection of authors.



Chapter 2

Detecting Variability

“It is the struggle itself that is most important. We must strive to be more than we are.
It does not matter that we will never reach our ultimate goal. The effort yields its own

rewards”

Lt. Cmdr. Data - Star Trek: The Next Generation
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2.1 MUSE data

2.1.1 Observations

One of the biggest challenges in spectroscopic observations of globular clusters is the
crowding of the field, resulting in the blending of sources. As a consequence, spectro-
scopic samples large enough to determine the demographics of the binary populations
in clusters like w Cen are still scarce. This is now possible with the Multi Unit Spectro-
scopic Explorer (MUSE, Bacon et al., 2010) at the Very Large Telescope (VLT). MUSE
saw first light in 2014 and since has observed 27 globular clusters within the Milky Way,
including w Cen, as part of the guaranteed time observations (GTO, see Kamann et al.,
2018, for an overview of the observations). In the crowded cluster fields, MUSE enables

simultaneous spectroscopy of thousands of stars.

For this study, we use all the MUSE GTO data available of w Cen: 10 wide field mode
(WFM) pointings with a 1’ x 1’ field of view (FoV), and 6 narrow field mode (NFM)
pointings with a 7.5” x 7.5” FoV were observed repeatedly between 2015 and 2022. On
average, each WFM pointing was observed for 15 epochs, whereas each NFM pointing
was only observed twice. However, the footprints of the NFM pointings are fully covered
by the central WFM pointings as well. For the WFM data, cadences between epochs
ranged from less than 1 h to several months. All observations were performed using
the nominal wavelength range, covering 4750 to 9350A with a spectral resolution of
R ~ 1800 — 3500. A visual representation of the WFM data available for w Cen from
MUSE is shown in Fig. 2.1.

As can be seen from Fig. 2.1, the GTO survey targets different areas in the central
region of the cluster. We note that the data discussed in this work form part of the
OMEGACAT project, recently presented in Nitschai et al. (2023). However, whereas
the catalog published by Nitschai et al. contains the results obtained by averaging over
the individual epochs, here we focus on the single-epoch data and study the stars for

radial velocity variations between the individual epochs.

2.1.2 Data reduction

All observed data was processed with the standard MUSE pipeline (Weilbacher et al.,
2020), which performs all the steps necessary to reduce integral-field spectroscopic data.
Following bias subtraction, signal tracing, flat fielding, and wavelength calibration, the
data from each of the 24 spectrographs are stored in a pixtable. In the next step,

the data from the 24 pixtables are combined, corrected for differential atmospheric
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FIGURE 2.1: A mosaic of w Cen from Nitschai et al. (2023), overlaid with the 10 WFM

(1" across) pointings of w Cen as observed by MUSE (Kamann et al., 2018), with the

number of epochs for each pointing shown via the colourbar. The 6 NFM (7.5” across)

pointings are not shown as they would be too small to see, but are in the overlap region

of the four central WFM pointings. The green dotted circle represents the clusters core

radius, and the red dashed circle shows the half light radius. In this image, up is north
and left is east.

refraction, and flux calibrated. As outlined in Husser et al. (2016), we do not perform
a sky subtraction nor a correction for telluric absorption. These features are corrected
for during the post-processing steps described below. This process is repeated for every
individual exposure before the data for the three (or four, in the case of NFM data)
exposures per pointing and epoch are combined and resampled onto a final data cube,
showing the RA and Dec coordinates along the spatial dimensions and the wavelength
along the spectral dimension. We note that we do not investigate variability between
the individual exposures entering a data cube. These exposures were usually taken

back-to-back, with time offsets of a few to a maximum of 30 minutes.

2.2 Spectral analysis

2.2.1 Spectral extraction

The extraction of individual spectra is done using the PAMPELMUSE software, an algo-

rithm designed to simultaneously deblend the spectra of multiple stars within a single



Chapter 2 51

datacube, detailed in Kamann et al. (2013). In order to properly perform the extraction,
the MUSE data must first be matched to an astrometric reference catalog, in order to
obtain relative positions and brightness estimates for the stars in the field of view. For
the central fields, we used the Hubble space telescope (HST) photometric catalog from
the ACS survey of Galactic globular clusters (Sarajedini et al., 2007; Anderson et al.,
2008). MUSE pointings that were not completely covered by the footprint of the ACS
survey were instead processed with the HST catalog published by Anderson & van der
Marel (2010).

The analysis with PAMPELMUSE starts with an initial guess of the point spread function
(PSF), modelled as a Moffat profile, which is iteratively improved using the brightest
and most isolated stars in the sample. Within each iteration, the contributions from
other nearby stars are subtracted using the PSF model. The iterative process is then
repeated on each layer of the datacube and each solution is combined to create a wave-
length dependent PSF model and to predict the position of each source as a function of
wavelength. Finally, this wavelength dependent model is used to build the final spectrum

for each source by extracting the flux from each layer of the datacube.

2.2.2 Spectral analysis

The analysis of the spectra is performed with SPEXXY (Husser et al., 2016), which
performs full-spectrum fitting against a library of template spectra in order to measure
stellar parameters and radial velocities. In order to obtain initial guesses for the former,
the photometry of the stars with extracted spectra is compared to an isochrone from
the PARSEC database (Bressan et al., 2012), which assumes a distance of 5.3 kpc,
extinction of Ay = 0.4, an age of 13.5 Gyr and a metallicity of -1.2. Using a nearest-
neighbour approach, each star is assigned an initial value for effective temperature (Teg),
surface gravity (log(g)) and metallicity ([Fe/H]). Using these values, a template from the
Gottingen Spectral Library of PHOENIX spectra (GL1B, Husser et al., 2013) is chosen
for each star and initial values for the radial velocities are determined by cross correlating

the observed spectra of each star with the selected template.

During the actual fitting using SPEXXY, the initial guesses for the parameters are im-
proved using a least-squares optimisation between spectra and templates across the
entire MUSE wavelength range. The details of this process vary, depending on the evo-
lutionary state of each star. For the majority of stars (on the main sequence, subgiant,
red giant, and asymptotic giant branches), the template spectra are taken again from
the GLIB library and all aforementioned parameters except for the surface gravity log(g)

are optimized. This is because log(g) has little effect on the stellar spectra within the
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sample of w Cen (Husser et al., 2013), due to the limitations imposed by the relatively
low spectral resolution of MUSE. However, the GLIB templates do not cover the effec-
tive temperature range > 15000 K required to fit the extended horizontal branch stars.
Therefore, these stars were instead compared to a dedicated library, recently presented
in Latour et al. (2023). In such cases, the parameters that were optimized during the
fit were Teg, log(g), the helium abundance instead of the metallicity (given the absence

of any significant metal lines in the MUSE spectra of hot stars) and the radial velocity.

For each measured radial velocity, SPEXXY returns the nominal uncertainty derived
from the covariance matrix. As previous MUSE radial velocity studies have shown
(e.g., Kamann et al., 2016; Nitschai et al., 2023), SPEXXY tends to underestimate the
true velocity uncertainties. As underestimated uncertainties can artificially inflate the
measured binary fractions, we followed the approach outlined in Kamann et al. (2016)
and determined a correction factor for the uncertainty of each velocity measurement.
For each measurement of each star, we selected a comparison sample of 100 measure-
ments from the same cube with similar stellar parameters and spectral S/N. For the
measurements in the comparison sample, we calculated the normalized (by the squared
sum of the uncertainties) velocity differences relative to other epochs and used the stan-
dard deviation of the resulting distribution as correction factor. For more details about

this process, we direct the reader to Kamann et al. (2016).

2.2.3 Separating CMD regions

In addition to determining the radial velocities and stellar parameters, we also identify
the evolutionary stage of each star in order to investigate the binarity of each evolution-
ary type. To do this, we separate the regions of the CMD by eye into eight main stages:
main sequence (MS), turn off (TO), sub giant branch (SGB), red giant branch (RGB),
horizontal branch (HB), asymptotic giant branch (AGB) and BSS.

This is an important metric, as some regions of the CMD are more likely to show
binarity than others, whether it be through physical properties or observational biases.
For example, BSSs are more likely to be identified as binary because this class of objects
is predicted to be formed through the interactions between the two components in a
binary, as discussed in Sec. 1.1.4.1. Bright stars, such as RGB stars, tend to have a
higher SNR and therefore typically have lower observed velocity errors. In our sample,
RGB stars have a mean velocity error of 3 kms™! compared to MS stars, which have a
mean velocity error of 12 kms™! and lower velocity errors improve the detection limits

of radial velocity variations.
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We note that due to the nature of the assignment of evolutionary stage, there are some

cases where multiple stages are applicable, namely at the edges of connecting regions.

For these cases we include this source for all applicable evolutionary stages. This may

mean that sum of the number of stars and binary systems reported totaled over each

evolutionary stage may be larger than the reported global values.

2.2.4 Final sample

To select our final sample of stars, we perform a number of quality cuts as well as a

cluster membership selection. The details of this process are provided in the following:

Only results derived from spectra that were formally successfully fitted by SPEXXY
were considered. A common reason for the failure of a spectral fit was that it hit

the limits of the template grid for Teg, log(g), or [Fe/H].

The contamination from nearby sources — that were too close to the target star to
be resolved in the MUSE data and hence could not be deblended by PAMPELMUSE
— in the extracted spectrum is less than 5%, as contamination under this value has

little effect on the extracted spectra.

The star was extracted more than 2 spaxel away from the edge of the MUSE field

of view in order to avoid artifacts caused by incomplete coverage.

The magnitude accuracy of the spectrum, as determined by PAMPELMUSE, is
above 0.6. To determine this value, PAMPELMUSE tries to recover the magnitudes
available in the photometric reference catalog by integrating over the extracted
spectra. The magnitude accuracy is a measure for the agreement between the two,
relative to the scatter observed for spectra of similarly bright stars. A value of 1
indicates perfect agreement whereas a value of 0 indicates a strong outlier. The
cut value of 0.6 is motivated by the success of previous studies, such as Kamann
et al. (2018) and Giesers et al. (2019).

The reliability of each radial velocity measurement, as defined by Giesers et al.
(2019), is over 80%, to ensure that the radial velocity measurements are reliable

and have approximately Gaussian distributed uncertainties.

