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Abstract

The scaling relation that exists between the total mass of all globular clusters (GCs) hosted
by a galaxy and the total mass of that galaxy, which is dominated by its dark matter halo,
has been known and studied for several decades. This GC system (GCS) mass - halo mass
relation (Mgos — M) has been observationally found to apply to nearly every galaxy observed.
This relation is remarkably tight, linear, and spans over six orders of magnitude in halo mass.
Understanding what drives this linearity and what evolutionary mechanisms affect where a galaxy
sits on this relation can allow us to probe both galaxy and GCS evolution. In order to do so,
an observational sample of high-quality, homogeneous data, which spans the full range of galaxy
masses in the local universe is necessary. This thesis addresses this need through the design
of a novel method of determining GC radial density profiles which improves the accuracy and
precision of Ngc estimates for massive galaxies, the application of this method to a sample
of 27 brightest cluster galaxies (BCGs), and the compilation of a literature catalog of dwarf
galaxy GCSs with standardized GCS and halo mass estimates. With such a complete and
methodologically consistent sample we were able to study what properties of GCSs are driving
the intrinsic scatter in the relation. We found that, for extremely massive galaxies, positive
offset from the relation was associated with more shallow GC radial density profiles, driven
specifically by the red GC sub-populations. We also found that ultra diffuse galaxies (UDGs)
and extremely low mass and low surface brightness dwarf galaxies were systematically positively
offset from the relation compared to their classical dwarf counterparts. BCGs are known to be
formed from extensive merger histories, and UDGs are thought to be formed through extreme
tidal interactions. Together, these results imply that the merger and tidal histories of galaxies
have the greatest affect on the evolution of their GCSs, and by extension, their position on the
relation. Studies of GCSs, therefore, are an important tool in tracing galaxy evolution. With
this sample, the Mgcs — My, relation has been studied comprehensively from the lowest-mass to

the highest-mass galaxies in the local universe; the most complete study of its kind to date.
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Chapter 1

Introduction

The major question at the heart of all astronomical research is “how did we end up here?”.
How grand or granular you would like to interpret that question depends on subfield, but in
extragalactic astronomy we attempt to answer it by probing the ways in which galaxies have
formed and evolved to result in the array of properties we observe today. Observationally,
we are restricted in how we approach this question, as while increasing the distance to the
galaxies we observe will increase our lookback time and allow us to directly observe galaxies
at different stages of the universe, in exchange we must sacrifice resolution, resulting in less
precise information about those galaxies. Thus, if we restrict ourselves to the local Universe we
must make use of tracers of galactic evolution; structures within galaxies today that can tell us
about the changes their hosts have undergone up to this point. The most useful tracers for this
purpose are luminous, allowing for ease of detection, numerous, allowing for a large sample size
within each galaxy, and above all else, ancient, having survived throughout their hosts’ turbulent

evolutionary histories.

Globular star clusters (GCs) check each of these boxes. The key properties of GCs that
distinguish them from other types of star clusters are the extreme ages and concentrations of
their stars. A typical GC hosted by The Milky Way (MW) has an age of ~ 12.5 Gyr and
contains ~ 2 x 105Mg), or ~ 10° stars, within a half-light radius less than just 10 pc (Peterson
and King (1975} Harris [1996; VandenBerg et al. [2013; Ying et al. 2025). GCs are also ubiquitous
and abundant within galaxies, with many residing in the outer regions, away from the very

bright galactic centers. The MW hosts at least 170 known GCs, the majority of which are in
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the outskirts of the stellar halo (Vasiliev and Baumgardt 2021). This results in a very dense
system of stars that is resistant to disruption from tidal forces, allowing it to survive to old age,
is bright and compact enough to remain observable even at large distances, and exists in a large

population around their host galaxy.

The Milky Way and its globular clusters The globular cluster Omega Cen The central region of Omega Cen

globular clusters =

you are here i ¥ ¥
credit: ESO/INAF-VST/OmegaCAM credit: NASA, ESA, and the Hubble SM4 ERO Team

FIGURE 1.1: GOCs can be found in the stellar halo of galaxies, including the MW. The
stars in GCs tend to follow a King model distribution, with central surface number
densities on the order of 102 stars/pc? (de Boer et al. 2019). Figure credit: Paolo
Bianchini.
This chapter will discuss the pertinent information on the role of GCs in the study of galaxy
evolution. It will lay out: the theories of formation of GCs and how they relate to the environment

of their host galaxy (1.1]), the observed diversity in GC system (GCS) properties (1.2), and the

significance of the scaling relation between GCS mass and the halo mass of its host galaxy (1.3).

1.1 Globular Cluster Formation Theories

Although GCs are some of the most well-studied structures within the MW, we have yet to reach
a consensus on their formation mechanisms. Generally, GC formation theories can be divided
into two camps. The first hosts those that suggest that GCs formed as the stellar component of
gas-rich dark matter (DM) mini-halos which were then stripped of their DM envelopes as they
fell into larger, central galaxies. The second camp hosts those that suggest that GCs formed
with similar mechanisms to the young massive clusters (YMCs) which we observe at the present
day, but within the dramatically different environment of the early universe, resulting in their

different characteristic masses and densities.
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These GC formation theories are required to explain a variety of present-day GC properties
that we observe both within the Milky Way and extragalactically. These include a lack of dark
matter, a range of ages and metallicities, and a characteristic GC luminosity function (GCLF).
Although for the most part these properties seem to be universal for GCs everywhere, they also

depend somewhat on environment (more on this in Section [1.2)).

1.1.1 Globular Cluster Formation in Dark Matter Mini-Halos

It has been proposed that gas-rich but star-free DM mini-halos are capable of forming in the
early universe alongside, but separately from, proto-galaxies (Peebles and Dicke [1968; Peebles
1984; Fall and Rees [1985). These mini-halos, with masses around ~ 107 — 108 M, would also be
capable of having their gas cool and collapse and form central star clusters (Padoan et al.[1997)).
In other cases, collapse is thought to be triggered by external forces, such as mergers between
halos during galactic infall, causing compression of the gas reservoirs and therefore bursts of star
formation (Trenti et al. 2015). Mini-halo-mini-halo mergers could also be capable of removing
the DM from the resulting GC if they occurred at supersonic speeds, which would allow the DM
to pass unimpeded, while the gas reservoirs would collide and decouple (Madau et al. [2020; van
Dokkum et al. [2022) (a similar, although much smaller scale, version of what happened to the

Bullet Cluster (Springel and Farrar |2007)).

These DM-dependent theories of GC formation are also appealing as they yield a baked-
in origin for the observed scaling relation between number of GCs hosted by a galaxy and its
DM halo mass (more on this in section . Here, as the DM envelopes are stripped from
colliding mini-halos, they are accreted to the larger DM halo of the host galaxy, and due to the

characteristic mass of these mini-halos a 1:1 relation emerges (Madau et al. |2020]).

Some problems inevitably arise with these DM-dependent theories, however. For one, it is
unlikely that all mini-halos collided at speeds high enough to fully strip their DM from their
stellar and gas components during infall. For another, since these theories suggest that GCs
formed in independent gas reservoirs of mini-halos, it is difficult to explain the observed variations

in GC metallicities seen not only across galaxy masses and morphologies (Geisler et al. [1996;
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Harris et al. 2016), but also across different positions in the MW (Leaman et al. |2013; Woody

and Schlaufman 2021)).

Vitral and Boldrini 2022/ used N-body simulations to determine what properties of GCs could
be observed that would indicate whether or not they had originally been embedded in a mini-halo
at the time of infall. They found that mini-halos would hasten orbital decay for their clusters, but
would also act as a shield from disruption caused by dynamical friction as they traveled through
the potential well of their host galaxy, before eventually being stripped itself. As a result, if a
GC was not originally hosted by a mini-halo we would expect to see stellar streams surrounding
it, and a more diffuse stellar distribution. Those that were protected by a mini-halo would have
more radial outer velocity anisotropy profiles and any DM that they could potentially still host
would be entirely on the outskirts. Unfortunately, these properties can be difficult to study, both
within and beyond the MW (Pefiarrubia et al. 2017)), making these GC formation theories tricky

to confirm.

1.1.2 Globular Cluster Formation in Giant Molecular Clouds

To solve the issue of GCs’ observed lack of DM, formation theories have been put forward that
suggest that GC formation is not all that “special” in the early universe. While Peebles and Dicke
1968| originally had in mind a GC formation theory external to galaxy formation, as was discussed
in the previous subsection, at the same time they noted that at high redshifts, when GCs would
have formed, the Jeans mass would be around 10°M, largely due to the much higher typical
temperatures of the gas at these times (Dekel et al.|[2009; Narayanan and Davé|2012). It has since
been argued that because of this, the collapse of giant molecular clouds within galaxies at early
times would result in a characteristic mass of the resulting GC close to what we observe today
(Searle and Zinn [1978; Harris and Pudritz 1994). These gas-collapse theories of GC formation
support the idea that GCs formed using the same mechanisms that form YMCs at z = 0, but
resulted in very different, characteristic GC properties due to the extreme environment in their

still-forming host galaxies.

Broadly, these theories state that GC formation occurs in the dense, gas rich disks of high-

redshift galaxies. Within this turbulent disk, interstellar medium (ISM) thermal instability can
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lead to the formation of cool, massive gas clouds, surrounded by the hotter ISM gas (Fall and
Rees|1985)). When these massive gas clouds collapse they create cores and filaments dense enough
for star formation to occur, seeding proto-GCs (Kravtsov and Gnedin [2005; Howard et al. 2018;
Kruijssen 2025)). During this embedded phase stellar feedback begins, eventually allowing the
proto-GC to shed its gas envelope and leave behind a newly formed massive GC (Krause et al.
2012 Reina-Campos et al. |2022)). Once a GC has emerged it now becomes a game of survival,
as the disk of its host galaxy would subject the newly formed GC to tidal perturbations capable
of destroying it (Kruijssen et al. [2012; Keller et al. [2020; De Lucia et al. 2024). Thus, in order
to survive to z = 0, these clusters must migrate to the halo, where the majority are observed
today. This migration can occur as a by-product of energy injection from galaxy mergers (Li

et al. 2022; De Lucia et al. [2024]).

1.1.3 High Redshift Globular Cluster Observations

With the Hubble Space Telescope (HST), and particularly the recent launch of the James Webb
Space Telescope (JWST), we are now capable of obtaining observations of proto-GC candidates
in the early universe to compare to our theories of GC formation. Using magnification from
gravitational lensing we have been able to observe stellar clusters at redshifts from z ~ 1 — 10,
dependent on the alignment of the galaxies involved (Adamo et al. [2023; Adamo et al. 2024;
Vanzella et al. 2023 Claeyssens et al. [2023; Fujimoto et al. 2024 Mowla et al. [2024; Whitaker
et al. [2025)). In the most extreme case, the Cosmic Gems Arc at z = 10.2, we have been able to
determine the masses, sizes, and stellar densities of five star clusters hosted by the galaxy, likely

the most massive subset of clusters within the larger system (Adamo et al. [2024)).

Pfeffer et al. [2025| compared these JWST observations to predictions of proto-GC and host
environment properties using the E-MOSAICS simulations. E-MOSAICS incorporates star clus-
ter formation, evolution, and disruption models into the EAGLE galaxy formation simulations
(Pfeffer et al. [2018)), which in turn are a suite of hydrodynamical simulations following galaxy
evolution in a ACDM universe (Schaye et al. 2015). They found that, at least for observations
of the brightest GCs hosted by these galaxies, their simulations are capable of re-creating the
properties we observe, such as relations between cluster mass and host galaxy star formation

rate, and cluster mass/luminosity and redshift. Interestingly, they found that if these massive
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GCs were to survive to z = 0 (which, at initial masses of 106 — 107 M, is plausible) their ages
would span from ~ 9 — 13.5 Gyrs, implying that GC formation may not take place solely in a

specific epoch, but rather over a range of redshifts.

These observations, at the very least, point to GC formation being a process that both
begins around the redshift range that has been predicted by modern theory, and which happens
within host galaxies, rather than outside followed by an accretion event — at least for the bright,
massive GCs we are observing. While these first observations and studies are promising, more
data and corrections for systematic biases are needed. It will be difficult to draw concrete
conclusions on GC formation mechanisms when being limited to observations of only the highest
mass populations, however these can still provide valuable insights. In particular, studying the
properties of these clusters prior to tidal disruption effects from many Gyrs of residing in their
host galaxies, and prior to any major galaxy mergers will be useful to parse out the effects these

events can have on GC evolution and the GCS as a whole.

1.2 Globular Cluster System Evolution

Regardless of formation mechanism, by cosmic noon (~ z = 2 — 3) galaxies were populated with
GCSs which then evolved over time with their host galaxy. An open question in GCS evolution
is just how similar those initial GCSs were to those which we observe today. There are three

main drivers of GCS evolution: GC formation, GC disruption, and GC accretion.

All three of these drivers are sensitive to galaxy merger history, as was studied in the simula-
tions of Newton et al. 2024, They simulated the GCSs of three MW-like galaxies with identical
z = 0 halo masses, but varying merger histories using E-MOSAICS and EAGLE. They found
that galaxies that experienced more mergers with higher galaxy mass ratios, at early times ex-
perienced enhanced GC disruption and formation rates (see Figure . These galaxies with
enhanced merger histories also had more massive GCSs by z = 0 and more top-heavy GC lumi-
nosity functions (GCLF) than their counterparts, which experienced less rich merger histories.
To understand these results, let us break down the different ways which GCSs can evolve via

galaxy mergers.
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FIGURE 1.2: Top: GC formation rate against lookback time, middle: GC disruption
rate, bottom: change in GCS mass vs lookback time, all for three simulated galaxies
with the same z = 0 mass but different merger histories. Enhanced (purple) has
a larger mass ratio, organic (green) is the standard, and suppressed (blue) has the
smallest mass ratio and no second merger. The coloured arrows represent the times
of the mergers. Reprinted with permission from O. Newton et al. (accessed July
2025). The Formation and Disruption of Globular Cluster Populations in Simulations
of Present-Day L* Galaxies with Controlled Assembly Histories. Submitted to Monthly
Notices of the Royal Astronomical Society.
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1.2.1 Globular Cluster Accretion

First, let us address accretion. Evidence for galaxy mergers being a significant pathway for
growth of a GCS can be found in our own backyard — the MW stellar halo (Forbes and Bridges
2010} Massari et al. 2019 Myeong et al. 2019; Limberg et al. 2022; Belokurov and Kravtsov
2024)). When comparing chemical abundances, energies, angular momenta and orbits of GCs that
make up the MW’s GCS we can immediately begin grouping them into different populations.
These GCs which formed ex-situ (formed not within the main progentior branch galaxy, but
rather within a galaxy that has since been accreted) tend to have larger spreads in ages, lower
metallicities, and higher energies than their in-situ counterparts, as can be seen in Figure |1.3
(Callingham et al. 2022; Malhan et al. [2022). Both observations (Forbes and Bridges [2010;
Belokurov and Kravtsov [2024)), and simulations (Keller et al. [2020; Kruijssen et al. 2020) show
that a significant fraction of the MW GC population was accreted from an ez-situ satellite origin,

between 25% and 45%.

Although we are limited to unresolved photometry as we look beyond the MW, we can still
see clear evidence of merger histories in the GCSs of other galaxies. The majority of intermediate
and massive galaxies which have been studied observationally host broad, and sometime clearly
bimodal GC colour distributions (Harris et al. [2006; Harris et al. 2017; Fahrion et al. 2020a;
Hartman et al.|2023), which is a known tracer of GC metallicity (Brodie and Strader 2006; Usher
et al. |2015; Harris [2023; Fahrion et al. 2020b)). It has been shown that this colour distribution
can be created through rich merger histories, with the bluer, more metal-poor GCs having been
formed in smaller parent galaxies that were then accreted by their current host (Choksi and

Gnedin [2019; Valenzuela et al. 2024)).

We can also observe the positions of these GCs tracing recent merger activity, with blue GC
radial distribution profiles having been shown to have more extended and shallow profiles than
the red GC profiles in the same galaxy (Kluge et al.|2023; Belokurov and Kravtsov [2024; Versi¢
et al. 2024)). In some rare cases we can also trace out active galactic merger events through
the GCSs of the participating galaxies. Ennis et al. |2024| found a bridge of red, metal-rich GCs
connecting two merging galaxies (NGC 3640 and NGC 3641), and evidence that the blue, metal-

poor GCs’ positions were influenced by the same recent merger event which created NGC 3640’s
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shells. Urbano et al.|[2024 found that GCs around galaxies and in the intracluster medium of the
Dorado group were also capable of physically tracing indicators of galaxy mergers, such as rings,

shells, streams, and mass distribution peak offsets.
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FIGURE 1.3: MW GOCs grouped by either progenitor galaxy or MW location in
energy-action space. Here action refers to the difference between kinetic and potential
energy of the GCs integrated over time. KEach subplot has total energy on the y-
axis plotted against angular momentum (left), radial action (middle), vertical action
(right). Reprinted with permission from T. M. Callingham et al. (Apr. 2022). The
Chemo-dynamical Groups of Galactic Globular Clusters. Monthly Notices of the Royal
Astronomical Society 513(3), 4107-4129.

1.2.2 Globular Cluster Formation via Mergers

If a galaxy merger occurs at early enough times between two gas-rich galaxies, this could also
trigger a period of GC formation (Ashman and Zepf Zepf and Ashman . It is well-
known that in the local universe a gas-rich major merger can result in a starburst galaxy which
undergoes a period of intense increased star formation (Mihos and Hernquist Lahén et al.
van Dokkum et al. Lahén et al. . This has also been recently shown to occur in
the early universe as well (Renaud et al. . The same environmental changes that can bring

on increased star formation in merging galaxies can bring on increased GC formation as well.

Maji et al. studied the GC formation efficiency of mergers using high-resolution hydro-
dynamical simulations. They found that galaxy mergers or strong interactions would lead to
intense tidal shocks capable of compressing the galaxies’ gas. This would trigger GC formation
in the nuclear regions of the mergers and also in areas of high gas density between the interacting

and merging galaxies, such as tidal bridges and tails. This has also been studied observationally
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in the merging Antennae galaxies, where bursts of young massive cluster formation has been

identified (Herrera and Boulanger 2017} Tsuge et al. [2021; He et al. 2022]).

The most massive galaxies we observe today likely built the majority of that mass through a
rich history of hierarchical merging, but mergers are also prominent sources of mass growth for
dwarf galaxies as well. GC formation can also be triggered by gas-rich dwarf galaxy mergers,
which were common in the early universe (Alavi et al. [2016). Lahén et al. 2019 followed the
formation and evolution of massive star clusters in a simulation of a dwarf-dwarf merger. Their
clusters formed rapidly following the merger from converging flows of dense gas, capable of

reaching masses of M, > 10°M on a timescale of 6-8 Myrs. The resulting clusters’ structures

~

and kinematics are extremely similar to present-day observed GCs, but due to the lower chemical

enrichment of the merging dwarf galaxies, these GCs end up also being metal-poor.

These merger events have been shown to significantly increase the specific frequency of GCs
for elliptical galaxies compared to their isolated counterparts (Li et al. |2004). It has been
suggested that if these mergers occur late enough and between galaxies whose gas has become
more enriched since the initial period of GC formation, this second period of cluster formation
could also contribute to the spread in GC metallicities observed. Although it was stated in Section
[[:2:3] that in-situ GCs tend to be more metal-rich than their accreted counterparts, within the
MW we still see a spread in matallicities within this én-situ sub-population (Belokurov and

Kravtsov 2024)).

1.2.3 Globular Cluster Disruption

However, galaxy mergers by no means solely contribute to GCS growth, they are dramatic events
which can also contribute greatly to GC destruction. For instance, at the time of writing, the
MW hosts almost 100 known stellar streams (Mateu [2023), many of which have been identified
as originally being GCs hosted by accreted dwarf galaxies (Wan et al. 2020; Bonaca et al. |2021]).
As GCs fall into a galaxy during a merger event, they are subjected to tidal shocks caused by the
sudden increase in surrounding gas density (Gnedin et al. [1999)). These shocks can then disrupt
GCs, causing mass loss, truncation of their radii, or destruction the clusters entirely (Hughes

et al. |[2022)).

10
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However, this process is sensitive to GC mass, with GC disruption and destruction preferen-
tially affecting lower mass clusters (Kruijssen et al. 2011)). In addition, the tidal field that the
GCs are moving through will also dictate the survival rate and the average mass of the surviving
clusters. Both Villegas et al. |2010 and Harris et al. [2014] observed that the average mass of a
GC in a given galaxy scaled with that host galaxy’s total mass. This indicates that with larger

tidal fields GCs must be more massive to be able to survive infall.

From this picture one might assume that the GCs of isolated field galaxies which have un-
dergone minimal mergers would be safe from disruption. But, unfortunately this is not the case,
as internal interactions between GCs and dense galactic disks, or even between GCs themselves,
are also capable of causing disruption (Vesperini and Heggie [1997; Dehnen et al. 2004; Miocchi
et al. [2006; Penarrubia et al. 2009). This too is sensitive to GC mass, with larger GCs more
likely to survive. Moreno-Hilario et al.[2024a|studied the GC disruption and mass loss rates from
both interactions with their galactic environments and their own internal stellar dynamics using
N-body simulations. They found that dwarf galaxies that underwent no mergers and were not
influenced by the tidal fields of any nearby massive galaxies were capable of losing up to 80% of
their original GCS mass within a Hubble time, predominantly through the rapid loss of low-mass
clusters early in their lifetimes. This however, was also related to host galaxy mass, with the
more massive galaxies undergoing a greater GC mass loss rate due to their increased densities

and thus increased GC interaction rate.

1.2.4 Globular Cluster Luminosity and Mass Functions

This “survivor bias” caused by GC disruption and formation over time must be considered
carefully when studying the GC luminosity function (GCLF) and GC mass function (GCMF)
in galaxies, as it can affect the mass distribution of present-day GCs. In general, the GCLF
takes on a near-universal unimodal shape, regardless of galaxy morphology (Strader et al. 2006;
Jordan et al. |2007; Harris et al. 2014; Lomeli-Nufiez et al. [2022; Harris 2023). This GCLF can

be well approximated by a log-normal function:

(1.1)
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Where dN represents the number of globular clusters in an apparent magnitude bin of magni-
tude m and of width dm, m, represents the “turn-over” or “peak” apparent magnitude, and o
represents the width of the distribution. If assuming a constant GC mass-to-light ratio (typically
taken as M /Ly ~ 2 (Bell et al. |[2003))), this GCLF can be transformed into a GCMF:

AN 1 (log(M) — (log(M,)))?
am ~ m(o)m P 252

(1.2)

Where here dM now represents GC mass bins, M represents GC mass, and M, represents the

average or “peak” GC mass of the population (Harris et al.|[2014).
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FIGURE 1.4: Top: The mass function of YMCs with ages < 0.1 Gyrs in the Antennae
and the LMC. Bottom: The mass function of old GCs with ages > 10 Gyrs in the MW
and the Sombrero galaxy. The smooth curves are from GC formation models with
varying GC disruption prescriptions. Reprinted with permission from M. S. Fall et
al. (Sep. 2009). New tests for Disruption Mechanisms of Star Clusters: Methods and
Application to The Antennae Galaxies. The Astrophysical Journal 704(1), 453-468.
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FIGURE 1.5: Mass distributions of EMP-Pathfinder stellar clusters bound at z = 0
to the central galaxies. Each panel represents the mass distribution of stellar clusters
within an age cut, as indicated in the top-left corner of each panel. The final and
initial mass distributions for cluster populations within individual galaxies are shown
with the solid and dotted lines, respectively. The red and green dashed lines show
the observed GCMFs of the MW and M31, respectively. Reprinted with permission
from M. Reina-Campos et al. (Jul. 2022). Introducing EMP-Pathfinder: Modelling
The Simultaneous Formation and Evolution of Stellar Clusters in Their Host Galaxies.
Monthly Notices of the Royal Astronomical Society 517(3), 3144-3180.

While the general shapes of these functions remain largely the same, there has been evidence

of a dependence of both turnover magnitude/mass and dispersion on total galaxy luminosity

(Villegas et al.|2010; Harris et al. 2013; Harris et al. 2014). For instance, while average GC mass
is typically quoted as ~ 3 x 10° M, for massive spirals (Lomeli-Ntifiez et al. 2022) and ellipticals

Harris et al. [2014), it can go as low as 1.5 — 2 x 10° M, for faint dwarf galaxies (Jordan et al.
©

2007).

This shape of the GCMF is intriguing because the mass functions of recently-formed massive
clusters in merging galaxies, like the Antennae, follow a powerlaw distribution rather than a
log-normal one, as can be seen in Figure (Fall et al. . While we would not expect the
mass distributions of YMCs to be the same as GCs for the reasons laid out in section [[1] it is
surprising just how much the the general shape deviates. This implies that this universal GCMF

we observe today did not always have this shape, and physical processes may have transformed
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it into what we see now.

It is possible for this universal log-normal shape to naturally arise from the mass-dependent
GC disruption rates discussed in section [1.2.3] (Li and Gnedin 2014} Newton et al. [2024). Lower
luminosity GCs would be preferentially destroyed and thus would transform a potential powerlaw
initial GCMF into a log-normal one. Both Fall and Zhang [2001] and Prieto and Gnedin [2008
investigated this by evolving GCSs with powerlaw initial mass functions over a Hubble time and
varied the cluster disruption mechanisms included in their simulations. They found that including
two-body relaxation, tidal shocks, and stellar evolution in their clusters each contributed to their
mass loss over time. This mass loss preferentially affected the lower mass GCs as expected, and
over time truncated the mass function to eventually re-create the observed peaked log-normal

GCMF.

An example of this evolution can be seen in Figure [L.5|from Reina-Campos et al.[2022 In this
study they used the EMP-Pathfinder suite of cosmological zoom-in Milky Way-mass simulations
to study the evolution of GCSs. These simulations used a sub-grid description for GC formation
and evolution, allowing them to study both the formation and disruption of GCs within their
host galaxies across cosmic time. The results of these simulations painted a similar picture as the
comparison of the star cluster mass functions of the Antennae and the MW in Figure [[.4} that
GCMFs initially form with a powerlaw shape which is then transformed to a peaked distribution,

shifting to higher masses over times as low-mass clusters are preferentially disrupted.

1.3 The Mgcs — My, Scaling Relation

Putting together what has been discussed up to this point, a clear picture begins to emerge; GCS
formation, disruption, and evolution is intimately linked to the merger history and environmental
properties of its host galaxy. This is demonstrated observationally when comparing the total mass
of GCSs (Mgcs) to the total mass of their host galaxies, which is dominated by their dark matter
halos (Mjp).

