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ABSTRACT OF THE DISSERTATION

Illuminating the Dark: Globular Clusters as Probes of the Dark Matter Content of Dwarf
Galaxies

by
Jessica E. Doppel

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, June 2023
Dr. Laura V. Sales, Chairperson

We have developed a post-processing tagging technique to model globular clusters
(GCs) in cosmological hydrodynamical simulations. We have applied our method to the
Tlustris and TNG50 simulations to study several aspects of GCs in galaxy groups and
clusters, regimes where no other theoretical technique is available to link galaxies, halos
and GCs. We find that GCs are good tracers of dark matter—both in terms of their radial
distribution and shape to trace the host halos in groups and clusters, but also through their
kinematics to constrain the dynamical mass of dwarf galaxies. We have used our catalogs
to establish one-to-one comparison to observational determinations of dark matter mass
in dwarfs, finding that while systems with more than 10 GC may recover the right dark
matter mass content via Jeans modeling and other derived mass estimators, for dwarfs with
less than 10 GCs, assumptions in the prior and different methods to estimate the velocity
dispersion may heavily bias the ability to infer dark matter mass from kinematics. We find
that dwarf galaxies are consistent with populating an extrapolation of a single power-law

relation between GC mass and halo mass observed for more massive systems, at least all the
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way down to dwarfs comparable to dwarf spheroidals in the Local Group (M, = 5x10°M).
Lastly, we explore the GC systems of the set of morphologically defined ultra-diffuse galaxies
(UDGs) within the TNG50 simulation. Observationally, the kinematics of the GC systems
of UDGs show a large diversity, with systems ranging from apparent “failed galaxies” living
in overly-massive dark matter halos to the opposite extreme, where UDGs are seemingly
dark-matter free. We use our GC catalog to demonstrate that much of this diversity,
in particular towards low GC numbers, might arise as a combination of a low number of
dynamical tracers coupled to ongoing tidal disruption—in agreement with evidence of stellar
streams in some of the UDGs with low velocity dispersion—as well as contamination from

GCs in the intracluster medium.
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Chapter 1

Introduction

Thus far, all efforts to directly detect dark matter (DM) have proven unsuccessful.
Through indirect detection, namely through various luminous tracers, we can infer that
DM dominates the matter content of the Universe. For example, through measurements
of galactic rotation curves (see e.g., Rubin et al. 1978), we find that galaxies reside at
the dense, often cuspy, centers of extended DM halos. The DM halos themselves grow
from smaller halos combining into larger ones, as can be observed in instances of galaxy
mergers. Coupled with observations of the cosmic microwave background (CMB) that show
the universe is expanding, these observations serve as confirmation for several predictions of
the ACDM framework (see White and Rees 1978; White and Frenk 1991) for dark matter,

that:

1. DM is composed of cold, collisionless particles that collapse into halos with a cuspy

structure

2. structure grows hierarchically, meaning that smaller halos merge into larger objects.



Thus, ACDM is one of the most successful models to describe DM on the cosmological scale.

ACDM is not, however, without its uncertainties and challenges. Historically,
ACDM has suffered discrepancies with observations, particularly of small scale structure.
For example, DM only simulations of the universe predicted many more DM substructure
than there were observed luminous satellites: the missing satellite problem (Klypin et al.
1999). This particular tension has since been resolved by both the inclusion of baryonic
physics in simulations and with more complete and deeper surveys that can detect fainter
satellites (see e.g. Sales et al. 2022, and references therein). Of additional concern at the
scale of dwarf galaxies is the too big to fail problem (Boylan-Kolchin et al. 2011), wherein
DM only simulations predicted too many dark subhalos that should have hosted a luminous
component. While this problem is similarly alleviated by the inclusion of baryons in simu-
lations of the local group, it is currently unclear whether this solves the problem in other
environments (Sales et al. 2022). Other uncertainties at dwarf scales include the core-cusp
problem (where many dwarf galaxies are observed to reside in cored rather than cuspy DM
halos, see Flores and Primack 1994; Moore 1994), and the diversity of dwarf galaxy rota-
tion curves (Santos-Santos et al. 2020). While many of these additional tensions between
simulation and observation are eased by the inclusion of baryonic physics in high-resolution
simulations, other proposed solutions include invoking more exotic models of DM, such as
warm dark matter (WDM) (e.g., Ludlow et al. 2016) and self-interacting DM (SIDM) (see
Vogelsberger et al. 2014c) models. These uncertainties thus present dwarf galaxies as key
laboratories to test dark matter models or, perhaps, to provide further confirmation for

ACDM .



The kinematics of luminous tracers is a particularly strong indicator of the pres-
ence of DM—DM interacts with baryonic matter via gravity, so the way things move can
reveal the presence of mass that is otherwise unseen. For example, using the kinematics of
different populations of stars to calculate dynamical mass within their half-light radii, one
can construct the DM distribution for a given galaxy (Walker and Penarrubia 2011). There
are, of course, limitations to which sort of tracers can be used to infer DM content. While
the velocities of individual stars can be observed for relatively nearby galaxies (Walker et al.
2007; Simon and Geha 2007; Strigari et al. 2008; Kirby et al. 2014, among others), such
observations become extremely difficult for more distant objects. The kinematics of gas
associated to galaxies or galaxy clusters has also been used as a tracer of DM (Alabi et al.
2016, 2017; Longobardi et al. 2018), but for galaxies that are devoid of gas, this method
cannot be applied. Given their ability to be observed over large distances, globular cluster
(GC) kinematics can also be used to estimate DM content (e.g., Alabi et al. 2016; Toloba
et al. 2016; Alabi et al. 2017; Toloba et al. 2018; van Dokkum et al. 2018b).

Globular clusters (GCs) are particularly powerful tracers of the underlying dark
matter distribution of the Universe. They are ubiquitious—observed to be associated to
galaxies on scales from dwarf galaxies (e.g., Simon et al. 2021; Toloba et al. 2016; Sanchez-
Janssen et al. 2019) to the environments of nearby massive galaxy clusters such as Virgo
and Coma (Lee et al. 2010; Peng et al. 2011). GCs have also recently been mapped in galaxy
clusters at intermediate redshifts by JWST observations in SMACS J0723.3-7327, at z ~ 0.4
(Lee et al. 2022). Their relative brightness, compared to diffuse stars in their host galaxies,

make them ideal (and sometimes, the only) targets for photometric or spectroscopic studies



that infer properties of otherwise untraceable dark matter. For instance, studies of dozens
of galaxies have shown a scaling relation between the GCs mass and their host galaxy’s dark
matter (DM) halos (e.g., Peng et al. 2008; Harris et al. 2015), while their velocity dispersion
may be used for recovering the dynamical mass of their host galaxies (Doppel et al. 2021).
Additionally, observations of the formation of extreme stellar clusters in galaxy mergers
suggests a potential connection between GCs and galaxy formation (Portegies Zwart et al.
2010).

The rich environments of galaxy groups and clusters host a diverse set of galaxies—
spanning from dwarfs to massive ellipticals—making them the targets of many observational
surveys. It is in these dense environments where most GCs are found, not only associated
to the individual galaxies within the environment as well as associated to the intracluster
medium (Lee et al. 2010; Peng et al. 2011; Alamo-Martinez and Blakeslee 2017; Madrid
et al. 2018; Lee et al. 2022). We find a wealth of observations of the GC systems of dwarf
galaxies in these systems (e.g., Peng et al. 2006; Jordan et al. 2007; Peng et al. 2008; Toloba
et al. 2016; Forbes et al. 2018; Prole et al. 2019; Lim et al. 2020; Carlsten et al. 2022,
among others), which allows us to probe their DM content with their GC systems. A
large amount of scatter is found in the properties of the GC systems—in their GC number,
specific frequency, velocity dispersion, and, to a lesser extent, their luminosity function—of
dwarf galaxies. This diversity implies a wide range of inferred DM content. For ultra-
diffuse galaxies (UDGs) (van Dokkum et al. 2015a,b), a subset of dwarf-mass galaxies whose
extended stellar components create their very low surface brightness appearance, this range

is even more pronounced, with GC numbers and kinematics suggesting DM halos ranging



from being on par with that of the Milky Way (Beasley et al. 2016; Peng and Lim 2016,
Toloba et al., in prep) to having little to no DM at all (van Dokkum et al. 2018b, 2019a;
Danieli et al. 2019).