The values derived from the spectrum analysis for Teg, log(g), and [Fe/H] show
no outliers when compared to results from other spectra obtained for the same
star. Outliers of these values suggests that the spectral analysis for that particular

spectrum was unreliable.
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e Field stars were discarded using a membership probability cut of 0.5. As ex-
plained in Kamann et al. (2016), the probability of cluster membership is derived
by comparing the average [Fe/H] and radial velocity measurements of each star to
assumed populations of cluster and Milky Way stars. In the case of w Cen, which
has a broad range of metallicities, this is predominantly derived using the radial
velocity measurements, as the stars that would be in the foreground have a velocity
of ~ 0 kms™!, while the systemic velocity of w Cen is ~ 250 kms™! (Baumgardt
et al., 2023). Despite the spread in metallicity within the cluster, foreground stars
are also expected to be considerably more metal rich than the most metal rich
population of w Cen, which allows for these stars to be confidently removed from

the sample.

Following these cuts, there are 312248 individual spectra for a total of 37 225 stars. The
distribution of the number of epochs across the sample is shown in Fig. 2.2. On average,
a star in our sample has valid radial velocity measurements for 6 epochs. However, a
large scatter in the available number of epochs per star is evident in Fig. 2.2. This is
caused by the varying observing conditions during the campaign, impacting the number
of spectra that could be extracted from the MUSE data during each epoch. The sharp
cutoff beyond 17 epochs indicates the maximum number of epochs available per pointing.
Note, however, the tail extending to = 50 epochs, composed of stars that are located in

the overlap regions between adjacent pointings.

2.3 Removing photometric variables

In order to properly identify binary candidates in w Cen, we also must remove stars that
have been previously reported as photometrically variable, such as RR Lyrae and SX
Phoenicis (SX Phe) stars. These radially pulsating stars show radial velocity variations,
however the variation is not caused by a companion orbiting around in a binary. In this
study we compare our sample to a compilation of two catalogues of photometric variables
available in the literature, a catalogue from Clement et al. (2001) and a catalogue from
Braga et al. (2020).

The Clement et al. catalogue is a summary of literature reporting variable stars, such as
RR Lyrae, SX Phe stars, Semi Regulars (SRs) and Long Period Variables (LPVs). The
sources in the Clement et al. catalogue were matched to the MUSE data initially via
their WCS positions, with a 2 arcsecond allowance. To avoid mismatches, we restricted
the potential matches in the MUSE catalog to stars on the HB, BSS, and AGB stars,

as the types of variable stars previously mentioned are only found in these areas of the
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F1GURE 2.2: The distribution of the number of epochs for each source in w Cen. The
median number of epochs is 6. The orange histogram represents the cumulative number
of stars that have at least a given number of epochs.

CMD. The matches were then manually confirmed by comparing the magnitudes from
the Clement et al. catalogue to the F625W magnitudes available in the Anderson &
van der Marel (2010) photometry. A source was considered a match if the magnitude
reported in the Clement et al. catalogue was within 1 magnitude of the HST magnitude.
From the Clement et al., we identify a total of 22 variable stars with a MUSE counterpart
in our sample. The Braga et al. catalogue contains photometric variables, such as RR
Lyrae, Type II Cepheids and LPVs that were found using Near Infrared and Optical data.
The Braga et al. catalogue was also matched to the MUSE data through coordinate

matching. From this catalogue, we identified a further 4 photometric variables.

The locations in the CMD of the matches to both the Braga et al. and Clement et al.
catalogues are visualized in the right panel of Fig. 2.3. As expected, LPV and SR are
found on the AGB branch, the RR Lyrae stars cluster on the horizontal branch, and
nicely illustrate the location of the instability strip, and SX Phe stars are found among

the blue stragglers, in agreement with the findings by Cohen & Sarajedini (2012).

2.3.1 MUSE identified photometric variables

The MUSE data offer the possibility to search for photometric variables, by reconstruct-

ing broadband magnitudes from the extracted stellar spectra and comparing them across
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different epochs. In order to the determine the probability of a star being photometri-
cally variable, each magnitude of each star is measured relative to a sample of comparison
stars that have a comparable colour and show little photometric variation across the dif-
ferent epochs available for each pointing. Further discussion of this method is detailed
in Appendix A.1 of Giesers (2020). For the purposes of this study, we select a cut of
0.8 for the photometric variability, where stars with a variability > 0.8 are considered
photometrically variable. The stars that we class as photometrically variable are shown
as black points on the left panel of Fig. 2.3. In total, 912 stars were listed as photomet-
ric variables, 6 of which match the variable stars reported in the literature. As can be
verified from Fig. 2.3, the majority of RR Lyrae stars are identified as photometrically
variable in the MUSE data, which can be explained by their relatively strong bright-
ness variations compared to other types of variables. However, we emphasize that the
majority of stars identified as photometrically variable in the MUSE data are unlikely
to show intrinsic variability. Instead, it it more likely that the photometric variations
point to problems during the extraction of the spectra. Therefore, we exclude the stars

showing high probabilities for photometric variability from further analyses.

2.4 Calculating the probability of variability

A common way to detect velocity variations is to determine the y2? of the velocity
measurements per star under the assumption of a constant actual velocity. However,
when processing samples as large as ours, a considerable number of large x? values is
expected even in the absence of binaries. This statistical noise presents a challenge when
determining which stars are variable, and can strongly impact the results, especially
in the regime of low binary fractions expected for w Cen. We utilise the probability
calculation method presented in Giesers et al. (2019), as this method avoids the high
false positive detection rate by weighting each x? value against the likelihood of the

source being statistical noise.

This process first starts by computing the y? for each star in the sample to determine

how compatible the velocity measurements are with the star’s mean velocity using:

LA | >t s
j=1 52

X2 = Z —(z; —T)* where == Gf (2.1)
=1 j=1 02

For a star with m measurements of z; with an uncertainty of o; compared against the
mean Z. For stars with significant radial velocity variations, the value of x? > 1, while for

stars that show little velocity variation, the value of x? ~ 1. In the case where there are
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no binary systems in the cluster, the null hypothesis, and assuming a common degree of
freedom, v (where v = m—1), the expected shape of the cumulative distribution function
(CDF) is known. If there are binary systems in the cluster, however, this will result in an
excess of higher x? values compared to the known CDF of the null hypothesis, which will
result in a slower increase of the CDF. Using this principle, we can therefore compare
both the expected and observed CDF's to calculate the probability for each star to match
the null hypothesis:

P(XZ’ 'Ui) — 1-— CDF(X%: vi)theoretical
’ 1- CDF(X?» Ui)observed

(2.2)

To then determine if a star is variable for a given degree of freedom (v;), the probability

of variability is P =1 — P:

_ CDF(X?, Ui)theoretical - CDF(X?, Ui)observed

e 2.3
(Xz ) vl) 1-— CDF(X?, Ui)observed ( )

This approach, however, does not take into consideration that the number of velocity
measurements (degrees of freedom, v;) varies for each star. To take all degrees of freedom
into account, the contributions from each degree of freedom are summed for form a

“super CDF”:

50¢) = - 3" CDF(Z v, (24)

Where S is the “super CDF”, n is the total number of stars and n, is the number of stars
per degree of freedom. Using nS as an analogue for nCDFypeoreticar (and NCDF gpserved)

in Eqn. 2.4, we therefore define the probability of a star to be variable as:

nS(x3) — k

P(X?’/Ul): n_k

(2.5)
Where k is the number of stars with a reduced x? (x?/v;) lower than that of a given star.
In practice, this method compares the number of stars with a given y? value against the
number expected from statistical noise, and their fraction is converted to a probability

value, henceforth Py,;.

We show the calculated Py, values for each star in the right panel of Fig. 2.3 across
the different regions of the CMD. We find a particularly high concentration of potential
binary stars among blue stragglers, however this will be discussed throughout Sec. 4.2
and Sec. 6.1.
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FIGURE 2.3: Stellar variability in w Cen. Both panels show the distribution of stars
in the MUSE sample across the colour magnitude diagram (CMD) of the cluster using
F625W and F435W magnitudes. The left hand panel shows stars that are considered
photometrically variable either in the MUSE data or the Clement et al. (2001) and
Braga et al. (2020) catalogs. The right panel shows the sample with all photometic
variables removed and uses a colour overlay to indicate Py, the probability of a star
to show velocity variations, where purple is more likely to be variable and yellow less
likely, as indicated by the colour bar to the right. The larger points of the right hand
panel show stars with P, > 0.8, a cut which is discussed in Sec. 3.3, which we consider

as binary stars.

Pva r

The distribution of Py, is also shown in Fig. 2.4. Note that only stars with a minimum

of six measurements are included in Fig. 2.4, a choice that will be motivated in Sec. 3.3

below. The inserted axis shows the distribution of stars with a Py, > 0.8, which will

also be discussed in Sec. 3.3.

It is evident from Fig. 2.4 that the P, distribution

returned by the method of Giesers et al. (2019) is bimodal, with a dominant peak at low

probabilities. We will further elaborate this point in the following sections of this paper.

We also present the full binary fraction in Sec. 4.2, after a discussion on the chosen cut

values.

2.5 Summary

o After the MUSE data has been reduced, the spectra extracted and quality cuts

have been made, there are a total of 312248 individual spectra across 37 225 star.

The median number of epochs per star is 6.

e A total of 22 previously reported photometric variables with a MUSE counterpart

and removed from the sample, 18 from the Clement et al. catalogue and 4 from
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FIGURE 2.4: The number of stars in the MUSE sample with six or more epochs as a

function of variability probability, Pyar, as designed by Giesers et al. (2019). The inset
axis shows the distribution of P,,, between 0.8 and 1.

the Braga et al. catalogue: 10 RR Lyrae, 4 SX Phe, 4 LPV, 2 SR and 2 that are

not classified.

e A total of 912 stars were identified as photometrically variable using the MUSE
data, which included 6 of the identified photometric variables from the Clement

et al. and Braga et al. catalogues.

e The probability of each star to be variable (Py,,) was calculated for each source
using a weighted chi-square test to assess the significance of velocity variations

around the system mean velocity.
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Determining the Sample

Completeness

“That sounds like some strange math... But I’'m ready!”