This scaling relation was first observed by Blakeslee et al. [1997] and was expanded upon by
Blakeslee [1999], which found that, for 21 massive elliptical galaxies in 19 Abell galaxy clusters,

the number of GCs per unit mass hosted by these galaxies was roughly constant. Several years
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later, this constant ratio would be predicted to be present for intermediate mass galaxies as well
from the numerical simulations conducted by Kravtsov and Gnedin 2005, This would then be
observationally confirmed and expanded upon by Spitler et al. |2008, Spitler and Forbes [2009,
Georgiev et al. [2010, Harris et al. [2013, Hudson et al. 2014, Harris et al. |2015 and Forbes et al.
2018], each time covering more masses and environments of galaxies and re-confirming the original
result: there exists a clear 1:1 linear scaling relationship between these properties, as is shown

in Figure 1.6
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FIGURE 1.6: The observational relation between GCS mass and halo mass for a
subsample of 175 galaxies with reliable Ngc and M}, estimates. The purple datapoints
are classified as BCGs. The green line is the predicted Mgcs — M}, relation from
Kravtsov and Gnedin 2005/ The shaded region is the GCS mass range within which
galaxies are expected to host fewer than 1 GC. Reprinted with permission from W.
E. Harris et al. (June 2015). Dark Matter Halos in Galaxies and Globular Cluster
Populations II: Metallicity and Morphology. The Astrophysical Journal 806(1), 36-50.
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At first glance this scaling relation might not feel too remarkable, as it makes perfect sense
that smaller galaxies would host smaller GCSs and bigger galaxies would host bigger ones.
However, this 1:1 linearity is not seen in other scaling relations for galaxy properties that are
related to GCS formation and evolution. The stellar to halo mass relation (SHMR), which
includes stellar mass hosted not only in GCs but also in other star clusters and field stars,
changes slope around M, ~ 10'°5 making stellar-halo mass ratios lower for more massive
galaxies (Hudson et al. [2015; Danieli et al.|2023a). In addition, the relation between the HI gas
masses and halo masses hosted by galaxies is also non-linear (Catinella et al.|2010). The varying
slopes of these scaling relations arise due to a combination of effects from internal feedback
mechanisms and galaxy mergers. For low-mass galaxies, supernova feedback drives internal star
formation regulation by expelling gas, and tidal stripping from massive neighbours externally
removes star-forming gas, both preventing further stellar enrichment and driving stellar-halo
mass ratios down (Koudmani et al. 2022; Collins and Read [2022; Zhang et al. [2024). Massive
galaxies’ star formation, on the other hand, is mainly regulated by heating, such as active galactic
nuclei heating and gravitational infall heating, both preventing gas from reaching low enough
temperatures for star formation to occur (Johansson et al. [2009; Weinberger et al. 2017; Scharré
et al. [2024). In addition, galaxies with M, > 10195 while growing their halos, tend to lose
their low-density gas through major mergers, of which they have experienced many more than
their lower-mass counterparts, which also lowers their star formation rates and thus total stellar
masses (Spilker et al. 2022} Baker et al.|2023). Despite this, we observe GCS mass increasing in

lockstep with halo mass.

It should be noted, however, that in many of these observational studies of the Mgcs — My,
relation GC candidates are determined photometrically. Here, GCs are distinguished from other
objects by considering their compactness, roundness, luminosity, light profile, and when available,
global colours. At these distances these GC candidates are unresolved objects and it is often
not possible to obtain accurate age estimates. As a result, some star clusters which have similar
masses and compact stellar distributions to GCs but which have intermediate ages (< 9 Gyr)
could be photometrically mistaken for GCs. Spectroscopic follow-up observations would yield
metallicity measurements which can put constraints on age estimates of these clusters, but it

is not possible to obtain these measurements for all clusters. While for many galaxies that
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are no longer star-forming we can be confident that the majority of clusters we observe are
sufficiently old enough to be considered GCs, there can still be a low level of contamination in their
Ngc estimates. For galaxies which are still star-forming, spectroscopic follow-up observations of

identified clusters are even more important.

1.3.1 The Relation for Massive Galaxies

Massive galaxies typically have been able to build up their mass through a more rich hierarchical
merger history than their intermediate-mass and dwarf counterparts. This is particularly true
for the most massive galaxies in our universe: brightest cluster galaxies (BCGs) which reside at
the centres of very dense galaxy clusters, where merger rates are high (De Lucia et al. |2024).
Due to their extreme merger histories, BCGs serve as useful tools to study the effect that galaxy

mergers have on GCS evolution, and by extent the Mgcs — Mj, relation.

The distinction between BCGs and non-central massive galaxies can be important, as the
evolutionary histories of these galaxies can differ, affecting their GCSs as well. Satellite galaxies
experience rapid quenching after infall, with the timescales decreasing for larger host cluster
halo masses (Pasquali et al. 2010; Wetzel et al. [2013). As satellite galaxies experience multiple
pericentre passes around their central BCG they can also have their dark matter halos stripped
(Montero-Dorta et al. [2024; Contreras-Santos et al. [2024). In combination, both of these effects
can push massive satellite galaxies lower along the Mgcogs — M}, relation compared their central

counterparts.

BCGs are characterized by their elliptical morphologies and relative lack of gas (Chu et al.
2021). Although it is known that large portions of their GCSs were gained through satellite
accretion (Dalal et al. [2021)), if a significant enough fraction of their initial gas mass was lost
during their early mergers it is possible that their GC formation rate would be suppressed in
later mergers. This could increase their halo masses more than their GCS masses and place them

lower than linearity on the relation.

This drop in Mgcs /M), ratio for very massive galaxies was predicted by Choksi et al. 2018
and Choksi and Gnedin 2019, but El-Badry et al. 2019a) predicted it to continue in linearity

instead. Observational studies of the Mgcs — M}, relation which covered the BCG mass range
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also have conflicting results, with Hudson et al. [2014| finding that the most massive BCGs had
systematically lower Mgcs /M), ratios, and Dornan and Harris 2023 finding that BCGs continue
to follow the 1:1 scaling relation, in agreement with their lower-mass counterparts. Answers to
these incongruencies for simulations likely lie in the specifics of the GC formation and disrup-
tion prescriptions for BCGs, and for observations the answers likely lie in the methods used to

determine GCS membership and masses for BCGs.

1.3.2 The Relation for Dwarf Galaxies

Dwarf galaxies offer their own unique complications to our understanding of the Mgcgs — My,
relation. Their low masses make them extremely sensitive to the effects of mergers and galaxy-
galaxy interactions in GC disruption, but this also makes them more hospitable environments
for the survival of low-mass GCs. These factors can cause spread in the Mgcgs — M}, relation,
pushing the population sizes and masses of dwarf galaxies’ GCSs both higher and lower, an effect

that is exacerbated by the extremely low Ngo values already predicted by the relation.

Despite these issues, work done by Georgiev et al.|[2010, Forbes et al. 2018, and Gannon et al.
2022, among others, has filled in the observational gaps in our understanding of the low-mass
regime of this relation. Overall trends begin to emerge as we see that linearity in the Ngo — My,
relation is not possible, as a flattening must occur for galaxies with one or no GCs (with it being
obviously physically impossible to have negative numbers of GCs). While many of these non-GC-
hosting galaxies have low enough halo masses for this to be a natural outcome of the Ngc — My,
relation, many have relatively high halo masses that would result in their lack of GCs making
them outliers for the relation (Eadie et al. [2022; Berek et al. |2024)). Even for GC-hosting dwarf
galaxies, the scatter in the Macog — M), relation in this mass regime becomes much higher than
for more massive galaxies (Spitler et al.|[2008; Harris et al. [2013; Forbes et al. |2018|) Simulations
of dwarf galaxy GCSs suggest that this scatter could be, in part, because the difference between
where a dwarf galaxy was originally situated on the Mgcgs — M), relation and where they can
now be found could be much bigger than the difference for intermediate mass and high mass

galaxies (Munshi et al. [2021; Chen and Gnedin [2024)).
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FIGURE 1.7: The positions of a sample of simulated main progenitor branch galaxies
on the Mgcs — My, relation, evolved over time including galaxy mergers and GC
disruption. Orange datapoints are the galaxies at z = 10, green datapoints are the
galaxies at z = 3 and black datapoints are the galaxies today at z = 0. Reprinted with
permission from N. Choksi & O. Y. Gnedin (Oct. 2019). Origins of scaling relations of
globular cluster systems. Monthly Notices of the Royal Astronomical Society 488(4),
5409-5419.

1.3.3 Evolution of The Relation Over Time

As was discussed in section[I.2] while GCs can be disrupted by mergers, for the most part massive
GCs are capable of surviving these turbulent merger events and allow galaxies to retain and grow
their GCS masses (Choksi and Gnedin Newton et al. . One question of particular
interest regarding this relation is when exactly it took shape, and if it has held this linearity

from the formation of the first GCSs or if it has evolved into what we observe today over Gyrs.
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Simulations performed by Choksi and Gnedin|2019|found that the overall shape of the relation
has been constant across redshifts, although both GCS and halo masses in the early universe
were lower (see Figure . They found that between 3 > z > 0 galaxies’” GCS masses did
not change much, but halo masses were an order of magnitude or more lower. Only when they
looked further back to a redshift of z = 10 did they find that galaxies’ GCSs were significantly
less massive. This implies that mergers prior to cosmic noon (10 > z > 3) would have resulted in
both increased halo masses and GCS masses at roughly the same rate, but later mergers would
be much more efficient at increasing halo mass while marginally affecting GCS mass. This agrees
with what was discussed in section [1.2.2] as mergers would have increased GCS masses much
more when galaxies had more gas available at higher densities to allow for periods of increased

GC formation.

1.4 Motivation of This Research

This work aims to conduct a comprehensive observational study of the Mgcs — M, relation,
from the lowest mass to the highest mass galaxies in the local universe through the compilation
of both previously available and new data. Using standardized techniques to determine GC and
halo mass estimates, extrinsic scatter in the relation will be minimized, allowing for us to more
accurately study the drivers of intrinsic scatter in the relation and their connection to GCS and
host galaxy evolution. Through improving the methodology used to determine GCS profiles we
will not only have a better understanding of the distribution of GCs around massive galaxies
and how that relates to those galaxies’ position on the relation, but it will also give us more
accurate Ngc estimates and therefore positions of these galaxies on the Mgcogs — M}, relation.
Finally, extending this relation to the highest and lowest galaxy masses through the addition of
high quality, complete observational samples of GCSs will allow us to test the extremes of this

scaling relation.

Chapter 2] will discuss a new technique designed to create more accurate radial density profiles
of discrete objects. The application of this technique to GCSs allows for more accurate estimates
of GC distribution around galaxies to be made, particularly BCGs, and for more accurate Ng¢o

and Mgcgs estimates to made as well. Chapter |3| places 27 BCGs on the Mgcs — M}, relation
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and studies how various properties of their GCSs relate to their positions on the relation relative
to one another and lower-mass galaxies. Chapter [4] compiles a catalog of all dwarf galaxy GCSs
studied in the literature and applies standardized conversions for determining GCS mass and

halo mass to more accurately compare data from different studies to one another.

Armed with data spanning from the most massive giants to the smallest dwarfs this work will
analyze what are the most influential drivers of GCS evolution and how they relate to galaxy
evolution as a whole. Finally, Chapter [5| will summarize the results and lay out the future of this
field and what the next steps are for fully understanding the connection between GCs and their

host galaxies.
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Chapter 2

Utilizing Voronoi Tessellations to
Determine Radial Density Profiles

The following chapter has been published in The Astronomical Journal (AJ):

V. Dornan and W. E. Harris (Aug. 2024). Utilizing Voronoi Tessellations to Determine Radial
Density Profiles. AJ 168(2) 48, 48

2.1 Introduction

Determining the radial density profiles of a variety of astronomical systems that consist of discrete
objects is a frequently encountered problem within the field. Prominent examples may include
stars within a star cluster (King |1966; Miocchi et al. |2013]), systems of globular clusters (GCs)
within their host galaxy (Harris et al. [2015; Dornan and Harris [2023), or galaxies within a larger
group or cluster (Nagai and Kravtsov 2005). Thus, in order to get accurate estimates of the
central concentration, profile shape, and total number of objects within a system it is necessary

to have an accurate fit to the projected radial density profile.

Observationally, the classic method to determine these radial density profiles is to first de-
termine the 2-dimensional spatial distribution of objects from photometric observations, then
divide this spatial distribution into a series of concentric circular or elliptical annuli, effectively
binning the objects as a function of radius. For each of these bins the number of objects and the
area of the bin’s annulus are determined in order to obtain a density value. These density values

are then plotted as a function of radius to which a density profile can then be fit. This method

22



Doctor of Philosophy— Veronika DORNAN; McMaster University— Department of Physics and
Astronomy

had been applied observationally to stars in open star clusters (e.g. Alfonso and Garcia-Varela
2023; Bisht et al. [2024} Belwal et al. [2024), stars in GCs (e.g. Knodlseder 2000; Dalessandro
et al. [2015; Simpson et al. |2017)), systems of GCs around galaxies (e.g. Harris et al. 2015; Harris
et al.|2016; Harris and Mulholland 2017al Dornan and Harris 2023; Caso et al. [2024; Ennis et al.
2024)), galaxies within galaxy clusters (e.g. Popesso et al. [2007; Newman et al. |2013; Fassbender
et al. 2014} Tozuka et al. [2021), and compact radio sources at the centre of the Galaxy (Zhao
et al. |[2022)).

This annulus fitting method is useful in its simplicity, but has some drawbacks. The systems
to which it is applied can have thousands of detected objects within this spatial distribution
(Peng et al. 2008; Peng et al. [2011} Harris et al. 2016; Dornan and Harris |2023), which when
binned, are reduced to only a few datapoints, resulting in a loss of information about the system,
and uncertainty in the fit. In addition, the number of these binned annuli, and by extension the
radial width they encompass, is arbitrary, which can introduce further uncertainty in the resulting
fit. Finally, as well the annulus method prescribes a geometrically regular (circular or elliptical)

density distribution, smoothing over substructure such as satellites or local overdensities.

This work introduces a different general methodology using Voronoi tessellations for determin-
ing radial density profiles. Voronoi tessellation plots are constructed from a spatial distribution
of points, and each tessellation (Voronoi cell) consists of the area of the distribution that is
closer to the given point than the other points (Okabe et al. [1992)). The result is a distribution
of polygons each containing one of the objects from the input spatial distribution. See Figure

[27] for a simple example of a 2D Voronoi tessellation plot.

The tessellation process allows for construction of the density distribution, since the area of
a Voronoi cell is directly related to the local number density of objects surrounding the cell.
Higher density regions will produce Voronoi cells with smaller areas, and lower density regions
will produce Voronoi cells with larger areas. Thus, once a Voronoi tessellation plot has been
created from a spatial distribution of objects, the area of each cell can be inverted to obtain a
density value for each object. Dividing the region into Voronoi cells is a binning process like
the standard annular method, but it essentially carries the definition of bin size to its minimum

possible extreme, with one object per bin. In addition, unlike the classic annulus method, the
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Voronoi method makes no assumptions about any geometric regularity in the spatial distribution.

It should be noted however, that in order to determine surface density using both annuli and
Voronoi tessellations, a distribution of discrete objects is required. Neither of these methods can

be applied to, for example, surface brightness profiles.

Voronoi tessellations have been applied to the determination of spatial densities in astro-
nomical research in the past, as they can be very useful in describing the spatial distribution of
observed galaxies, which can exist in areas of over and under densities (van de Weygaert and
Icke |1989; Icke and van de Weygaert [1991). Voronoi tessellations have also been used in algo-
rithms to automatically detect these over-densities, galaxy clusters, from 2D galaxy field spatial

distributions (Ramella et al. |2001]).

In the present paper, we test this Voronoi-cell method against simulated radial distributions
of populations following a simple input distribution (a Hubble model profile), and compare the
results with the standard annular-bin method. The data used to test this new Voronoi method
will be discussed in section 2.2l This section will describe the simulated 2D Hubble distributions
and test the method’s ability to return the input radial density profile, compared to the annulus
method. Section 2.3 will further describe the Voronoi method in detail and the statistical tests
used to compare it to the annulus method. Section [2.4] will summarize the results of these
statistical tests and outline the benefits of the Voronoi method for determining radial density
profiles. Finally, section 2.5 will provide a sample application to observed systems and discuss

future applications of this method and improvements that can be made.

2.2 Data

In order to test the ability of both the annulus fitting method and the Voronoi fitting method to
accurately return the true radial density profile of a 2D spatial distribution of objects, a series

of artificial systems were created with known Hubble profiles, defined by
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where g is the density at r = 0, r¢ is the core radius, and the exponent b sets the power-law

slope of the profile at large radius.

We generated simulated systems with five different total populations, The properties of which
are detailed in Table (The scale units are arbitrary, but are simply labelled as ‘pixels’ for
convenience). The spatial distribution of objects for each of these systems was generated with
30 different random seeds each, allowing for each system to be tested with the same underlying

Hubble distribution but varying positions of objects.

The parameters for the artificial systems were chosen building from our previous work on the
estimated properties of a sample of observed GC systems hosted by massive elliptical galaxies.
These galaxies have already had the radial density profiles of their GC systems determined with
the annulus fitting method in Dornan and Harris [2023] hereafter referred to as Paper I. The
parameters of the simulated systems were chosen to reflect the range of profiles seen in a real-life

application of this methodology.

It should be noted that in this initial study the Voronoi method is tested only on circularly
symmetric systems, although does not make any assumptions on the underlying symmetry of the
system. This decision was made because the annulus method, to which we are directly comparing
the Voronoi method, does. In followup work, the Voronoi method will be extended to systems
where one or more satellites are present, with their own subpopulations of objects, in order to

investigate the technique’s ability to handle asymmetrical systems.

TABLE 2.1: Artificial System Hubble Profile Parameters

System Number Objects Core (pixels) b  7pnae (pixels) o, (pixels—?)

(1) (2) (3) (4) (5) (6)

1 300 75 1.5 3250 8.83 x 1074
2 2000 150 0.96 3250 6.93 x 1074
3 4500 150 0.96 3250 1.56 x 1073
4 7000 250 1.09 3250 2.05 x 1073
5 20000 250 1.09 3250 5.86 x 1073

Key to columns: (1) Artificial system identification; (2) number of objects in the system; (3) size of the core of
the Hubble profile in units of pixels; (4) exponent of the Hubble profile; (5) maximum radius objects can be
from the centre of the spatial distribution in units of pixels; (6) density at » = 0 of the Hubble profile in units of
objects per pixel”.
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Left: The 2D spatial distribution of objects with concentric annuli
drawn out from the centre of the system. These annuli are used to bin the objects and
determine densities as a function of radius. Right: The Voronoi Tessellation plot for
the same 2D distribution of objects, with one object per cell. For both plots cell colour
represents comparative density on the same scale.

2.3.1 Annulus Fitting Method

As noted above, annulus fitting is a standard binning method used to determine radial density

profiles of a variety of circularly and spherically distributed systems, both simulated and observed

(King |1966; Nagai and Kravtsov2005; Miocchi et al. 2013; Dornan and Harris 2023; Alfonso and
Garcia-Varela 2023).

An example of a 2D spatial distribution of objects divided into concentric annuli can be seen

in Figure 2.I] which is for simulated system number 3. These binned densities can then be

plotted as a function of radius and a simple fitting function such as a power law or Sersic profile

can be fit to it.

For these simulated systems the number of annuli was always set to 26 and the bin widths

determined from the range of radii encompassing the innermost and outermost objects. However,

often the 1-2 outermost bins had to be removed for incompleteness, as often the final few annuli

would only host a very low number of objects and areas. This can be seen in Figure 2.1]in the

corners of the annulus distribution.
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2.3.2 Voronoi Fitting Method

The Voronoi fitting method is capable of retaining far more information about the system than
the annulus fitting method through the use of the Voronoi tessellations. When a Voronoi cell is
generated around each object in the system, the number of datapoints is equal to the number of
objects within the system. A density value for each datapoint, at the radius of each object, is

determined by simply inverting the area of the Voronoi cell.

In practice, the resulting plot of density versus radius for one object per cell displays the
desired profile, but is also dominated by large stochastic scatter. A useful approach to reduce
the scatter is simply to combine adjacent cells into larger combined ones. We have experimented
with grouping 3, 5, or 7 cells together compared to no grouping at all, as shown in Figure |2.2
Binning the Voronoi cells to have five objects per cell proved to be an excellent compromise

between significantly reducing scatter and keeping a large number of independent datapoints.

An alternative approach to grouping cells would be to combine a given cell with all its adjacent
cells (i.e. those whose sides are in direct contact). However, for a typical Voronoi tesselation,
approximately 89% of all cells have 6 or more adjacent cells (see Table 1 of Sudrez-Plasencia
et al. [2021). Thus the majority of cells in the distribution would be binned in groups of 7 or
more, which, as previously mentioned, was found to result in too strong an averaging and greater

culling of datapoints.

Combining cells was done by sorting the cells by density, from highest to lowest. The highest
density cell in the list then has the four spatially closest objects to it identified, and all five
are added into a single bigger cell and removed from the initial list. This new cell is assigned
an (x, y) position in the grid that corresponds to the averaged positions of the five member
objects, and an area equal to the combined areas of the original cells. The rest of the binning
continues in the same way for the next highest density individual cell in the list. This procedure
ensures that the objects that are being binned together are spatially close to one another and
prevents situations where the last two objects are on opposite sides of the system, or oddly

shaped (“gerrymandered”) combined cells are created.

Binning the cells together not only reduces scatter, but also reduces a particular statistical

bias that is associated with Voronoi tessellations. A tessellation of a random, spatially uniform
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FIGURE 2.2: Sample radial profile showing the radial density distributions for 1, 3, 5,
and 7 objects per cell (going from top down). All annulus data and fitting is identical,
as it is independent from the Voronoi fitting.
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FIGURE 2.3: A histogram of the normalized density of Voronoi cells for a Hubble
distribution. The red curve is the log-normal fit to the histogram and the red line is
the average for the Hubble distribution. The blue curve is the fit to the histogram for
a uniform distribution and the blue line is average for the uniform distribution. The

black line is the mean normalized number density, where © = n/(n) = 1 when n = (n)
for all distributions.

2D distribution of objects can be described (Jarai-Szabo and Neda [2004) as

343 |7

fon(y) = T %y5/2 exp ( — 72_y) (2.2)

where y is the normalized cell area, S, as y = S/(S). This distribution for cell size can be
transformed into a distribution for a number density (n) distribution for each cell. Here we will
take x = n/(n) = 1/y to be the normalized number density. The 2D number density distribution

for a uniform spatial distribution of objects is

fop(z) = %\/;xwg exp ( — %) (2.3)

For this distribution the mean value of the probability density function does not equal the
mean normalized number density, z = n/(n). It is instead 1.4 times the mean normalized

number density, indicating that, for a uniform spatial distribution, Voronoi tessellations tend
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to overestimate the influence of high density areas for the overall system. This can be seen in
Figure when comparing the blue curve, which corresponds to Equation and the blue
vertical line, which represents the curve’s mean, to the black line which is the expected mean

value, where n = (n) and x = 1.

However, for the purposes of this work we are not concerned with the number density bias
for a uniform distribution, but rather for a distribution following a power-law-like radial profile.
When the normalized number density distribution is plotted as a histogram for the artificial
systems in this work, the distribution can instead be described by a log-normal distribution,

taking the form:

fnla) =~ exp (FEL 20 (2.4)

Where a and b are free parameters. This can again be seen in Figure [2.3] where the red curve

corresponds to Equation [2:4] and the red vertical line represents this curve’s mean.

For a Hubble distribution, the average number density of the cells, after binning into groups of
five, is actually 0.90 times the mean normalized number density. This statistical underestimation
of the average number density of the Voronoi tessellations was found to be small enough that
it has a negligible effect on the radial density profile fits. As will be seen below, the over- and
under-estimations of the density profile at various radii due to simple randomness across the
systems studied were consistently greater than the influence of this statistical bias, so at this

time it is ignored.

2.4 Results

TABLE 2.2: Bootstrapped Powerlaw Fits with Standard Errors

System Number Annulus Method Voronoi Method
1 o = (1.131 + 0.110) (- 1-360E0.021) 1 5 — (7 184 + 0.084)7-(~1-370+0.020)
2 o = (0.852 4 0.035)y(70-794£0-010) | 5 — (0.849 + 0.029)-(~0-784+0.007)
3 o = (1.899 4 0.040)y(~0-7824£0.006) | 5 — (1,704 + 0.012)7(~0:753+0.002)
4 o = (2.637 4 0.127)p(-0-757£0.010) | 5 — (2,765 + 0.011)7(~0:758+0.001)
5 o = (7.377 4 0.244)p(-0-T4TH0.008) | 5 — (8,726 4 0.013)(—0-780+0.0004)
These fitting parameters and standard errors were obtained from 5000 iterations of bootstrapping for both

methods.
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FIGURE 2.4: The density data for the same system using the annulus fitting method
(red datapoints) and the Voronoi fitting method (blue datapoints). Both datasets are
fit with a powerlaw function and compared to the “true” Hubble profile (green line).

For each run of each system the density profiles were determined both with the annulus
method and the Voronoi method. This created two different radial density datasets from the
same underlying Hubble distribution. For both the annular and Voronoi methods, objects within
the core of the system (defined in table were removed. This is because in real observations of
systems of globular clusters the background light intensity within the core of the central galaxy
is typically high enough that identification and measurement of objects in the core cannot be
done (Harris et al. 2015; Harris et al. [2016; Harris 2023; Dornan and Harris [2023; Ennis et al.
2024). Thus, these objects have been removed for the analysis in order to better re-create the

data available for a real astronomical system, to which this method will be applied in section

251

Figure shows the spatial distribution of the simulated objects and a visualization of the
density fitting method used. Once the objects have been binned according to the methods used
their densities can be plotted as a function of radius and have profiles fit to them. Here the radii
and densities have been converted from pixels to “arcsecond” according to HST ACS camera

pixel conversions, defined as 1 pixel width = 0.05 arcseconds (Ryon [2019), again to better reflect
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observed data. The uncertainties associated with the annulus fitting method density values

assume VN statistics.

The uncertainties of the density values from the Voronoi fitting method were determined from
the root mean square scatter around a powerlaw fit to the densities as a function of radius, for 10
radial bins. This allows the decreasing uncertainty in cell density to be reflected in the voronoi
cells, as is seen for the annulus bins. Once the uncertainty for each radial bin was determined it

was applied to all density values in that bin.