The abundant observations of GCs that reside in galaxy groups and clusters pro-
vides an opportunity to characterize the properties of GC systems across a large number of
dwarf galaxies. To do this, we need to turn to theoretical and numerical models to under-
stand the processes that shape the GC systems of galaxies across a range of environments.
However, even with the plethora of observational information of GCs available, their for-
mation and existence in dense environments has proven particularly difficult to study from
this standpoint.

The difficulty in studying GCs arises primarily from the large dynamical range
of scales necessary to resolve their formation in conjunction with their host galaxies and
environments. While simulations of individual, isolated star clusters can resolve the forma-
tion and internal dynamics of stellar clusters and proto-GCs themselves (see e.g., Grudi¢
et al. 2021), this method does intrinsically separate them from events in their host galaxies
themselves. At the scales of simulations of individual galaxies, resolving individual stars
becomes extremely computationally expensive, but it does allow us to study the potential
formation sites of stellar clusters (e.g., Kim et al. 2017; Ma et al. 2020; Sameie et al. 2022;
Li et al. 2022), though any stellar clump that is created quickly gets destroyed by numerical
effects. At the scale of galaxy groups and clusters where most GCs are observed to reside,
it is computationally cost prohibitive to resolve the scales of GC formation in conjunction

to their galaxies, much less the host galaxy group or cluster itself. However, to circum-



vent this limitation, we have developed a post-processing particle tagging technique that
allows us to add GCs to simulations of large cosmological volumes (see Ramos et al. 2015;
Ramos-Almendares et al. 2018, 2020; Doppel et al. 2023).

In this dissertation, we explore the predictions of our post-processing GC tagging
model and how those predictions connect to both galaxy formation and dark matter. In
Chapter 2, we discuss the systematics of using GCs as tracers of dynamical mass for dwarf
galaxies in simulated galaxy clusters on par with Virgo, in particular, how different statis-
tical methods of obtaining their velocity dispersion can affect inferences made about the
amount of DM presence, and possible processes for the formation of galaxies with unusually
low GC velocity dispersions. In Chapter 3, we present an improved GC particle tagging
method applied to the state of the are IllustrisTNG50 simulation. Here, we explore the GC
content of galaxies across a wide range of environments, from simulated groups on par with
the mass of Centaurus A to that of the Virgo cluster. We test whether the Mgoc — Mpaio
relation described in Harris et al. (2015) can be extended into the dwarf galaxy regime, and
the resultant predictions for GC numbers in the intracluster medium, in dwarf galaxies, and
for the GC occupation fraction. In Chapter 4, we focus on the GCs of ultradiffuse galaxies,
exploring their abundance and the effects of contaminating GCs in the inference of their

dark matter mass. Finally in Chapter 5, we provide a summary of the main results.



Chapter 2

Paper I: Globular clusters as

tracers of the dark matter content

of dwarfs in galaxy clusters!

2.1 Abstract

Globular clusters (GCs) are often used to estimate the dark matter content of
galaxies, especially dwarfs, where other kinematic tracers are lacking. These estimates
typically assume spherical symmetry and dynamical equilibrium, assumptions that may

not hold for the sparse GC population of dwarfs in galaxy clusters. We use a catalog of

!This chapter contains a draft of an article that has been accepted for publication in April 2021 by Oxford
University Press in the Monthly Notices of the Royal Astronomical Society written Jessica E. Doppel, Laura
V. Sales, Julio F. Navarro, Mario G. Abadi, Eric W. Peng, Elisa Toloba and Felipe Ramos-Almendares



GCs tagged onto the Illustris simulation to study the accuracy of GC-based mass estimates.
We focus on galaxies in the stellar mass range 102 — 1011 M, identified in 9 simulated
Virgo-like clusters. Our results indicate that mass estimates are, on average, quite accurate
in systems with GC numbers Ngc > 10 and where the uncertainty of individual GC line-
of-sight velocities is smaller than the inferred velocity dispersion, ogc. In cases where
Ngc < 10, however, biases may result depending on how ogc is computed. We provide
calibrations that may help alleviate these biases in methods widely used in the literature.
As an application, we find a number of dwarfs with M, ~ 1055 My (comparable to the
ultradiffuse galaxy DF2, notable for the low ogc of its 10 GCs) with ogc ~ 7 - 15 kms ™1,
These DF2 analogs correspond to relatively massive systems at their infall time (Moo ~ 1 -
3 x 10!t M) which have retained only 3-17 GCs and have been stripped of more than 95%
of their dark matter. Our results suggest that extreme tidal mass loss in otherwise normal

dwarf galaxies may be a possible formation channel for ultradiffuse objects like DF2.

2.2 Introduction

Pioneering models of galaxy formation established that dwarf galaxies must have
been ineflicient at forming stars in order to reconcile the observed abundance of faint galaxies
with the number of dark matter halos predicted in hierarchical formation models like the
Cold Dark Matter scenario (CDM, White and Rees 1978; White and Frenk 1991). These
ideas were confirmed by studies of rotation curves in late-type dwarf irregulars (Carignan
and Freeman 1988; Broeils 1992; Coté et al. 2000; Swaters et al. 2009), and of the stellar

kinematics of stars in dwarf spheroidals of the Milky Way and Local Group (Walker et al.



2007; Simon and Geha 2007; Strigari et al. 2008; Kirby et al. 2014), which demonstrated
that dwarf galaxies are indeed heavily dark matter dominated.

The precise distribution of the dark matter compared to the luminous mass in these
systems is less well known. Although dark-matter-only simulations suggest a universal mass
profile (Navarro et al. 1996b), observations reveal instead a rich diversity of mass profiles
in the inner few kiloparsecs of gas rich dwarfs (Oman et al. 2015). This diversity problem
has elicited a number of proposals, which can be grouped into three main categories: (i)
baryonic and feedback processes that may alter the dark mass profile (Navarro et al. 1996a;
Pontzen and Governato 2012; Read et al. 2016a); (ii) uncertainties in the interpretation of
rotation curves due to non-circular motions and/or triaxiality (Hayashi and Navarro 2006;
Pineda et al. 2017; Read et al. 2016b; Oman et al. 2019); and (iii) more radical changes to
the nature of dark matter, such as light axions (Marsh and Pop 2015), or the inclusion of
a non-negligible self-interaction cross section (Spergel and Steinhardt 2000; Firmani et al.
2000; Creasey et al. 2017; Santos-Santos et al. 2020). Additionally, some baryon-only dwarfs
could be the result of more exotic processes, such as energetic AGN outflows generating gas
shells that fragment into individual dwarf-like mass objects (e.g. Natarajan et al. (1998)).

Early-type (i.e., spheroidal) dwarfs may provide important and independent con-
straints on these ideas. Common in high-density environments, such as groups and clus-
ters, or simply as satellites of MW-like hosts, early type dwarfs are gas-poor, dispersion-
dominated systems whose dark matter content may shed light on our understanding of dark

matter and its interplay with baryons during galaxy assembly.