Steven Universe - Steven Universe
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In order to determine the binary fraction of w Cen, we need to correct for the incom-
pleteness in our analysis. Inevitably, there will be binary stars that are not classified as
variable via the probability method detailed in Sec. 2.4 due to effects such as systems
having a low inclination, low-mass companions on wide orbits, or damping of the true

radial velocity curves by secondary stars of a similar luminosity (cf. Sec. 3.2).

Although evolutionary models for globular clusters exist, such as MOCCA (MOnte Carlo
Cluster simulAtor; Giersz, 1998) and CMC (Cluster Monte Carlo; Joshi, 2000), there
are no evolutionary models of w Cen with a realistic binary population to date. There
are two main factors that make modelling w Cen difficult, the first being the unknown
origin of w Cen which, as a theorised former NSC, would require models that rely on too
many assumptions to realistically track evolution. The second issue is the high number
of stars in w Cen, which would make realistic models too computationally expensive to

run.

Therefore, to correct for selection effects we generate mock MUSE samples, with known
binary populations and individually known orbital parameters, and apply the same
probability calculation method as was applied to the observed data. By determining the
ratio of the inputted binary fraction to the outputted discovery fraction of the simulated
cluster, a correction factor can be derived and applied to the actual data in order to

obtain a completeness-corrected binary fraction.

To generate the mock samples, we use the observed time stamps and velocity errors for
each measurement of each star and calculate a new set of velocity measurements for
each star, with variations depending on whether the star has been simulated to have a

binary companion or it is considered a single star.

3.1 Physical principles

In order to create mock samples that are representative of w Cen, there needs to be some
consideration of what types of binary stars are expected in the dense cluster environment.
In particular, we consider the constraints imposed by three-body interactions and Roche-

lobe overflow on the distribution of orbital periods we expect to observe.

3.1.1 Binary hardness

The first point to consider is the hardness of the binary system; the binding energy
between a primary star and its secondary companion relative to the kinetic energy of an

average cluster member. As discussed in Sec. 1.1.4, if a binary system has a low binding
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energy (a soft binary), it will be easily disrupted by interactions with single stars or
other binary systems. If a binary system has a high binding energy (a hard binary), it
is much more likely to survive the cluster environment, as it is harder for interactions
to destroy the system (Heggie, 1975). In order to determine the hardness of a binary,
we follow Ivanova et al. (2005) and write down the ratio between the binding energy of

a binary and the kinetic energy of a typical clusters star as

_ GM M,

- ac?(M)’ (3:-1)

where 7 is the binary hardness, M; and Ms are the masses of the primary and secondary
stars respectively, (M) is the average mass of a star in the cluster, a is the semi-major

axis of the binary system, and o is the average velocity dispersion of the cluster.

A binary system is considered a soft binary if 7 < 1, and a hard binary if n > 1. Using
Eq. 3.1 with Kepler’s third law, the binary hardness can be determined for different
orbital periods for given companion masses. For example, assuming a dispersion of
o = 21kms ~!, calculated using the MUSE data, and an average mass of (M) = 0.5 Mg,
we can estimate that the maximum period for a binary system composed of two typical
main sequence stars of average mass is approximately 10° days, with the maximum
period getting shorter as the companion becomes less massive. As soft binary systems
are expected to be rapidly disrupted in the dense environment of w Cen, simulated

binary systems with a hardness n < 1 are ignored.

3.1.2 Roche lobe filling

In order to obtain a lower limit for the periods feasible in our sample, we consider the
Roche limit, i.e. the point at which two stars in a binary system become connected by
the mass transfer of one of the stars. The radius r; of the Roche lobe of the primary
star is described by the Eggleton (1983) equation:

el 0.49¢%/3 M,

no_ . with q= -1 3.2
A 0.6¢%3 +1In(1 + ¢/3) R VA (3.2)

Here, A is the orbital separation of the stars and M; and M> are the mass of the primary

and secondary star, respectively.

In order to determine if a binary system is feasible, we compare r; to the radius of
the primary star, estimated using the isochrone comparison described in Sec. 2.2 above.
If the latter exceeds the former, we discard the binary system and treat the system

as a single star. We note that interacting binary stars showing Roche-lobe overflow
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are expected in a dense environment such as w Cen, but are unlikely to contribute
significantly to the overall statistics. The study by Gottgens et al. (2019) found only 9
emission-line sources in the MUSE sample of w Cen, with most of them being known

photometric variables (cf. Sec. 2.3).

3.2 Generating the mock sample

When creating a mock sample, we pick a random subsample of the stars (with a size
corresponding to the selected binary fraction) and assign each star as the primary star

in a binary systems with orbital properties in line with the following assumptions:

e The mass ratio distribution is described by a power law function F'(q) = ¢7. The
default value for v is 0, corresponding to a uniform distribution of mass ratios, in
line with Ivanova et al. (2005) and Woitas et al. (2001).

e The default distribution for inclination is a uniform distribution of arccos 7 between

0 and 1, corresponding to an isotropic distribution of orbital planes.

e The period distribution is a log normal distribution with a mean value of 109
days and a standard deviation of 10! days. This choice is motivated by the

period distributions found in the simulations of Ivanova et al. (2005).

e The phase of time in the orbit during the first epoch, tg, is a uniform distribution

between 0 and the value of P for each given binary.

e The default distribution of eccentricity, e, is a beta distribution, for which the

probability density function (PDF) is defined as:

(o + B)z @D (1 —2)B-1)

flea0) = NONG

(3.3)

Where T' is the gamma function. The use of a beta distribution is motivated by
work by Kipping (2013), which found that a beta distribution most accurately
represents the observed distribution of eccentricity in exoplanet orbits. We use
default values of & = 2 and 8 = 5, however as part of our analysis, a wide range
of assumed [ values are tested (see discussion in Sec. 3.4). For short periods, we
also impose a maximum eccentricity to avoid Roche lobe overflow according to the
following formula (Moe & Di Stefano, 2017).

P
2 days

—2/3
emax(P) =1— < > for P > 2 days (3.4)
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If a binary system is found to have an eccentricity higher than en.y, that systems
eccentricity is set to emax. For periods < 2 days, we assume that the orbit is
circularised. Implementing this maximum eccentricity prevents generating orbits

that are so eccentric that they will overflow their Roche lobes.

e The argument of periapsis, w, is a uniform distribution between 0 and 27 for each

given orbit.

Along with each set of randomised orbital parameters for the binary systems, each star,
whether binary or not, is assigned a randomised mean system velocity, vgys, which is
taken from a normal distribution with the mean value = 250kms~!, the mean velocity
of w Cen calculated using the MUSE data, and a standard deviation o = 21kms™!, the
central velocity dispersion of w Cen, also calculated using the MUSE data. We assume
a constant velocity dispersion as the velocity dispersion curve of w Cen is relatively
shallow (e.g., Sollima et al., 2019) within the central region relevant for this study and,
while this assumption may lead to an overestimation of completeness, we anticipate that

the effect on the results are limited. This will be discussed further in Sec. 6.2.1.

Following the assignment of orbital parameters, we discard all systems that violate the
criteria on binary hardness and Roche-lobe overflow set out in Secs. 3.1.1 and 3.1.2,
respectively. Theses stars are treated as single stars instead. We note that the binary
fraction that we assume for the mock set is calculated following this step. For each
actual velocity measurement in the MUSE catalog, we then create a mock velocity
measurement. To this aim, we first use the orbital parameters of the mock sample to
determine the Keplerian velocities of the stars in binaries, at the timestamps of the

observations, using the method discussed in Sec. 1.4.2 and Eqn. 1.4.

Having calculated the Keplerian velocity, we then consider luminosity damping of a pri-
mary star due to its secondary, particularly in the case where the primary and secondary
stars have comparable luminosities. In these cases, the red and blueshifts in the spectra
of the two components relative to the observer negate one another, resulting in widened
spectral lines rather than observable shifts. As shown by Bodensteiner et al. (2021) or
Saracino et al. (2023), this effect causes the detection efficiency of MUSE observations
to drop for binaries composed of unevolved stars with mass ratios close to unity. To

take this effect into account, we adopt the equation used by Giesers et al. (2019)
Vobs = Vsys + (1 — 10%-4m1=m2)yy, (3.5)

where vops is the observed velocity of the primary, vsys is the systemic velocity of
the binary, v; is the true Keplerian velocity of the primary, and m; and my are the

F625W magnitude of the primary and secondary star, respectively. The magnitude of
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the secondary is adopted from the isochrone, by finding the closest match in terms of
mass along the main sequence. This damping factor is then applied to the Keplerian

velocities of all binary systems in the mock data.

For the single stars in the sample, the velocity is simply set to vsys for all timestamps,
which is a valid assumption as the detection efficiency is not impacted by the exact
velocity measurement. Finally, we create each mock measurement by drawing a random
number from a Gaussian distribution, centred on the velocity calculated for the star
and the timestamp in question, with standard deviation equal to the uncertainty of the
observed velocity. These mock data sets are created for a set of 11 input binary fractions
ranging between 0% and 20% input fraction in steps of 2%. The flow chart shown in

Fig. 3.1 provides a visual guide to the mock data generation process.

Figure 3.2 shows the distribution of the orbital parameters for both the initial input
of binary systems, and the surviving fraction following the removal of soft and inter-
acting binaries. For this, we use the default assumptions for input parameters, where
log(Pmean/d)=0.5, log(P,/d)=1.5, v=0, 8=3, and the input binary fraction 4%. We
select the input fraction as 4% as this gives a discovery fraction comparable to the ob-
served data, which will be discussed in Sec. 4.1. The top panel of Fig. 3.2 shows that the
Roche-lobe criterion outlined in Sec. 3.1.2 limits the periods we expect in our sample
to 2 0.1 d, whereas the criterion on binary hardness defined in Sec. 3.1.1 confines the
expected distribution to < 1000 d. The impact of the binary hardness criterion is also
visible in the middle panel of Fig. 3.2, as binaries with low mass ratios are preferentially
removed from the input sample. The peak of eccentricity at 0, visible in the lower panel

of Fig. 3.2, is due to the assumed circularisation of binaries with periods under 2 days.