Once the uncertainties for both methods are determined the Voronoi fitting method density
values were culled to remove outliers. This is done by determining the average Voronoi density
value for the same number of radial bins as was used for the annuli (although the average Voronoi
densities in these bins are slightly different than the annuli density values). All Voronoi density
values that are within 1.5 standard deviations of these radially binned means are kept, and all
others are culled. The percentage of cells kept after culling varied for system and run, but was

roughly 85%.

In the case of this work, although the distribution was created according to a Hubble profile,
the densities are fit with a simpler powerlaw function due to the lack of information within the
core. These fits can then be compared to the “true” Hubble profile to determine which method
returns the more nearly correct density profile. An example is shown in Figure 2.4 If this
Voronoi method was applied to, for example, a single GC, a Hubble profile could then be used

to fit the data as the information in the core would be available.

In order to compare the effectiveness of these two methods of determining radial profiles
there are two important factors to examine: the methods’ precision, and their accuracy. For the
precision we compare the uncertainties of the fits to the data, while for the accuracy, we compare

the total numbers of objects integrated over all radii relative to the input number.

The uncertainties on the fits to the profiles of all systems with both methods were deter-
mined via bootstrapping. The radial density data for both methods was bootstrapped with 5000
iterations for each system, and powerlaw profile fitting values were determined, as well as their
standard deviations. The uncertainty for each of these fitting values, the standard error, defined

here in Equation 2.5 was determined from the standard deviations.
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SE = % (2.5)

Here o is the standard deviation of the scatter of points around the fitted curve, and n is the

length of the dataset used to determine the fitting parameters.

1.2 1

1.1 T
1.0H Lo YT * _______ %__

Fraction of Objects Returned

0.9
°
0.8 1
I Voronoi Method
I Annulus Method
== True Number of Objects
0.7 1 [

Systém 1 Systém 2 Systém 3 Systém 4 Systém 5

FIGURE 2.5: A boxplot depicting the results of the number of objects in each system
returned when the radial density profile obtained from each method is integrated, done
across all 30 random object distributions for each system. The dashed line shows where
100% of all objects are returned. The boxes represent the interquartile range (IQR),
the black lines within the boxes denote the medians, the diamonds denote the means,
and the errorbars encompass all non-outlier data that lie outside the IQR. The coloured
circles represent outliers, defined as data that lie greater than 1.5 times the IQR past
the upper and lower quartiles.

In an ideal case, even when the total number of objects in the system is not completely
observed, as in the case of the inner regions of these simulated systems seen in Figure if the
fit is accurate and integrated from zero to the system’s maximum radius it should return the
true number of objects. This was done for each run of each simulated system, and the results are

displayed in Figure as the total number of objects returned by the fit, relative to the total
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input number over the same radial region.

2.5 Discussion

It can be seen from Figure that the Voronoi method is more successful at returning a total
population that is close to the input total. For systems 2 through 5 the Voronoi method’s upper
quartiles enclose or very nearly enclose the true number of objects. For these same systems
however, the lower quartiles of the annulus method lie much further from the true number of
objects, and for systems 3 through 5 the true number of objects is not even within their lower
range. This shows that, certainly for larger systems of 2000 objects or more, the Voronoi method

will more consistently and more accurately return the true number of objects.

Across Figure 2.5 we can see that the spread in both methods decreases with increasing
system size. Thus, for system 1, the smallest system in this work, the spread for both methods
is significantly higher than for the other systems. But even for the smallest system the Voronoi
method still returns a slightly more accurate result, with both its mean and median lying closer
to the true number of objects returned than for the annulus method (0.949 and 0.947 compared

to 1.033 and 1.047, respectively).

The radial profile fits for each system using each method are listed in Table[2:2] The precision
of each of these methods is compared via the uncertainties on the fitting parameters for each
method. As can be seen in Table[2:2] the Voronoi method consistently returns lower uncertainties
on both powerlaw fitting parameters for all systems studied. As system size increases so too
does the difference in method precision, with the parameter uncertainties for system 1 being
comparable between methods, to systems 4 and 5 having uncertainties differing by an order of

magnitude.

2.5.1 An Application to Observed Distributions

Here we present a comparison of these two methods when applied to real, observed GCSs, for
which a definition of the “true” underlying radial density profile is unknown. A common problem

in many observed cases is that giant galaxies may have nearby satellites with their own GCSs,
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FIGURE 2.6: The density data for the observed GCSs MASX J13272961-3123237
(top) and ESO 509-G067 (bottom) using the annulus fitting method (red datapoints)
and the Voronoi fitting method (blue datapoints). Both datasets are fit with a powerlaw
function. The gray shaded region is unobservable due to high surface brightness.
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which can overlap the GCS of the central giant (Dornan and Harris [2023; Ennis et al. [2024; Lim

et al. [2024)). We will return to this separate problem in followup work.

For the purposes of this paper we will focus on two observed examples with minimal satellite
interference. The GCSs chosen for this comparison are those hosted by the BCGs 2MASSX
J13272961-3123237 and ESO 509-G067. Their GCS radial density profiles have already been
determined with the annulus method in Paper I, and have few significant satellite galaxies. The
comparison of these two methods, applied in the identical way as for the simulated systems, can
be seen in Figure From the work done in Paper I 2MASSX J13272961-3123237 is estimated
to have a GCS population of 9100, and ESO 509-G067 to have a GCS population 4200, putting

them in terms of size close to systems 3 and 4 simulated in this paper.

The radial density fits to these observed GCSs, and the uncertainties on these fits, using
both methods are shown in table 2.3l The number of GCs in the GCS and the total mass of the
GCS obtained from using these fits are shown in table as well, using the same methods and

photometric completion corrections as Paper 1.

While no statement can be said about the comparative accuracies of these two methods when
applied to observed systems, it can be seen in Figure that the fits agree well. This is as
expected as for ESO 509-G067, as for a system of this size it was found in Table 2:2] that the
fitting parameters between both methods agree within uncertainties. However, the fits between
methods for 2MASSX J13272961-3123237 agree strikingly well, and is not something that is
expected from the simulations for a system of its size. The further application of these methods

to extremely massive observed systems is needed, and plans for this is discussed in Section 2.6.1}

The estimates of the populations themselves are roughly consistent with what we would
expect based on the results from Figure 2.5 within their uncertainties. For the larger system,
2MASSX J13272961-3123237, the annulus method returned a higher estimate than the Voronoi
method, albiet with much less a dramatic difference than expected, as was seen for system 4.
For ESO 509-G067, its size would make it roughly comparable to systems 2 and 3, and although
the Voronoi method actually returned a higher estimate than the annulus method, within the

uncertainties of the two methods, this is still be consistent with the results from Figure 2.5]
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Overall, for both of the returned GCS values for both galaxies in Table both methods
return estimates within their mutual uncertainties. However, the Voronoi method still returns
estimates with lower uncertainties, indicating that this method is capable of more precise esti-

mates.

2.6 Conclusions

This work develops a new methodology to determine radial density profiles of a variety of as-
tronomical systems of discrete objects using Voronoi tessellations. Our main conclusions are as

follows:

e This Voronoi method was tested and compared to the classic annulus method for five
simulated systems of varying sizes and steepness of known Hubble profiles, each run 30
times with different random seeds. These systems were chosen for their similarities to

observed GCSs.

o It was found that for all five systems the standard errors on the fits found with the Voronoi
method were lower than for the fits found with the annulus method, indicating that the

Voronoi method returns more precise fits regardless of system.

o It was found that the Voronoi method returned more accurate estimates of the total pop-
ulation of all five systems than the annulus method. The spread in potential population
estimates decreased for both methods with increasing system size. For systems of roughly
more than 1000 objects the annulus method overestimated the total population by approx-
imately 10%, while the Voronoi method consistently returned estimates at or within 3% of

the true value.

e When these methods were applied to two observed GCSs it was found that the radial density
profile fits produced by the two methods were very similar and the total Nge estimates
were within both methods’ uncertainties. However, the uncertainties on both the fits and
the Ngc estimates for both observed systems were lower for the Voronoi method than for

the annulus method.
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TABLE 2.3: Comparison of Annulus and Voronoi Methods on Observed Galaxies

Galaxy Value Annulus Method Voronoi Method
113272961 Powerlaw | o = (16.1 £ 1.5)7(Z092F0.03) [ 5 — (16.6 + 0.8),(-0-93+0.01)
Nce 9055 + 1173 8885 £ 793
Powerlaw | o = (4.5 +0.5)r(7092F0.03) "5 — (5.2 4 0.02),-(-0-93+0.01)
ESO 509-GO67 | = 4174 + 726 4632 + 471

2.6.1 Future Work

Future work with this new method of radial density profile fitting will include its application to
more observed systems of varying sizes. Currently the authors of this paper plan to apply this
method to the remaining GCSs studied in Paper I, as well as 17 additional BCGs imaged with
the HST.

Further improvements to this method also include the ability to accurately remove objects
associated with nearby systems. As briefly mentioned in section [2.5.1] observed GCSs often
have nearby satellite galaxies with their own GCSs which can contaminate radial density profile
estimates of the target system. The current method of removal of these contaminating systems is
to simply mask out any objects suspected to not belong to the target system (Dornan and Harris
2023}, Lim et al. [2024)), or even to simply leave the contaminating system if it is small enough to
not have a drastic affect on the target system (Harris et al. 2015; Harris and Mulholland [2017a)).
This method can lead to objects associated with the target system being removed, or missing

various objects associated with the contaminating system.

With the increase in spatial density data associated with the Voronoi method compared to
the annulus method, it is possible that the radial density profile of the contaminating system,
and its influence on the estimated profile of the target system, cam be determined and subtracted
from the target system’s fit. This would not only give a far more accurate estimate of the profile
for systems in dense, clustered environments, but would also allow for an estimate of the smaller
contaminating system’s radial density profile. This can be particularly helpful in situations where
the GCS distributions of two interacting galaxies is trying to be studied (Ennis et al.[2024)). Work

on developing this method is in progress.
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Chapter 3

Major Mergers Mean Major
Offset: Drivers of Intrinsic
Scatter in The Mqog — M Scaling
Relation for Massive Elliptical
Galaxies

The following chapter has been published in The Astrophysical Journal (ApJ):

V. Dornan and W. E. Harris (July 2025). Major Mergers Mean Major Offset: Drivers of
Intrinsic Scatter in the Mgcs — My, Scaling Relation for Massive Elliptical Galaxies. The Astro-
physical Journal 988(1), 70

3.1 Introduction

Globular clusters (GCs) have long been a useful tool in tracing galaxy structure and evolution.
These massive stellar clusters, hosting as many as 107 stars, are some of the oldest surviving
objects within galaxies across all masses (VandenBerg et al.|2013; Beasley 2020]). Their compact
size and strong gravitational boundedness also ensure that these clusters can survive tidal dis-
ruption and merger events that their host galaxies have undergone (Reina-Campos et al. |2023;
Joschko et al. 2024). As a result, the properties of a globular cluster system (GCS) can corre-
late with its host galaxy’s global properties and merger history (Belokurov and Kravtsov 2023;
Belokurov and Kravtsov 2024; Newton et al. 2024; Federle et al. |2024; Mirabile et al. [2024).
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One scaling relation of particular interest is that between the total number of GCs (Ng¢),
or total mass enclosed in a galaxy’s GCS (Mgcs) and the total mass of the galaxy, typically
dominated by its dark matter halo (M},) (Blakeslee et al. [1997). This relation has been known
and studied both through observations and simulations for decades. It has been found that
across a range of at least 10° in galaxy mass this relation holds a tight 1:1 linear shape (Spitler
and Forbes |2009; Hudson et al. |2014; Harris et al. 2015; Burkert and Forbes |2020; Dornan and
Harris 2023). It is well known that this relation, particularly for massive galaxies, is driven by
mergers, as they can grow both the dark matter halos and GCSs of galaxies (Choksi and Gnedin
2019; Chen and Gnedin [2023; Valenzuela et al. 2024)). However, there exists uncertainty over

what drives the variation in GCS mass for galaxies of the same halo mass that is observed.

Observationally, there is a significant amount of GCS data for galaxies with halo masses in
the range of 10*! — 1013 M, (Peng et al. 2008; Villegas et al. [2010; Lim et al. [2024)), becoming
more sparse above this mass range, where brightest cluster galaxies (BCGs) dominate. For the
data that is available in the literature, the methods used to determine both the Macs and M),
estimates are not always consistent. This makes it difficult to get an accurate observational

understanding of the behaviour of this relation across different mass ranges.

The issue of consistency is especially interesting for galaxies with halo masses above 103 M,
which are mostly BCGs (brightest cluster galaxies) with extended halos that may not be enclosed
in the imaging used to determine GC counts. They also typically reside in high density clustered
environments, which can also introduce difficulty in determining the exact boundary of the
galaxy’s GCS and the contribution from the host galaxy cluster’s intracluster medium, which

hosts its own GC population.

In these clustered environments BCGs typically have multiple nearby satellite galaxies that
are included in imaging of the target BCG. The GCSs of these satellite galaxies also add difficulty
in determining the GC counts for the target BCG, as these satellites host their own GCSs. It can
sometimes become unclear which satellite galaxies should be masked from an image to ensure
GC contamination is minimized, and which should be left in to ensure GC counts for the target

BCG are maximized.

All of these considerations added together make studying GCSs around extremely massive
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BCGs not as straightforward as their lower-mass counterparts, but the process can be opti-
mized through consistent methodology. In this paper we apply a new Voronoi tessellation-based
method of determining GC radial density profiles to 27 massive ellipticals, to replace the standard

annulus-based method.

This new Voronoi method was introduced in Dornan and Harris 2024 hereafter referred
to as Paper I, and it was found that when applied to circularly symmetric single systems of
approximately 2000 or more detected objects the Voronoi method outperformed the conventional
annulus method for both accuracy and precision of fits to the radial density profiles. In this
paper we now will apply this method to a sample of more complicated, observed systems, many
of which host significant satellite systems, have extended halos, or are highly elliptical. We
derive more accurate, precise, and methodologically consistent GCS mass estimates for a large
sample of galaxies with halo masses above 10'3M,. This will allow for the high-mass end of the
Macs — Mj, relation to be far more accurately constrained observationally than previous mass

estimates have allowed.

3.2 Methods

3.2.1 Galaxy Sample

The sample of galaxies analyzed in this work consists of 27 massive elliptical galaxies, most
of which are classified as BCGs, and the remainder would be classified as the second or third
brightest galaxies in their respective clusters, which we refer to here as next massive cluster
galaxies (NMGCs). The first 11 galaxies listed in Table were previously studied in Dornan
and Harris 2023 using an annulus-based method to determine their GC radial density profiles,
where here we will be updating their profile fits using the Voronoi method. The GCSs of the last
16 galaxies listed in Table [3.1] were studied photometrically in Harris 2023], although their GC

radial density profiles were not determined.

Table [3.] lists all galaxies in the sample as well as their Galactic latitudes and longitudes,
their extinctions, distance moduli, total visual absolute magnitudes, total K-band absolute

magnitudes, distances in Megaparsecs, and their classification as a BCG or NMCG, taken
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TABLE 3.1: List of target galaxies

Target Name l b A (m—M)r MT Mg D(Mpc) Class
(1) 2) ®3) (4) &) (6) (1) (8) 9)
J13481399-3322547  316.35°  +428.01° 0.082  36.335+0.093 -21.7 -25.5 178 £8 BCG
J13280261-3145207  311.96°  430.47° 0.079 36.446 £0.093 -22.0 -25.3 187+8 NMCG
J13275493-3132187  311.97° 430.69° 0.076  36.8394+0.093 -23.3 -26.1 225+10 NMCG
J13272961-3123237  311.89°  430.85° 0.088 36.679+£0.093 -23.3  -26.2 208+9 NMCG
ESO 509-G067 314.69° +34.75° 0.103  36.023 £0.094 -23.3 -25.8 153 £7 NMCG
ESO 509-G020 312.83°  +34.81° 0.086 35.957£0.094 -23.3 -25.6 149+6 NMCG
ESO 509-G008 312.47°  +34.78° 0.080 36.031 £0.093 -23.0 -26.1 155+ 7 BCG
ESO 444-G046 311.99°  430.73° 0.076  36.635+£0.093 -24.8  -27.1 205+ 9 BCG
ESO 383-G076 316.32° 428.55° 0.083 36.223+£0.093 -24.2  -26.8 169 £7 BCG
ESO 325-G016 314.72° +23.64° 0.123 36.214 £0.093 -22.3 -254 165+ 7 BCG
ESO 325-G004 314.08°  423.57° 0.092 35.958+£0.093 -23.3  -26.2 149+ 6 BCG
ESO 306-G017 246.41°  -30.29°  0.041 36.069 £0.094 -24.3 -26.5 161 +7 BCG

NGC 1129 146.34°  -15.63°  0.279 34.541+0.108 -22.9 -26.1 71+3 BCG
NGC 1132 176.45°  -51.07° 0.080 34.993+£0.094 -22.5 -25.7 96 + 4 NMCG
NGC 1272 150.52°  -13.32°  0.245 34.5124+0.097 -23.3 -25.6 74+3 NMCG
NGC 1278 150.56°  -13.21°  0.251 34.518 £0.097 -22.3  -25.2 71+3 NMCG
NGC 3258 272.90° 418.82° 0.123 33.457+£0.095 -22.1  -25.1 46 + 2 BCG
NGC 3268 272.94°  419.18° 0.157 33.491+£0.096 -23.2 -25.2 46 £2 BCG
NGC 3348 134.63° +41.35° 0.113  33.1254+0.094 -21.7 -25.1 40+ 2 NMCG
NGC 4696 302.40° +21.56° 0.170  33.604 £0.099 -24.2  -26.3 49+£2 BCG
NGC 4874 58.08°  488.01° 0.014 35.094+0.094 -23.7 -26.2 104 +4 BCG
NGC 4889 57.19°  487.89° 0.015 35.095+0.094 -23.8 -26.7 1044 NMCG
NGC 6166 62.93°  443.69° 0.017 35.611+0.094 -23.6 -26.43 131+6 BCG
NGC 7626 87.86° -48.38°  0.110 33.616 £0.096 -22.4  -25.5 50 £ 2 BCG
NGC 7720 103.50°  -33.07°  0.108 35.669 +£0.096 -23.2  -26.2 124+ 5 BCG
UGC 10143 28.91°  +44.52° 0.048 36.069 £0.095 -24.4  -25.8 160+ 7 BCG
UGC 9799 9.42° +50.12°  0.057 35.936 £0.094 -23.6 -26.3 150 £ 6 BCG

Key to columns: (1) Galaxy identification; (2,3) Galactic longitude and latitude; (4) foreground extinction; (5)
apparent distance modulus; (6) total visual absolute magnitude; (7) total K-band absolute magnitude; (8)
adopted distance in Mpc; (9) BCG or NMCG classification. All images are taken with the HST ACS/WFC

camera.
from the NASA/IPAC Extragalactic Database. The distances were determined using Hy =
(70 + 3km/s/Mpc). Although some the galaxies in our sample have updated surface bright-
ness fluctuation distances available, we have decided to use the same distance calculation for
all galaxies for internal consistency. We have also chosen to use Hy = (70 &+ 3km/s/Mpc) for
consistency with the analysis done in Dornan and Harris |2023| and Harris [2023, but included an
uncertainty which covers the Hy values found by Hinshaw et al. 2013, Planck Collaboration et al.
2016}, and Planck Collaboration et al. [2020, This sample of galaxies was selected from the HST
archive based on their distances, filters used for imaging, and depth of exposure times. These
selection criteria ensured that the GCs hosted by these galaxies would appear star-like and have

high signal-to-noise ratios (SNRs), making them easily identifiable by the photometry code used
(Dornan and Harris 2023; Harris 2023)
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3.2.2 Photometry

Photometry for all galaxies in this sample was carried out using DOLPHOT (Dolphin [2000), a
package originally designed for stellar photometry, but which is widely used for GC photometry

at distances above ~ 25Mpc, as at these distances GCs appear morphologically star-like.

All photometric data used in this paper is from Dornan and Harris[2023|and Harris[2023| Key
photometric parameters used can be found in Table 1 of Harris 2023, Once DOLPHOT identified
star-like objects in each image, those objects were culled to leave behind only GC candidates.
For the galaxies studied in Dornan and Harris 2023 this was done purely through chi, sharp, and
signal-to-noise ratios, while for the galaxies studied in Harris 2023, due to the multiple filters
available, star-like objects could also be culled using colour-magnitude diagrams. The limiting
magnitudes for each image were determined by adding artificial GCs with a variety of magnitudes
to each image, re-running the photometric process, and determined at which magnitude less than
50% of the artificial stars were identified by DOLPHOT. These limiting magnitudes can be found

in Table 2 of Dornan and Harris 2023 and Table 3 of Harris [2023.

3.2.3 Determining Radial Profiles with Voronoi Tessellations

Once a 2D distribution of all detected and limiting-magnitude-corrected GCs around each target
galaxy has been created, we then move on to create GC radial density profiles for each galaxy.
For some of our sample these profiles have already been determined in Dornan and Harris [2023
with a standard circular annulus method. However, our aim in this work is to improve the fits

of those profiles with a new Voronoi method, as was described in Paper I.

In brief, the Voronoi method begins by taking the 2D distribution of objects and creating a
Voronoi tessellation map, where each object is contained in a polygon whose area is inversely
proportional to its local density. The Voronoi tessellations were computed using the built-
in Voronoi function in the scipy.spatial package (Virtanen et al. 2020). The areas of these
tessellations are then inverted to obtain a density value for each detected object. As described
in Paper I, in order to reduce stochastic scatter for the radial profile, the individual tessellations
are then spatially binned into groups of five and combined into one larger cell with an averaged

radius value and combined density value. The densities of these binned cells are then plotted as
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a function of radius. In order to further reduce stochastic scatter, the mean density of the cells
in each interval of radius is determined and any cells with densities greater than 1.5 standard

deviations from the mean are culled.

One of the benefits of this Voronoi method over the annulus method that was not explored in
Paper I was the ability to better identify satellite galaxies with contaminating GCSs. Although
satellite galaxies can be identified visually in the GC spatial distribution, it is not always imme-
diately clear which galaxies are large and extended enough to warrant removal. Typically, one
method of identifying significant satellite systems is to find GC overdensities in the radial and
azimuthal profiles and mask out the satellite that would correspond to the overdensity’s position
and re-run the whole process. One of the difficulties with the annulus method was that it was
very difficult to accurately identify overdensities when only ~ 20— 25 density values are available

and can be subject to their own stochastic scatter.

However with the Voronoi method, the increased number of density values available makes it
much more apparent which satellite systems need to be removed and which could remain without
significantly impacting the profile fit. As a result, many of the satellites that were removed from
the galaxies studied in Dornan and Harris 2023 (see figure 4) were found unnecessary to mask,
and instead remained in this work. In the case of ESO 325-G004, there was one satellite that was
not removed in Dornan and Harris 2023 that was now identified to be significant and removed.

An example of this can be see in Figure [3.1]

Once this culling and satellite system removal is complete, a powerlaw is fit to the remaining
data using a boostrapping technique with 1000 iterations. An example of this fit with the Voronoi
datapoints can be seen in Figure [3.1] for ESO 325-G004. The fits for all the galaxies in the sample
with colour information are shown in Figure [3.2] and the fits for all the galaxies in the sample
without colour information are shown in Figure [3.3] As was discussed in the results of Paper I,
the Voronoi method returns radial profile fits with lower uncertainties, subsequently allowing for

more precise estimates of total GC counts.
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FIGURE 3.1: An example of the spatial distributions and radial density profiles of
ESO 325-G004 using both the annulus and Voronoi methods, before removal of any
satellites. On the left it is difficult to identify the satellites and determine if they are
affecting the fit to the data. On the right it is much more clear where the satellites
are, how extended they are, and by how much they are driving up the average density
at their radii.

3.2.4 Determining GCS Masses

Once the radial density profiles of the galaxies were determined they were then integrated out
to the defined radius of the GCS. Here we adopt the same definition of GCS radius as in Dornan
and Harris 2023, where Rgos = 0.1R,,;-. This is to ensure that we have a standardized definition

of GCS size in order to effectively compare the resulting GCS masses of these sample galaxies to
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one another. We define the Rgcs using Equation below.

Rges = 0.1Ry;,
M..: 1/3
_ 1[ 3Myir }
47 - 200p,
GMM'T 1/3
- 0. [ 2}
100H2

where M,;, is in Solar masses and Hy in km s~ Mpc™!. Here p. = 3HZ /87G is the cosmological
critical density and it is assumed for the purposes of this study that M,;. >~ M}. We note that
this definition does mean that the Rscs becomes dependent on the M, for each galaxy, but
does so on the cube root, making it not strongly sensitive to small variations in M}. Although
it is sensitive to large variations in Mp, it is still to a smaller extent than by which GCS size in

general scales with M}, (Forbes 2017, Hudson and Robison 2018)).

Due to the high background light intensity at the centres of these galaxies DOLPHOT is
unable to identify any GCs in the innermost radii of the galaxies in the sample. Since we
have a lack of information in regards to the radial density profiles at these radii we simply
assume a constant density here, equivalent to the density of the innermost data available. This
approximation is reasonable as the area of this region is small and observations of the Milky
Way and M31, for which we do have GC data at small radii, find that the GC density does
in fact level off towards the bulge (Huxor et al. |2011). Other studies of massive ellipticals also
find that the GC radial density profiles begin to flatten before detection becomes no longer
possible (Capuzzo-Dolcetta and Mastrobuono-Battisti 2009). It should be noted that for BCGs
this flattening of the profile can typically occur between 2 — 10 kpc (Peng et al. 2011)), and as
can be seen in column 3 of Table the inner limits of our photometry for some of our galaxies
is within or exceeds this range. We caution that depending on assumptions made about where
these GC density profiles level off it is possible for the Ng¢ estimates of this sample to increase

by approximately 2%.

Thus, the total number of globular clusters in the image can be defined by Equation [3.2] as
shown below.

Rin Rges
Naco :/ am27rrd7’+/ 2rroqdr (32)
0 Rin
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Here R;, represents the inner limit of the GC photometry, Rgcs represents the radial size of the
GCS, o;, represents the adopted, constant GC density in the inner region, and o, represents

the variable density of GCs in arcseconds™" in at all other radii.

Although we have already removed background GCs and attempted to minimize the con-
tamination from the ICM by using a standard Rgcs definition, within our image we likely still
have a fraction of our detected GCs which are actually ICGCs. Due to the small field of view of
our HST images it is outside the scope of this work to determine the ICGC background density
within all the different environments which host the various galaxies in our sample. Instead,
we assume that 3% & 3% of the final, integrated Ngc estimate are from the ICM and are thus
subtracted from our totals. This estimate would cover very low-density environments where the
ICGC contamination is estimated to be negligible (Sdnchez-Janssen et al. 2019; Harris et al.
2020), as well as richer environments where the contamination has been estimated to be as much

as 5% — 6% (Madrid et al. 2018; Harris [2023)).