The lack of gas means that studies of early-type dwarfs require a different dynam-
ical tracer. The relative brightness and extended spatial distributions of globular clusters
(GCs) make them competitive kinematic tracers of galaxy mass. Indeed, in elliptical galax-
ies, GC studies have enabled constraints on enclosed mass and dark matter fractions with
accuracy comparable to studies of HI rotation curves in spirals (Alabi et al. 2016, 2017;
Longobardi et al. 2018).

Extending these studies to dwarf galaxies is challenging because the number of
bright GCs in dwarfs is substantially smaller than in massive systems. For example, several
hundred GCs have been used to map the mass distribution around bright galaxies like M87
in Virgo (Zhu et al. 2014; Li et al. 2020) and several dozens for luminous ellipticals in the
SLUGGS survey (Forbes et al. 2017). For comparison, in dwarfs with M, < 10Mg, this
quickly reduces to fewer than ~ 20 GCs per galaxy.

Despite this, GC studies have already yielded important constraints on the dark
matter content of dwarf ellipticals (dE) in the Virgo cluster (Toloba et al. 2016) and, more
recently, on “ultra-diffuse” galaxies (UDGs, van Dokkum et al. 2016), where kinematic mea-
surements of the unresolved stellar population are hindered by their low surface brightness
(Beasley et al. 2016; Toloba et al. 2018; van Dokkum et al. 2018a)

As in late-type dwarfs, GC studies of early-type dwarfs also suggest a wide range
of dark matter content, with important consequences for the formation paths of UDGs and,
potentially, for the nature of dark matter. Of particular interest is the discovery of at least
one UDG dwarf, NGC 1052-DF2 (hereafter “DF2”, for short) , where the extremely low

value of the velocity dispersion of the GC (van Dokkum et al. 2018a; Wasserman et al.

10



2018) and stellar (Danieli et al. 2019) populations hint at little to no dark matter content
for this dwarf with estimated stellar mass M, ~ 3 x 10%M. Although the exact value of
the velocity dispersion of GCs (as well as the distances to galaxy (Trujillo et al. 2019) is still
being debated (ogc ~ 5-10 km/s) and may depend on model assumptions (van Dokkum
et al. 2018a; Martin et al. 2018; Laporte et al. 2019), it is at least a factor of ~ 3 smaller
than that measured for the similar UDG system DF44, which has comparable stellar mass
(0« ~ 35 km/s, van Dokkum et al. 2019b), which is broadly consistent with GC velocity
dispersions of other dEs of similar stellar mass in the Virgo cluster Toloba et al. (2016).

Another puzzling dwarf also associated to NGC 1052 is DF4, a UDG where the
measured GC velocity dispersion o, ~ 4.2 km/s leaves little room for dark matter (van
Dokkum et al. 2019a), though the distance to this system, as with that of DF2, is still under
discussion (Monelli and Trujillo 2019). The existence of dwarfs with similar stellar mass
but such a wide range of morphology and dark matter content presents a clear challenge to
current galaxy formation models.

Several scenarios have been proposed to form UDGs, including (i) feedback effects
combined with environmental gas removal (Chan et al. 2018; Di Cintio et al. 2017; Jiang
et al. 2019; Tremmel et al. 2020); (ii) unusually large dark matter halos or failed MW-like
galaxies (van Dokkum et al. 2015a); (iii) dwarf halos with large spin (Amorisco and Loeb
2016; Mancera Pina et al. 2020); (iv) puffed up stellar systems due to the removal of gas
to ram-pressure stripping (Safarzadeh and Scannapieco 2017); (v) tidal stripping of cored

dark matter halos (Carleton et al. 2019); or (vi) a mixed population made of both: born

11



low-surface brightness dwarfs and tidal remnants of cuspy halos from more massive tidally
stripped galaxies (Sales et al. 2020).

Encouragingly, the observational evidence seems to support a variety of formation
paths for UDGs. For instance, the number of associated GCs varies widely, from ~ 30 in
DF17 (Peng and Lim 2016) to some UDGs in Coma with no associated GCs at all (Beasley
and Trujillo 2016; Lim et al. 2018). A systematic study of UDGs and their GCs in the
Virgo cluster also confirms the trends found in Coma (Lim et al. 2020). More detailed,
kinematical studies of 3 UDGs in Virgo have also revealed wide variations in enclosed dark
matter mass, including one object, VLSB-D, with clear signatures of ongoing tidal disruption
(Toloba et al. 2018). Intriguingly, of the 3 UDGs studied, VLSB-D has the largest stellar
mass (M, ~ 7.9 x 108Mg) but also the lowest GC velocity dispersion, o = 1678 km/s.

It is tempting then to consider the following hypothesis: could the low velocity
dispersion measured for some UDGs (DF2, DF4, VLSB-D) be explained as a result of tidal
effects in cluster or group environments? Or, in other words, can simulations reproduce
a GC velocity dispersion as low as ogc ~ 10 km/s (or lower) in a galaxy with stellar
mass as high as M, ~ 3 x 10® M, ? Analytical arguments, combined with the cosmological
hydrodynamical simulations presented in Sales et al. (2020), seem to suggest that this is
indeed possible, but more detailed work is needed to fully validate this possibility.

We study these issues here using a catalog of GCs tagged onto the Illustris sim-
ulation (Ramos-Almendares et al. 2020). The simulation follows the dynamical evolution
of dwarfs in clusters, providing an ideal tool to quantify the effects of tidal disruption, de-

partures from equilibrium, and scarcity of tracers. We further use the simulations to look

12



into the tidal disruption formation scenario for objects like DF2. Our paper is organized
as follows. The GC model and galaxy selection criteria are described in Sec. 2.3 and 2.4.
We evaluate the accuracy of mass estimators in Sec. 2.5, with special emphasis on differ-
ent methods to measure velocity dispersion, the number of targets, and the effects of tidal
disruption. In Sec. 2.6 we use our simulated galaxies and GCs to look for DF2 analogs. We

conclude and summarize our main results in Sec. 2.7.

2.3 Methods

We use the highest resolution run of the Illustris cosmological, hydrodynamical
simulation (Illustris-1) (Vogelsberger et al. 2014a,b; Genel et al. 2014; Sijacki et al. 2015).
The simulation has a box size of 106.5 Mpc on a side and assumes cosmological parameters
consistent with the WMAPY (Hinshaw et al. 2013) results. At the resolution used here,
the mass per particle is 1.3 x 10° Mg and 6.26 x 10° Mg, for the baryonic and dark matter
components respectively, with a maximum gravitational softening length of 710 pc.

The galaxy formation model used by Ilustris includes stellar evolution and super-
nova feedback, black hole growth and mergers, AGN feedback, as well primordial and metal
line cooling, among others. The simulation matches a number of observables well, including
the Tully-Fisher relation (Torrey et al. 2014; Vogelsberger et al. 2014b), the cosmic star for-
mation density (Genel et al. 2014), the galaxy mass and luminosity functions (Vogelsberger
et al. 2014b), and the wide range of colors and morphologies of the present-day galaxy

population (Sales et al. 2015; Snyder et al. 2015; Rodriguez-Gomez et al. 2017).
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2.3.1 Galaxy sample

Our galaxy sample consists of members of the 9 most massive clusters, with masses
comparable to the Virgo cluster (Magg > 8 x 10'®M,), in Illustris-1. Throughout this paper,
we shall define virial quantities as measured at the radius containing 200 times the critical
density of the universe. Halos and subhalos are identified using a combination of a friends-
of-friends algorithm (FoF, Davis et al. 1985) and SUBFIND (Springel et al. 2001; Dolag
et al. 2009). We use the SUBLINK merger trees (Rodriguez-Gomez et al. 2015) to trace the
assembly of these clusters back in time. We follow the infall and posterior evolution of
satellite galaxies identified in these 9 host clusters at z = 0, focusing on those in the stellar
mass range 108 < M, < 6 x 10111\/[@. The minimum stellar mass cut implies a minimum
of ~ 60 stellar particles in our objects, which we consider to be sufficiently resolved for
the purpose of this analysis. Additionally, we require a minimum stellar mass at infall
M, > 5 x 103Mgwhich guarantees on average more than 16,000 particles including dark
matter, gas, and stars at infall. Our simulated galaxy catalog contains a total of 3777
satellite galaxies, and it records the infall time of each galaxy as the last time, before

accretion, that it was the central galaxy of its own FoF halo.