3.3 Binary recovery as a function of probability

Using the mock samples, we first investigate how the completeness and purity of our
sample of detected binary candidates in w Cen changes depending on the requirements
we impose on the minimum values of P, and the number of epochs. Our aim here is
to minimise the number of false positive detections of binary stars, whilst at the same
time maximizing the fraction of detected binaries. In Fig. 3.3, we show the fraction of
detected binaries (relative to the number of binaries in the mock sample) as well as the
fraction of false positives (relative to the number of total detections) as a function of

the cut-off on the P, and for different cut-offs on the number of available epochs.

Fig. 3.3 shows that the fraction of false positives is most dependent on the minimum

Pyar value, while the minimum number of epochs only marginally affects the fraction.
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Ficure 3.1: A flow chart highlighting the key steps in generating the mock data
sample. This process is repeated for 11 input binary fractions, between 0 — 20%.
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FI1GURE 3.2: The distribution of orbital parameters in the mock sample with an intrin-
sic binary fraction of 4%, both before (blue) and after (orange) the removal of soft and
interacting binaries. The top panel shows the distribution of periods, the central panel
the distribution of mass ratios, and the bottom panel the distribution of eccentricities.
In order to better visualize the distribution of binaries with non-zero eccentricity, the
inserted panel shows the eccentricity distribution following the removal of circular or-
bits. The initial sample (blue) contains 485 stars and the final sample (orange) contains
265 stars

However, the minimum number of epochs has a significant impact on the completeness

of our analysis, which increases by ~ 10% when going from 4 to 10 epochs.!

In order to maintain a clean sample of binary stars, we request that the false positives
represent 20 outliers in the final sample, i.e. that < 5% of the stars considered as binaries
are false positives. For the baseline simulation discussed at the end of Sec. 3.2, adopting

a minimum of P, = 0.8 yields a false positive fraction of 4.5%, almost independent

'Note that “completeness” is defined relative to the number of stars surviving our quality and epoch
cuts, not relative to the entire MUSE sample.
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FiGUure 3.3: Completeness and purity of the sample of detected binaries in w Cen, as

predicted by the mock data. In orange, we illustrate how the fraction of detected binary

stars depends on the minimum required P,,,, while in blue, we show the dependence

of the fraction of false positives as a function of the P,,, cut-off. Different line symbols

are used to illustrate the impact of increasing the number of required epochs available
for each star entering the analysis.

of the number of epochs required. We note that other methods can be used to infer
a well-defined cut-off value. For example, Johnson et al. (2015) studied the relation
between completeness and contamination and adopted the probability threshold that
minimized the distance of the relation to the point representing the ideal situation of a

fully complete and uncontaminated sample.

Furthermore, we adopt a minimum number of 6 epochs per star, as it represents a good
trade-off between maintaining a large sample and retaining a high fraction of correctly
identified binaries. Using these cuts, we find that the fraction of known binary stars from
the mock simulation that are correctly identified is 52%. We completed a similar test,
using these updated cut values, to assess the effect of the minimum required signal-to-
noise on the false positive fraction, but the effect was negligible compared to the effects
of Py, and epoch cut. Having applied the 6 epoch cut to the observed data, our sample

now includes 19 059 individual stars.
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3.4 Binary recovery as a function of orbital parameter

Using the simulated data, we can investigate the completeness of our binary search in
w Cen for different parts of the parameter space. To this aim, we show in Fig. 3.4 how
the detection of velocity variations is affected by the period, mass ratio, inclination,
and eccentricity of the mock binary systems. We combined the values of P, of the
input binary population across all simulations with the default parameter distributions,
binned them as a function of the various orbital parameters, and calculated the mean
value of P,y in each bin. As expected, the period of a binary system has the strongest
impact on its detectability. Excluding systems with very low mass ratios, our detection
rate is expected to be nearly 100% for periods < 10 d, whereas it drops to ~ 30%
for longer-period binaries. In terms of mass ratio, we see a significant increase in the
detection rate for more massive companions. The MUSE data appear most efficient in
detecting binaries with mass ratios ~ 0.6 — 0.8, with the drop in efficiency as the mass
ratios approach unity due the damping explained in Sec. 3.2. The drop in efficiency
with decreasing inclination visible in the central panel of Fig. 3.4 is also expected. It
is reassuring though that even for inclinations as low of 20 degrees, we still detect a

considerable fraction of the binaries.

In light of the strong variation of P, across the binary parameter space expected in
w Cen that is visible in Fig. 3.4, we also investigate the impact of changing the binary
parameter distributions that are underlying the mock sets. To test the impact of the
assumed period distribution, we use a range of log(Pmean/d) values between -0.6 and
2.0, in steps of 0.2, with a fixed standard deviation of 10> days. The reasoning behind
this choice is that the resulting period distributions include some that are significantly
skewed towards the minimum period range set by the onset of Roche-lobe overflow (cf.
Sec. 3.1.2), and others that are significantly skewed towards the boundary between hard
and soft binaries (cf. Sec. 3.1.1). To test the impact of the mass ratio distribution,
we use a range of v values (see Sec. 3.2) ranging from 0.6 to 2.0 in steps of 0.2. This
distribution is chosen as it allows testing of both a uniform mass distribution, which is
used as an assumption in the simulations by Ivanova et al. (2005) in line with Woitas
et al. (2001), but also distributions biased towards lower and higher mass ratio systems
respectively. To test the impact of the assumed eccentricity distribution, we use a
range of 3 values (described in Sec. 3.2) between 3 and 11 in steps of 2, resulting in
distributions which are more biased to circularised and elliptical orbits, respectively.
For each parameter distribution, we determine the discovery fraction for each of the 10

input binary fractions, ranging from 0% to 20%,

Following these tests, and having determined appropriate cut values based on Py, and

the minimum number of measurements, we can now determine the completeness of
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FIGURE 3.4: The mean binary probability, Py,;, of binary systems in the mock samples,

shown as a function of their orbital period, mass ratio, inclination and eccentricity.

Brighter colours correspond to higher mean values, as indicated by the colour bar to
the right.

the sample. Our completeness is based on the mock data with the default parameter
assumptions, as detailed in Sec. 3.2. To calculate the completeness, we compare the
number of stars that are classed as binary systems in the mock data against the num-
ber of stars that are classed as binary using P,,,. By doing this across all of the 11
input binary fractions (see Sec. 3.2), it is possible to determine the average fraction of
detected binary systems. To determine the uncertainty, we combine the standard de-
viation of the combined correction factors for all of the mock data across each of the
various parameter distributions. In Fig. 3.5, we show the dependence of the detection
on the values assumed for the different distribution parameters, averaged over all input
binary fractions. The detection fraction is shown for both the entire MUSE sample, and

different regions in the CMD of w Cen. From the figure, we see that the orbital period
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Stellar Type CF

Global Fraction 0.7 £0.1
MS 0.6 £0.1
TO 0.6 +0.1
SGB 0.8+0.1
RGB 0.9+0.1
HB 0.8+0.1
AGB -
BSS 0.6 £0.1%

TABLE 3.1: The completeness, CF, of the global population and across the regions of
the CMD. Calculating completeness for the AGB region was not possible due to the
lack of identified binaries within the region.

*Using MS correction factor (see Sec. 3.4)

distribution has the largest effect on the completeness correction value, the latter varying
by ~ 20% between the two extremes of the distribution parameter range. Interestingly,
the assumption on the mass ratio distribution seems to have a comparably strong im-
pact, whereas the assumed eccentricity distribution has little effect on the completeness.
Globally, we determine a completeness of 0.7 £ 0.1, however the completeness varies
across the CMD. Our detection efficiency is highest for the SGB, RGB, and HB stars in
the sample, whereas we appear to be most incomplete in detecting MS binaries, due to
the differences in brightness between the individual groups, resulting in signal-to-noise
ratio differences in the MUSE spectra and ultimately in differences in the achieved radial
velocity accuracies. We note that due to the small sample size of the BSS population,
the detection efficiency for this region is poorly constrained and so, as velocity error
has the largest effect on detection efficiency, we adopt the efficiencies determined for
MS stars for the region as the velocity uncertainties for BSS and MS stars are similar.
The full set of completeness values for each region of the CMD is listed in Tab. 3.1 and
Tab. 4.2 column (e).

3.5 Summary

e We have created a script to generate a set of mock MUSE observations for a
known binary fraction, which takes into account not only physical principles, such
as Roche-Lobe filling, binary hardness and limits on eccentricity, but also obser-

vational effects, such as luminosity damping and observational noise

e We then created a suite of mock data sets for w Cen, with a range input binary
fractions and a range of distributions of orbital parameters, such as orbital period,

mass ratio and eccentricity.
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FIGURE 3.5: The recovered fraction of binaries in the mock data, as a function of the

assumed values of different parameters that govern the distribution of orbital proper-

ties in the mock data: the power-law coefficient of the mass-ratio distribution (top),

the mean period (middle), and the S-parameter defining the shape of the eccentricity

distribution (bottom). The results for the full MUSE sample are shown as solid blue

lines, while dashed coloured lines display the results obtained for different evolutionary
stages.
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e The optimal cuts to ensure a low percentage of false positive results, while main-
taining a large sample size, has been determined. All sources must have at least 6
epochs, which reduces the sample to 19 059 individual stars, and to be considered

binary, a star must have a P, > 0.8.

e Overall, the completeness of the sample is 0.7 & 0.1. The completeness is higher,
however, for RGB stars, as the velocity errors of RGB stars are typically smaller

than MS counterparts.
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Calculating the Binary Fraction

“There are millions of possibilities for the future, but it’s up to you to choose which

becomes reality.”