Finally, this estimate must be corrected to account for the GCs that have magnitudes dimmer
than the limiting magnitude of the image. For the galaxies in our sample we assume that their
GC luminosity functions (GCLFs) take on a well-defined, classical log-normal shape, with peaks
at M; = —9.0 = 0.3 and Gaussian dispersions of o, = 1.30 (Harris et al. 2014). The fraction
of undetected GCs in each image can then be calculated through comparing the peak GCLF

magnitude to the absolute limiting magnitude of the images of each galaxy in the sample.

With the final, corrected estimate of the total GC count for each galaxy, which, as can be
seen in Table is on the order of 10* — 10, we can then convert this to total GCS mass by
simply multiplying it by the average single GC mass for each galaxy. For massive ellipticals such
as these, there exists a well-defined, shallow relation between average GC mass and host galaxy

luminosity (Villegas et al. 2010; Harris et al. [2017)), as described in Equation below.

log(Mgc) = 5.698 + 0.1204ME + 0.0054( M) (3.3)

We adopt an uncertainty on our calculated log(Mgc) values of +£0.1 dex based on the scatter

in this relation around BCGs (Harris et al. 2014). This mass range distinction is important as
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scatter increases for dwarf galaxies (Villegas et al. . The final resulting GCS masses for our
sample can be found in Table

GC Density (arcseconds™)

10?

Radius (arcseconds)
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1072 4

ESO 306-G017

Red GC exp = -1.164
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FIGURE 3.2:

this sample with colour information available, plotted in log-log space.

—— Red GC Profile
—— Blue GC Profile
————— Total GC Profile

....... Recs

The red, blue and total GC density profiles for the 16 galaxies in
The green

vertical dashed lines represent the radius of the GCS and outer bound of integration
for determining each galaxy’s Ng ¢, defined here as 0.1R,;,. Each galaxy’s exact Rgcs
values can be found in Table[3:2] The names of each galaxy and the exponents of their

powerlaw fits for the total, red, and blue GCS profiles are shown in the inset boxes.
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FIGURE 3.3: Same as for Figure but for the 11 galaxies in this sample with no
colour information.

3.2.5 Determining Halo Masses

In this work we use the SHMR (stellar-to-halo mass ratio) as defined in Hudson et al. |2015| to
convert stellar masses to halo masses for the galaxies in our sample. This relation is well defined

for massive galaxies such as the ones being studied here and is described by Equation [3.4] below.

-1

M,\—043 M,
) (3.4)

MMy =21 | (57 i

Here M; is the transition or pivot halo mass, set to 101%76M/, and f; is the mass ratio at M,
which is f; = 0.0227. This equation has been adjusted to a redshift of zero, which is appropriate
given the low distances of the galaxies in this sample. The stellar masses of the galaxies were
calculated from their K-band total luminosities using the K-band stellar mass-to-light ratio,

assuming a Chabrier/Kroupa mass function (Bell et al. |2003]).
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TABLE 3.2: Final Mgcs and Mj, Values

Target Name Nac Rin(kpc) Rgos(kpc) Mgcos(x10°Mg) My, (x1083Mg)
1) (2) (3) 4) (5) (6)

J13481399-3322547 1600 + 300 56+02  533%02 0.42 4 0.08 1.73 £0.39
J13280261-3145207 3500 % 500 55402  49.340.3 1.03+£0.17 1.23 +£0.29
J13275493-3132187 10000 2000 7.14+0.3  78.140.4 4.13+0.88 4.89 +1.14
J13272961-3123237 91004+ 1600 11.6+0.5  85.6+0.4 3.76 +0.74 6.30 & 1.46
ESO 509-G067 4200 + 600 48+0.2  66.7+0.2 1.73+£0.28 2.92 4 0.65
ESO 509-CG020 5800 = 800 47402  683+£02 2.35+0.38 3.22 4+ 0.70
ESO 509-C008 6500 % 900 56+02 785402 2.45+0.38 4.9141.06
ESO 444-G046 40800 £ 6700 14.94+0.6  1414+0.6 26.4 + 4.80 28.5 4 6.39
ESO 383-C076 39300 £5000 4.140.2 1244 0.4 21.3 £3.38 18.6 £ 3.95
ESO 325-G016 2800 =+ 400 52402 541402 0.89 £0.16 1.53 4 0.34
ESO 325-C004 9000+ 1100 54402 854402 3.65 4 0.56 6.20 &+ 1.34
ESO 306-G017 17000 + 6000 10.5+0.5  96.7+0.3 9.24 4 3.36 10.3 £2.51
NGC 1129 7800+ 1500 3.5+ 0.1 73.840.5 2.88 £ 0.60 4.59 +0.97
NGC 1132 5600 + 1300  2.840.1 59.2 4 0.8 1.85 £ 0.46 2.3740.51
NGC 1272 6800+ 1500  2.440.1 57.740.8 2.79 £ 0.68 2.19 4 0.47
NGC 1278 3300 % 900 1.84+01 447413 1.04 £0.31 1.02+£0.21
NGC 3258 4800 + 600 17401  424+1.5 1.44 4 0.23 0.87 £0.17
NGC 3268 4300 + 600 19401  46.1+1.2 1.7140.27 1.12 4 0.23
NGC 3348 4000 + 500 1.64+01 428414 1.09 4+ 0.15 0.89 +£0.18
NGC 4696 23300 £ 3400 2.840.1 86.4 4 0.4 12.5 £2.11 7.37 £ 1.55
NGC 4874 12300 +2800 4.3+£0.2 81.4+04 5.70 £ 1.38 6.15 4 1.31
NGC 4889 12600+ 3000 5.040.2  106.540.2 5.93 + 1.51 13.8 £2.80
NGC 6166 18900 4+ 5400 3.5+£0.2  91.8+0.3 8.55 4 2.54 8.85 4 1.88
NGC 7626 5100 =% 600 22401 53.74+0.9 1.64 +£0.23 1.77 £0.37
NGC 7720 15000 +£3700 3.9+£0.2  80.9+04 6.02 4 1.55 6.04 & 1.29
UGC 9799 17000 + 4700  3.540.1 63.5+0.6 7.68 £2.22 7.56 4+ 1.77
UGC 10143 8600 +2500 4.34+0.2  87.2+0.3 4.86 4 1.47 2.94 4 0.65

Key to columns: (1) Target name; (2) Total number of GCs; (3) Inner limit of GC photometry; (4) Standardized
GCS radius; (4) GCS masses; (5) Dark matter halo masses.

3.3 Results

3.3.1 Updated GCS Masses

Figure [3.4] shows the GCS and halo masses for all the galaxies studied in this work. For the 11
galaxies which had masses previously determined in Dornan and Harris [2023| with the annulus

method, we plot those old values in purple and the new masses in black.

As can be seen clearly in Figure [3.4] the updated masses are all of higher values and, with the
exception of ESO 383-G076, within the errorbars of the original mass estimates. In addition, all
updated GC radial density profile fits have lower uncertainties when calculated with the Voronoi
method than with the annulus method, although due to the previously discussed higher ICGC

uncertainty adopted in this paper, it does not end up translating to the Mgcgs uncertainties.

The higher precision in the radial density profile fits with the Voronoi method was as expected
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FIGURE 3.4: Mgcs — My, relation plotted in log-log space for the galaxies studied
in this paper. The Mgcgs values calculated using an annulus method and published
in Dornan and Harris [2023| are plotted in purple triangles and the updated values
calculated using the Voronoi method detailed int this paper are plotted in black circles.
Grey circles denote the masses determined with the Voronoi method for the galaxies
studied in this paper but not in Dornan and Harris [2023|

based on the results of Paper I but, at first glance, the higher mass estimates were unexpected.
Paper I found that for GCSs with more than ~ 5000 objects, as is the case for all of these massive
elliptical galaxies, the Voronoi method should return an accurate Ng¢ estimate and the annulus
method should over-predict that value, not under-predict. However, upon further comparison
of the simulated systems used in Paper I and the observed GCSs of the galaxies in this sample,

it was found that although the sizes of these systems are similar, the steepnesses of their GC

density profiles differ.

The massive simulated systems in Paper I all have shllower GCS profiles than 10 of the 11

GCSs studied with both methodologies in this paper. One simulated system in Paper I had
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a steeper profile than the galaxies in this paper, and it was found that the annulus method
underpredicted its Ng¢ estimate compared to the Voronoi method, which is what we see for
these galaxies. This is due to the fact that for shallow profiles small areas of high local density in
the inner regions of a distribution can artificially increase the average density of the innermost
annuli, whereas for steep profiles the annulus bins cannot accurately mimic the more rapid change

in radial density.

This steep simulated system in Paper I, however, was of a much smaller size than our observed
galaxies, hosting only 300 objects. As such, the Voronoi method was found to predict the correct
Ngce only slightly better than the annulus method, likely due to small number statistics. We
can extrapolate the results from Paper I out to massive systems with steep profiles; expecting

the Voronoi method to accurately estimate Ngc and the annulus method to underpredict it.

ESO 383-G076 has an updated mass higher than calculated in Dornan and Harris[2023|despite
also having a very shallow density profile with a powerlaw exponent of 0.615. This is because
this galaxy is highly elliptical and this was not properly corrected for when determining the GC
density profile in the previous paper. Thus, the increase in the mass estimate comes from taking

ellipticity into account, rather than differences between the Voronoi and the annulus method.

3.3.2 The Global Mgcg — M;, Relation

Once all of the masses for the galaxies in our sample were calculated they were plotted on
the Mgcs — My, relation alongside galaxies of other mass ranges as well as predictions from
simulations. This can be seen in Figure|3.5] For observational data we have plotted our sample
of massive elliptical galaxies with galaxies in the ACS Virgo Cluster Survey (Peng et al. |2008])
and the survey of low-mass galaxies in the Local Group which was used in Eadie et al. 2022 and
includes GCS data from Harris et al. [2013; Forbes et al. [2018; Forbes 2020l We also highlight
the locations of the Virgo BCG, M87 (Peng et al. |2008]), M31 (Harris et al. |2013; Patel et al.
2017), and the Milky Way (Harris et al. 2013; Kravtsov and Winney [2024) on the relation.

We have also plotted where five galaxy clusters lie on the Mgcgs — M), relation as well,
represented by the green crosses in Figure [3.5] although these are not used in calculating the

slope of the relation. These galaxy clusters include Abell 2744 (Harris et al. |2017), Abell 1689
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FIGURE 3.5: Mges — My, relation plotted in log-log space. Blue circles are Virgo cat-
alog galaxies from Peng et al. orange triangles are low-mass local group galaxies,
green crosses are galaxy clusters (not used for the fit), and red stars are the galaxies
from this sample. The Milky Way, M31, and M87 have been highlighted in yellow
crosses. The lighter shaded region is the results from the Choksi and Gnedin 2019
model and the darker shaded region is the results from the Chen and Gnedin 2023
model. The solid black line is the linear fit to all three extragalactic observational
samples, the dashed line is the fit to just the local group and Virgo galaxy samples,
and the dotted line in the fit to just the massive galaxy sample detailed in this paper.

(Alamo-Martinez et al. Harris et al. [2017), the Perseus cluster (Harris and Mulholland
2017Db)), the Coma cluster (Peng et al. 2011)), and the entirety of the Virgo cluster summed
together (Peng et al. Durrell et al. , and represent estimates of the Ng¢ hosted both
within and between all member galaxies, which results in the larger Mgcg uncertainties. This
estimate was done, very roughly, by using Equationto determine the (Mgc) for each cluster’s
BCG, assuming that approximately half of all the GCs hosted by the cluster have that mass,

and that the other half have masses similar to the average Milky Way GC (2.5 x 10°M,).
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Rather than add in all galaxies with known GCSs (which make an inhomogeneous list with
measurements from a wide variety of methods and raw data), here we deliberately subselect only
the ones from the homogeneous, well defined Virgo survey, and the Local Group members whose
GC numbers are well determined and allow us to extend the relation to the lowest possible galaxy
masses. With this combination of observational samples the Mgcgs — M), relation now spans over
7 orders of magnitude in GCS mass, the most complete and methodologically consistent global

analysis of this relation to date.

It should be noted that the uncertainties on the GCS masses for the Local Group dwarfs were
adopted as 0.3 dex. Though the Ng¢ values for the dwarfs are well known (Eadie et al.[2022)), the
conversion to Mqacg requires multiplying by a mean mass-to-light ratio, which observationally
shows a typical cluster-to-cluster range of a factor of two (cf. Villegas et al. |2010; Harris et al.

2017). Here we adopt a mean mass-to-light ratio of 1.4 for these local dwarfs.

The shaded regions in Figure [3.5] correspond to the results from Choksi and Gnedin [2019|and
Chen and Gnedin [2023] This data is results from analytical GC models applied to the Illustris-
1-Dark dark matter-only cosmological simulations. As can be seen in Figure [3.5 globally, the
relation continues to hold linearly in log-log space across all three samples of galaxies. However,
when fitting a linear regression to the observational data we found that the global relation is not
only steeper than that predicted by the simulations, but is also slightly steeper than a 1:1 ratio.
It should also be noted that when a linear regression is fit to only the sample of massive ellipticals
studied here, of which the majority are BCGs, the slope is shallower than a 1:1 ratio. Table [3.3]
shows the solutions and associated uncertainties when fitting to each sample and combination of
samples. Interestingly, we find that fitting only data from Local Group galaxies and M87 results

in a close approximation of our fit to the full dataset.

3.3.3 Trends with GCS Properties

We also take the opportunity to study how two different GCS properties may relate to their offset
from the main relation. Figure [3.6] plots the massive galaxies in our sample with the colour bars
representing the fraction of GCs that are red rather than blue (upper panel) and the exponent

of the GC density profile as a representation of profile steepness (lower panel). We also plot the
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FIGURE 3.6: Mgcs vs My, in log-log space for this paper’s sample of massive galaxies.
The linear fit determined from just this sample is represented by the dotted line, and
the linear fit determined from this sample, the Virgo sample, and the Local Group
sample is represented by the solid line. Black circles identify BCGs. Top: Colour
represents the fraction of red GCs, grey stars are galaxies without colour information.
Bottom: Colour represents the slope of the galaxies’” GC radial density profile, with
dark colours corresponding to steep and light corresponding to shallow.
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TABLE 3.3: Linear Fit Solutions for Mccs — My Relation

Sample Combination Slope Intercept
(1) (2) (3)
All Samples 1.10+0.02 —5.64 +0.89
Massive Galaxies Only 0.93+0.09 —3.094+1.02
Virgo Cluster Only 1.05+£0.03 —5.06+£0.91
Local Group Only 1.11+0.15 —5.82+1.04

Massive Galaxies + Virgo Cluster 1.10+0.03 —5.62 £ 0.89
Massive Galaxies + Local Group 1.13+£0.04 —5.85+0.94
Virgo Cluster + Local Group 1.056+0.03 —5.09+0.90
Local Group + M87 1.16 £0.06 —6.32+0.96

Key to columns: (1) Combination of observational samples used for the linear fits: either all of them, only one,
or a combination of two; (2) The slope of the fit in log-log space; (3) The intercept of the fit in log-log space.
slope of the Mgcs — M), relation for all galaxies with a solid line, as was plotted in Figure [3.5
as well as the Mgcs — M}, relation determined for just the massive galaxies in our sample with

a dotted line.

16 of the 27 galaxies in our sample have imaging with multiple filters available, allowing for
color information. We find that the GCSs of these galaxies have bimodial colour distribution (see
Figure 12-14 in Harris 2023)), which is expected for galaxies in this mass range (Hartman et al.
2023)). We define red vs blue GCs based on the double-Gaussian fit to the color distributions for
each GCS, where the red vs blue fits become dominant over the other. We find no significant

trend between galaxy position on the relation and GC fraction of red Ng¢.

However, when we compare GC radial density profile steepness against position on the relation
we do see a trend. We find that, independent of host galaxy mass, a galaxy is more likely to lie
above the Macs — My, relation if it has a shallow GC radial density profile and it is more likely

to lie below the relation if it has a steep profile.

Figure shows the amount a galaxy is offset from the Mgcgs — M}, relation derived form
the massive galaxy sample in log-space as a function of radial density profile exponent derived
from all GCs in the system, red GCs only, and blue GCs only. The left panel plots all 27 massive
ellipticals in our sample, while the middle and right panels plot only the 16 ellipticals with colour
information. Figure shows the fits for red and blue GCs separately for the galaxies in our

sample with colour information, along with the profile exponents.

56


http://www.mcmaster.ca/
http://www.physics.mcmaster.ca/
http://www.physics.mcmaster.ca/

Doctor of Philosophy— Veronika DORNAN; McMaster University— Department of Physics and
Astronomy

X Excluded from Fit
0.49 ——- No Offset

(O scas

0.2 4

007 =====mmmmmp AT e Ao oo - - - - e A

$ NGC 11%

—064[p=0623 | 13481399-3322547 1lp=0721 Ifp=o017a
slope =0.681 slope =0.684 slope =0.143

-1.2 -1.1 -l.0 -09 -0.8 -0.7 -06 -1.2 -1.1 -1.0 —-0.9 -08 -1.1 -10 -09 -0.8 -07 -06 -0.5 —0.4

Total GC Profile Exponent Red GC Profile Exponent Blue GC Profile Exponent

log(Mgcs) Offset

FIGURE 3.7: All subfigures show the log(Mgcg) offset from the Mgcs — My, relation
derived from the massive galaxy sample as a function of slope of the galaxies’ total GC
density profiles, with more negative numbers being steeper and more positive numbers
being more shallow. Left: Total offset vs slope of density profile for all GCs. Middle:
Total offset vs slope of red GC density profile. Right: Total offset vs slope of blue GC
density profile. Note that the leftmost subfigure plots the full 27 galaxy sample, while
the middle and right subfigures only plot the 16 galaxies with colour information.

It can be clearly seen that this trend exists when looking at both the steepnesses derived
from the total GCS and the red GCs, but is not present for the blue GCs. We found a Spearman
correlation coefficient of 0.63, with a p-value of 0.0005, and a slope of 0.73 for total GCS profile
steepness. When looking at the red and blue GC density profiles we find that this correlation is
being driven entirely by the red GC population, as there exists no trend with relation offset and
blue GC density profile steepness (Spearman correlation coefficient of 0.17, and a slope of 0.16).
However, the correlation with relation offset and red GC density profile steepness is even tighter
and steeper, with a Spearman correlation coefficient of 0.72, with a p-value of 0.002, and a slope

of 0.68 when removing the outlier NGC 1129.

We find that for the galaxies studied in this paper that whether a galaxy is classified as BCG
or not does not have any significant affect on where it lies on the relation or on the trend with
offset. This is likely because any non-BCGs studied in this sample are still NMCGs, with similar

properties.
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3.4 Discussion

3.4.1 Comparison with Simulations

First, let us compare the observational and theoretical Mgcg — M), relations shown in Figure
It can be seen that the Choksi and Gnedin 2019 model does an excellent job of predicting
the positions of the Virgo Cluster galaxy members with halo masses greater than 10! M, with
the exception of the BCG M87. However, its slope decreases past halo masses of 10'* My and
the model ends up falling short of the GCS masses of the massive ellipticals (which are mostly
BCGs and NMCGs) in our sample by about 0.3 dex. This offset is another representation of the
long-known tendency of BCGs to have 2—3 times higher specific frequencies compared with giant
galaxies of the same luminosity but not located in central positions within their environments
(e.g. Harris and van den Bergh (1981} Peng et al. 2008; Harris et al. 2013). The archetype of this
difference is the pair of Virgo giants, M87 and M49, but another good example is the pairing
of NGC 4874 and 4889 in Coma. Essentially, the Choksi and Gnedin (2019) model does well at

matching the luminous non-BCGs in the list but underpredicts the BCGs.

A potential explanation for this discrepancy was offered by Choksi and Gnedin [2019] as they
note that it was found by Li and Gnedin[2019|that the GC initial mass function can shift to higher
masses when the host galaxy experiences a major merger. This in turn increases the likelihood
of much more massive GCs forming, which allows for more clusters to survive to present-day.
However, the Choksi and Gnedin 2019 model used a merger-independent cluster formation rate,
meaning they did not take this GC initial mass function shift into account. This would explain
why the model would succeed in predicting the locations of lower-mass and non-BCG Virgo
cluster members, as these galaxies have experienced comparatively less major mergers than the

BCGs and NMCGs in our sample.

The Chen and Gnedin 2023| model, when compared to our Local Group observational sample
here, appears to over-predict the GCS masses of these dwarf galaxies in Figure[3.5] However, this
opposite effect appears to be at least in part because our Local Group sample, although chosen
due to the higher confidence in the estimated masses, does not fully capture the extremely high
scatter in the Mgcs — My, relation in this mass range. Figure 5 in Chen and Gnedin [2023|shows

the model alongside data from Forbes et al. [2018 which illustrates this clearly. The addition of
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many more dwarfs with carefully determined GC numbers would be an important step, and will

be the subject of a later paper (see Section [3.4.4]).

3.4.2 Drivers of Relation Offset

With the compilation of a homogeneous sample of massive elliptical galaxies in this paper, the
extrinsic scatter in the Mgcs — M), relation has been minimized. Now we may investigate
the intrinsic scatter in the relation to determine the physical processes pushing galaxies’ GCS
masses higher or lower than expected for their halo masses. The results from Figure [3.6| shows
that shallow density profiles for red GCs correlate the strongest with positive offset from the

Meacos — My, relation.

It has been seen observationally that GC metallicity, and by extent, colour, is related to age,
across host galaxy scales (Coté et al.|1998; Katz and Ricotti|2014; Fahrion et al. 2020b; Escudero
et al. 2022)). In general, it is found that red GCs tend to be formed in-situ and blue GCs ex-
situ, making their way into massive galaxies like the ones in this sample via accretion of smaller
satellites. Because of this, it has also been found that the spatial and kinematic properties of
both GC populations also differ, with blue GC profiles being more extended and shallow than
the red GC profiles in the same galaxy (Kluge et al.|2023; Belokurov and Kravtsov [2024; Versic
et al. [2024). As such, it is not surprising to find that the galaxies in our sample have differing

red and blue GC density profiles slopes or trends with relation offset.

However, one would assume that since blue GCs tend to be formed ez-situ they would trace
rich merger histories more readily and thus be the population driving a trend with offset from
the Mgos — M, relation, not the red GCs. The result that we see instead implies that purely the
number of mergers a galaxy has undergone does not determine its position on the relation, but
rather the type of mergers. The population of red GCs hosted by a massive elliptical can either
be formed in-situ or be accreted from a major merger with another massive elliptical which hosts
many old, red GCs. Thus, the results of Figure [3.6] implies that having experienced many minor
mergers does little to drive a galaxy’s GCS mass above what is expected for its halo mass, but

a few major mergers will.
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This result is in agreement with what was found by Kluge and Bender 2023, who studied
surface brightness profiles around BCGs, rather than GCS profiles. They found that the “excess
light” that BCGs host, making them more luminous than very massive normal elliptical galaxies,
must be caused by major mergers with other massive ellipticals, with minor mergers playing a

comparatively smaller role.

It should be noted that the galaxy NGC 1129 is excluded from the fit for this trend. This
is the galaxy in our sample with the most shallow red GC density profile, yet it lies below the
relation. NGC 1129 has been know to have a peculiar morphology for decades, with observations
indicating a perpendicular light profile to its major axis (Peletier et al. [1990; Goullaud et al.
2018; Ene et al. |2020)), a twisted stellar kinematic profile to its major axis (Veale et al. 2017]),
and a double-core at its centre (Lyman et al.|[2016]). All of these observations indicate that NGC

1129 has undergone a recent, major merger, unlike the other galaxies in our sample.

3.4.3 Comparison of Mgcs — M, Slopes Between Galaxy Samples

This interpretation of the cause of galaxy offset from the Mgcs— M), relation is supported by the
differing slopes and intercepts of the relation for the Virgo cluster and massive galaxy samples.
Table shows that when studied individually, both the Virgo cluster sample (comprised mostly
of galaxies below the BCG mass regime) and the massive galaxy sample studied here have
relatively similar slopes, close to a 1:1 ratio. However, their intercepts differ, with the massive
galaxy sample log (Mgcs) values sitting systematically higher than those for the Virgo cluster
sample. When the linear fits of the two samples are compared using the Chow test (Chow [1960)),
we find a Chow statistic of 8.1 and a p-value of 0.0005, indicating that the difference in linear

fits is statistically significant.

In this picture, our sample of massive galaxies have all experienced a higher number of
mergers than the Virgo cluster galaxies, and of those mergers, the major mergers have accreted
more massive ellitptical galaxies. Thus, systematically it would be expected that they would all
have a positive offset from the global Mgcs — M), relation. In fact, it can be seen in Figure [3.5]
that M87, the Virgo cluster BCG, sits above all other Virgo galaxies, right alongside this paper’s

massive galaxy sample. Of the six non-BCG Virgo galaxies with Mj;, > 10*M, four seem to
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sit on the negative-most offset boundary of the massive galaxy sample (NGC 4649, NGC 4374,
NGC 4365, and NGC 4406) and two appear to be more in line with the Virgo cluster sample
relation (NGC 4472, NGC 4382). The four with similar positions to the massive galaxy sample
have central positions in the Virgo A subcluster and could be considered NMCGs, or in the case
of NGC 4365 is the central galaxy to a separate galaxy group (Blom et al. 2014). On the other
hand, NGC 4472 (M49), while also being a central galaxy and the Virgo sample galaxy with the
highest My, sits at the centre of the smaller Virgo B subcluster. NGC 4382, the lowest mass
Virgo galaxy with a Mj, still above 10'3 M), sits on the outskirts of the Virgo A subcluster, and

would be considered a normal luminous elliptical rather than a BCG or NMCG.

It has been a subject of debate whether the high-mass end of the Mgcs — M), relation is
genuinely linear or begins to display a downward curve (Harris et al. [2017; Boylan-Kolchin 2017;
Choksi and Gnedin 2019} El-Badry et al. |2019b). The results of this paper would suggest that
past work which have indicated a curvature of the Mgcs — M}, relation may have simply used an
observational sample of massive galaxies with fewer major mergers, or simulations which did not
fully account for major mergers or did not use accurate GC disruption formation and disruption
rates for BCGs. Both of these scenarios might result in only galaxies lying below Mgcs — My,

relation and giving the appearance of a downward curve.

Interestingly, in Figure [3.5] we can see that all five galaxy clusters are at the top end of the
mass range but lie below the relation defined by the individual galaxies. This is expected, as
the majority of GCs hosted by these massive clusters are either currently being hosted, or would
have been originally formed in, smaller galaxies with lower specific GC frequencies (Harris et al.
2013 Moreno-Hilario et al. 2024b|). Thus, these galaxy clusters’ total GC specific frequencies are

lower than for individual BCGs, putting them below the relation.