2.3.2 Adding GCs to Illustris

Illustris follows the global star formation properties of galaxies but does not have
the resolution to form or follow GCs. In our study, GCs are added to the simulation in post
processing by tagging selected dark matter particles in galaxy halos to match, on average,

the known properties of the GC population and its dependence on halo mass. The method
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Figure 2.1: Left: XY projections of the stellar component (color scale in the background),
GC candidates (pinkish points), and realistic GCs (green points), for a dwarf galaxy (top)
and a Milky Way mass galaxy (bottom) belonging to the largest simulated galaxy cluster
in Illustris. Pink and cyan circles indicate the 3D half mass radius of GC candidates and
stars, respectively. Middle: normalized cumulative mass profiles for the dark matter (black
curve), stars (blue curve) and GC candidates (pink curve) associated to these galaxies.
The mass profile of the GC candidates has been multiplied by a factor of x1000, and the
stellar profile has been normalized by a factor of x10. Masses as quoted in the legend. Half
mass radius of stars and GCs are highlighted with vertical dashed lines. Right: line-of-sight
velocity distributions for the GC candidates of these two galaxies (pink shade) along with
the best fitting Gaussian in the same color. For comparison, we overplot the best-fitting
Gaussians for the velocity distribution of the stars (cyan) and the dark matter in black.
Note the similarities of their shapes and dispersion, values quoted for the latter for each
galaxy.
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was introduced in Ramos-Almendares et al. (2020), where details may be found. We include
a brief description here for completeness.

The tagging process takes place, for each galaxy, at its cluster infall time. At
that time, the procedure first identifies dark matter particles satisfying a prescribed density
distribution; in particular, a Hernquist (1990) profile with scale radius, apq = arnrw,
where rnpw is the scale radius of the halo’s best-fitting NF'W profile (Navarro et al. 1996b),
and « is a parameter that controls the spatial extent of the GC population. We use here
two values of @ = 0.5 and 3 in order to select candidate tracers of the red and blue GC
populations respectively. (Our analysis below, however, does not distinguish between these
two populations.) Note that this method by construction selects all particles that are
consistent with the energy distribution of GCs, which, in general, is a larger set of particles
than the typical number of GCs associated to a galaxy. We therefore must subsample the
set of candidate GCs to obtain a realistic population of GCs. This subsampling is done
randomly and assumes that the mass of each GC is 10°M,.

For these GC candidates, we assume that the total stellar mass of the GC popu-
lation, Mac, scales with halo virial mass in a manner consistent with the results of Harris
et al. (2015). Note that this relation holds at z = 0 while our procedure is applied at infall;
thus, some adjustments are necessary, as some GCs may be lost to the cluster due to tidal

effects. As shown by Ramos-Almendares et al. (2020), a simple relation at infall of the form

with a =2.0x 1077, 3.5x10™% and b = 1.15, 0.9 for red and blue GCs respectively, matches

the Harris et al. (2015) relation well at z = 0. These tagged particles are then used to trace
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the GC population of cluster galaxies after infall, as well as intracluster GC populations,
which is made of all GCs stripped from galaxies after infall. At z = 0, the remaining
candidates are subsampled assuming a fixed mass of mgc = 10°Mg per GC to determine
a realistic number of GCs.

A specific caveat of this procedure is that we tag and follow only the population
of surviving GCs and we do not account —by design— for the internal evolution of stellar
clusters. Instead, our catalog can be used to study the dynamical process that GCs are
subjected to within galaxy clusters after each galaxy, with their corresponding GC system,
has been accreted into the cluster host.

The GC catalog created following this procedure has been shown to reproduce,
without further adjustment, some key observational properties, including the large scatter
in the specific frequency Sy for dwarf galaxies and the formation of an extended and diffuse
population of “intracluster” GCs (Ramos-Almendares et al. 2020). In this paper we focus
on the GC population around each surviving galaxy in the cluster at z = 0 in order to check

to the accuracy of GC-based estimates of the total dynamical masses of cluster galaxies.

2.4 GCs of simulated cluster galaxies

We show in Fig. 2.1 two examples of our simulated galaxies and their GC system.
The top and bottom rows correspond to, respectively, a dwarf (M, = 1.5 x 10°My) and
a luminous galaxy (M, ~ 10''Mg). The left column shows a stellar map projection on

which, to illustrate the tagging procedure, we superimpose the full population of tagged
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Figure 2.2: Realistic number of GCs, Ngc, versus the stellar mass of the host galaxy, M.,
colored by the bound dark matter fraction (see section 2.4). Our GC model is calibrated to
reproduce on average the Mac - Mpalo relation from Harris et al. (2015) (cyan dashed line).
Note that tidal stripping partially introduces a significant scatter from galaxy to galaxy,
specially on the low mass end. The number of GCs for the lowest mass dwarfs in roughly
consistent with observations in Prole et al. (2019) and Forbes et al. (2018) that were not
part of the model calibration.
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Figure 2.3: An illustration of the impact of using different definitions for the line-of-sight
velocity dispersion 05 of GCs in two simulated dwarfs (the left panel corresponds to the
dwarf in the top panel of Fig. 2.1). Each panel shows the probability distribution function
(PDF) of 10° random realizations of o1, estimates using subsamplings of 10 GCs out of
~ 400 (left) and ~ 270 (right) GC candidate particles for the example dwarfs. We adopt two
commonly used definitions, simple r.m.s (filled magenta) and biweight (open orange). These
methods can predict slightly differently shaped PDFs,; as well as different median values of
line-of-sight velocity dispersion as quoted (uncertainties correspond to 25%-75% quartiles
of the o distributions). The r.m.s and biweight velocity dispersion of the underlying parent
sample of ~ 400 and ~ 270 candidate GCs are shown with squared symbols (90% confidence
interval is also shown as error bars). Although most of the o estimates for each 10 GC draws
would reasonably agree between r.m.s and biweight, for some realizations biweight estimates
may underestimate the velocity dispersion compared to its r.m.s definition.

“candidate GCs” (pink points) as well as, in green, the actual particles selected as GCs
in this case. The middle column shows the cumulative mass distribution with radius of
the stellar component (cyan), dark matter (black) and GC candidates (pink). The GC
spatial distribution is similar to that of the stars in the dwarf galaxy, but is significantly
more extended than the stellar component of the more massive galaxy, in good agreement
with well-established observational trends (e.g., Georgiev et al. 2010; Forbes 2017; Hudson

and Robison 2018; Prole et al. 2019). The line-of-sight velocity distributions of these 3
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Figure 2.4: Velocity dispersion and confidence intervals calculated using different methods:
r.m.s (magenta), biweight (orange), MCMC with flat prior (purple) and MCMC with Jef-
freys prior (teal). We show in each panel one particular realizations of 10 GCs for the dwarfs
in Fig. 2.3. For most possible drawings, the estimates of o with different methods agree well
and identify the true underlying (r.m.s) velocity dispersion of the whole ~ 400 (left) and
~ 270 (right) GC candidate sample (U?{lllv[s square symbol). In some cases as highlighted on
the right, biweight may result on a slightly underestimated velocity dispersion compared to

the other methods.
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components are shown in the right column and show that the GC velocity dispersion is
comparable to that measured for the stars and the dark matter within three times the half-
mass radius of the stars (r ~ 3ry, ,). Best-fit Gaussian distributions to each component are
also included for comparison.