Garnet - Steven Universe
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4.1 Calculating the discovery fraction

With the reported photometric variables cleaned from the sample, the discovery frac-
tion of w Cen can be determined both globally and for different regions of the CMD,
calculated by dividing the number of observed variable stars by the total number of
stars. Therefore, having removed photometric variables from the sample and applying
the minimum 6 epoch cut, and using the probability calculation method discussed in
Sec. 2.4 with a probability threshold Py, > 0.8, we find that out of the 19059 stars in
the sample, 275 show variability in their radial velocities. To calculate uncertainty, we
use a bootstrapping analysis on the values of P, with a 1o confidence level to calculate
the confidence interval of the calculated discovery fraction, both for the global popula-
tion and for each area of the CMD. A breakdown of the number of stars and identified
binary systems for each region of the CMD are shown in Tab. 4.1 and in Tab. 4.2 in
columns (b) and (c), respectively. We find the global discovery fraction for w Cen to be
1.4 + 0.1%, with the global discovery fraction and the fraction for the separate regions
of the CMD shown in Tab. 4.2 in column (d). This fraction varies depending on the
region of the CMD that is considered. As discussed in Sec. 3.4, our efficiency is higher
for brighter stars and at fixed colour, and also tends to increase for cooler stars. This
being the case, we find that the discovery fraction amongst RGB stars is approximately
1% higher than MS stars.

Although the discovery fraction for most areas of the CMD is approximately 1-3%,
we note that the Blue Straggler Stars (BSS) have an enhanced discovery fraction of
13.6 + 5.1%. This is considerably higher than any of the other discovery fractions and
suggests a ~ 3 x 1075 probability that the discovery fraction of BSS is consistent with
the global discovery fraction. This is, however, an expected result as it is commonly
assumed that BSSs form via binary interactions, like mergers or mass accretion from a

binary companion (Stryker, 1993), as discussed in Sec. 1.1.4.1.

Stellar Type Nstars  Nbin fdisc
Global Fraction 19059 275  1.4% +0.1%
MS 14871 183 1.2% +0.1%
TO 7897 84 1.1% £ 0.1%
SGB 2396 23 1.0% £+ 0.3%
RGB 1811 41 2.3% £ 0.4%
HB 232 6 2.6% +1.3%

AGB 33 0 0%
BSS 44 6 13.6% £ 5.1%

TABLE 4.1: The discovery fraction, fgisc, of w Cen, along with the number of stars,
Ngtars, and the number of identified binary systems, Ny;,, in the sample. We see a
statistically significant increase in the BSS discovery fraction.
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4.2 Corrected binary fraction

Using the discovery fractions presented in Sec. 4.1 and the completeness corrections from

Sec. 3.4, we present the results for the binary fraction of w Cen in Tab. 4.2 column (f).

We report that the global corrected binary fraction of Omega Centauri is 2.1% + 0.4%.
This fraction is in reasonable agreement to the photometric estimate of 2.70%40.08% ob-
tained by Bellini et al. (2017) and the upper limit of 5% from Elson et al. (1995). Existing
spectroscopic estimates of the binary fractions of globular clusters include the study of
M4 by Sommariva et al. (2009), which reported a lower limit of 3% +0.3%, and the study
of NGC 3201 by Giesers et al. (2019), which reported a fraction of 6.75% +0.72%. Both
clusters are significantly less massive than w Cen and Milone et al. (2012b) have shown
that the binary fraction of Galactic globular clusters decreases with cluster luminosity
(and hence mass). For the most massive clusters in their sample, Milone et al. (2012b)
derive central binary fractions of few percent, in good agreement with our estimate for

w Cen.

Both the results from Elson et al. (1995) and Bellini et al. (2017) use the photometric
approach discussed in Sec. 1.4.1. The study by Elson et al. used a CMD created from
data from the Planetary Camera aboard HST, while the study by Bellini et al. used
the 26 filter astro-photoemtric catalogue of the central region of w Cen, also from HST.
In both cases, the estimates for binary fraction rely on the separation of CMD into a
binary main sequence, as the luminosity of a binary system made up of two equal mass
stars will be double that of a singular star of the same mass. As discussed in Sec. 1.4.1,

the complexity of w Cen makes this approach particularly difficult, particularly as each

Stellar Type (4) Netars(D) Nomm (€ Jawe (d) CF (¢) Foim ()

Global fraction 19059 275 1.4% £+ 0.1% 0.7 £ 0.1 2.1% + 0.4%
MS 14871 183 1.2% + 0.1% 0.6 0.1 2.0% + 0.5%
TO 7897 84 1.1% £ 0.1% 0.6 £0.1 1.6% £ 0.4%
SGB 2396 23 1.0% £+ 0.3% 0.8+ 0.1 1.2% £+ 0.4%
RGB 1811 41 2.3% £+ 0.4% 0.9 £0.1 2.4% + 0.4%
HB 232 6 2.6% + 1.3% 0.8 +0.1 3.0% + 1.5%
AGB 33 0 0% - -
BSS 44 6 13.6% £ 5.1% 0.6 £ 0.1* 21.9% £ 9.5%

TABLE 4.2: The binary fraction of w Cen. Column (a) denotes the area of the CMD
focused on for each calculation, along with the full sample. Columns (b) and (c) show
the total number of stars, Ngiars, and number of detected binary systems, Ny, for each
region of the CMD), respectively. Column (d) lists the discovery fraction, fgisc, of w Cen
as discussed in Sec. 4.1. Column (e) lists the completeness, CF, of each sample (see
Sec. 3.4). Column (f) lists the fully corrected binary fraction, fuin, of w Cen. We see
an increase in both the discovery and binary fractions particularly in the BSS region of
the CMD.
* Using MS correction factor (see Sec. 3.4)
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of the 15 multiple population branches will have their own binary sequence. In the
study by Elson et al., multiple populations were not considered and the binary main
sequence was selected as the parallel branch to the main sequence, while the study by
Bellini et al. attempted to identify and remove binary stars from the sample for their
study of multiple populations. This may explain why the upper limit from Elson et al. is
approximately double that of this work, which is independent of photometry or chemical
abundance, and the study by Bellini et al., which took into consideration the effect of

multiple populations.

As discussed in the drawbacks of the photometric approach in Sec. 1.4.1, binary fractions
calculated using photometry is biased towards systems where the mass ratio is close to
unity, as the method is not sensitive to low mass ratio systems. This is emphasised by
both authors, who each report their calculated binary fraction as a cautious estimate.
The binary fraction we calculate is independent of photometry and chemical abundance,

and therefore may provide a more robust binary fraction for the cluster.

The results also show a larger binary fraction in the BSS population, with a binary
fraction of 21.9% + 9.5%. While the binary fraction has a large error associated due to
the small sample size, there is a significantly higher percentage seen both in the binary
fraction and the discovery fraction. A higher BSS binary fraction is also seen in the
Giesers et al. (2019) study of NGC 3201, at 57.5% + 7.9%. This result is consistent
with the mass transfer BSS formation scenarios, either within binary and triple systems
(Antonini et al., 2016).

4.2.1 Radial distribution of binaries

To investigate the effects of mass segregation within the cluster, we determined the
discovery fraction as a function of projected distance to the cluster centre, using the
cluster centre position (o, §)=(13:26:47.24, -47:28:46.45) as reported by Anderson &
van der Marel (2010). We separate the stars into bins of 1000 based on the distance
from the cluster centre, and applied the completeness discussed in Sec. 3.4 to each bin.
The results of this analysis are shown in Fig. 4.1. Also shown in Fig. 4.1 is the best

fitting linear gradient and its uncertainty interval.

Through mass segregation, discussed in Sec. 1.1.2, we would expect there to be some
dependence on distance from the cluster centre. From Fig. 4.1, however, and assum-
ing a linear relation, we see no significant correlation, with a gradient of (—0.001 4+
0.003) arcsec™! inside the half mass radius of the cluster, which suggests that binary

segregation in w Cen is limited. This result agrees with results based on other tracers,
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FI1GURE 4.1: The binary fraction of w Cen against the radius from the cluster centre.

The data is binned such that one point represents 1000 stars. The best-fitting gradient

of the distribution of (—0.001 #+ 0.003) arcsec™! is shown as a dashed line, and the

confidence interval as an orange-shaded area. The core radius and half light radius as
reported by Harris (1996) are marked with dotted grey lines.

such as a limited amount of energy equipartition (Watkins et al., 2022) or the shallow

gradient in the slope of the mass function (Baumgardt et al., 2023).

Simulations of GCs by Aros et al. (2021) suggest a flattened and lowered radial distribu-
tion of binary stars may also indicate an IMBH, however, a large collection of black holes
may also have the same effect, albeit lessened. This is particularly important given the
recent detection of high velocity stars at the centre of w Cen by Héberle et al. (2024),
and a flattened radial distribution of binary systems may provide additional evidence for
the cluster to host an IMBH. The simulations by Aros et al. use simulated clusters of a
lower mass than w Cen with a binary fraction of 10% and with binary properties specific
to each cluster, which may make the results less applicable to the observed distribution.
Hence, further investigations into the expected distribution of binary stars in w Cen in

either scenario are needed in order to draw firm conclusions from Fig. 4.1.

Although we initially assume a linear relation between clustercentric distance and binary
fraction, it is important to consider a non linear relation. The apparent dip seen in
Fig. 4.1 between ~ 110”7 and ~ 220” shows similarities to the so called “dynamical

clock” presented by Ferraro et al. (2012, 2020), which describes a link between the radial
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distribution of BSSs and dynamical age. For dynamically young clusters in the early
stages of mass segregation, BSSs from intermediate distances from the cluster centre
migrate towards the centre of the cluster. Due to the longer relaxation time in the cluster
outskirts, however, binaries in the outer regions of the cluster have not yet migrated into
this intermediate region, resulting in a dip in the population of BSSs at this intermediate
distance. The observations of the “dynamical clock” have been corroborated by further
observations of dynamically young clusters by Salinas et al. (2012) and Dalessandro et al.
(2015). Given that binary systems are impacted by mass segregation in a similar fashion
as BSSs and that w Cen is a dynamically young cluster, it is possible that the feature
seen in the 110” and 220" region is an example of this relationship. In our analysis, we
fit higher order polynomials to the data and, while higher order polynomials do improve

the fit, the improvements seen were not statistically significant.