3.4.4 Future Work

In order to further investigate this difference in positions between the massive Virgo cluster
sample galaxies and the massive galaxy sample studied in this paper, GCSs from very massive
but non-central galaxies must be studied. This would allow for a clearer understanding of how

much merger history can drive galaxies above or below the relation.
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In addition, a similar study to this one can be conducted with a sample of Milky Way mass
galaxies to determine if there exists the same trend with GC profile slope and Mgcs— M}, relation
offset in lower mass regimes. For these lower-mass galaxies there will be other observational
considerations to take into account due to their differing merger histories and mass contents
from BCGs. For example, major mergers likely will not be depositing older, red populations
of GCs, and thus any trend we observe would likely be with blue GCs instead. As well, GCs
hosted by lower-mass galaxies also tend to be, on average, lower-mass themselves (see Equation
(Villegas et al. [2010; Harris et al. 2013). Thus, major mergers for Milky Way-like galaxies
may disrupt more of the GC population than for massive ellipticals, but also due to their higher
gas mass, at early enough times these mergers could also increase GC formation (Newton et al.

2024).

Finally, it would also be greatly beneficial for a study such as this to be applied to a sample
of dwarf galaxies. However, in order to determine the drivers of intrinsic scatter in this relation,
extrinsic scatter from differing observational methods must first be minimized. The low-mass
end of the Mgcs — My, relation is dominated by scatter (Georgiev et al. [2010; Forbes et al.
2018; Berek et al. 2024), in part due to the observational difficulties in observing the complete
GCSs of these small, dim galaxies, and in having enough luminous tracers at high enough radii
to get accurate estimates of total halo masses. As well, there exists a diversity of dwarf galaxy
morphologies, GC specific frequencies, and mass-to-light ratios that are likely also driving the
intrinsic scatter in the relation (Gannon et al. 2022; van Dokkum et al. 2024 Li et al. [2024)).
The compilation of a literature catalog of dwarf galaxies with standardized GC counts and halo

masses will be the subject of an upcoming paper.

3.5 Conclusions

In this work we studied the GCSs of 27 BCGs and NMCGs using HST data and a new Voronoi-
tessellation based technique to determine accurate GC radial density profiles. For 16 of the
27 galaxies in our sample with colour information we determined the profiles for both the red
and blue GC populations for each galaxy. We were able to plot this sample of massive galaxies

alongside Virgo cluster galaxies and Local Group dwarf galaxies on the Mgcs — M), relation,
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spanning seven decades of GCS masses, the most complete observational view of this relation to

date.

From this, we found the following results:

. We found the Mgcs — M), relation across all galaxy masses to be slightly steeper than 1:1

linearity, with a slope of 1.10, however this is only present when connecting our BCG and

non-BCG samples. The Mgcgs — My, relation for non-BCG galaxies has a slope of 1.05.

. The nearly 1:1 linear Mgcs — My, relation holds for extremely massive, central galaxies,

with a slope of 0.93. However, our massive galaxy sample is systematically shifted to higher

GCS masses than for lower-mass galaxies.

There exists a negative trend with GCS radial density profile steepness and host galaxy
offset from the Mgcgs — My, relation, with galaxies with shallower GCS profiles being more

likely to sit above the relation.

. This trend is even tighter and steeper when considering the profiles of only the red GCs

hosted by galaxies, and no trend exists for the profiles of only the blue GCs hosted by

galaxies.

. Thus, the red GC populations of the massive galaxies in our samples are driving this trend

with offset, with the observed shallower red GC profiles having been caused by previous

major mergers with other red-GC rich massive ellipticals.

The lack of trend with offset for blue GCs suggests that minor mergers, which deposit more

blue GCs, do little to affect massive ellipticals’ positions on the Macs — M}, relation.

Therefore, we find that major mergers have the largest influence on intrinsic scatter around

the Mgcs — M), relation for extremely massive, central, elliptical galaxies.
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Chapter 4

Globular Cluster Systems in
Dwarf Galaxies: Catalogs and
Comparisons

The following chapter presents work towards a paper to be submitted to the Astrophysical
Journal (ApJ), by Veronika Dornan & William E. Harris.

4.1 Introduction

Globular clusters (GCs) are a useful and frequently studied observational tracer of galaxy evo-
lution. These dense stellar systems of up to 107 stars are some of the oldest objects in their host
galaxies, with typical ages between 10 and 13 Gyrs (VandenBerg et al.[2013; Beasley|[2020). Their
compact sizes and high luminosities also allow them to be easily detectable at large distances
(Reina-Campos et al. [2023; Joschko et al. |2024), which, when combined with their ubiquity
(Harris et al. [2013} Le and Cooper 2025), means the number of GCs hosted are often included

in photometric analyses of galaxies.

The properties of a galaxy’s GCS today can be closely linked to the evolutionary history the
host galaxy has undergone. It has been shown that GCSs can grow through galaxy mergers
(Maji et al.|2017; Lahén et al.2019; Newton et al. 2024; Dornan and Harris |2025)), and can also
be destroyed via mergers or tidal interactions with other, more massive galaxies (Gnedin et al.

1999} Kruijssen et al. 2011). Comparing the global properties of galaxies to the properties of
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their GC systems (GCSs) can give clues about these galaxies’ merger histories or previous tidal

interactions.

One way to probe the connection GCSs have with their host galaxies is through a galaxy’s
position on the GCS - halo mass (Mgcs — Mj,) scaling relation. This linear relation between
the mass of a galaxy’s GCS and its total halo mass has been studied extensively, both through
observations (Blakeslee et al. 1997, Blakeslee [1999; Spitler and Forbes 2009; Hudson et al. [2014;
Harris et al. [2017; Forbes et al. [2018; Dornan and Harris 2025; Saifollahi et al. 2025a) and
simulations (Kravtsov and Gnedin [2005; Kruijssen [2015; El-Badry et al. 2019b; Choksi and
Gnedin 2019; Bastian et al. [2020; Valenzuela et al. |2021)). This relation can tell us if certain
classes of galaxies have experienced events that formed or accreted excess GCs for their masses

(Forbes et al. |2025; Dornan and Harris 2025), and what those events may have been.

While massive galaxies are found to consistently (and tightly) follow the Mgcs — M}, scaling
relation (Harris et al. 2017; Dornan and Harris 2023} Dornan and Harris [2025]), the scatter
observed in this relation for dwarf galaxies increases significantly (Georgiev et al. [2010; Forbes
et al. 2018} Prole et al. [2019). As a result, while the GCS mass for a galaxy with a stellar mass
> 10'%M, can be well predicted using this relation, dwarf galaxies have a wide range of possible
GCS masses per unit stellar mass (Burkert and Forbes 2020; Eadie et al. |2022). Unlike massive
galaxies, some dwarf galaxies can deviate very strongly from the expected Macs — M, relation
by hosting no GCs at all (Eadie et al. 2022; Berek et al. [2024). While Nge = 0 should not

be unexpected for dwarfs with stellar masses below M, < 107 M, where the expected average

Ngc is smaller than the dispersion in the relation, puzzlingly galaxies with stellar masses as
high as M, ~ 109 M, have been found to lack GCs (Peng et al. 2008} Georgiev et al. 2010)). It is
currently unclear if these galaxies formed without GCs, once hosted GCs which have now been

destroyed, or host very faint or obscured GCs that have yet to be detected.

In order to fully understand the cause of this wide range in GCS masses for dwarfs, it is
necessary to isolate the scatter in the Mgcs — M}, relation that is caused by physical processes
affecting dwarf galaxies and their GCSs from the scatter caused by differing observational tech-
niques between surveys and studies. While there are many excellent studies of dwarf galaxy

GCSs (see Section [4.2)), it can be difficult to compare the data from these studies to one another
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on the Mgecs — M), relation as the methods used to determine total number of GCs (Ng¢), GCS
masses, and halo masses can vary. This work aims to compile the data from surveys and catalogs
already available in the literature and clearly lay out the differing methods applied in the pho-
tometric analyses of the GCSs and determine Mgcgs and M}, estimates for these galaxies using
consistent methods. This not only allows for the positions of these galaxies on the Mgcg — My,
relation to be properly compared to one another, but also provides a convenient, public catalog

of the data from several major dwarf galaxy GCS surveys.

In this work we list the surveys and catalogs included in our combined catalog and compare
the methods employed by each to obtain their Ng¢ estimates in Section We then detail the
scaling relations used to determine GCS and peak halo masses for all galaxies in our combined
catalog in Section With these data, we then plot the positions of all galaxies in the combined
catalog on the Macogs — My, relation as well as the Ngo — My and Ngc — M), scaling relations,
and compare the positions of classical dwarfs to those of ultra diffuse galaxies (UDGs), extremely
low surface-brightness galaxies (ELSBGs, see Section , and massive galaxies in Section
Finally we discuss the implications of these results and summarize our findings in Sections [£.5]

and [£:6] and briefly discuss necessary future work in this field in Section [£.7}

4.2 Catalog and Individual Survey Notes

This literature catalog is comprised of eight dwarf galaxy surveys and previously published
literature catalogs. These surveys and catalogs vary in the data available for their GCSs and
host galaxies, but all have Ng¢ estimates as well as total V-band absolute magnitudes and/or
total stellar masses of the host galaxies. For the sake of purity of the combined sample, some
data from the original surveys and catalogs have been omitted from the analysis done in this

work. Data with the following criteria have been culled:

1. Systems with Ngo estimates < 0: While there exist a large number of dwarf galaxies
which host no GCs (see Section , in this work we will be considering only GC-hosting
galaxies. This is because it is still unclear whether or not current non-GC-hosting galaxies
originally hosted GCSs and have since had them fully disrupted, and/or because current

non-GC-hosting galaxies may in fact host a handful of low-mass, dim GCs that we are
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currently unable to reliably detect. As such, at this time we are omitting these galaxies

from the combined catalog.

2. Systems with Ngc uncertainties greater than Ngc estimates: In line with the
above reasoning, we are restricting our combined sample to galaxies with Ngc estimates

with at least one confident GC candidate.

The above criteria biases our GCS catalog to somewhat more massive dwarf GCSs. Future steps

to address this bias and include systems with no GCs are discussed in Section [£.7]

Below we lay out the differing photometric methods and assumptions used by each survey
and catalog included in our combined catalog. At the end of this section we summarize the
important differences and similarities that should be taken into consideration when comparing

the results of each of these GCS samples.

4.2.1 ACS Virgo Cluster Survey and ACS Fornax Cluster Survey

The data from the ACS Virgo Cluster Survey is taken from Peng et al. 2008, which studied the
GCSs of early-type galaxies in the Virgo cluster, resulting in a large, homogeneous GCS catalog.
This catalog spans a large range of host galaxy stellar masses, so we only include 63 galaxies
with M, < 2 x 10'9M in our combined catalog. The data from the ACS Fornax Cluster survey
is taken from Liu et al. 2019 which used nearly identical methods and imaging to the ACS Virgo
Cluster Survey but applied to the Fornax Cluster, functionally homogeneously extending the

Virgo survey. We include 16 galaxies from this survey in our combined catalog.

All imaging for these two surveys was conducted with the Hubble Space Telescope (HST)
advanced camera for surveys (ACS) using the F475W and F850LP filters, which roughly corre-
spond to the Sloan Digital Sky Survey (SDSS) g and z bands. GC candidates were only included
if they were detected in both filters. GC candidates were selected on the basis of colour, size, and
magnitude. They selected objects with colours between 0.5 < g — z < 2.0, which is a wide range
intended to include the full range of ages and metallicities typical of old star clusters. They next
plotted all potential GC candidates on a size-magnitude diagram and determined a maximum
likelihood estimation for each galaxy’s objects to assign a GC probability value. Only objects

with a GC probability > 0.5 were selected.
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Finally, to obtain a Ng¢ estimate they conducted completeness corrections based on their
limiting magnitudes and adopted dwarf galaxy GC luminosity function (GCLF). This correction
was minimal, as they estimate that at the depth of their imaging the brightest ~ 90% of each
galaxy’s GCSs was recovered. They adopted the GCLF derived in Jordan et al. 2007, which
was determined through stacking GC photometry data from 89 of the galaxies in the ACS Virgo

Cluster survey.

The stellar masses of these galaxies were determined using M, /Lp mass-to-light ratios de-
termined for each galaxy from the Bruzual and Charlot [2003| models. To determine these ratios
they used a combination of their g — z colours and J - K colours from the Two Micron All Sky

Survey Extended Source Catalog.

4.2.2 Fornax Deep Survey

The data from the Deep Fornax Cluster Survey is taken from Prole et al. |2019, which studied
the GCSs of low surface brightness galaxies around the central brightest cluster galaxy of the

ACS Fornax Survey. We include 170 galaxies for this survey in our combined catalog.

The imaging for these galaxies was obtained using the VLT Survey Telescope/OmegaCAM
instrument in the u, g, r & ¢ bands. GC candidates were selected based on ellipticity, magnitude,
and colour. Objects were selected if they had minor-to-major axis ratios greater than (b/a) >
0.95, g-band apparent magnitudes greater than m, > 19, and had colours within the following

ranges: —0.18 < g —1r < 1.23,0.32 < g — i < 2.00, and 0.37 < u — g < 5.07.

Total GC counts were determined using a Bayesian mixture model to determine dwarf galaxy
and background GC membership, represented by a Plummer profile and a uniform distribution,
respectively. An MCMC code was run to determine the half-light radius of each galaxy and the

fraction of GC candidates belonging to the target galaxy.

They also applied GC completeness corrections adopting a GCLF with the same form as in
Villegas et al. [2010] which studied the GCSs of Fornax galaxy dwarfs, although at brighter total
magnitudes than the dwarfs in the Fornax Deep Survey. They estimate their GC completeness
to be between ~ 60% — 90%, resulting in somewhat higher corrections needed for their lower-

luminosity galaxies than was needed for the other surveys. The stellar masses of their galaxies

68


http://www.mcmaster.ca/
http://www.physics.mcmaster.ca/
http://www.physics.mcmaster.ca/

Doctor of Philosophy— Veronika DORNAN; McMaster University— Department of Physics and
Astronomy

were determined using equation 8 in Taylor et al. 2011/ and their M; magnitudes and g—i colours,

shown below.

log(M, /M) = 115+ 0.70(g — i) — 0.4M; (4.1)

4.2.3 ELVES Survey

The data from the Exploration of Local VolumE Satellites (ELVES) Survey is taken from Carlsten
et al. 2022 which studied the GCSs of early-type satellites of Milky Way-like and small group

galaxies in the Local Volume. We include 25 galaxies from this survey in our combined catalog.

The imaging for these galaxies came from a mixture of archival CFHT/MegaCam, DECam
Legacy Survey (DeCalLs), and Subaru/Hyper Suprime-Cam imaging. They note that the CFHT
and Subaru imaging are both deeper than the DeCalLs imaging. All galaxies were imaged in the
g-band as well as either the i-band or r-band. The individual filters used are all SDSS-like, but
do differ somewhat between cameras. However the authors show that this difference is less than

0.1 magnitude and does not significantly affect their results.

GC candidates were selected via colour and magnitude cuts. They restricted their candidates
to objects with colours between 0.1 < g —7r < 0.9 or 0.2 < g — i < 1.1, intended to cover the full
range of dwarf galaxy GC colours observed in Prole et al. [2019| (see section . Candidates
were also restricted to absolute g-band magnitudes between —9.5 < M, < —5.5 to cover the
expected GCLF. They then applied two different methods to determine GC abundance; a simple

background selection and a likelihood-based inference.

They perform completeness corrections assuming a Jordan et al. 2007/ GCLF for their galaxies,
as they found that the properties of this GCLF are very similar to those for Local Volume and
Virgo cluster dwarf galaxies. Their imaging is also deep enough that these corrections are
minimal, resulting in corrections of < 5% for their Ng¢o estimates. The stellar masses of their
galaxies were determined using a mass-to-light ratio of M, /L, = 1.24, derived from Into and

Portinari [2013| using g — ¢ = 0.74, the average galaxy colour in their sample.
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4.2.4 MATLAS Survey

The data from the Mass Assembly of early-Type GaLAxies with their fine Structures (MATLAS)
Survey is taken from Marleau et al. [2024, which studied 74 UDGs within the larger survey. We

include 27 galaxies from this study in our combined catalog.

The GC imaging for these galaxies was taken with HST using the ACS in the F606W and
F814W filters, which roughly correspond to the SDSS r and ¢ bands. We also used global colour
information for these galaxies taken from Poulain et al. [2021, which imaged them using CFHT
in the g and r bands (with the exception of MATLAS-342, which was imaged in the g and ¢
bands).

GC candidates were selected based on colour and concentration. GCs were selected with
colours between 0.5 < (mpgosw — Mrs1aw)o < 1.2 and concentration indices between 0.1 <
Amy_g < 0.5 for galaxies within 25 Mpc and between —0.1 < Amy_g < 0.5 for galaxies beyond
25 Mpc. The concentration indices here represent the difference in apparent magnitude in the
F606W band for a GC when observed using a 4 vs 8 pixel diameter aperture. GCs were considered
hosted by the target galaxy if they are within 2R., and those found beyond 2R, were used to

determine GC background contamination.

Finally, they performed a completeness correction assuming a GCLF of the form used in Miller
and Lotz[2007, which was determined using dwarf galaxies in the Virgo and Fornax Clusters and
the Leo Group. The stellar masses of these galaxies were not listed in Marleau et al. [2024], so
they were determined independently here using the colours from Poulain et al. [2021] and the
colour-mass-to-light ratio relations in Into and Portinari [2013], for consistency with the ELVES

survey stellar masses.

4.2.5 Georgiev Catalog

Georgiev et al. 2010 compiles the GCSs of 41 faint, late-type dwarf galaxies in low-density
environment, of which we include 40 in our combined catalog. The only galaxy to be omitted
from this catalog was the SMC, as since the publication of Georgiev et al. [2010], it has been
determined that the SMC could actually be two distinct structures which are superimposed on

each other in our line of sight (Murray et al. [2019; Murray et al. |2024)). As a result, the stellar
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mass estimate of the SMC quoted in Georgiev et al. 2010| is very likely an overestimate and

should not be included in this combined dwarf catalog.

This catalog uses HST archival imaging in the F606W and F814W filters. GC candidates were
selected based on colour, ellipticity, size, and concentration cuts. GCs were selected with colours
between —0.4 < (mpeosw —Mrs1aw )o < 0.15, ellipticities below e < 0.15, full width half maxima

(FWHM) between 2 < FWHM < 9 pixels, and concentration indices above Amg_g > 0.4.

They estimate, due to the depth of their imaging, that they have ~ 90% completeness for
the GCSs and as a result choose not to apply a GCLF-based completeness correction. They
determined their galaxy stellar masses using the colour-mass-to-light ratio relations in Bell et al.

2003,

4.2.6 Gannon Catalog

Gannon et al. [2024) compiles the GCSs of 33 UDGs, of which we include 19 in our combined
catalog. This is a literature catalog which drew from studies of individual galaxies, oftentimes
combining data from multiple studies of the same galaxy, and as such does not have any singularly
standardized photometric parameters or GC detection methodology. As such, while the GC
detection methods for these galaxies may vary, the Ng¢ estimates can be taken as reliable lower
bounds. In addition, half of the UDGs included here from the Gannon et al. [2024] catalog had
data taken from the same two studies (Ngc values taken from Lim et al. 2020/ and stellar masses
taken from Toloba et al. [2023), which would make them internally self-consistent. A full list of
the original papers this catalog draws from can be found in Appendix [A] For more information

on this data, please refer to the original papers.

4.2.7 Comparison of Surveys and Catalogs

Broadly, the assumptions made for determining the GCS properties of the dwarf galaxies in each
survey are similar enough to be compared to one another, however there are differences that can

have systematic impacts on the final Ngc estimates.
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TABLE 4.1: Survey Comparison

Survey Instrument | Mag Limit | Resolution | Distance | Filters Colour Cuts GCLF Peak
(*/pixel) | (Mpc) M,
ACS Virgo/Fornax ACS mg ~ 26 0.05 ~16/19 9,7 0.5<g—2<20 —-7.2+0.2
-018<g—r<1.23
Fornax Deep OmegaCAM mg ~ 25 0.21 ~ 19 U, g, 7,0 0.32 < g—1<2.00 —7.1£0.2
0.37 <u—g<5.07
HSC 0.4 01<g—7r<09
ELVES MegaCam mg ~ 24 0.19 <12 g,7,% 02<g—i1<1.1 —7.24+0.2
DECam 0.26
MATLAS ACS mg ~ 24 0.05 17 — 46 T4 05 <r—i1<1.2 —7.14+0.1
Georgiev+ (2010) ACS my ~ 26 0.05 <9 .4 —04<r—i<0.15 N/A

Key to columns: (1) Survey name; (2) Instrument used for imaging. ACS corresponds to HST, OmegaCam corresponds to VLT, HSC
corresponds to Subaru, MegaCam corresponds to CFHT, and DECam corresponds to Victor M. Blanco 4-meter Telescope; (3) Limiting GC
magnitude of photometry; (4) Spatial resolution of photometry; (5) Distance to target galaxies; (6) SDSS-like filters used; (7) colour cuts
applied for GC selection; (8) peak magnitude of the GCLF used for completeness corrections.

e Depth of Imaging: Deeper imaging allows for a more complete photometric census of

the GCS. With deeper imaging, fainter GCs can be detected and completeness corrections

become more minor.

e Resolution of Imaging: Higher resolution imaging also allows for smaller on-sky GC
sizes to be reliably detected. Lower resolution imaging could result in larger (and therefore
higher mass) GCs to be comparatively easier to detect, skewing average GC properties.
Lower resolutions could also contribute to misidentifications of GC candidates, as it would

make it more difficult to accurately determine object size and ellipticity.

e Distance to Target: Related to the above, targets that are closer will not require as
deep imaging or high resolution to detect GCs of the same faintness or size as at further

distances.

o Filters Used: All of the surveys included in this study select GCs based on colour cuts,

so the same GC could be included or excluded when using different filters.

e GC Candidate Selection: In addition to differing filters, the specific criteria for GC
selection can also vary, including the bounds for those criteria. Even with standardized
GC criteria, however, there are also differing definitions for GC association with its target

galaxy and methods of subtraction of background GCs.

e GCLF Used for Completeness Corrections: Finally, adopting a different GCLF will

72


http://www.mcmaster.ca/
http://www.physics.mcmaster.ca/
http://www.physics.mcmaster.ca/

Doctor of Philosophy— Veronika DORNAN; McMaster University— Department of Physics and
Astronomy

change the completeness correction applied to the Ng¢ estimate. Thankfully, the majority
of the surveys used here make minor corrections for completeness and used very similar

GCLFs. See Figure for a comparison of the GCLFs used by the different sources in this

catalog.

1.0 - " Jordan+(2007)
- Villegas+(2010)
— Miller&Lotz(2007)

o
0%

Normalized Counts
=
Y

-
N

0.0

-10 -9 -8 -7 -6 -5 -4
Absolute GC Magnitude (g-band)

FIGURE 4.1: A comparison of the shapes of the three GCLFs used by the sources
included in this catalog, from Jordan et al. 2007, Miller and Lotz 2007, and Villegas
et al. 2010l All three GCLFs use a Gaussian form. The turnover magnitudes for all
three are within uncertainties of each other. The low-luminosity ends of the GCLFs are
similar in shape, but the high-luminosity ends begin to differ, however this does not
affect the analysis, as the the GCs in these magnitude ranges are much more readily
detectable and the GCLF is not being relied on for a completeness correction.

A direct comparison of the photometry, GC selection criteria, target properties, and GCLFs
used by each survey is listed in Table [f.I} Overall, differences between the limiting magnitudes
and GCLFs used for completeness corrections for these surveys are very small, however, the

surveys begin to differ in terms of resolution, distance, and colour cuts.

Three of the surveys use HST/ACS imaging, resulting in identical resolutions. The Fornax

Deep and ELVES surveys use a variety of ground-based telescopes with similar resolutions, but
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which are all nearly 4 times lower than HST/ACS. In addition, there is little agreement between
the surveys in terms of the filters used for colour cuts. Those that do use the same filters still
define their bounds quite differently, typically because they are trying to identify an area in a
colour-colour or colour-concentration space for their GC selection. Each of these surveys make
different trade-offs in terms of purity of their samples vs. completeness and should be considered

when comparing the results in Section

4.3 Mass Conversions

We plot given Nge and M, estimates for all of these surveys and catalogs in Figure [£.2] Many
works which have studied GCS scaling relations for dwarf galaxies focus on the Ngc — M, relation
as a way to avoid having to make mass conversions with large uncertainties to obtain the more
well-studied Mgcogs — M}, relation. However, to properly connect and compare the GCSs of dwarf
galaxies to their more massive counterparts, the more linear Ngc — My, or Mgos — My, relation

is needed. First, let us begin with converting stellar masses to halo masses.

4.3.1 Stellar-to-Halo Masses

As was mentioned in the previous section, different surveys and catalogs in this work have used
slightly different mass-to-light ratios to obtain their galaxy stellar masses, however from now
on in our analysis we will treat them as consistent. Obtaining accurate halo masses for dwarf
galaxies can be much more difficult than for higher mass galaxies. Dwarf galaxies’ smaller sizes
result in less material in the outer regions to be used to get accurate velocity dispersions to
estimate the total dynamical masses. Although some of the works included in this combined

catalog determine the dynamical masses of their galaxies, they take wildly different approaches.

The galaxies included in the sample from the Georgiev et al. [2010| catalog had stellar and HI
gas kinematic data available to allow for mass estimates to be made, which was done by Forbes
et al. 2018, Prole et al. 2019, on the other hand, determined the halo masses of their sample
using the very Ngo — M), relation we are studying in this paper. As it currently stands, the most
accurate way to estimate total masses for dwarf galaxies requires deep spectroscopic imaging to

obtain the most complete kinematic data possible (Buzzo et al. [2025b; Haacke et al. |2025), an
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approach which is difficult to apply to a large sample of galaxies, and which may still fail for the

faintest dwarfs with low stellar membership.