In order to minimize the number of potential interlopers (i.e., intracluster GCs, or
GCs belonging to nearby galaxies) we associate GCs with each individual galaxy using a
(3D) distance cut, i.e., 7 < 3rp, 4, and a velocity cut, which applies a 3-o clipping criterion
for membership in the line-of-sight velocities (projected in a random direction). This last
step is effective at removing most (although not all) contamination from intracluster GCs
and other chance alignments. We have explicitly checked that none of the results presented
in this paper change qualitatively if the radial cutoff is varied in the range 2-57, .. GCs
satisfying the criteria of distance and velocity are then considered associated to each galaxy
and used for dynamical mass estimation.

Fig. 2.2 shows that our tagging procedure yields realistic numbers of GCs as a
function of their stellar mass. Although by construction the model reproduces the main
trend with M, reported by Harris et al. (2015, dashed cyan line) after assuming the M,-
Moo relation in Hudson et al. (2015), it is interesting to see the substantial scatter at
fixed M, which results despite the fact that the relation adopted between GC mass and
halo mass (Eq. 2.1) is assumed to be scatter-free. Moreover, the scatter in number of GCs,
Ngc, increases towards low-mass galaxies, in good agreement with observations (Peng et al.
2008; Prole et al. 2019; Forbes et al. 2018). For instance, a M, ~ 10°Mg cluster dwarf

may show 5-20 GCs, or even none (symbols artificially shifted to Ngc = 0.5). Within
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the simulation, this scatter results almost exclusively by the effects of tidal stripping in
the cluster environment. Indeed, symbols in Fig. 2.2 are color coded by the DM bound
fraction, the ratio of dark matter mass that the SUBFIND catalogs records for a galaxy at
z = 0 to that at its infall time. As discussed in Ramos-Almendares et al. (2020), tidal
stripping effects seem to be critical to explain the origin of the scatter in this relation and
of its dependence on mass.

Note that we only tag at infall galaxies with M, (t = ti,) > 5 x 103M, mean-
ing that all simulated systems in our sample with a present day stellar mass M, < 5 X
108Mgresult from tidal stripping that has affected its stellar component. This can be seen
in the low remaining dark matter bound fraction of most galaxies in that mass range in
Fig. 2.2. In other words, for M, = 1-5 x 10®Mg range at present day, our sample only
includes the tidally stripped objects—those that satisfied at infall the tagging criteria with
M, > 5 x10®Mg. Simulated dwarfs in this mass range at z = 0 that have never been above
the mass threshold for GC tagging are not included in our sample, a topic we return to in

Sec. 2.6.

2.5 Dynamical mass estimators

Under the hypothesis of spherical symmetry and dynamical equilibrium, the mass
enclosed by a collisionless population of tracers within their half-mass radius may be written

as:

M(< 11/9) & 3G o gr1 2 (2.2)
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where 014 is the line of sight velocity dispersion of the tracers; 71 /5 is the 3D (de-projected)
half-mass radius of the tracers; and M (< 11/5) is the total enclosed mass within 1,5 (G
is Newton’s gravitational constant). This mass estimator has been shown to be relatively
insensitive to the anisotropy parameter of the orbits (commonly referred to as ) and to
projection effects (see; e.g., Wolf et al. 2010). Similar formulae have been presented by
other groups, but the main variation is in the value of the proportionality constant or in the
definition of the radius that the derived enclosed mass applies to. For simplicity, we focus
on the reminder of this paper in the Wolf et al. (2010) estimator, but we have explicitly
checked that similar conclusions apply when using different models, such as those presented
by Walker and Penarrubia (2011) or Errani et al. (2018). It should be noted that mass
estimated derived from the Jeans Equation are sensitive to the assumed underlying mass
distribution (Hayashi and Inoue 2018).

We may use our tagged catalog of GCs to assess how well Eq. 2.2 recovers the
dynamical mass of simulated cluster galaxies in Illustris. One challenge in this case is
estimating oy,s, which is well defined when several dozen GCs are present, but is less robust
for the small number of tracers available in the regime of dwarf galaxies (see Fig. 2.2). In
what follows, we will drop the “line of sight” from the subscript, but we will still refer to

the 1D velocity dispersion projected along a random direction, as measured in observations.

2.5.1 Velocity dispersion estimates

Several methods are widely used to compute o. Here, we consider the following

three: (i) the r.m.s of tracer velocities, oy (see; e.g., Prada et al. 2003); (ii) the biweight
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Figure 2.5: Comparison between the true (x-axis) and estimated (y-axis) dynamical mass
measured for simulated galaxies at half-number radius of GCs using Wolf et al. (2010).
Symbols are colored by the log of the number of globular clusters, Ngc associated to the
host galaxy (color bar). The one-to-one line is shown in black, and the running median of
the estimated dynamical mass M/, at fixed My is shown in green symbols with 25%-
75% quartiles indicated by the green shading. From top to bottom panels correspond to our
three o105 definitions: rms, biweight and MCMC (flat and Jeffreys priors). On average, all
methods to quantify velocity dispersion perform very well to estimate mass on a sufficiently
large sample of galaxies. However, the scatter increases for galaxies with a low number
of GCs (darker symbols) which might result on significant deviation for individual objects.
These deviations from the one-to-one line are systematic depending on the definition of oy,
as explored in Fig. 2.6.
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velocity dispersion (ohiweight) (Beers et al. 1990; van Dokkum et al. 2018a; Girardi et al.
2008; Veljanoski et al. 2014); and (iii) a velocity dispersion, oneomc, estimated using a
Markov-Chain-Monte-Carlo (MCMC) method applied to the individual velocities (Hogg
et al. 2010; Widrow et al. 2008; Martin et al. 2018; van Dokkum et al. 2018¢c). Details on
each method, as implemented here, are given in Appendix A.

Each of these methods has their own advantages and disadvantages. The r.m.s
velocity dispersion has the advantage of simplicity but it may give biased results in case
of non-Gaussian velocity distributions. The biweight method, on the other hand, is ideal
when high levels of contamination are expected since it places more weight towards velocities
closer to the median of the distribution, however, it cannot be used for systems with less
than 5 tracers (Beers et al. 1990).

The MCMC approach enables a proper treatment of observational uncertainties,
but it suffers from sensitivity to the shape of the priors assumed. In this study, we shall
compare results using a flat prior distribution or Jeffreys prior, where the latter is usually
considered more robust for low number of tracers (e.g., see Martin et al. 2018). We shall
indicate the choice of prior with subscripts “f” and “j”, respectively, when needed. See
Appendix A for more details on the prior calculation.

For a given set of tracers, the o probability distribution functions (PDFs) obtained
with each of these methods may have slightly different shapes. We show this for the r.m.s
and biweight distributions in Fig. 2.3 using two dwarfs as examples, the galaxy introduced in
the top row of Fig. 2.1 which is characterized by an intrinsically nearly Gaussian line-of-sight

velocity distribution (left panel) and a different dwarf selected to have a non-Gaussian line-
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of-sight distribution of GC candidates with kurtosis and skewness 0.39 and 1.04, respectively
(right panel). The PDFs shown in Fig. 2.3 correspond to velocity dispersion estimates
obtained from 10° independent random selections of 10 GCs from among the ~ 400 (left)
and ~ 270 (right) candidate GC particles that remain associated with these galaxies at
z=0.