4.3 Summary

e Having determined an appropriate binarity threshold, the discovery fraction of
w Cen is calculated to be 1.4% =+ 0.1%. This fraction is slightly increased to
2.3%+0.4% for RGB stars due to the increased sensitivity in RGB binary detection.

e The BSS population shows a significantly increased fraction of binary stars at
13.6% =+ 5.1%, which has a ~ 3 x 107° probability of being consistent with the
global population.

e Having then corrected for completeness, the binary fraction of w Cen is calculated
to be 2.1% + 0.4%. This is again higher for RGB stars, however the fraction of
RGB binaries is more consistent with the global fraction. There are a total of 275

detected binaries in the cluster.

e The binary fraction of BSS stars is higher than the global fraction at 21.9% +9.5%,

despite a large error associated due a smaller sample size.

e By determining the distance of each star to the cluster centre, it is found that
there is no significant trend for binary stars with respect to radius. The best fit

for the distribution is a linear fit with a gradient of (—0.001 & 0.003) arcsec™ 1.

e Potentially, there is a “dip” feature at ~ 150", which may be indicative of a “dy-
namical clock” effect, however, fitting higher order polynomials could not produce

enough of a statistically significant improvement to justify their usage.
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Characterising Identified Binaries

“It is important to draw wisdom from many different places. If you take it from only

one place, it become rigid and stale.”

Uncle Iroh - Awvatar: The Last Airbender
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5.1 Binary stars across multiple populations

As discussed in Sec. 1.1.5, the topic of multiple populations is crucial for understanding
globular cluster formation and evolution. Binarity across multiple populations also has
implications on the evolution and formation of the different populations within their host
cluster (Kamann et al., 2020). This is particularly true for w Cen as, due to its status as
a stripped NSC, the cluster hosts a complex chemical composition and a large number
of chemically distinct populations, including a large metallicity spread (see discussion in
Sec. 1.3).

In order to investigate the significance of metallicity and light element abundances on
the binary population of w Cen, we utilise the [Fe/H] measurements determined during
the MUSE spectral analysis. We also use the pseduo-colours AGpa7sw-rs1aw (AG) and
ACraorsw—2.F336w+Fassw (AC) from Husser et al. (2020), based on work by Milone et al.
(2017) (shown in Fig. 1.21), which can be used as proxy for iron abundance and Helium
enhancement, and Nitrogen abundance respectively. The pseudo-colours are calculated
by tracing the outer edges of the spread of the RGB region, of both the F275W — F814W
and F275W — 2 - F336W + F438W CMDs respectively, into a blue and red edge. The
separation each star in the RGB region from the edges of the spread is then compared,

and the pseudo-colour is determined by normalising the colour spread of the RGB region.

Our analysis focuses on the RGB population, a total of 1597' stars. Typically, this
analysis is only possible with RGB stars, as below the RGB region, the CMD typically
becomes a single track rather than a spread due to other regions being less sensitive
to light element abundance. We use a photometric approach to detecting multiple
populations rather than using chemical abundances calculated from the MUSE spectra,
as MUSE spectra are not sensitive to nitrogen variations. Despite having metallicities
for the full sample of stars, we limit our analysis to the RGB sample, as the photometric
selection is only possible along the RGB. To reduce noise, we apply an SNR cut of 15

to the sample, as this allows for a clearer visual identification of trends.

5.1.1 Binarity as a function of [Fe/H]

In order to comprehensively investigate separate populations, we choose to initially
separate the sample based on MUSE metallicity measurements, as [Fe/H]| spreads are
closely linked to chemical enrichment and galactic evolution, while there are a number

of factors that may affect abundance of light elements. In Fig. 5.1, we show the spread

11190 stars in the sample are confidently identified as RGB. While the remaining stars lie in inter-
mediate regions between other areas of the CMD, we ensure that all stars in the sample are partially
classed as RGB stars.
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FIGURE 5.1: Stellar metallicity across w Cen. Both panels show the distribution of

stars in the MUSE sample across the colour magnitude diagram (CMD) of the cluster

using F625W and F435W magnitude. The main axis shows the metallicity variation

across the cluster. We highlight the RGB sample that we focus on inthe study with a

grey dashed outline, along with the binary systems identified within the RGB sample,
indicated by black stars.

of metallicity across the CMD, which shows a clear increase in metallicity for stars on
the redder side of the MS, SGB and RGB branches. Also shown within the grey dashed
box is the RGB population which will be focused on for the remainder of the study.

We initially plot the distribution of metallicity for the full sample, which is seen in
Fig. 5.2. From Fig. 5.2, we see a number of notable features in the metallicity distribu-
tion: a large peak at [Fe/H]~ —1.7 with further peaks at [Fe/H]~ —1.5, —1.1 and —0.8,
which agree with other studies of w Cen (e.g Pancino et al., 2000; Johnson & Pilachowski,
2010). These observed peaks are also seen in Fig. 5.1, with the [Fe/H]~ —0.8 population
seen as a distinct, redder branch of the main sequence and SGB region. When comparing
our results to those of Johnson & Pilachowski, we find the peak at [Fe/H|~ —1.7 corre-
sponds to their ‘RGB-MP’ population, the peak at [Fe/H|~ —1.5 corresponds to their
‘RGB-Int1’ population, the peak at [Fe/H]~ —1.1 corresponds to their ‘RGB-Int2+3’
population and the peak at [Fe/H]a —0.8 corresponds to their ‘RGB-a’ population.
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FIGURE 5.2: The distribution of metallicities across the reduced sample of stars. We
see a peak at [Fe/H]a —1.75, with smaller peaks at ~ —1.5, ~ —1 and ~ —0.8

Following this analysis, we then separate the metallicity into our own populations using
a Gaussian Mixing Model (GMM) to identify blended Gaussian distributions, which is
used in studies such as Johnson & Pilachowski (2010) and Alvarez Garay et al. (2024).
To find the optimum number of populations to separate the sample into, we use the Bayes
Information Criterion (BIC). Typically, simply increasing the number of Gaussian curves
fit to the data will improve the fit, but may lead to overfitting. The BIC is criterion for
selecting models which attempts to resolve this by weighting the likelihood of a model
fitting with the number of Gaussians in said model. The best fitting model will have
the lowest BIC value, as this represents a balance between accurately modelling the
populations and overfitting. Using the BIC, we determine that the optimal number of
curves to fit to the data is 3. We show the results of the GMM fitting in Fig. 5.3, where
we see the distribution of metallicity for the RGB sample along with the normalised
histogram showing the three Gaussian models that are fit to the results. We find three
peaks in metallicity at [Fe/H]=—1.75+0.08, which we refer to as Metal Poor (RGB-MP),
[Fe/H]=—1.48 £ 0.10, referred to as Intermediate (RGB-I), and [Fe/H]=-1.04 £ 0.16,
referred to as Metal Rich, (RGB-MR). While the RGB-MP and RGB-I populations are
detected in the studies by Johnson & Pilachowski and Pancino et al., the RGB-MP
population encompasses the RGB-Int2, RGB-Int3 and RGB-a populations reported by

Johnson & Pilachowski. As we were unable to deblend these populations effectively,
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FI1GURE 5.3: The normalised distribution of metallicity with three Gaussian mixing
models fit. The three mixed models show peaks at [Fe/H]~ —1.7, —1.5 and —1.

however, we treat them as one broader population. By determining the probability for
each star to belong to each population, we assign stars with a membership probability
of 50% or more as a member of the population. We find a total of 860 stars in the
RGB-MP population, 566 in the RGB-I population and 170 in the RGB-MR population
(see Tab. 5.1 column (c)).

Having separated the sample into [Fe/H] populations, we can now investigate the binary
fraction across metallicity. We use the mock data set described in Sec. 3.2 to calculate
the completeness both globally and for each distinct population. To calculate the over-
all trend of binary fraction across metallicity, we separate the sample into bins, each
containing 200 stars, with increasing metallicity and calculate the average metallicity,
completeness and corrected binary fraction for each bin. We show the results of this
analysis in Fig. 5.4, along with the best fitting linear gradient and its uncertainty inter-
val. We find a gradient of 1.6 & 0.9 which, due to the large uncertainty, suggests a that
there is no statistically significant (< 20) correlation between metallicity and binary
fraction within the cluster for the full population. We note, however, that the statistical
robustness of this result is affected by the small sample in each population (as seen in

Tab. 5.1 column (d)).

We then split the data into separate metallicity population and calculate the complete-
ness, uncertainty and corrected binary fraction for the RGB-MP, RGB-I and RGB-MR
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FI1GURE 5.4: The binary fraction of w Cen as a function of metallicity. The best-fitting

gradient of the distribution of (1.640.9), shown as a dashed line and the uncertainty as

the shaded region, which suggests that any increase in binary fraction is not statistically
significant. Each point represents 200 stars.

POp (a) 0GMM (b) [Fe/H]Avg (C) Nstars (d) Nbinaries (e) fbin (f)

RGB-MP 0.09 —1.75+£0.08 860 19 2.3% £ 0.6%
RGB-I 0.12 —1.48£0.10 266 7 1.4% £ 0.5%
RGB-MR 0.19 —1.04 +£0.16 170 6 3.9% £ 1.6%

TABLE 5.1: The binary fraction across the different populations of metallicity. Column

(a) shows the identifier for each of the metallicity populations in w Cen, and correspond-

ing uncertainty is shown in column (b). The average metallicity for each population

shown in column (c¢). Columns (d) and (e) show the total number of stars and the total

number of binaries for each metallicity population respectively. Column (f) shows the
binary fraction for each population.

populations individually. We see in Fig. 5.5 and Tab. 5.1 a continuation of the results
from Fig. 5.4, in that the difference between the binary fraction for each population is
within 20, and so we conclude that there is no statistically significant trend in binarity
across the discrete metallicity populations. We note that for the analysis of binary frac-
tion for both the global metallicity relation and for the separate populations, we find a
completeness of over 90%, which is consistent with the high completeness of the RGB

population reported in Tab. 3.1.
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FIGURE 5.5: The binary fraction of each metallicity population: metal poor (RGB-

MP), with an average metallicity of —1.75 & 0.08, metal intermediate (RGB-I), with

an average metallicity of —1.48 + 0.10 and metal rich (RGB-MR), with an average
metallicity of —1.04 + 0.16.