In order to be able to most accurately compare this combined catalog of dwarf galaxies to each
other on the Mgog — My, relation, we will apply a simple, but standard, conversion from stellar
mass to peak halo mass. While there have been many recent studies of the behaviour of the
stellar-to-halo-mass-relation (SHMR) (Garrison-Kimmel et al. [2017; Read et al. |2017; Behroozi
et al. [2019; Nadler et al. |2020; Munshi et al. |[2021; Manwadkar and Kravtsov [2022; Christensen
et al. [2024), in the past decade the majority of these models have begun to converge for dwarf
galaxies. While the choice of one model to use over the other for our mass conversions can affect
the resulting halo masses of our sample slightly, due to the similarity of many of the most recent
models (in fact, many are within uncertainties of each other for the mass range concerned here),
that choice will not significantly affect our final results. Here we choose to apply the SHMR
modeled by Danieli et al.[2023b}, as it was determined using a semi-analytic model sampled from

the ELVES survey, which is included in this combined catalog. This SHMR takes the following

form:
T \2
log(M,) = 10.457 — log(10~210% 4 10704642} _ (812 exp [ - 0.5(0 319) } (4.2)
where:
Mpeak

For galaxies in our sample, this Mpeqr — M, relation behaves linearly with a constant scatter
of ¢ = 0.0615 07 (Danieli et al.|2023b). We incorporate this scatter into the error propagation for

our peak halo mass estimates alongside the quoted uncertainties for the galaxies’ stellar masses.

We would like to note that this SHMR is not necessarily between the stellar mass of the dwarf
galaxy and its present-day halo mass, but rather with its peak halo mass. Other studies of the

SHMR for dwarfs have found that when linking it to present-day halo mass there is significant
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degeneracy and scatter dependent on galaxies’ interaction history with other, more massive
galaxies (Munshi et al. 2021; Christensen et al. 2024)). This degeneracy is significantly limited
when instead comparing the current stellar mass to the highest halo mass the galaxy had in its
lifetime. This difference in the SHMR for peak and present-day halo masses is driven by satellite
galaxies, rather than centrals, which is also why this difference most affects the low-mass end of
the SHMR. As galaxies originally form, they lie on the linear SHMR, but their dark matter halos
can become stripped after infall into their parent halo, losing mass. On the other hand, their
more centrally concentrated stellar populations largely survive this stripping and their stellar
masses are retained (Munshi et al. [2021; Christensen et al. 2024). A more in-depth discussion
of the implications of this use of peak halo mass over current halo mass for the Mgcs — My,
relation can be found in Section [£.5] Regardless, we will still refer to the scaling relation as the

Meaos — My, relation in this work.

4.3.2 Ngc-to-GCS Masses

We also apply a simple, standard conversion from Nge to GCS mass using the properties of
the GC luminosity function (GCLF), and by extension GC mass function (GCMF'), observed in
dwarf galaxies. We take the peak of the GCLF to determine an average GC mass for a given
galaxy ((Mgc)), with the uncertainty on that mass equivalent to 1o on the GCLF. We then

simply multiply our Ng¢ estimates by (Mgce) to get an estimate of the total mass of the system.

Other studies have taken a single GCLF peak and (Mg¢) and applied it to all of their galaxies
to obtain Mgcg estimates (Forbes et al.|2018). However, there exists a shallow relation between
(Mgc) and host galaxy dynamical mass (Harris et al. 2013)), driven by the fact that the GCLF
peak shifts to dimmer magnitudes for smaller galaxies (Jordan et al. 2007; Villegas et al. [2010)).
We adopt (Mge) values for our galaxies based on this relation, as although the shift to lower
average GC masses is small, for galaxies with only a handful of GCs it can more noticeably
impact their position on the Mgcg — M}, relation. This scaling relation takes the following form

(Harris et al. 2013):

(Mge) = (2.26 £ 10%) x Mg;0%® (4.4)

76


http://www.mcmaster.ca/
http://www.physics.mcmaster.ca/
http://www.physics.mcmaster.ca/

Doctor of Philosophy— Veronika DORNAN; McMaster University— Department of Physics and
Astronomy

We quote the uncertainty in our log(Mgc) estimate as the vertical dispersion in the (Mgo) —
M4y, relation, stated in Harris et al. 2013| to be 01og(aro) = 0.086. We incorporate this uncer-
tainty into our error propagation for Mgcgs alongside the quoted Ng¢ errors from the surveys
and catalogs. For the Georgiev et al. 2010| catalog no errors on their Ng¢ estimates are stated so
we use the same approach as Forbes et al. |2018, which adopted a 0.3 dex uncertainty on Mgcos
for galaxies hosting less than 10 GCs, assuming Poisson-like uncertainties dominated systems of

this size.

An important fact to note about the use of this (Mgc) — Mg,y relation, is that here we use
the peak halo masses that were obtained from the SHMR as an estimate of Mgy,. While these
peak halo masses are not identical to current Mgy,, and can in fact vary by up to an order of
magnitude (Munshi et al. [2021; Christensen et al. 2024)), the shallow dependence on Mgy, of
the (Mgc) — Mgy, relation means that the changes in M), from peak to present day results in
only a minor change to the (Mgc) used. For example, a galaxy with Mp, pear = 10° Mg and
My, 0 = 108M, would have its estimated (Mgc) values differ by less than 0.2 x 10*M,, which

is less than the uncertainty on the scatter in the (Mac) — Mgyn relation itself.

4.4 Results

4.4.1 Scaling Relations

Here we plot where the galaxies included in this combined catalog sit on three different scaling
relations: Ngc — My, Nac — My, and Mgcs — My,. The first, Nge vs stellar mass is commonly

investigated by dwarf galaxy GCS studies (Eadie et al. 2022; Berek et al.|2024)), and can be seen

in Figure [1.2]

While this scaling relation limits the assumptions necessary when converting Ngco to Macs
and M, to My, it is a globally non-linear relation, with a break-point at M, ~ 10''Mg. This
is due to the fact that although this scaling relation is a by-product of that between Ng¢o and
Mj,, which remains linear even to the highest mass galaxies, this break in linearity arises from

the same break in the non-linear SHMR.
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FIGURE 4.2: Left: Ngc vs host galaxy M, for all galaxies in the combined sample
and the more massive galaxies in the Virgo Cluster Catalog (Peng et al. and
the BCGs in the Dornan and Harris sample. Right: Same as the left panel, but
zoomed-in on the combined dwarf galaxy catalog only, and including Ng¢ errors. Stars
denote galaxies classified as UDGs, triangles denote extremely low surface brightness
galaxies (pg,0 > 27).

As such, it is more relevant to plot the Ngo — M), relation, as can be seen in Figure .3
Here, the scaling relation tightens and becomes linear across decades of peak halo mass. However,
this linearity is still not fully universal. As we move to the lowest-mass dwarf galaxies in our
combined catalog it is impossible to have fewer than ~ 1 GC, resulting in a flattening of the
relation. However, as was discussed in section [£:3.2] the average mass of a GC in a galaxy scales

with that host galaxy’s dynamical mass.

In Figure [£.4] we plot the Mgcs — M, relation for our combined sample alongside the full
ACS Virgo Cluster Survey and the Dornan and Harris BCG sample. The stellar masses
adopted for these more massive galaxies were determined using the Hudson et al. SHMR.
This is because the Danieli et al. SHMR was sampled from galaxies in the ELVES Survey,
but did not include any galaxies with stellar masses above M, > 10 M, with the majority
of the galaxies having stellar masses well below that. However, the Hudson et al. SHMR
sampled galaxies past M, > 101 My up into the BCG regime. This SHMR take the following

form:

78


http://www.mcmaster.ca/
http://www.physics.mcmaster.ca/
http://www.physics.mcmaster.ca/

Doctor of Philosophy— Veronika DORNAN; McMaster University— Department of Physics and

Astronomy
102 —
e Dornan+24 Sample :~
Virgo/Fornax Cluster Survey : ° **
10*{ o Gannon+22 Catalog ol *
@ MATLAS Survey g .'.- b
® Georgiev+10 Catalog O:. . W .
ELVES Survey L
Deep Fornax Survey ® * *ﬁ #* [ ]
103{ A FELSBGs [ P L S 0
¥ UDGs w .
L *x
10 oLl g
A
Q Q * o4
6}
= 102 "y = AA i'( ok e% [
* i Aﬁq I I
1
e At lde 3
o a5 L&
10t A ¥ A A
Am y A AR (A
2 %AA" 10° AN ?o %
! "
10° MIdese e
100 100 10M 102 10®  1o% 10° 1010 101 1012

Peak Halo Mass (My) Peak Halo Mass (My)

FIGURE 4.3: Left: Ngc vs peak M), for all galaxies in the combined sample and the
more massive galaxies in the Virgo Cluster Catalog (Peng et al. and the BCGs
in the Dornan and Harris sample. Right: Same as the left panel, but zoomed-in
on the combined dwarf galaxy catalog only, and including Ngc errors. Stars denote
galaxies classified as UDGs, triangles denote extremely low surface brightness galaxies
(1g,0 > 27).

(4.5)

M\ —043 M, !
)+
M,y M,y

M, /My, =2f [(

Where M; is the transition or pivot halo mass, set to 101%-7M, and f; is the mass ratio at
M, which is f; = 0.0227. Both SHMRs agree at M, ~ 2.5 x 101°M,, the “knee” in the SHMR.
Thus, for galaxies above this mass we use the Hudson et al. SHMR, and for galaxies below
this mass we use the Danieli et al. SHMR, allowing for a smooth transition between the
two SHMRs. We would like to note that, at this time, there has been no single study of the

SHMR that has sampled galaxies from the full range of galactic stellar masses currently observed.

4.4.2 Fits to The Mgcs — M;, Relation

Here we fit a linear regression to the full combined sample for both galaxies with stellar masses
below M, < 2 x 10'°M,, and for an additional sample up to the BCG regime. This relation from
massive galaxies to dwarf galaxies was previously studied in Dornan and Harris which used
the full ACS Virgo Cluster Survey, a subset of Local Group dwarfs (Harris et al. Forbes
et al. Forbes , and a sample of BCGs. They found the Mgcgs — My, relation for their
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FIGURE 4.4: Left: Mgcg vs peak My, for all galaxies in the combined sample and the
more massive galaxies in the Virgo Cluster Catalog (Peng et al. |2008) and the BCGs
in the Dornan and Harris [2025/ sample. Right: Same as the left panel, but zoomed-in
on the combined dwarf galaxy catalog only, and including Mgcg errors. Stars denote
galaxies classified as UDGs, triangles denote extremely low surface brightness galaxies
(1g,0 > 27).

TABLE 4.2: Linear Fit Solutions for Mccs — My Relation

Sample Combination Slope Intercept
() ) (3)
Dwarfs + Full Virgo + BCGs 1.04+0.01 —-4.75+£0.15
Non-UDG/ELSBG Dwarfs + Full Virgo 0.95+0.02 —3.85+0.19
Dwarf Catalog Only 0.89+£0.02 —-3.144+0.26
Non-UDG/ELSBG Dwarfs Only 0.90 £0.02 —3.37+0.25
UDGs Only 1.42+0.18 —8.61+1.93
ESLBGs Only 0.46 +0.12 1.26 +1.21

UDGs + ESLBGs 1.02£0.08 —4.31+£0.86

Key to columns: (1) Combination of observational samples used for the linear fits: either all of them, only one,
or a combination of two; (2) The slope of the fit in log-log space; (3) The intercept of the fit in log-log space.

full sample to behave as log(Magcs) = (1.10£0.02) log(M},) — (5.64£0.89), with the BCG sample
being offset above this fit due to richer merger histories than other galaxies in the sample.

We replaced the Local Group sample used in Dornan and Harris [2025| with our combined
dwarf galaxy catalog and fit it alongside the same massive galaxies used by them. We find that
the Mgcs — My, relation behaves as log(Mges) = (1.04£0.01) log(M},) — (4.75£0.15), resulting

in a slightly shallower slope, but with intercepts in agreement within errorbars.

When fitting for only the galaxies in our combined dwarf catalog, the Mgcs — M, relation
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behaves as log(Mgcs) = (0.89+£0.02) log(M},) — (3.14+£0.26), which is much shallower and offset

lower than the global fit. This is driven by the exclusion of the positively offset BCG sample.

4.4.3 Ultra Diffuse Galaxies and Extremely Low Surface Brightness

Galaxies

Within our combined dwarf galaxy catalog we also identify galaxies which meet the UDG classifi-
cation criteria; with surface brightnesses above (1, ) > 24 mag arcsec? and effective radii above
R. > 1.5 kpc (van Dokkum et al.|2015b)). We also identify a subset of galaxies with effective radii
below R. < 1.5 kpc but with extreme surface brightnesses greater than (ug0) > 27mag/arcsec?,
which we will refer to as extremely low surface brightness galaxies (ELSBGs). Our aim is to
investigate if these galaxies are significantly, systematically offset from the Mgcg — M), relation
and if this is unique to UDGs or if it is a byproduct of the mechanisms that create significantly

low surface brightness galaxies, regardless of size and concentration.

First, we note that galaxies classified as UDGs occupy a narrow range in peak halo masses
but a comparatively large range in GCS masses. The UDGs in our sample have peak halo
masses between 100 My < M peak < 10t Mg, and GCS masses between 2 x 10° My < Mgcos <
2 x 107 M. When determining the Mgcs — M), relation for our UDG subset we obtain a fit of

log(Maes) = (1.42 + 0.18) log(Mj,) — (8.61 + 1.93).

We also fit the UDG and ELSBG subsample together. The ESLBGs occupy a similar range
in peak halo masses as the UDGs, although shifted lower, but have a much smaller range in GCS
mass (2 x 10°Mg < Mges < 2 x 10°M). When fitting the UDGs and the ELSBGs together
we obtain a fit of log(Mgcs) = (1.02 £ 0.08) log(M},) — (4.31 £ 0.86), which has steeper slope
compared to the non-UDG/ELSBG subsample, and shifted higher.

This shows that many very low-mass galaxies in our sample have similar positions on the
Macs — Mp, relation as the ELSBGs, while the UDGs systematically occupy higher GCS masses
than classical dwarfs of the same peak halo mass. It should be noted, however, that the majority
of galaxies in this combined catalog with peak halo masses below Myeqr < 101°Mg, are part of
the Fornax Deep Survey and all have surface brightnesses above (p.0) > 24 mag arcsec? to begin

with.
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Bottom: Same as the top panel, but now comparing the fit for the full dwarf catalog
to the fit for only the UDGs and ELSBGs.
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We find that low-mass ELSBGs lie in alignment with UDGs on the Mgcogs — M}, relation,
with both being, on average, systematically positively offset from the relation in comparison to
higher surface brightness dwarfs. This is in support of the result from Forbes et al. 2020, which
studied the GCSs of 85 Coma cluster UDGs and found that rich GCSs were more likely to be
hosted by UDGs of lower luminosity, smaller size, and fainter surface brightness. We will note
however, that while UDGs almost exclusively occupy the highest GC specific mass frequencies
for their stellar mass range here, other non-ELSBGs at very low stellar masses can also have as
high GC specific frequencies as ELSBGs. We calculated the GC specific mass frequencies for all
galaxies in our combined catalog, defined by equation below (Zepf and Ashman (1993; Peng
et al. [2008; Carlsten et al. |2022).

Tn = (10°My) x Ngo /M, (4.6)

Figure [£.6] plots GC specific mass frequency against stellar mass and illustrates this higher
GC-richness for UDGs and ELSBGs, particularly the lowest mass ELSBGs, in our sample. We
fit linear relations to all dwarfs in the catalog, the ESLBG sub-sample, and the UDG subsample
in Figure the parameters for which can be found in Table We find that GC specific
mass frequency scales tightly with stellar mass for the members of our dwarf galaxy catalog,
with lower mass galaxies having higher Ty values. This relation between Ty and galaxy mass
has been studied previously, sometimes comparing GC number specific frequency or GCS mass
specific frequency, and sometimes comparing it to host galaxy absolute magnitude or dynamical
mass. Regardless, a similar “U-shape” is consistently found, with a negative linear slope for
low-mass galaxies, followed by an inflection around M, ~ 10'YM, and then a positive linear

slope for high-mass galaxies (Peng et al. [2008; Harris et al. 2013; Choksi and Gnedin [2019).

When studying the relation between Ty and host galaxy stellar mass for low-mass galaxies,
we notice that the UDG sub-sample has a similar slope to the dwarfs as a whole, but is shifted
higher. This is consistent with UDGs, on average, having systematically higher GC specific mass
frequencies than classical dwarfs. On the other hand, the ELSBG sub-sample has a steeper

negative slope than the dwarfs as a whole, with only the lowest mass ESLBGs having T values
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FIGURE 4.6: GC specifc mass frequency plotted against stellar mass for the combined
dwarf galaxy catalog plus the massive Virgo cluster galaxies and the BCG sample.
UDGs and ELSBGs are denoted by stars and triangles respectively. The fit for all
dwarfs is plotted in black, the fit for UDGs only is plotted in purple, and the fit for
ESLBGs only is plotted in red.

TABLE 4.3: Linear Fit Solutions for Ty — M, Relation

Sample Slope Intercept
(1) (2) 3)
All Dwarfs —0.65+0.01 7.15+0.10
ESLBGs Only —0.86+0.06 8.58 £+ 0.36
UDGs Only  —0.66+0.08 7.50+0.61

Key to columns: (1) Combination of sub-samples used for the linear fits; (2) The slope of the fit in log-log space;
(3) The intercept of the fit in log-log space.
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comparable to UDGs, and the highest mass ESLBGs having lower Ty values than the average

dwarf galaxy.

4.5 Discussion

In this section we will discuss the implications these results have on various fields of study for

dwarf galaxy GCSs.

4.5.1 Implications for UDGs and ELSBGs

The properties of the GCSs of UDGs have been found to vary quite a bit, with many studies
finding that UDGs can host extremely rich GC systems (Ferré-Mateu et al. [2023b; Gannon et al.
2024; Janssens et al. 2024; Forbes and Gannon [2024)), or be GC-deficient for their masses (Jones
et al. [2023; Buzzo et al. |2025a)). While this catalog does not have sufficient data to investigate
the question of what may drive this difference in GC-richness for UDGs, others have found that

this may be related to formation pathways.

On average, UDGs with richer GC systems tend to be older, have lower metallicities, are found
in denser environments like galaxy clusters, and have signs that their stellar populations formed
early, quickly, and all at once throughout the galaxy (Jones et al.[2023; Ferré-Mateu et al. [2023b;
Buzzo et al.|2025a; Ferré-Mateu et al. 2025). These could all be signs of a formation mechanism
dependent on early tidal interactions or dwarf galaxy mergers which would “puff-up” a classical
dwarf galaxy through tidal heating and also trigger a burst of GC formation (Ferré-Mateu et al.
2023Db; Fielder et al. [2024]).

While most UDGs found in galaxy clusters are associated with very early infall times, there
exists no trend with GC-richness and time of infall (Forbes et al. |2023). However, this was
only investigated by categorizing UDGs as either GC-rich, with Nge > 20 or GC-poor, with
Nge < 20. As can be seen in Figure [1.2] some UDGs with Nge ~ 10 could still be considered
GC-rich for their stellar mass. It would be useful for the analysis of Forbes et al. [2023| to be

re-conducted considering Ngo /M, ratio, rather than simply Ngc.
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Regardless, both GC-rich and GC-poor UDGs could still be formed via tidal heating and
shocks due to cluster infall, but differ based on initial, internal galaxy properties that would
encourage either GC formation and survival or GC destruction (Forbes et al.|[2025)). Gas and GC
density prior to infall could be a contributing factor, as higher gas densities would encourage GC
formation (Forbes et al.[2025), while higher densities in GC spatial distribution would encourage

GC disruption from internal kinematics (Moreno-Hilario et al. [2024a)).

This work indicates that similar mechanisms that produce GC-rich UDGs could potentially
also produce the Ngc /M, ratios and low surface-brightnesses seen in ELSBGs. This is similar to
the work done by Saifollahi et al. [2025al, who also found that diffuse and low surface-brightness
galaxies in the Perseus Cluster had systematically higher Ngc counts per unit stellar mass,

similar to the UDGs studied in the same environment.

4.5.2 Dwarf Galaxy GCLFs

The GCLF is extremely important to consider in studies of dwarf galaxy GCSs. Not only is it
used to estimate Ngc through completeness corrections, but its peak is also used to estimate
average GC mass, and by extension total GCS mass for galaxies. However, due to the very low
GC numbers hosted by dwarf galaxies, often it is not possible to construct an accurate GCLF for
each individual galaxy. Instead, GCLFs are determined through stacking the GCS of a sample of
dwarf galaxies. While on a whole this stacking yields a reasonable estimate of the average dwarf
galaxy GCLF, the GCLFs of individual dwarf galaxies may vary from this average, sometimes

significantly.

This was the method applied by Miller and Lotz 2007, Jordan et al. 2007, and Villegas
et al. [2010| to obtain the GCLFs used by the surveys in this catalog. However, these studies
used samples of dwarfs to construct their GCLFs which did not go to the lowest dwarf galaxy
luminosities included in this combined catalog. The lowest galaxy magnitude bin in Miller and
Lotz [2007| and Jordan et al. 2007 was My ~ —13, while the lowest magnitude bin in Villegas
et al. 2010 was My ~ —17.5. More recently Saifollahi et al.|2025b| determined the stacked dwarf
GCLF in the Fornax cluster using a dwarf galaxy sample ranging from —17 < My < —14. For

context, the magnitude range for the galaxies in this catalog span from —21.4 < My < —9.4.
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Multiple studies have shown that both the peak magnitude and the dispersion in the GCLF
can shift lower as a function of host galaxy luminosity (Jordén et al.|2007; Harris et al. [2013)). As
it currently stands, there is no broad study of the GCLF in galaxies with My < —13, of which
nearly a third of this combined dwarf catalog would be classified. If the peak of the GCLF is
actually at fainter magnitudes for these galaxies, it would mean that their Ngc values could be

under-estimations, or that their Mgcg values could be over-estimations.

In addition, all studies of the GCLF of dwarfs has been limited to the Fornax and Virgo
galaxy clusters. This is due to the large number of dwarfs at similar distances, all of which
have been included in deep, high resolution surveys with HST and Euclid. However, this can
also introduce an environmental bias, with the GCLF of dwarf galaxies in the Local Volume

currently poorly studied.

4.5.3 A Present or Past Scaling Relation?

Finally, we would like to discuss the choice to have this scaling relation be dependent on peak
halo mass rather than present halo mass. This choice immediately brings up the issue with
comparing a past property of a galaxy (the highest halo mass hosted during its evolutionary

history), against a present property (current GCS mass).

The linear Mgcs — Mj, scaling relation likely originated immediately after GCS formation,
and the scatter we observe today is due to galaxy evolution mechanisms that have affected both
dark matter halo and GCS masses (Choksi and Gnedin [2019). Ideally, we would also be able to
plot “original” GCS mass alongside peak halo mass, but that is not currently possible. Through
limiting one of these galaxy properties to what it would have been originally, we can better study

the variations in GCS mass per unit halo mass that have since occurred in dwarf galaxies.

Several different theoretical studies of the Mgcg — M), relation have found that their fiducial
models, where GC formation is limited to above a high gas surface density threshold, predict
declining Mgos /My, ratios for dwarf galaxies, with the relation for dwarfs being steeper, and
the galaxies themselves sitting lower, than is found in Figure (El-Badry et al. 2019b; Choksi
and Gnedin 2019; Valenzuela et al. 2021). However, allowing for more varied GC formation

(El-Badry et al. 2019b), or accounting for GC formation via gas-rich galaxy mergers (Valenzuela

87


http://www.mcmaster.ca/
http://www.physics.mcmaster.ca/
http://www.physics.mcmaster.ca/

Doctor of Philosophy— Veronika DORNAN; McMaster University— Department of Physics and
Astronomy

et al. |2021)) re-creates the larger spread in the Mgcgs — My, relation for dwarfs that is observed,
and recovers the continuation of linearity in the Mgcs — My, relation as well. While galaxy
mergers have been shown to affect the scatter in this relation, less has been done to study the

effect of tidal disruption.

By studying the Mgcs — Mpeak relation we can begin to form an observational understanding
of the properties and evolutionary histories of dwarf galaxies which relate to the growth or
destruction of the GCSs over time. This is turn can inform future studies of GCS evolution as

a product of galaxy-galaxy interactions.

4.6 Summary

In this study we compiled a literature catalog of six systematic surveys of dwarf galaxy GCSs
as well as a previous literature catalog encompassing various individual galaxy studies. For
this combined catalog we determined both GCS masses and peak halo masses for each galaxy
included using a consistent and standardized method to ensure that comparisons of these masses
between surveys would be accurate. The result is the most complete, standardized study of the
Mges — My, relation for the entire dwarf galaxy regime to date. We summarize the results of

our analysis of this catalog below:

1. We find that for galaxies with stellar masses M, 2

~

5 x 10° M, the linearity in the Mgcog —
Mj, relation holds, with the majority of the increasing scatter compared to higher mass

galaxies being driven by UDGs and ELSBGs.

2. When excluding BCGs, UDGs, and ELSBGs which we find to have systematically higher
GC counts per unit mass, the slope of the Mgcogs — M), relation is consistent from dwarf
galaxies to massive galaxies up to Mj ~ 102¥Mg, taking on the form: log(Mgcs) =

0.95log(M},) — 3.85.

3. We found that, for dwarf galaxies, GC specific mass frequency (T) scales tightly with host

galaxy stellar mass, with lower mass dwarfs having consistently higher T values.

4. We found that UDGs follow the same Ty — M, relation as for classical dwarfs, but shifted

to systematically higher Ty values. ESLBGs, on the other hand, follow a steeper Ty — M,
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relation compared to classical dwarfs, with higher mass ESLBGs having lower T values

than the average classical dwarf of the same stellar mass.

5. While the UDGs in our sample occupied a very wide range in GCS masses, galaxies with
the highest Ty values for their stellar masses were exclusively UDGs, not classical dwarfs.
In addition, the lowest mass ELSBGs had similar Ty values to UDGs, although having
smaller effective radii. This implies that similar mechanisms that could also form GC-rich

UDGs could also form low-mass ELSBGs.

4.7 Future Work

There are further steps required to expand and improve upon this dwarf galaxy GCS catalog in
order to draw wider conclusions about what dictates where dwarf galaxies lie on the Mgcg — My,
relation. Importantly, galaxies which host no GCs should be included to gain a fuller picture of
the scatter observed in the scaling relation. This will also allow for the analysis of what galaxy
properties are most closely correlated with a lack of GCs, as opposed to the GC-hosting dwarfs

in this catalog currently.

In addition, more consistent data must be collected for global dwarf galaxy properties which
could be indicators of the galaxies’ GCS evolution histories, or of the galaxy’s hospitality to GC
formation and survival. Properties of note would be gas mass, gas surface density, and time of
infall within their galaxy clusters. Systematic surveys, such as Euclid and LSST, could provide

some of this data in the near future.
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Chapter 5

Conclusions

Now we can begin to thread together the narrative told by this thesis, by looking back at where
we began, seeing where we have arrived, and looking forward to where we will go next. As
introduced in Chapter |1} while the connection between galaxy and GCS evolution has been well
known, our understanding of how it affects the Mgcs — M), scaling relation has had observational
gaps. The work presented here has filled in some of these gaps in the most extreme galaxy mass

regimes.