While the r.m.s (filled magenta) and the biweight (open orange) methods show
similar distributions, the biweight shows a systematic (albeit small) trend towards lower o
values, especially for non-Gaussian parent samples as illustrated for the dwarf on the right
panel. This can be understood in light of the weight assignment for the biweight method,
which tends to down-weight values further away from the median of the sample.

Reassuringly, the PDF distribution for these 10-GC re-sampling shows, in both
methods, a well defined peak that agrees well with the velocity dispersion of the underlying
parent distribution of ~ 400 and ~ 270 candidate GC particles (square symbols). However,
this exercise highlights one of the main problems with the discreteness of the dynamical
tracers: depending on the particular 10-GC realization, one might obtain estimates far from
the true underlying velocity dispersion.

It is interesting to further explore the ability of different methods to estimate
the true o under the condition of a limited number of tracers. We do this by selecting one
particular realization of 10 GCs from each of our examples in Fig. 2.3. For each of these two
realizations, we estimate the confidence intervals assuming a Gaussian parent distribution

in Fig. 2.4 for the r.m.s (magenta) and biweight (orange) methods.
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We see that in both cases, estimates show a large degree of overlap between r.m.s
and biweight, which would be the case for most of the possible 10-GC re-samplings. How-
ever, due to the low-velocity bias seen in biweight in Fig. 2.3, the estimated velocity dis-
persion with this method may substantially underestimate the true value for some specific
samplings (right panel), a possibility that should be kept in mind when working with bi-
weight estimates.

Fig. 2.4 also shows the corresponding PDF for the MCMC method using both, a
flat (purple) and Jeffreys (teal) priors. For each 10-GC subsampling, the PDF is calculated
by a random walk through (o, (v)) parameter space over 10° iterations using a Gaussian
jumping distribution with a dispersion of 5 km s~!. For both realizations in Fig. 2.4 the
MCMC method is able to recover the true o, with uncertainties that agree well with the
simpler r.m.s method.

Faint dwarf galaxies can have even less than 10 GCs and the systematic effects
explored here for each method may therefore become stronger. In what follows, we use our
GC catalog to extend this study to a statistical sample of galaxies in Illustris to explore
how the dynamical mass estimates are impacted by the finite number of GCs tracers and

underlying assumptions of Gaussianity in the distribution.

2.5.2 Mass estimates

For each of the 3777 simulated cluster galaxies we may use the “realistic” number
of GCs drawn from the list of candidates to compute the GC half number radius, 7/, and
velocity dispersion using different estimators, oims, Obiweight and omcenve. We then apply

Eq. 2.2 to estimate their dynamical mass M/, and compare the results obtained with each
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estimator with the true mass enclosed within /5, as measured directly from the particle
information in the simulation, Miyye. Fig. 2.5 shows the results, with the solid black line
indicating a one-to-one relation and points color-coded by the logarithm of the number of
associated GCs used in the calculation. Green symbols show the median in bins of M e
and the shading indicates the 25%-75% quartiles.

We find, on average, a remarkably good agreement between the estimated dynam-
ical mass M /o and the true mass, supporting the use of simple estimators as that presented
in Wolf et al. (2010) to determine the dynamical mass of galaxies using GCs as tracers (sim-
ilar conclusions hold for estimators proposed in Walker and Pefiarrubia (2011) or Errani
et al. (2018)).

This result is not trivial, as many of the assumptions, such as sphericity and/or
dynamical equilibrium, on which the estimator is based do not apply to our systems. Our
results agree with Laporte et al. (2013a), who reported a similar conclusion although applied
to stellar (not GC) tracers in dwarf spheroidal galaxies of the MW. The authors generalized
the Bullock and Johnston (2005) method to cosmological triaxial systems (Laporte et al.
2013b) and find that the deviations from sphericity are compensated by a trade-off between
the changes on the line of sight velocity dispersion and those in the half mass radius that
are measured in different projections, canceling out in combination any systematic effect in
spherical mass estimators such as Eq. 2.2.

A closer inspection of Fig. 2.5 reveals that systems with a low number of GCs
(dark symbols) tend to have larger scatter around the one-to-one line. This coincides with

the low mass regime, where dwarf galaxies often have only a few, or up to a dozen GCs.
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Mass estimators tend to perform poorly with a low number of tracers, specially due to the
errors in estimating velocity dispersion and half mass/number radius using only a handful
of tracers.

We explore this in more detail in Fig. 2.6, where we show for our simulated galaxies
the ratio of the estimated and the true mass as a function of the number of tracers used to
calculate M, from Eq. 2.2. Every galaxy in our catalog is used at each point along the
x-axis, using in each case a new random realization of Ngo = 2,3,...N GCs, with N being
the maximum number of of candidate GCs that were tagged for a given galaxy. Note that
this is different from the procedure in Fig 2.5, where each galaxy is included only once using
their realistic number of GCs. This is done to explicitly check how the number of available
tracers affects/imporves the mass estimates keeping everything else fixed in the sample.

The upper panel in Fig. 2.6 corresponds to velocity dispersion estimates using r.m.s
(magenta) and biweight (orange), where for each galaxy we calculate o as the median of the
PDF corresponding to 10% sub-samplings of GCs with a given number of N tracers (similar
to Fig. 2.3). The bottom panel of Fig. 2.6 shows a similar exercise but using MCMC with
flat (purple) and Jefferson (teal) priors. Due to computational demands, MCMC estimation
corresponds, for each galaxy, to a single realization of N-tracers using 10° iterations across
parameter (o, (v)) parameter space as done in Fig. 2.4, where (v) is the assumed average
1D velocity.

We find some interesting trends. First, the accuracy of the mass estimator depends
strongly on the number of tracers but not on the galaxy mass. Different shaped symbols in

Fig. 2.6 indicate 5 stellar mass ranges of our galaxies, as quoted in the legend, but symbols
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no significant trend with stellar mass of the galaxies once Ngc is fixed (see open symbols).
However, we find a strong trend with the number of tracers: o.ms and Opiweight tend to
underpredict the dynamical mass while oycnie overpredict the mass for a low number of
GCs. These systematic trends can be corrected using a simple calibration (see dashed lines)
shown in Eq. 2.3 and 2.4 with coefficients listed in Table 2.1. Note that mass estimates are
accurate for galaxies with a sufficiently large number of tracers, for example M /o is within
10-15% from the true mass for galaxies with Ngc > 30.
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tend to overlap suggesting little to no dependence on mass. Second, the r.m.s estimates
recover the mass within 10% for ~ 5-10 GCs while biweight requires 15-20 GCs to recover
the mass with the same accuracy. MCMC with a flat prior converges more slowly, needing
30-40 GCs to recover the mass within 10% while Jeffreys prior brings the requirements down
to 10-15 GCs for a 10% accuracy.

Another interesting point to highlight from Fig. 2.6 is the systematic deviations
on the mass estimates for the different o measurements. Whereas onomc,s will tend to
overestimate the mass when using fewer than ~ 30 GCs (see purple symbols), oyps and
Obiweight Will underestimate the mass in the case of a low number of tracers (magenta and
orange symbols). Noteworthy, using Jeffreys priors for the MCMC method can help mitigate
the overestimation bias when the number of tracers is small Ngc < 5 (green symbols), with
significantly improved accuracy compared to assuming a flat prior. For larger number of
tracers the assumptions on the prior do not have a significant impact.