5.1.2 Binarity as a function of abundances

We now focus on the light element variance (using AC as a proxy for Nitrogen) of w Cen,
and how the binary fraction varies across 1P and 2P populations (see Sec. 1.1.5.1 for
discussion). From the chromosome map of w Cen shown in Fig. 5.6, we see not only a the
spread in AC, which suggests a spread in light element abundances typical of multiple
populations, and the spread in metallicity for both the 1P and 2P populations, discussed
in Sec. 5.1.1, but also the additional populations which are characteristic of a Type II
cluster (see Sec. 1.1.5 and Fig. 1.21), although w Cen is an extreme case compared to
other clusters (e.g Lee et al., 1999; Pancino et al., 2000; Johnson & Pilachowski, 2010;
Milone et al., 2020, see Sec. 1.3).

Similarly to the analysis of the metallicity distribution, we initially plot the distribution
of AC in Fig. 5.7. We visually identify three clear peaks in abundance, at AC ~ 0.3,
0.15 and 0.05, which agrees with the grouping seen in AC of Fig. 5.6. The peaks we
identify, and the grouping of these populations, is also largely consistent with a recent

study by Milone et al. (2020), where our identified population at AC ~ 0.05 matches
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F1GURE 5.7: The distribution of ACpa75w_2.F336w+F43sw across the reduced sample.
We see several peaks in the data, at AC ~ 0.30, 0.15 and 0.05.
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with the identified ‘1G’ population, our identified population at AC = 0.15 encompasses

)

a combination of their ‘2G,’ and ‘2Gg’ populations, and our identified population at
AC = 0.30 contains a combination of their ‘2G¢’ and ‘2Gp’ populations. The identified
populations at AC = 0.3, 0.15 and 0.05 also agree with the P1, Int and P2 populations

identified by Mason et al. (2024, in prep).

Following this, we apply the GMM technique to the AC distribution using the BIC to
identify that the most effective number of models to fit is 4, with peaks at AC ~ 0.30,
0.16, 0.03 and —0.17, again using the classification that a star with a probability of 50%
or over is labelled as within that population. We choose to apply separate GMMs to
the AC populations and metallicity populations in order to maintain consistency. An
alternative to this approach would be to apply a GMM in 2D, across both AC and AG,
however this results in similar populations to those seen in Sec. 5.1.3. We also choose
separate 1D GMMs rather than a 2D fit as the metallicity measurements derived from the
MUSE spectra are more robust than the AG pseudo colour. We fit the models to the data
seen in Fig. 5.8, which shows the normalised distribution, with the 4 Gaussian curves
overlaid. We label the three viable populations based on each relative abundance. The
AC =~ 0.03 population is referred to as RGB-1 and likely represents the 1P population
of w Cen, while the AC = 0.16 population and the AC =~ 0.30 population, henceforth
referred to as RGB-2 and RGB-3 respectively, likely represent the 2P population of
stars (see Sec. 1.1.5). We note that we do not consider the unlabelled fourth curve at
AC =~ —0.17, due to a particularly small sample size. When investigating this population
on the chromosome map of Fig. 5.6, we see that this population is the extension of the

tail of the 1P population due to intrinsic metallicity and helium spread.

Having identified the separate populations within the cluster, we now investigate the
binary fraction across AC variation, using a similar analysis as used for metallicity.
We initially investigate the global trend of binary fraction, by analysing the stars in
bins each containing 200 stars and calculating an average AC, sample completeness
and corrected binary fraction for each bin. The results of this analysis are shown in
Fig. 5.9 along with the best fitting linear gradient, where we see a negative correlation
between AC and binary fraction with a gradient of —4.8 + 2.9. Although the negative
gradient is consistent with the general trend that 1P stars have a higher binary fraction
than 2P stars (Lucatello et al., 2015; Dalessandro et al., 2018; Kamann et al., 2020, see
Sec. 1.1.5.1 for discussion), the large errors mean that this result cannot be considered
statistically robust and so we conclude that there is no clear trend in binarity between
AC populations, and therefore between 1P and 2P populations. This result is, again,

likely affected by the small number of stars in the sample.
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FIGURE 5.8: The GMM splitting for AC variation. We see 4 peaks, at AC ~ 0.3,
0.16 and 0.03. We disregard the fourth population with a peak at AC ~ —0.15, as this
population is dominated by small numbers.

Pop (a) ACAvg (b) Nstars (C) Nbinaries (d) Jbin (e)

RGB-1 0.03 472 14 3.2% £+ 0.8%
RGB-2 0.16 491 9 1.9% £+ 0.7%
RGB-3 0.30 600 9 1.6% =+ 0.6%

TABLE 5.2: The binary fraction across the different AC populations. Column
(a) shows the identifier for each of the population in w Cen, with the average
ACra75w—2.F336W-Fa3sw for each population shown in column (b). Columns (c) and
(d) show the total number of stars and the total number of binaries for each population
respectively. Column (e) shows the binary fraction for each population.

We then calculate the binary fraction for each discrete population using the GMM

tag predictions. We calculate a correction factor for each population and apply this to

calculate a corrected binary fraction. These results are shown in Fig. 5.10 and in Tab. 5.2,

though we, again, see no statistically significant trend in binary fraction between the AC

populations in w Cen. Similar to the metallicity results, however, the large uncertainties

are likely a result of the small sample size of each population. It is important to note

that, as discussed in Sec. 1.1.5 and Sec. 1.3, due to the complexity of w Cen and the

lack of studies of Type II clusters, the distribution of binaries in more complex clusters

may differ compared to trends seen in Type I clusters. This will be discussed further in

Sec. 5.1.3.
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FI1GURE 5.9: The binary fraction of w Cen as a function of AC, with the data binned

in such a way that one point represents 200 stars. We find the best-fitting gradient of

the distribution to (—4.8 +2.9), shown as a dashed line and the uncertainty shaded in
orange, which suggests no statistically significant trend.

5.1.3 Separation into populations

Having separated the stars in w Cen based on metallicity spread, and also into multiple
populations through AC variation, we can now investigate the binarity across the differ-
ent populations of the cluster. In order to separate the cluster into populations, we split
the sample into each of the identified AC populations (prefixed ‘RGB1’, ‘RGB2’ and
‘RGB3’, see Sec. 5.1.2) and then into metallicity groups (suffix ‘-MP’, -I" and -MR’, see
Sec. 5.1.1) , resulting in 9 distinct populations (see Tab. 5.3). The 9 separated popula-
tions are marked in Fig. 5.11, displayed through a chromosome map of w Cen, similar
to Fig. 5.6. It is important to note that the low AC, high AG tail seen in Fig. 5.6 is
removed in Fig. 5.11, as this is separated through the AC GMM fitting process into the

AC =~ —0.17 population that is removed from the analysis.

Having separated the RGB sample into distinct populations, we then calculate the bi-
nary fraction for each of the multiple populations to determine if there is any trend
between individual populations of w Cen. When calculating the the binary fraction of

each population, we use the correction factor which was calculated for the full RGB
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FicURE 5.10: Binary probability for each of the three main populations. We see a

higher fraction in the lowest AC (low light element abundance) population RGB-1,

which decreases as AC increases, however there is no statistically significant variation
in binary fraction.

population, 0.9 + 0.1, to avoid large uncertainties on the correction factor. We make
this assumption as the correction factors used throughout this analysis are consistently
within the uncertainty of the completeness of the full RGB population. We show the
binary fractions of each population in Tab. 5.3, however, from the binary analysis of each
population, similar to the results from Sec. 5.1.1 and Sec. 5.1.2, we see no statistically
significant increase of binary fraction between any of the populations in w Cen. Again,
the lack of statistical significance is likely due to the the small sample of stars in each

population (see columns (b) and (c) Tab. 5.3).

While the lack of clear trends throughout this investigation have been largely due to
the small numbers of stars in each sample, there are some theoretical reasons that a
more homogeneous binary fraction may be observed for 1P and 2P stars in w Cen.
Simulations such as Hong et al. (2015) suggest that, as 2P stars are typically located
closer to the centre of the cluster than 1P stars, a lower binary fraction of 2P stars may
in part be caused by a higher rate of disruption due to the higher density of stars in
the cluster. This may conversely suggest that if populations have less of a separation in
radial distribution, there may be a less pronounced difference between their respective
binary fractions. To investigate this, we plot the distribution of distance from the

cluster centre of each population, calculated using the location of the cluster centre from
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FIGURE 5.11: Chromosome map of w Cen showing the pseudo colour

ACror5w_2.F336W+Fassw against AGparsw_rs1aw. We mark in colour the discrete

populations we identify using a GMM for both metallicity and AC variation. The first

part of each population tag (e.g. RGBI, see Sec. 5.1.2) denotes the grouping by AC,

while the second part of the tag (e.g. MP, see Sec. 5.1.1) denotes the grouping by
metallicity. For the full list of populations, see Tab. 5.3.

Population (a) Ngtars (b)  Npinaries (¢) Binary Fraction (d)

RGB1-MP 317 9 3.0% + 1.2%
RGB1-1 125 3 2.5% + 1.3%
RGB1-MR 30 2 7.0% £+ 5.3%
RGB2-MP 319 6 2.0% + 0.8%
RGB2-1 97 2 2.2% £ 1.6%
RGB2-MR 74 1 1.4% £ 2.1%
RGB3-MP 223 4 1.9% + 1.2%
RGB3-1 324 2 0.7% £+ 0.5%
RGB3-MR 53 3 6.0% + 3.0%

TABLE 5.3: The binary fraction across the different populations of stars. Column (a)

shows the identifier for each of the populations we identify in w Cen. Columns (b) and

(c) show the total number of stars and the total number of binaries for each population
respectively. Column (d) shows the binary fraction for each population.
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FIGURE 5.12: The normalised and cumulative radial distribution of each of the sep-
arated populations. On the left panel, we show the distribution of the metallicity
separated populations, while the right panel shows the distribution for the populations
separated by AC. We see little change in the radial distribution of populations for either
parameter, with each of the population distributions within 20 of each other.

Anderson & van der Marel (2010), the results of which are shown in Fig. 5.12. From
the normalised distributions, and by performing a Kolmogorov-Smirnov (KS) test, we
see little separation between the different populations in the cluster, with the median
separation from the cluster centre for each metallicity and AC population within 20 of
each other. Given that the typical trends in multiple population radial distribution are
not observed within the cluster, this may explain why we see little statistically significant
variation in the binary fraction. We note, however, that the results by Hong et al. (2015)
are for the initial distribution of 1P and 2P stars and that for w Cen, it may be the case

that primordial distributions have been erased by relaxation.