While the extremely rich GCSs of BCGs have made them excellent laboratories for the study
of GCS evolution, certain properties of these BCGs have made it difficult for them to be accu-
rately compared to one another. First, these galaxies both have very large physical sizes and are
very distant from us, with the closest BCG being M87 (D ~ 16 Mpc). This results in deep, high-
resolution, and wide-field imaging being necessary for precise GC photometry to be conducted,
but the fields of view of which typically cannot include the entirety of the GCSs. Secondly, the
clustered environments these BCGs reside in make defining the boundary between their own
GCSs and the GCSs of their satellite galaxies or the intracluster medium difficult as well. The
result of this has been a lack of studies of the GCSs of BCGs, and the studies that have been

conducted suffer from a lack of uniformity in their methods.

In addition, GCS density profiles of BCGs, which are then integrated to obtain Ng¢ estimates,
have been determined in the literature by dividing images into concentric annuli and estimating
GC surface density for each annulus and plotting this against radius from the centre of the BCG.

The drawbacks to this method were discussed in Chapter [2] and are particularly problematic
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for systems with high Ngc counts, like those hosted by BCGs. GCSs around BCGs also suffer
from potential areas of GC overdensities, some associated with the BCG’s GCS, tracing out
substructures caused by mergers (Lim et al. [2017; Ennis et al. |2024)), others not associated by

the BCG’s GCS, like the GCSs of nearby satellite galaxies.

Chapter [2| detailed a novel method to replace this annulus method for the determination not
only of GCS radial density profiles, but the density profiles of any large system of discrete ob-
jects. While Voronoi tessellations have been applied to astronomical research before, including in
cluster and void finding algorithms, and in creating moving meshes for magneto-hydrodynamical
simulations, this was first time they have been applied to the determination of radial density
profiles. We compared this Voronoi method to the traditional annulus method on a series of
simulated GCSs, of varying sizes and steepnesses. We found that the Voronoi tessellations out-
performed the annuli in both accuracy and precision, especially for the largest systems. We
found that this was because the Voronoi tessellations provided very local density information
compared to the annuli, which while being an excellent tool for identifying and removing GC
overdensities caused by satellite galaxies, could result in more statistical noise for smaller sys-
tems. As a result, for systems with Nge < 2000, Voronoi tessellations and annuli returned Ngo
estimates within uncertainties of each other making their improvement only minimal for smaller

systems, but most noticeable for very large systems.

The Voronoi tessellations also fared better than the annuli at accurately returning the radial
density profiles of the steepest GCSs. Annuli, even small annuli, find it difficult to “keep up” with
this high rate of change in the slope of the GC density profile at the innermost radii, resulting in
under-estimates of the overall slope of the GCS, and by extension Ngc. The Voronoi tessellations
on the other hand, with their higher spatial density resolution, are able to continue to return

accurate estimates for both steep and shallow GCSs.

The necessity of this new method becomes readily apparent in Chapter [3] as it is applied to
the GCSs of a sample of 27 BCGs. Firstly, the GCS radial density profiles of BCGs are very steep,
with the majority of the systems in the sample having profiles steeper than what was simulated
in Chapter 2] Thus, in order for the most accurate study of these observed BCGs” GCSs to

be conducted the application of the Voronoi tessellation method was necessary. Eleven of the
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27 BCGs included in the sample had their Ngc counts estimated using the annulus method
in Dornan and Harris 2023, and it was found that those Ngc counts were higher for all 11
when determined using Voronoi tessellations (although still within uncertainties of the previous

estimates).

Applying the Voronoi tessellation method to this sample of BCGs allowed for the highest
mass end of the Mgcs — Mj, relation, spanning over a magnitude in halo mass, to be studied
using consistent methodology. In addition to an accurate, standard determination of GCS radial
density profiles, the determination of each galaxy’s Ngc and Mgcs was also done consistently
through a single definition of GCS size. Previous studies of BCGs used differing assumptions of
GCS radius (Rges) to account for the limited field of view of their imaging, which prevented
the bounds of the GCSs from being more accurately estimated. Chapter [3] applies a definition
of Rgos based on the virial radii (Ry;,), which have previously been shown to scale with each

other (Hudson and Robison 2018).

In addition, results of Chapter [3]also emphasized the need for accurate fits to the GCS radial
density profiles of BCGs, as offset from the Mgcos — M}, relation was found to most tightly
correlate with the steepness of these profiles. For 16 of the 27 BCGs in the sample with colour
information, it was found that this correlation was driven by the profiles of the red GCs, rather
than the blue GCs. These red GCs were found to have systematically steeper profiles and were
more centrally concentrated, properties of systems which the Voronoi tessellation method was
found to better handle than the annulus method. Thus, the choice of determination method for

radial density profiles is very important for the study of these GCSs.

This dependence of Mgcs — My, relation offset with red GC profile steepness, with more
shallow profiles linked with higher GCS masses for the same halo mass, is suggested to be the
result of the varying merger histories of the BCGs in the sample. Red GCs are more likely to
have been formed in more metal-rich massive elliptical galaxies like BCGs, while blue GCs found
in BCGs are more likely to have originally formed in smaller, more metal-poor satellite galaxies
that have since been accreted onto the current BCG (Choksi and Gnedin 2019 Valenzuela et al.
2024). In addition, shallower, more extended GCS profiles can be indicators of major mergers,

with the energy injected into the system from said merger capable of kicking the accreted GCs
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to higher galactic orbits (Chen and Gnedin 2023} Kluge and Bender 2023).

This paints a picture of major mergers between very massive, central ellipticals changing the
distribution of the GCs in the resulting system, and pushing the final BCG up the Mgcs — My,
relation, although positively offset in GCS mass. The answer to why exactly the growth in GCS
mass outpaces that in halo mass from this major merger may lie in the one galaxy studied in
Chapter |3| that did not follow this red GC steepness - relation offset trend. NGC 1129, although
having the steepest red GC profile studied, was negatively offset from the Mgcg — M), relation,
having a lower GCS mass for its halo mass than was average for the BCGs in the sample. If NGC
1129 was to follow the trend found in Chapter [3]it would be expected to be the most positively

offset from Mgcs — My, relation, having a higher GCS mass for its halo mass than was average.

NGC 1129 is also the only galaxy in the sample to have obvious, visual indicators of having
undergone a more recent major merger than the other BCGs studied. NGC 1129 has been found
to have a boxy, twisted isophotal profile (Peletier et al. [1990; Goullaud et al. |2018; Ene et al.
2020)), a twisted stellar kinematic profile to its major axis (Veale et al.[2017)), and a double-core at
its centre (Lyman et al.|2016]). Combining the properties of this outlier with what was discussed
in Sections [[.2.2] and [T.3.3] this could suggest that the timing of major mergers can also affect a

galaxy’s placement on the Macs — M), relation.

If these major mergers occurred at early enough times for the host galaxies to still have star-
forming gas available (z > 3), they would have not only increased their GCSs through accretion,
but also through a burst of GC formation. On the other hand, if perhaps NGC 1129 underwent a
major merger after it had depleted its star-forming gas, it would not have been able to form any
new GCs. Both its halo mass and GCS mass would have only been able to increase via accretion,
and its GCS mass could have even decreased due to GC disruption, as was discussed in Section
[[:233] The effects of mergers between massive elliptical galaxies with low gas mass fractions —
referred to as “dry mergers”, as opposed to their “wet” gas-rich counterparts — have been studied
previously (Liu et al. 2009; Ennis et al. 2024), with the N-body simulations conducted by Shin
and Kawata [2009 also finding that dry mergers can result in a flattening of red GC density

profiles.

The results of Chapter [3] emphasize the role of galaxy-galaxy interactions in determining
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a galaxy’s position on the Mgcs — Mp, relation. While the dominant processes for BCGs are
major mergers, dwarf galaxies can be affected by a wide range of tidal interactions and offer an
important opportunity to study smaller-scale GCS evolution. Both the shape and the scatter in
the Mgcs — My, relation for dwarfs are not fully understood, partially due to a lack of complete,

standardized data for low-mass galaxies.

Chapter [ compiled a literature catalog of 366 galaxies with stellar masses below M, <
2 x 1019M, taken from six surveys and one previous literature catalog. To reduce scatter in the
Macs — Mp, relation caused by differing methods to determine GCS and halo masses for these
galaxies, these masses were determined for all catalog members using the same, standardized

conversions from Ngc to Mgcs and from M, to Mpyeak.

Crucially here we are not plotting the relation between current GCS mass and current halo
mass, but rather current GCS mass and the highest halo mass hosted by the galaxies in their
lifetimes (Mpear). This is because there is significant scatter in the stellar to halo mass relation
for dwarf galaxies, but semi-analytical models have found that the stellar to peak halo mass
relation is much tighter, allowing for a more reliable mass conversion. This distinction is not
necessary for more massive galaxies like BCGs as their peak halo mass is equivalent to their
current halo mass, as it has continuously grown through major mergers. Dwarf galaxies, on
the other hand, can also have their halo masses decreased through tidal stripping. The degree
to which dwarf galaxies are susceptible to having their dark matter halos stripped, however, is
environmentally dependent. Christensen et al. |2024| found that, for their sample of simulated
dwarf galaxies, the present-day SHMR was tighter and steeper for central or isolated dwarfs,

with satellite dwarfs having lower halo masses for the same stellar mass.

We studied the positions of ultra diffuse galaxies (UDGs) on the Mgcs — M}, relation and
found that the UDGs included in our catalog were more likely to sit positively offset from
the relation than their classical dwarf counterparts. We also found that extremely low surface
brightness galaxies (ELSBGs) with surface brightnesses greater than (u, ,) > 27 mags/arcsec? (of
any size) were also more likely to sit positively offset from the relation, although to a lesser extent
than the UDGs. This implies that the same mechanisms that produce GC-rich UDGs could also

be responsible for more compact dwarf galaxies with extremely low surface brightnesses.
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While the formation mechanisms of UDGs are not fully understood at this point, with multiple
formation pathways being likely as well, this result shows that mechanisms that can create the
low-surface brightness and diffuse properties of these galaxies can also increase their GCS mass.
One formation pathway proposed is that tidal heating caused by infall into galaxy clusters or
dwarf-dwarf galaxy mergers can result in a “puffing up” of classical dwarfs (Ferré-Mateu et al.
2023b; Fielder et al.2024). This formation mechanism, if having occurred early enough when the
initial dwarf galaxy was still sufficiently gas-rich, could also result in a burst of GC formation,

as was discussed in Section [1.2.2]

While the GCS density profiles of dwarf galaxies were not able to be studied in Chapter
[ these results are similar to those found in Chapter [3] with the BCGs: major, gas-rich galaxy
mergers or tidal interactions have the capacity to push galaxies’ GCS masses up, driving intrinsic
scatter in the Mgogs — My, relation, in both extremes in host galaxy masses. We also find that
there is still a somewhat large amount of variation in position on the relation for both BCGs and
UDGs, showing that even for merger/interaction-rich galaxies differences in these evolutionary

histories can be observed in their GCSs.

By standardizing our determination of masses for the dwarf galaxies in Chapter [4 using the
same scaling relations applied to the BCG sample from Chapter [3] putting the data from both
chapters together results in the most comprehensive, homogeneous observational study of the
Macs — Mj, relation to date. This study spans six orders of magnitude in peak halo mass
and encompasses the most extreme examples of galaxy morphology, including the least massive,
extremely low surface brightness galaxies, to the most massive brightest cluster galaxies. This
end-to-end observational definition of the relation, determined with a complete, up to date sample
of GCSs, is the major result of this thesis. With this, we find that the linearity of the Mgcgs— My,
relation is indeed universal across all mass scales, from giant elliptical galaxies down to dwarf

galaxies.

5.1 Future Work in The Field

The results of this thesis, as is typical of many scientific works, provide some answers and many

more questions. While it is clear that mergers and tidal interactions between galaxies are driving
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the scatter in the Mgcs — M), relation, what specific types of physical processes play the largest
role at different galaxy masses and/or environments needs to be further investigated. This can be
probed by studying the ways in which multiple host galaxy and GCS properties are related to each
other, including global metallicity, gas mass, GCS velocity dispersion, GCS spatial distribution,
and GCS metallicity. Studying these properties in a systematic approach for a wide range of

galaxy masses and environments will thus be necessary.

The recent launch of the Euclid Space Telescope and resulting survey mission will begin to
provide much needed data for this research area. Euclid’s Wide Field Survey will cover 15,000
square degrees in the sky, which will include 24,719 known galaxies within 100 Mpc (Euclid
Collaboration et al. |2022|) which will potentially host a combined ~ 830,000 GCs, ~ 350,000
of which would be photometrically detectable. Euclid will provide standardized imaging depth
in visible and near-infrared filters for these GCs, many of which within 20 Mpc will be semi-
resolved, allowing for extragalactic studies of GC structural parameters and light profiles (Euclid

Collaboration et al. 2025).

Very recently, the Rubin Observatory saw first light and has begun the Legacy Survey of
Space and Time (LSST). Rubin/LSST’s Wide Fast Deep survey will cover 18,000 square degrees
of the Southern sky, overlapping with the Euclid Wide Field Survey footprint (Usher et al. 2023;
Dage et al. [2023). While Rubin’s angular resolution will not be as high as Euclid, it will still be
able to conduct reliable GC photometry for distances up to 10 Mpc, which will include several
known GC-hosting Local Volume dwarf galaxies also included in the Euclid footprint (Usher

et al. |[2023)).

The Roman Space Telescope is set to launch in 2027 and will conduct the High Latitude Wide
Area Survey, covering 5,000 square degrees of the sky, half of which will include multiple filters
and spectroscopy (Montes et al. |2023|). Roman’s angular resolution will be similar to Euclid’s,
allowing for GC photometry to be conducted out to distances of 100 Mpc. In addition, Roman is
optimized for low surface brightness photometry, and will likely discover many new Local Volume
dwarf galaxies and extragalactic tidal streams (Aganze et al. [2024). The ability to study both
GC and stream populations in nearby dwarf galaxies will open up new opportunities for studies

of extragalactic archaeology and GCS disruption.
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Combining all three of these upcoming surveys will not only allow for a large, homogeneous
study of GCSs spanning a variety of masses, but also environments. The vast majority of dwarf
galaxies included in the sample presented in Chapter [4reside in clustered environments, with few
from groups or the field. Euclid, Rubin/LSST, and Roman will allow for GCSs of galaxies in the
Local Volume and beyond to be more closely studied in order to constrain the role environment
has on GCS evolution. This systematic expansion of dwarf galaxy GCS data will also allow for
higher confidence confirmations of GC-free dwarf galaxies. By being able to study these non-
GC-hosting galaxies more closely we will be able to understand what properties they have that
would make them more susceptible to extreme GC disruption, or potentially would allow them

to form without GCs to begin with.

In addition, Euclid’s wide field of view will also be able to study the GCs on the outskirts
of BCGs and in the intracluster medium. With a field of view covering 0.57 square degrees,
Euclid’s imaging will provide enough information for more sophisticated, statistical methods of
GC membership to be developed. Rather than defining the GCS size of a BCG based on its virial
radius, the probability of each GC belonging to the BCG, a satellite galaxy, or the intracluster
medium can be determined. By being able to study the full GC population of galaxy clusters,
both the GCSs of member galaxies and GCs within the intracluster medium, we will be able
to accurately determine Mgcg/M), ratios for galaxy clusters as a whole. With this, we can
investigate if the largest structures in our universe adhere to or deviate from the Mgcgs — My,
relation, which we began to estimate in Chapter [ Not only will these wide field telescopes
allow for a better understanding of BCG and galaxy cluster GCSs, but it will also allow for the

population of intracluster GCs to be studied more closely than ever before.

By being able to study the properties and distributions of GCs between galaxies in galaxy
clusters we can begin to understand what the biggest factors are which contribute to the stripping
of GCs from their original host galaxies. Topics of particular interest will be which galaxy
masses/morphologies have contributed the most to the intracluster medium GC population, and
on what timescales these GCs become stripped. Recent work has also highlighted the strength of
GCs as tracers of dark matter distribution within galaxies (Kluge et al. 2023; Reina-Campos et
al. [2023), raising the possibility of intracluster GCs to be used to trace dark matter distribution

within massive galaxy clusters.
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The evolutionary history of GCSs and their host galaxies are deeply linked, and evidence for
this link can be found across galaxy mass and morphology. These GCSs, although having under-
gone profound changes in some cases, including bursts of formation, tidally induced destruction,
and rapid periods of ex-situ GC accretion, continue to serve as excellent observational tracers of
the evolutionary changes that they have undergone. As our observational capabilities to study
the extremes of these GCSs and their host galaxies expand, so too will our understanding of the
complexities of galaxy evolution which produce the wide variety of global galaxy properties we

observe today.
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Appendix A

Gannon Catalog Attributions

Here we list the galaxies from the Gannon et al.[2024| catalog which were included in our combined

literature catalog presented in Chapter 4] and listed in Appendix
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Appendix B

Dwarf Galaxy Literature Catalog

Here we list the full dwarf galaxy literature catalog presented in Chapter

TABLE A2.1: Dwarf Galaxy Literature Catalog

Name Survey log(M.) Oog(M,) Nec  Onge My Class
UGC8882 ELVES 7.8 7.2 3.1 1.6 0 reg
M101-DF1 ELVES 6.3 5.7 1.6 0.0 0 reg
dw1234p2531 ELVES 7.7 7.1 10.0 3.3 0 reg
dw1240p3216 ELVES 6.2 5.7 1.6 0.0 0 reg
KDG101 ELVES 7.7 7.2 6.3 3.1 0 reg
dw0932p2127 ELVES 7.9 7.3 3.3 1.7 0 reg
dw1906m6357 ELVES 7.5 6.9 10.5 3.5 0 reg
dw1312p4147 ELVES 8.1 7.6 9.7 4.8 0 reg
UGC05428 ELVES 7.5 7.0 4.7 3.1 0 reg
dwl1122p1326 ELVES 8.5 7.9 16.2 3.2 0 reg
dwl1119p1419 ELVES 7.6 7.1 11.9 44 0 reg
dw1119p1404 ELVES 7.7 7.2 144 1.7 0 reg
dw1050p1316 ELVES 8.4 7.9 155 5.0 0 reg
dw1048p1408 ELVES 8.3 7.8 6.8 34 0 reg
dw1051p1250 ELVES 7.9 7.3 4.9 3.3 0 reg

Continued on next page
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Table A2.1

Continuned from previous page

Name Survey log(M,) 0wgm,y Neoc  onee My Class
dw1046p1401 ELVES 7.5 7.0 51 34 0 reg

dw1055p1220 ELVES 7.4 6.9 7.8 3.9 0 reg

dw1047p1248 ELVES 6.4 5.9 4.8 3.2 0 reg

dw1049p1233 ELVES 6.6 6.1 3.2 1.7 0 reg

dw1005m0744 ELVES 8.0 7.5 6.6 4.9 0 reg

dw1000m0821 ELVES 7.9 7.4 4.9 3.3 0 reg

dw1006m0730-n2 ELVES 6.4 5.9 4.9 1.6 0 reg

MATLAS-42 MATLAS 8.2 7.7 21.7 6.8 -15.62 UDG
MATLAS-49 MATLAS 7.9 7.4 1.2 2.0 -13.82 UDG
MATLAS-138 MATLAS 8.2 7.7 15.5 4.8 -14.56  UDG
MATLAS-262 MATLAS 7.2 6.7 3.3 3.2 -12.67 UDG
MATLAS-342 MATLAS 7.5 6.9 8.0 3.6 -14.27  UDG
MATLAS-401 MATLAS 7.9 7.4 13.2 4.4 -14.76 UDG
MATLAS-405 MATLAS 7.5 7.0 9.0 4.5 -13.67 UDG
MATLAS-585 MATLAS 7.3 6.8 10.5 4.1 -13.68 UDG
MATLAS-627 MATLAS 7.4 6.9 4.9 3.1 -13.46 UDG
MATLAS-799 MATLAS 8.2 7.7 16.4 5.5 -14.97 UDG
MATLAS-984 MATLAS 7.3 6.8 6.2 3.3 -13.64 UDG
MATLAS-1154 MATLAS 7.6 7.1 3.6 2.9 -13.37 UDG
MATLAS-1321 MATLAS 8.1 7.5 9.4 3.9 -14.67 UDG
MATLAS-1332 MATLAS 8.5 8.0 28.7 6.3 -15.52 UDG
MATLAS-1412 MATLAS 7.1 6.6 3.8 2.7 -13.32 UDG
MATLAS-1413 MATLAS 8.1 7.6 32.2 7.7 -14.68 UDG
MATLAS-1470 MATLAS 8.0 7.4 6.2 3.0 -14.42 UDG
MATLAS-1485 MATLAS 8.0 7.4 6.9 4.0 -13.59 UDG
MATLAS-1534 MATLAS 7.2 6.6 13.8 4.6 -13.02 UDG

Continued on next page
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Table A2.1
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Name Survey log(M,) 0wgm,y Neoc  onee My Class
MATLAS-1589 MATLAS 7.1 6.6 6.0 3.5 -13.56  UDG
MATLAS-1616 MATLAS 7.8 7.3 11.2 4.6 -14.01 UDG
MATLAS-1779 MATLAS 7.7 7.1 114 54 -13.97 UDG
MATLAS-1865 MATLAS 7.1 6.6 7.7 3.5 -13.93 UDG
MATLAS-1938 MATLAS 8.6 8.1 28.5 5.7 -15.03 UDG
MATLAS-2019 MATLAS 8.1 7.5 37.6 6.8 -14.04 UDG
MATLAS-2176 MATLAS 7.7 7.2 9.1 3.5 -14.80 UDG
MATLAS-2184 MATLAS 6.7 6.1 6.8 3.4 -13.24 UDG
DF44 Gannon 8.5 8.0 740 180 -16.2 UDG
DFo7 Gannon 8.6 8.1 23.0 7.0 -16.2 UDG
DF17 Gannon 8.4 7.9 27.0 4.0 -15.3  UDG
DFX1 Gannon 8.5 8.0 62.0 17.0 -15.8 UDG
DGSAT-I Gannon 8.6 8.1 12.0 2.0 -16.3 UDG
Hydra-1 UDG 11  Gannon 7.8 7.3 7.0 3.0 -14.62 UDG
NGC 1052-DF2 Gannon 8.3 7.8 7.1 4.3 -15.3 UDG
NGC 5846 UDG1 Gannon 8.0 7.5 54.0 9.0 -15 UDG
NGVSUDG-19 Gannon 7.8 7.3 16.8 7.5 -13.8  UDG
NGVSUDG-20 Gannon 7.1 6.6 11.3 8.6 -13.2 UDG
Sag dSph Gannon 8.1 7.6 8.0 0.0 -15.5  UDG
VCC 1017 Gannon 8.5 8.0 16.5 11.2  -16.7 UDG
VCC 1052 Gannon 8.3 7.8 179 115 -152 UDG
VCC 1287 Gannon 8.3 7.8 22.0 8.0 -15.6 UDG
VCC 615 Gannon 7.9 7.3 30.3 9.6 -14.2 UDG
VCC 811 Gannon 7.9 7.3 15.8 8.4 -14.3  UDG
VLSB-B Gannon 7.3 6.8 26.1 99 -12.3  UDG
VLSB-D Gannon 7.8 7.2 13.0 6.9 -13.7  UDG

Continued on next page

103


http://www.mcmaster.ca/
http://www.physics.mcmaster.ca/
http://www.physics.mcmaster.ca/

Doctor of Philosophy— Veronika DORNAN; McMaster University— Department of Physics and
Astronomy

Table A2.1
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Name Survey log(M,) 0wgm,y Neoc  onee My Class
WLM Gannon 7.6 7.1 1.0 0.0 -14.25 UDG
Y358 Gannon 8.1 7.6 28.0 5.3 -14.8  UDG
D634-03 Georgiev 6.5 6.0 1.0 0.3 -11.94  reg
ES0O269-66 Georgiev 7.5 7.0 4.0 1.2 -13.89  reg
ES0349-031 Georgiev 6.5 6.0 1.0 0.3 -11.87 reg
IKN Georgiev 6.4 5.9 5.0 1.5 -11.51  reg
KK197 Georgiev 7.0 6.5 3.0 0.9 -13.04  reg
KK27 Georgiev 5.8 5.3 2.0 0.6 -10.14  reg
KKS55 Georgiev 6.2 5.7 1.0 0.3 -11.17  reg
UGC3974 Georgiev 7.9 74 4.0 1.2 -15.33  reg
UGCT7369 Georgiev 8.2 7.7 22.0 6.6 -16.17  reg
UGC8638 Georgiev 7.2 6.7 3.0 0.9 -13.69 reg
LMC Georgiev 9.2 8.7 16.0 4.8 -18.36 reg
DDO52 Georgiev 7.8 7.3 2.0 0.6 -14.98 reg
ES0O059-01 Georgiev 7.7 7.2 1.0 0.3 -14.6  reg
ESO121-20 Georgiev 7.0 6.5 1.0 0.3 -13.64 reg
ESO137-18 Georgiev 8.8 8.3 7.0 2.1 -17.21  reg
ES0O154-023 Georgiev 8.3 7.8 3.0 0.9 -16.38  reg
ES0223-09 Georgiev 8.4 7.8 8.0 24 -16.47  reg
ES0269-58 Georgiev 8.5 8.0 8.0 24 -15.78  reg
ES0O274-01 Georgiev 9.2 8.7 10.0 3.0 -17.47  reg
ES0O381-20 Georgiev 7.7 7.2 1.0 0.3 -14.8  reg
ES0384-016 Georgiev 7.3 6.7 2.0 0.6 -13.72  reg
1C1959 Georgiev 8.1 7.6 7.0 2.1 -15.99  reg
KK16 Georgiev 6.7 6.2 1.0 0.3 -12.38  reg
KK17 Georgiev 6.0 5.5 1.0 0.3 -10.57 reg