Our results in Fig. 2.6 may be used as calibrations to improve the accuracy of
mass estimation in observations of galaxies with a low number of GCs. We model the ratio

M; /2/Mirue in for opeme and opiweight as:

M /o a
10g<the> B (log(Nac) + C)b (2:3)

where a, b and c are the best fit to the medians for each method in Fig. 2.6, and the
results are shown with dashed purple and orange lines for MCMC (flat prior) and biweight,
respectively. Following a similar procedure, we use the following function to describe the

accuracy of mass estimation when using r.m.s velocity dispersions:
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Estimate a b ¢ Equation
Orms -1.535 | 1.057 | 0.963 2.4

Obiweight | -1.956 | 1.110 | 1.004 2.4

omemc,e | 0.097 | 1.908 | -0.024 2.3

Table 2.1: Values for the parameters in equations 2.3 and 2.4 for each of the oy, estimates.

+c (2.4)

Our best fit values a, b and ¢ for the three velocity dispersion estimates are summarized
in Table 2.1. We hasten to add that the corrections for the MCMC case will depend on
the shape of the prior. For example, in the case of the Jeffreys prior the correction to the
median is roughly well described by a constant upwards shift factor of ~ 1.5, albeit with a

significant object to object scatter.

2.5.3 Impact of tidal stripping

As an important application of our GC catalog, we can use the cosmological simu-
lations of galaxies within realistic cluster environments to quantify how much tidal stripping
might affect the accuracy of mass recovery techniques similar to Eq. 2.2 using GCs as trac-
ers. Since Jeans modeling assumes the system to be in equilibrium, tidal stripping could
potentially bias the results or cause the mass estimators to perform less accurately for sig-
nificantly stripped and disturbed systems, as suggested by Smith et al. (2013) in the context
of galaxy harassment.

We find that, contrary to these expectations, Eq. 2.2 performs on average ex-

tremely well even in cases with significant mass loss. Fig. 2.7 shows the ratio of recovered
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mass using GCs, M /5, to the real mass from the simulation, Mjyue, compared to the frac-
tion of dark matter mass that is still bound (DM bound fraction), which we define to be the
ratio of the present day dark matter mass of a galaxy to that at its time of infall. Different
colors correspond to different stellar mass ranges for our galaxies and we find no significant
trend with mass. This test uses oyenc (with flat priors) to estimate the velocity dispersion
of each galaxy using their realistic number of GCs in our catalog, but we have explicitly
checked that the conclusions do not change if we use either onoMc,j, Orms OF Tbiweight -

A more detailed look at tidally stripped systems might reveal, however, important
trends affecting the shape of the velocity distribution of tagged GC candidates. Fig. 2.8
quantifies the kurtosis (top) and skewness (bottom) of the line-of-sight velocity distribution
of GCs for each of our galaxies as a function of their retained dark matter mass fraction.
A perfectly Gaussian function corresponds to kurtosis and skewness being both consistent
with zero. The cyan line and shaded regions correspond to the median and 1 o scatter of
the sample at fixed bound mass fraction.

Although GCs might reasonably be well described by Gaussians, our sample of
candidate GCs systems show a systematic trend to negative kurtosis (median ~ —0.3 for
objects with no significant stripping) and overall significant scatter in both kurtosis and
skewness. Histograms on the right panels of Fig. 2.8 show examples of the shape of the
velocity distribution of GCs for galaxies with either high or low skewness or kurtosis.

These deviations from Gaussianity might be more common for galaxies under
severe tidal stripping (dark matter bound fraction lower than a few percent), which exhibit

a bias towards higher values of kurtosis and skewness and increased scatter, especially
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Figure 2.7: Ratio between the estimated mass using GCs to the true mass in simulated
galaxies as a function of the amount of tidal stripping experienced. We show results for
omcnMc but similar results applies to the other definitions. The fraction of bound DM
mass (x-axis) is calculated as the z = 0 dark matter mass compared to the infall value. In
general, the median of M /5/Miye of the sample (solid lines) shows little dependence on
the remaining dark matter bound mass fraction, providing confidence on mass estimation
methods even within the tidal environment of clusters. We find no significant trend with
the galaxies stellar mass (see different colors).
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Figure 2.8: Left: Kurtosis (upper panel) and skewness (lower panel) as a function of the
fraction of dark matter mass retained at z = 0 compared to that at infall. The median
and 25-75 percentile range are shown by the cyan dotted lines and shading respectively.
While the scatter of the skewness with respect to the DM bound fraction remains relatively
constant, the scatter of the kurtosis increases as the DM bound fraction decreases. We
also see an increase in the median of both the kurtosis and skewness with a decrease in
DM bound fraction, suggesting that tidal stripping might induce a bias towards higher val-
ues. Right: Examples of non-Gaussian velocity distributions for extreme values of Kurtosis
(upper panel) and extreme values of skewness (lower panel). The color of the histograms
corresponds to the same colored circled points on the right panels.
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in kurtosis. These results are important in light of the common-practice assumption of
Gaussianity to estimate the uncertainties in the velocity dispersion of GCs in observational
studies. How can skewness and kurtosis affect the calculated confidence intervals?

Confidence intervals are formally defined as the probability that the true variance
of a given sample (in this case, all GCs candidates) lays within the confidence interval of the
variance of a random subsample (for example, the realistic GC number) drawn from such
parent distribution. If the underlying population is non-Gaussian, that probability would
be expected to change and therefore confidence intervals can be over- or under-estimated.
We show this in Fig. 2.9 using the r.m.s method (circles). For each galaxy we generate
1000 resampling of 10 GCs and compare the re-calculated confidence intervals to that of a
Gaussian distribution. See Appendix C for more details.

We find that variations in kurtosis result in well-defined trends for the non-
Gaussian confidence intervals (top left panel Fig. 2.9). In GC systems with intrinsic negative
kurtosis, the confidence intervals are overestimated, meaning that the probability of finding
the true variance within the computed confidence interval is actually larger than the case
of a Gaussian distribution. For such systems, the observed value is actually more accurate
than expected in a Gaussian case. The opposite is true for systems with positive kurtosis,
where confidence intervals are underestimated. The scale of the effect varies with the con-
fidence level being considered, varying from 10-20% for the 68% percentile (magenta) to
~ 5% for 95% confidence level (salmon).

Given the overall bias of our GC population in Fig. 2.8 towards negative kurtosis,

current uncertainties calculated in observations might actually be on the conservative side
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Figure 2.9: Correction to the Gaussian confidence intervals as a function of kurtosis (left)
and skewness (right) of the distribution of candidate GCs associated to our galaxy sample.
Estimates are based on 1000 resampling of 10 GCs (see text for details). The top and
bottom row correspond to r.m.s and biweight estimates, respectively. Overlaid on the top
row, we show with starred symbols the same calculation but using both MCMC methods for
the four systems highlighted in Fig. 2.7 plus our fiducial dwarf in the top panel of Fig. 2.1.
Different colors correspond to 68% and 95% confidence intervals, as labeled. Thin dashed
lines highlight the median correction at fixed kurtosis or skewness. Non-Gaussianities may
have a significant (and systematic) impact on accuracy estimates, in particular for high/low
kurtosis values.
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and constrains actually tighter than currently estimated. This, however, changes for systems
under severe tidal disruption, expected to show more often positive kurtosis values that
could result on confidence intervals being currently underestimated in the literature.

A similar exercise sorting our galaxies by their skewness (top right panel of Fig. 2.9)
shows no significant dependence of the correction to confidence intervals with this parameter.
Note that although these results were derived for r.m.s estimates, examples calculated from
MCMC are consistent with these results (starred symbols). For completeness, we also show
the correction levels for biweight velocity dispersion (see bottom panels of Fig. 2.9) which
agree well with those calculated for r.m.s.