5.2 Summary

e A total of three metallicity populations were detected using a GMM: a metal
poor population containing 860 star with a peak metallicity —1.75 4 0.08, a metal
intermediate population containing 566 stars with a peak metallicity —1.48 +0.10,
and a metal rich population containing 170 stars with a peak metallicity of —1.04+
0.16.

e Although the binary fraction appears to increase in the metal rich population, we
find that there is no statistically significant trend in the binary fraction for the

metallicity populations.
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e Similarly to the investigation of metallicity, the cluster was split into three sub
populations based on the pseduo colour light element abundance (particularly
sensitive to Na abundance) using a GMM. We find a 1P population of 472 stars,
and two 2P populations, with 491 and 600 stars respectively.

e By completing a similar analysis on this population as to the metallicity popula-
tions we find that, though the binary fraction appears to decrease as light element
abundance increases, no statistically significant trend is found for the light element

sub populations.

e We then combined the metallicity and light element populations and split the RGB

region of w Cen into 9 chemically distinct populations.

e We find no statistically significant trend in binary fraction was detected across any
of groups, and no statistically significant trend in spatial distribution was found
for either the metallicity or AC (as a proxy for light element abundance) sub
populations. This may indicate that the cluster relaxation has erased the initial

distribution of binary systems.

e It is important to note that the sample size of stars within each of the populations

was consistently low and that it is the main contributor to uncertainties.
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Conclusions and Future Outlook

“I’d just like to say, thank you very much. Yes, I'm getting the hell out of here, yes, I
am - bye bye.”

Kevin Ayers - Stranger in Blue Suede Shoes
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6.1 Conclusions

In conclusion, using MUSE data, we have been able to constrain the number of binary
systems within the half light radius of w Cen. We have then created mock data sets to
determine the completeness of our sample, and tested the sensitivity of the completeness
correction on the assumed distributions of orbital parameters by varying each parameter
over a wide range of values. We then combine these two elements to calculate a corrected
binary fraction. Having identified the binary systems in the cluster, we then divide the
RGB region of the CMD into 9 separate populations. This was done with a Gaussian
mixing model (GMM), which used the spectroscopic metallicities and a photometric
pseudo colour, which can be treated as a proxy for light element abundances, as input.
We then compare the binary fraction for both light element abundance and metallicity,
and the 9 populations as a whole in order to determine if there is any significant trend

in binary fractions for the different populations of w Cen. In summary:

e From the initial set of MUSE data, we have matched the MUSE sample with cat-
alogues from Clement et al. (2001) and Braga et al. (2020) to remove previously
reported photometric variables. In total, we remove 22 reported photometric vari-
ables, along with 912 stars that are identified as photometrically variable as part

of the MUSE spectral analysis.

e We have created a mock set of data for w Cen using randomly generated orbital
parameters. The samples contained a set number of binary systems with known
binary parameters in order to effectively test the completeness of the sample and

calculate a corrected binary fraction of w Cen.

e The completeness of the sample was found to be 0.7 £ 0.1. This correction factor
allows us to minimise the number of false positive detections to < 5% of the

detected binary population (approximately 20).

e We have calculated that the global discovery fraction of w Cen is 1.4 + 0.1%,
calculated using the statistical method presented by Giesers et al. (2019). We
limit our sample to stars with a minimum of 6 epochs, and only considering stars
with a variability probability value of 0.8 in order to minimise false positives. In

total, we find 275 likely binary systems from a sample of 19059 stars.

e By adjusting the discovery fraction with the completeness factor, we compute a
global binary fraction of 2.1% =+ 0.4%. This result agrees with the limit of 5%
from Elson et al. (1995) and the photometric estimate of 2.70 £ 0.08% derived in
Bellini et al. (2017).
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e From individual analysis of areas of the CMD, we find an increased binary fraction
of stars in the BSS region of the CMD, at 21.9% 4 9.5%. The increased discovery
and binary fraction on the BSS branch supports the scenario that BSS evolution

is linked to binary star evolution.

e By investigating how the binary fraction of w Cen evolves with radius, we find
no radial trend, which is consistent with limited mass segregation (Watkins et al.,
2022; Baumgardt et al., 2023)

e Using a GMM to identify groups within element abundance spreads, the population
of w Cen was split into 9 chemically distinct populations, a metal rich, metal
intermediate and metal poor population, and three populations based on sodium

abundance.

e There was no statistically significant change in the binary fraction or in the spatial
distributions for any of the metallicity and light element abundance sub popula-
tions. While this in part is due to the small numbers of binary stars present within
each sub population, given the relatively large sample, it is reasonable to conclude

that there is no spike in the binary fraction for any of the 9 separate populations.

6.2 Future work

6.2.1 Studies of w Cen

A sample of identified binaries and a well constrained binary fraction is essential to
further studies of w Cen. A follow up study being undertaken (Saracino et al., in prep.)
is to fit orbital parameters to radial velocity measurements of stars in w Cen (an example
of which is seen in Fig. 1.24 in Sec. 1.4.1). This work uses the Monte Carlo based sampler
THE JOKER (Price-Whelan et al., 2017) and nested sampling algorithm ULTRANEST
(Buchner, 2021) to fit Keplerian orbits to the velocity measurements of each system,
resulting in confidently constrained orbital properties for a fraction of identified binary
system (typically ~ 10% can be constrained). This method is similar to the work on
NGC 3201 by Giesers et al. (2018), which resulted in a total of 3 stellar mass black hole
companion candidates (Giesers et al., 2018, 2019). By applying these methods to w Cen,
it becomes possible to identify black holes in the cluster, and help provide constraints
on the number and mass of black holes in the cluster, which is particularly important
given the potential for the cluster to host an intermediate mass black hole (IMBH). The
binary fraction, not only the global fraction and fractions for regions of the CMD, but

also trends across multiple populations, is also an invaluable tool for dedicated models.



Chapter 6 98

As discussed in Sec. 1.1.4, binary systems are a crucial factor of cluster evolution, and
so dedicated models of w Cen must be able to reasonably reproduce the binary fraction
observed today in order to be considered an effective and realistic model of the cluster’s
evolution. Successfully modelling a cluster as unusual and complex as w Cen would be
immensely beneficial to the field, as this may provide evidence as to how nuclear star
clusters (NSCs) form in their host galaxies, and the effects that galaxy mergers have on

the population within a merging galaxy’s nucleus.

Dedicated simulations could also be used to further improve the calculation of the com-
pleteness discussed in Sec. 3.2. Although all assumptions that have been made are
physically justified, we appreciate that they will introduce some limitations. For exam-
ple, due to the long orbital period, our generated sample would label the binary systems
with invisible companions detected by Platais et al. (2024) as soft binaries and remove
them from the sample, however the detection of these systems suggests that binaries
that are classed as soft may be able to survive within w Cen. Further testing of the
velocity dispersion assumptions would yield a more robust completeness, as our results

may represent a slight overestimation.

6.2.2 Applications to other clusters

This method has applications to other globular clusters. As the simulation that was
created to generate mock data is not a dedicated model of w Cen, it is possible to
generate a representative suite of mock MUSE data samples for any cluster, provided
that there are estimates for the parameter distributions (e.g period distribution) within
the cluster. There have already been some studies that have used a similar method
to detect variable stars (e.g Giesers et al., 2019; Saracino et al., 2023), and upcoming
studies include investigating the binary fraction of 47 Tuc (Miiller-Horn et al., in prep).
Given the large sample of globular clusters in the MUSE Galactic Globular Cluster
survey, however, it is possible to catalogue the binary fractions of a large sample of
Milky Way globular clusters. By cataloguing the binary fractions of globular clusters
and investigating the binary population to determine orbital parameters, it is possible
to gain further insight into the demographics of binary stars and globular clusters within
the Milky Way.

6.2.3 Future observations

Using MUSE, and the data collected by MUSE, there are a number of techniques that
can further the studies of globular clusters. Naturally, more observations using MUSE

and a greater number of epochs for the stars in the sample would allow for a better
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constrained binary fraction. Combining proper motion (PM) measurements (e.g from
Hubble), which can be used to identify binary systems through astrometric wobble (see
Sec. 1.4.1), with radial velocity measurements may also provide an exciting opportunity
to determine binary orbits in 3D space (Platais et al., 2024). Given that PM studies
require long term monitoring of clusters, this will likely become more feasible over the

coming years.

There are a number of milestones that will be able to further the field of globular cluster
analysis. The release of Gaia data release (DR4) provides an exciting advancement,
as DR4 will provide a large sample of RV curves for stars in the Milky Way. Data
from Gaia DR3 have already been able to detect a total of 2 black holes in binary
systems with luminous stars (El-Badry et al., 2023a,b), and radial velocity data gathered
in preparation for DR4 have already been used to detect another black hole (Gaia
Collaboration et al., 2024).

There are also a number of planned instruments that will provide further ground based
observations. BlueMUSE (Richard et al., 2019) is a integral field spectrograph, similar
to MUSE that will be installed at the VLT, with a number of improvements that allow
for new science cases. BlueMUSE will have a wavelength coverage of 350 - 580 nm, which
means the instrument is optimised to bluer light compared to the 475 - 935 nm range of
MUSE and a larger field of view (> 1 arcmin?). This will not only allow for further study
of dense stellar environments, such as globular clusters, but also understanding multiple
populations within globular clusters by measuring element abundances that are currently
outside of the MUSE wavelength coverage. BlueMUSE will also be able to investigate
massive stars within our Galaxy, as massive stars in binary or multiple systems may
represent progenitors for black hole binary systems. Another ground based instrument
is HARMONTI (Tecza et al., 2009) which will be installed at the ELT. HARMONTI is a
high angular resolution optical and Near-Infrared (NIR) IFU, covering 470 - 2450 nm.
The high angular resolution of HARMONI provides an exciting opportunity to study
stars in dense stellar environments, such as star cluster populations of more distant

galaxies.
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