Continued on next page
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Table A2.1
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Name Survey log(M,) 0wgm,y Neoc  onee My Class
KK246 Georgiev 7.0 6.5 2.0 0.6 -13.77  reg
KKHT77 Georgiev 7.6 7.1 4.6 4.1 -14.58 reg
NGC1311 Georgiev 8.1 7.5 5.0 1.5 -15.76  reg
NGC247 Georgiev 9.4 8.8 25,0 75 -18.76 reg
NGC4163 Georgiev 7.3 6.8 2.0 0.6 -14.21  reg
NGC4605 Georgiev 9.2 8.7 22.0 6.6 -18.41 reg
NGC5237 Georgiev 8.2 7.7 3.0 0.9 -15.45 reg
NGC784 Georgiev 8.9 8.4 6.0 1.8 -16.87 reg
UGC1281 Georgiev 8.1 7.6 2.0 0.6 -15.3  reg
UGC3755 Georgiev 8.0 74 9.0 2.7 -15.5  reg
UGC4115 Georgiev 7.9 7.4 5.0 1.5 -15.12  reg
UGC685 Georgiev 7.5 7.0 5.0 1.5 -14.35  reg
UGC8760 Georgiev 7.0 6.5 1.0 0.3 -13.16  reg
UGCAS86 Georgiev 8.2 7.7 11.0 3.3 -16.13  reg
UGCA92 Georgiev 7.7 7.1 2.0 0.6 -14.71  reg
NGC1427A Georgiev 9.3 8.8 38.0 114 -185 reg
FDS10 LSB2 Fornax Deep 6.3 5.8 3.7 2.3 -11 reg
FDS10 LSB3 Fornax Deep 6.3 5.8 2.0 1.2 -9.8 ELSB
FDS10 LSB4 Fornax Deep 6.5 6.0 1.1 0.7 -11.7  reg
FDS10 LSB5 Fornax Deep 5.6 5.1 8.6 5.0 -11.1 ELSB
FDS10 LSB6 Fornax Deep 5.8 5.3 1.4 0.9 -10.4  reg
FDS10 LSB8 Fornax Deep 6.3 5.8 2.0 1.3 -11.3  reg
FDS10 LSB9 Fornax Deep 5.8 5.3 2.0 1.2 -9.9 reg
FDS10 LSB10 Fornax Deep 6.2 5.7 0.9 0.6 -11.3  reg
FDS10 LSB13 Fornax Deep 5.9 5.4 1.8 1.1 -10.2  reg
FDS10 LSB14 Fornax Deep 5.6 5.1 1.2 0.8 -11.1  reg

Continued on next page
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Table A2.1
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Name Survey log(M,) 0wgm,y Neoc  onee My Class
FDS10 LSB15 Fornax Deep 6.5 6.0 2.2 1.3 -11.3  reg
FDS10 LSB16 Fornax Deep 6.1 5.6 1.5 0.9 -10.6  reg
FDS10 LSB23 Fornax Deep 6.7 6.2 2.3 1.5 -12.6  reg
FDS10 LSB25 Fornax Deep 7.6 7.1 5.7 3.7 -14.2  UDG
FDS10 LSB29 Fornax Deep 7.1 6.6 2.2 14 -13.4  reg
FDS10 LSB35 Fornax Deep 6.6 6.1 14 -0.6 -12.3  reg
FDS10 LSB38 Fornax Deep 6.5 6.0 2.8 1.6 -12 reg
FDS10 LSB40 Fornax Deep 6.1 5.6 6.1 3.1 -11 ELSB
FDS10 LSB41 Fornax Deep 6.8 6.3 2.3 1.5 -12.3  reg
FDS10 LSB43 Fornax Deep 6.2 5.7 0.9 0.6 -11.1 reg
FDS10 LSB44 Fornax Deep 6.3 5.8 1.7 0.9 -11.1 reg
FDS10 LSB45 Fornax Deep 6.7 6.2 1.7 1.1 -12.1 reg
FDS10 LSB46 Fornax Deep 5.9 5.4 14 0.9 -10.7  reg
FDS10 LSB49 Fornax Deep 6.8 6.3 1.7 1.1 -12.3  reg
FDS10 LSB51 Fornax Deep 6.8 6.3 2.6 1.7 -12.1  reg
FDS10 LSB52 Fornax Deep 7.4 6.9 4.7 2.7 -13.8  UDG
FDS10 LSB53 Fornax Deep 6.5 6.0 1.8 1.1 -11.5  reg
FDS10 LSB54 Fornax Deep 6.7 6.2 1.2 0.7 -9.7 reg
FDS10 LSB55 Fornax Deep 7.0 6.5 5.0 3.0 -12.4  reg
FDS10 LSB56 Fornax Deep 5.4 4.9 1.1 0.7 -9.7 reg
FDS11 LSB4 Fornax Deep 5.9 5.4 1.7 1.1 -11.2 reg
FDS11 LSB6 Fornax Deep 6.6 6.1 2.0 1.2 -10.3  reg
FDS11 LSB7 Fornax Deep 7.7 7.2 6.1 3.5 -10.8  UDG
FDS11 LSB8 Fornax Deep 6.2 5.7 1.5 1.0 -10.3  reg
FDS11 LSB10 Fornax Deep 6.5 6.0 2.1 1.2 -11.9  reg
FDS11 LSBI11 Fornax Deep 6.3 5.8 2.6 1.7 -10.9  reg

Continued on next page
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Name Survey log(M,) 0wgm,y Neoc  onee My Class
FDS11 LSB13 Fornax Deep 6.3 5.8 2.2 1.5 -11.1  reg
FDS11 LSB14 Fornax Deep 7.3 6.8 2.3 1.6 -11.8  reg
FDS11 LSB15 Fornax Deep 7.3 6.8 3.9 2.5 -12.3  reg
FDS11 LSB18 Fornax Deep 5.6 5.1 2.2 1.2 -10.9  reg
FDS11 LSB30 Fornax Deep 7.4 6.9 8.9 5.2 -13.7  UDG
FDS11 LSB35 Fornax Deep 6.0 5.5 3.8 2.3 -11.3  reg
FDS11 LSB36 Fornax Deep 6.1 5.6 2.3 1.5 -10.9  reg
FDS11 LSB38 Fornax Deep 8.0 7.5 29.8 9.2 -14.9  UDG
FDS11 LSB39 Fornax Deep 5.0 4.5 3.2 1.9 -10.2  ELSB
FDS11 LSB40 Fornax Deep 4.5 4.0 0.9 0.5 -9.5 reg
FDS11 LSB41 Fornax Deep 7.0 6.5 24 1.6 -13 reg
FDS11 LSB42 Fornax Deep 6.5 6.0 3.1 2.0 -12.1 reg
FDS11 LSB43 Fornax Deep 5.6 5.1 1.5 1.0 -9.8 reg
FDS11 LSB44 Fornax Deep 5.7 5.2 1.9 1.2 -10 reg
FDS11 LSB45 Fornax Deep 6.3 5.8 1.5 1.0 -114  reg
FDS11 LSB46 Fornax Deep 6.0 5.5 1.3 0.9 -10.9 ELSB
FDS11 LSB47 Fornax Deep 7.0 6.5 7.7 4.1 -13 reg
FDS11 LSB49 Fornax Deep 7.4 6.9 44 2.3 -13.7  reg
FDS11 LSB51 Fornax Deep 6.5 6.0 2.8 1.6 -10.3 ELSB
FDS11 LSB53 Fornax Deep 6.0 5.5 3.8 2.1 -10.8  reg
FDS11 LSB55 Fornax Deep 6.0 5.5 2.3 1.6 -11.4  reg
FDS11 LSB56 Fornax Deep 6.1 5.6 1.1 0.7 -11.2 reg
FDS11 LSB57 Fornax Deep 6.8 6.3 7.5 4.1 -12.3  reg
FDS11 LSB58 Fornax Deep 5.9 5.4 6.1 3.5 -11.2 reg
FDS11 LSB59 Fornax Deep 7.1 6.6 3.7 2.3 -13 reg
FDS11 LSB60 Fornax Deep 7.4 6.9 8.0 3.4 -13.8  reg

Continued on next page
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Table A2.1
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Name Survey log(M,) 0wgm,y Neoc  onee My Class
FDS11 LSB61 Fornax Deep 6.6 6.1 2.7 1.7 -11.9  reg
FDS11 LSB62 Fornax Deep 7.7 7.2 34 2.3 -14.4  reg
FDS11 LSB63 Fornax Deep 6.0 5.5 2.1 1.3 -10.9  reg
FDS11 LSB64 Fornax Deep 6.2 5.7 1.7 1.1 -10.8  reg
FDS11 LSB65 Fornax Deep 6.7 6.2 8.0 4.2 -12.5  reg
FDS11 LSB66 Fornax Deep 6.3 5.8 1.3 0.9 -10.9  reg
FDS11 LSB67 Fornax Deep 6.4 5.9 5.0 3.0 -11.7 reg
FDS11 LSB68 Fornax Deep 6.4 5.9 3.7 2.3 -12.3  reg
FDS11 LSB69 Fornax Deep 6.9 6.4 6.2 3.6 -12.9  reg
FDS11 LSB71 Fornax Deep 6.0 5.5 1.2 0.8 -11.6  reg
FDS11 LSB72 Fornax Deep 6.5 6.0 2.0 1.2 -11.9  reg
FDS11 LSB73 Fornax Deep 5.1 4.6 1.7 1.1 -10.3  reg
FDS11 LSB74 Fornax Deep 7.3 6.8 4.0 2.5 -14 reg
FDS11 LSB76 Fornax Deep 5.9 5.4 1.3 0.9 -10.2  reg
FDS11 LSB77 Fornax Deep 7.0 6.5 1.2 0.8 -12.7  reg
FDS11 LSB78 Fornax Deep 7.6 7.1 5.2 3.3 -14.3  reg
FDS11 LSB79 Fornax Deep 6.8 6.3 2.3 1.3 -124  reg
FDS11 LSBS&0 Fornax Deep 6.8 6.3 2.0 1.3 -12.6  reg
FDS11 LSB81 Fornax Deep 7.1 6.6 5.8 3.0 -13.1  reg
FDS12 L.SB3 Fornax Deep 7.3 6.8 34 2.3 -134  UDG
FDS12 LSB4 Fornax Deep 7.0 6.5 1.7 1.2 -13.2  reg
FDS12 LSB5 Fornax Deep 5.0 4.5 1.5 1.0 -9.9 reg
FDS12 LSB6 Fornax Deep 5.1 4.6 1.1 0.7 -9.4 ELSB
FDS12 LSB8 Fornax Deep 4.1 3.6 3.2 1.8 -10.5  reg
FDS12 LSB9 Fornax Deep 6.8 6.3 4.5 2.9 -13.4  reg
FDS12 LSB10 Fornax Deep 6.8 6.3 2.8 1.9 -13.5  reg
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Name Survey log(M,) 0wgm,y Neoc  onee My Class
FDS12 LSB11 Fornax Deep 6.5 6.0 2.1 14 -12.1  reg
FDS12 LSB12 Fornax Deep 5.9 5.4 34 2.3 -12.1  reg
FDS12 LSB13 Fornax Deep 6.8 6.3 4.7 3.1 -13.1  reg
FDS12 LSB14 Fornax Deep 5.7 5.2 1.0 0.6 -10.3  reg
FDS12 LSB16 Fornax Deep 6.1 5.6 2.4 1.6 -11.5  reg
FDS12 LSB17 Fornax Deep 6.1 5.6 1.6 1.1 -11.4  reg
FDS12 LSB19 Fornax Deep 5.4 4.9 1.6 1.0 -10.2  reg
FDS12 LSB20 Fornax Deep 6.5 6.0 5.2 3.3 -11.8  reg
FDS12 LSB21 Fornax Deep 6.7 6.2 6.0 3.3 -12.5  reg
FDS12 LSB22 Fornax Deep 6.7 6.2 1.5 1.0 -12.9  reg
FDS12 L.SB23 Fornax Deep 6.0 5.5 1.7 1.2 -11.2  reg
FDS12 LSB24 Fornax Deep 6.8 6.3 1.6 1.1 -10.4  reg
FDS12 LSB25 Fornax Deep 3.5 3.0 1.5 0.9 -9.7 reg
FDS12 LSB26 Fornax Deep 6.3 5.8 2.3 1.4 -12.3  reg
FDS12 LSB28 Fornax Deep 6.0 5.5 3.5 2.1 -12.3  reg
FDS12 LSB29 Fornax Deep 6.6 6.1 5.3 3.2 -13 reg
FDS12 LSB30 Fornax Deep 7.7 7.2 109 7.0 -14.7  UDG
FDS12 LSB31 Fornax Deep 5.4 4.9 34 2.1 -10.2 ELSB
FDS12 L.SB32 Fornax Deep 5.6 5.1 1.8 1.2 -10.7  reg
FDS12 LSB33 Fornax Deep 6.1 5.6 1.2 0.8 -11.2 reg
FDS12 LSB35 Fornax Deep 6.1 5.6 1.5 1.0 -11.5  reg
FDS12 LSB46 Fornax Deep 5.9 5.4 1.0 0.6 -11.1 reg
FDS12 LSB50 Fornax Deep 8.0 7.5 3.1 2.1 -15 UDG
FDS12 LSB52 Fornax Deep 6.2 5.7 3.1 2.0 -12.1 reg
FDS12 LSB53 Fornax Deep 7.0 6.5 2.1 14 -13.2  reg
FDS12 LSB54 Fornax Deep 6.6 6.1 3.4 2.1 -12.4  reg
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Name Survey log(M,) 0wgm,y Neoc  onee My Class
FDS16 LSB6 Fornax Deep 6.4 5.9 2.0 1.0 -12 reg
FDS16 LSB7 Fornax Deep 7.8 7.3 6.5 3.9 -14.7  reg
FDS16 LSB10 Fornax Deep 6.5 6.0 0.8 0.5 -11.9  reg
FDS16 LSB11 Fornax Deep 7.7 7.2 5.0 3.0 -14.4  reg
FDS16 LSB12 Fornax Deep 5.8 5.3 14 0.9 -10.3  reg
FDS16 LSB14 Fornax Deep 5.9 5.4 1.8 1.2 -10.1  reg
FDS16 LSB16 Fornax Deep 5.5 5.0 0.8 0.5 -9.9 reg
FDS16 LSB20 Fornax Deep 7.6 7.1 8.7 4.9 -14.4  reg
FDS16 LSB24 Fornax Deep 6.1 5.6 1.6 1.0 -11 reg
FDS16 LSB25 Fornax Deep 8.0 7.5 225 79 -15.1  reg
FDS16 LSB26 Fornax Deep 5.8 5.3 0.8 0.5 -9.9 reg
FDS16 LSB28 Fornax Deep 6.6 6.1 1.5 1.0 -11.9  reg
FDS16 LSB30 Fornax Deep 5.9 5.4 1.2 0.8 -10.4  reg
FDS16 LSB31 Fornax Deep 6.4 5.9 4.5 2.6 -114  UDG
FDS16 LSB32 Fornax Deep 6.8 6.3 2.8 1.6 -12.5  reg
FDS16 LSB33 Fornax Deep 6.7 6.2 1.8 1.0 -12.2  reg
FDS16 LSB34 Fornax Deep 6.9 6.4 3.0 1.9 -12.7  reg
FDS16 LSB35 Fornax Deep 6.5 6.0 3.3 2.0 -11.6  reg
FDS16 LSB36 Fornax Deep 7.1 6.6 2.7 1.7 -13.2  reg
FDS16 LSB37 Fornax Deep 6.8 6.3 3.1 1.8 -12.6  reg
FDS16 LSB38 Fornax Deep 7.0 6.5 4.2 2.7 -13.2  reg
FDS16 LSB39 Fornax Deep 5.9 5.4 2.8 1.6 -10.8  reg
FDS16 LSB40 Fornax Deep 6.3 5.8 4.5 2.5 -10.2  reg
FDS16 LSB41 Fornax Deep 6.4 5.9 0.9 0.6 -11.4  reg
FDS16 LSB42 Fornax Deep 6.8 6.3 1.8 1.2 -12.2  reg
FDS16 LSB43 Fornax Deep 7.6 7.1 6.5 3.6 -14.4  reg
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Name Survey log(M,) 0wgm,y Neoc  onee My Class
FDS16 LSB44 Fornax Deep 5.1 4.6 2.0 1.3 -10 ELSB
FDS16 LSB45 Fornax Deep 7.4 6.9 14.0 7.0 -13.6 UDG
FDS16 LSB47 Fornax Deep 6.2 5.7 3.3 2.1 -11.3  reg
FDS16 LSB49 Fornax Deep 5.9 5.4 2.5 1.6 -11.5 reg
FDS16 LSB50 Fornax Deep 7.0 6.5 2.1 14 -13.1  reg
FDS16 LSB52 Fornax Deep 6.0 5.5 1.0 0.7 -10.3  reg
FDS16 LSB54 Fornax Deep 5.7 5.2 14 0.9 -11.2  ELSB
FDS16 LSB55 Fornax Deep 6.8 6.3 2.7 1.7 -12.3  reg
FDS16 LSB56 Fornax Deep  11.6 11.1 0.7 0.5 -10.4  reg
FDS16 LSB58 Fornax Deep 8.0 7.5 4.5 2.7 -15.1  UDG
FDS16 LSB59 Fornax Deep 6.3 5.8 1.2 0.8 -10.9  reg
FDS16 LSB60 Fornax Deep 6.6 6.1 3.8 2.0 -11.6 ELSB
FDS16 LSB63 Fornax Deep 6.7 6.2 1.0 0.7 -11.9  reg
FDS16 LSB64 Fornax Deep 6.6 6.1 3.2 2.1 -12.3  reg
FDS16 LSB65 Fornax Deep 7.6 7.1 1.6 1.0 -10.3  reg
FDS16 LSB66 Fornax Deep 6.8 6.3 2.5 1.6 -11 ELSB
FDS16 LSB67 Fornax Deep 5.5 5.0 0.9 0.5 -10.2  reg
FDS16 LSB70 Fornax Deep 6.3 5.8 3.4 2.0 -11.7  reg
FDS16 LSB71 Fornax Deep 6.9 6.4 4.0 2.2 -12.7  reg
FDS16 LSB72 Fornax Deep 6.7 6.2 2.6 1.7 -12 reg
FDS16 LSB74 Fornax Deep 6.9 6.4 1.8 1.2 -12.4  reg
FDS16 LSB75 Fornax Deep 5.8 5.3 4.5 2.5 -10.8  reg
FDS16 LSB77 Fornax Deep 6.6 6.1 1.2 0.8 -12.1  reg
FDS16 LSB78 Fornax Deep 6.1 5.6 1.1 0.7 -10.8  reg
FDS16 LSB79 Fornax Deep 7.1 6.6 1.5 1.0 -12.6  reg
FDS16 LSB83 Fornax Deep 6.7 6.2 3.7 2.3 -12.5  reg
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Name Survey log(M,) 0wgm,y Neoc  onee My Class
FDS16 LSB84 Fornax Deep 6.8 6.3 3.2 2.1 -11.5  reg
FDS16 LSB8&5 Fornax Deep 8.1 7.6 4.3 2.8 -15.7  UDG
FDS16 LSB&7 Fornax Deep 6.7 6.2 2.0 1.3 -12.6  reg
FDS11 LSB2 Fornax Deep 9.0 8.5 21.1 139 -154 UDG
FDS10 LSB27 Fornax Deep 7.8 7.3 3.0 2.0 -14.7  reg
FCC43 Virgo/Fornax 9.5 9.0 31.3 6.6 -18.94 reg
FCC335 Virgo/Fornax 9.1 8.6 9.9 3.6 -17.81 reg
FCC95 Virgo/Fornax 9.4 8.9 9.8 3.9 -17.9  reg
FCC136 Virgo/Fornax 9.3 8.8 16.4 4.6 -17.56  reg
FCC182 Virgo/Fornax 9.4 8.9 375 8.3 -17.71  reg
ES0358-43 Virgo/Fornax 9.3 8.7 120 4.2 -17.55 reg
FCC119 Virgo/Fornax 9.0 8.5 116 4.6 -17.21  reg
FCC26 Virgo/Fornax 8.4 7.9 14.8 4.3 -17.32  reg
FCC90 Virgo/Fornax 9.1 8.6 16.0 4.7 -17.44  reg
FCC106 Virgo/Fornax 9.2 8.6 10.5 4.5 -17.38  reg
FCC19 Virgo/Fornax 8.5 8.0 7.6 3.6 -16.89 reg
ESO358-56 Virgo/Fornax 8.8 8.3 13.1 5.0 -16.92  reg
ESO358-66 Virgo/Fornax 8.8 8.2 129 44 -16.9  reg
FCC100 Virgo/Fornax 8.9 8.4 23.6 5.7 -16.8  reg
ESO358-42 Virgo/Fornax 9.0 8.4 21.6 5.7 -16.97 reg
FCC303 Virgo/Fornax 8.7 8.2 12.8 4.2 -17.34  reg
VCC 355 Virgo/Fornax  10.2 9.6 100.0 31.0  -19.42 reg
VCC 1619 Virgo/Fornax  10.2 9.5 84.0 19.0 -19.36 reg
VCC 1883 Virgo/Fornax 10.2 9.6 83.0 25.0 -19.68 reg
VCC 1242 Virgo/Fornax 10.2 9.5 116.0 24.0  -19.38 reg
VCC 784 Virgo/Fornax  10.2 9.5 50.0 14.0  -19.31 reg
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Name Survey log(M,) 0wgm,y Neoc  onee My Class
VCC 1537 Virgo/Fornax  10.0 9.4 314 7.2 -18.99 reg
VCC 778 Virgo/Fornax  10.3 9.6 74.0 320 -19.56 reg
VCC 1321 Virgo/Fornax 9.8 9.2 31.0 9.0 -18.8  reg
VCC 828 Virgo/Fornax  10.1 9.5 69.5 9.8 -19.15  reg
VCC 1250 Virgo/Fornax 9.6 9.3 201 7.3 -18.98 reg
VCC 1630 Virgo/Fornax  10.1 9.4 470 11.0  -19.07 reg
VCC 1146 Virgo/Fornax 9.9 9.3 72.0 120 -18.93 reg
VCC 1025 Virgo/Fornax 10.3 9.6 141.0 34.0 -19.58 reg
VCC 1303 Virgo/Fornax 10.0 9.4 72.0 180 -18.84 reg
VCC 1913 Virgo/Fornax 10.0 9.4 71.0 140  -18.87 reg
VCC 1327 Virgo/Fornax 10.2 9.4 11.0 120 -19.1 reg
VCC 1125 Virgo/Fornax 9.9 9.5 52.3 8.5 -19.07  reg
VCC 1475 Virgo/Fornax 9.9 9.2 81.0 10.0  -18.56 reg
VCC 1178 Virgo/Fornax 9.9 9.2 25.3 9.2 -18.35 reg
VCC 1283 Virgo/Fornax  10.0 9.3 58.6 9.3 -18.65 reg
VCC 1261 Virgo/Fornax 9.7 9.2 35.1 7.6 -18.42  reg
VCC 698 Virgo/Fornax 10.0 9.4 114.0 12.0 -18.78 reg
VCC 1422 Virgo/Fornax 9.6 9.1 249 6.0 -17.97  reg
VCC 2048 Virgo/Fornax 9.5 9.0 172 54 -17.85 reg
VCC 1871 Virgo/Fornax 9.4 8.8 104 5.0 -17.31  reg
VCC 9 Virgo/Fornax 9.5 8.8 25,7 64 -18.04 reg
VCC 575 Virgo/Fornax 9.7 9.2 18.0 6.1 -18.42 reg
VCC 1910 Virgo/Fornax 9.3 8.9 48.7 84 -17.39  reg
VCC 1049 Virgo/Fornax 8.7 8.6 8.4 4.5 -16.69 reg
VCC 856 Virgo/Fornax 9.3 8.9 434 79 -17.57 reg
VCC 140 Virgo/Fornax 9.4 8.9 21.3 6.1 -17.51  reg
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Name Survey log(M,) 0wgm,y Neoc  onee My Class
VCC 1355 Virgo/Fornax 9.3 8.5 10.8 5.6 -17.51  reg
VCC 1087 Virgo/Fornax 9.5 9.0 66.0 9.5 -17.79  reg
VCC 1861 Virgo/Fornax 9.5 9.0 376 74 -17.6  reg
VCC 543 Virgo/Fornax 9.3 8.8 18.1 5.5 -17.41  reg
VCC 1431 Virgo/Fornax 9.3 8.9 60.6 9.3 -17.39  reg
VCC 1528 Virgo/Fornax 9.2 8.7 407 7.6 -17.16  reg
VCC 1695 Virgo/Fornax 9.2 8.9 144 5.7 -17.49  reg
VCC 1833 Virgo/Fornax 8.9 8.7 181 5.5 -17.13  reg
VCC 437 Virgo/Fornax 9.4 9.1 421 7.9 -17.82  reg
VCC 2019 Virgo/Fornax 9.0 8.9 239 6.1 -17.36  reg
VCC 200 Virgo/Fornax 9.1 8.7 155 5.8 -17.12  reg
VCC 571 Virgo/Fornax 9.0 8.8 109 5.6 -17.32  reg
VCC 21 Virgo/Fornax 8.7 8.6 20.7 6.5 -16.83 reg
VCC 1488 Virgo/Fornax 8.6 8.6 7.3 4.2 -16.78  reg
VCC 1895 Virgo/Fornax 8.9 8.6 6.3 4.3 -16.6  reg
VCC 1499 Virgo/Fornax 8.1 8.3 19.0 6.6 -16.53 reg
VCC 1545 Virgo/Fornax 9.1 8.6 54.2 8.8 -16.91 reg
VCC 1857 Virgo/Fornax 8.9 8.1 10.8 5.9 -16.64 reg
VCC 1075 Virgo/Fornax 9.0 8.7 16.5 5.2 -16.78 reg
VCC 1440 Virgo/Fornax 9.1 8.6 26.7 6.8 -16.86 reg
VCC 230 Virgo/Fornax 8.8 8.5 28.7 6.7 -16.21  reg
VCC 2050 Virgo/Fornax 8.5 8.4 9.2 4.3 -16.36  reg
VCC 751 Virgo/Fornax 9.1 8.7 9.2 4.3 -16.97 reg
VCC 1828 Virgo/Fornax 9.1 8.7 204 5.8 -16.78  reg
VCC 1407 Virgo/Fornax 9.1 8.6 49.7 8.6 -16.72  reg
VCC 1886 Virgo/Fornax 8.7 8.0 3.9 2.6 -16.25 reg
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VCC 1743 Virgo/Fornax 8.6 8.5 9.8 6.4 -16.33  reg
VCC 1539 Virgo/Fornax 8.7 8.0 31.0 7.0 -16.05 reg
VCC 1185 Virgo/Fornax 8.9 8.7 14.0 5.7 -16.77  reg
VCC 1826 Virgo/Fornax 8.8 8.3 4.5 3.9 -16.03  reg
VCC 1512 Virgo/Fornax 8.8 8.1 4.7 3.8 -16.25  reg
VCC 1489 Virgo/Fornax 8.5 7.8 11.7 4.8 -15.61 reg
VCC 1661 Virgo/Fornax 8.6 7.9 102 4.7 -15.81 reg
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