We conclude that although the overall velocity dispersion and dynamical mass
estimates perform remarkably well on average, even under severe tidal disruption, in indi-
vidual objects, kurtosis might be an important factor to consider when reporting confidence
intervals in observations. This seems roughly independent of the particular method used
to calculate the velocity dispersion, at least among the three explored here: r.m.s, biweight
and MCMC. Unfortunately, estimating kurtosis or skewness in a sample with only a handful
of GCs is challenging. Our theoretical results should be interpreted mostly as a warning
that large deviations from Gaussianity may occur and would have a sizable impact on the
estimated confidence intervals. This may have important consequences when dealing with
systems where tidal disruption may be suspected to be important, as is the case of some

ultradiffuse dwarf galaxies.
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Figure 2.10 (previous page): Predicted line-of-sight velocity dispersion of simulated GCs,
oMeMC,t, as a function of host galaxy stellar mass in our simulations, color-coded by the
DM bound fraction, Mpwm =0 / Mpm.ins Of each galaxy. The median trend (cyan) is in
good agreement with observational constraints from SLUGGS on the high mass end (open
circles) and also dE galaxies in Virgo Toloba et al. (2016) using both their RF (rotation
fit) and RDSF (rotation and dispersion simultaneous fit) methods. The color gradient in
the simulated points shows that at fixed M, galaxies that have experienced more tidal
disruption have the lowest GC velocity dispersion (darker symbols). We highlight this by
selecting all simulated galaxies below and within 1o scatter of the mean relation (see points
with higher opacity and those within the cyan error bars) and plotting their distribution
of retained dark matter mass in the small inset. These low onomc s galaxies have retained
only 17% (median) of their initial dark matter mass compared to about 36% of that for
galaxies within 1 ¢ of the median. Interestingly, ultradiffuse galaxies with similar stellar
masses show a wide range of velocity dispersion. Data for only 4 UDGs are available in
this mass range, VLSB-D (Toloba et al. 2018), DF44** (van Dokkum et al. 2019b), DF4
(van Dokkum et al. 2019a) and several estimates for DF2: vD19 (lavander, van Dokkum
et al. 2019b), M18 (green, Martin et al. 2018), L19 (orange, Laporte et al. 2019), E19**
(red, Emsellem et al. 2019). (Double asterisks indicate velocity dispersion of the stellar
component and not from GCs.) Examples like DF2 and DF4 sit at the lowest bounds of
velocity dispersion with ¢ < 10 km/s. These results hint at tidal disruption as a possible
formation path for objects like DF2 and DF4. In particular, some of our simulated galaxies
overlap with the constraints for DF2.
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2.6 Dark matter content in dwarfs estimated from the kine-

matics of GCs

Dwarf galaxies place constraints and challenges to the cosmological ACDM scenario
and, with it, an opportunity to test theoretical predictions and validate (or falsify) the
cosmological model. One of the basic predictions of galaxy formation models in the ACDM
framework is that dwarf galaxies inhabit relatively massive halos. A number of observational
efforts have therefore focused on measuring the dark matter content in dwarfs. In the case of
cluster dwarfs, which are in their majority gas poor and of low surface brightness, GCs are
often the best dynamical tracers given their luminosity and extended spatial distribution.

Studies of the kinematics of GCs in several dE galaxies in Virgo have revealed a
wide range of velocity dispersion for GCs in M, ~ 10°Mg, dwarfs (Toloba et al. 2016). How-
ever, other studies targeting ultra-diffuse dwarfs have revealed a much wider GC velocity
dispersion range, including the detection of some UDGs where ogc is so low that, at face
value, it suggests systems that are “dark matter free” (van Dokkum et al. 2018a,b, 2019b;
Toloba et al. 2018). This result offers vital clues to our understanding of the formation
paths of UDGs in clusters.

We use our tagged GC catalog in Illustris to study the population and kinematics
of GCs predicted for dwarfs in clusters like Virgo. Fig. 2.10 shows the oycmc,s of GCs
as a function of the stellar mass in our simulated cluster galaxies. We choose oncmc s to
facilitate the comparison with observational data. The median of the simulated relation is

indicated in cyan, with vertical error bars corresponding to the r.m.s scatter.
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In the dwarf regime (i.e., M, < 10° M) our estimates of ogc agree well with
those of dEs in Virgo (data from Toloba et al. 2016, shown in grey triangles in Fig. 2.10).
This is encouraging, since the GC tagging method relies on observations and calibrations
done at higher masses, and the power-law relation between halo mass and GC mass is an
extrapolation over this mass range. Moreover, the tagging is done at the moment of infall
into the cluster and not at present day, making this comparison mostly a prediction of
the model. Furthermore, it is reassuring that the velocity dispersion predicted for more
massive ellipticals agree well with constraints from the SLUGGs survey (see open gray
circles, Forbes et al. 2017).

Our calculations have so far not included the effect of individual errors in the
measured velocity of each GC. In the dwarf galaxy regime, observations typically have
individual errors of order 3-10 km s~! per GC (Toloba et al. 2016, 2018; van Dokkum
et al. 2018a). We have checked that adding random Gaussian errors with 10 km s~! to
our GC velocities only increases oncwmcs on average by ~ 20% on our lowest velocity
dispersion objects, with increasingly smaller effect towards more massive systems. For
instance, in galaxies with omomc,s ~ 25 km s~1, the MCMC velocity dispersion calculated

1

assuming 10 km s™" errors exceeds that without errors by ~ 5% (median, see Fig. B.1).

The overestimation is even smaller if we assume random errors with amplitude 5 km s~!
instead (see Appendix B for more details).
Simulated galaxies in Fig. 2.10 are colored by their retained (bound) dark matter

fraction, calculated, defined as before as the ratio present-day dark matter mass given by

SUBFIND compared to that at the moment of infall. We find a clear gradient of ononme at
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fixed M,, where galaxies with high GC velocity dispersion tend to retain most of their dark
matter mass while low oymenme values are dominated by galaxies that have lost more than
80% of their dark matter mass. To highlight this we show in the inset panel the distribution
of bound dark matter mass fraction for all galaxies that deviate by more than one-sigma
below the median relation (included points are highlighted with a higher symbol opacity).
Galaxies this far down in velocity dispersion have retained typically only 17% of their initial
dark matter halo.

Can tidal stripping explain the low GC velocity dispersion found in some UDGs
like DF2? We show in Fig. 2.10 several measurements for the velocity dispersion of this
dwarf as determined by different teams using slightly different assumptions (Martin et al.
2018; Laporte et al. 2019; van Dokkum et al. 2018a). Interestingly, we find a few simulated
dwarfs with onome consistent with the upper end of the range measured in the literature
for DF2. These objects in our simulations seem significantly tidally stripped (dark color
points), in agreement with the arguments discussed in the previous paragraph.

These results are intriguing, since tidal disruption has been proposed as one of
the mechanisms that may transform normal galaxies into UDGs in clusters (Carleton et al.
2019; Sales et al. 2020; Leigh and Fragione 2020; Maccio et al. 2020), and some observational
evidence for the case of stripping has recently been presented (Montes et al. 2020). Although
the simulations do not have the resolution to follow the morphological changes of these
galaxies, our results suggest that the same tidal transformation might lead to velocity

dispersions as low (ogc ~ 10 km/s) as that observed for GCs around DF2.
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We note that the stellar mass for DF2 is estimated to be about M, ~ 2 x 103M,
(van Dokkum et al. 2018a), which is below our cutoff M, > 5 x 108Mg, to tag GCs onto
infalling halos. This means that our sample at these small masses includes only dwarfs
that were more massive in the past (and therefore fulfilled our cut of 5 x 108Mg, for the
initial tagging). From this perspective, it is not surprising the tidal origin of our identified
DF2-analogs. However, it is interesting to find objects with GC velocity dispersions as low
as DF2 in our simulated clusters.

To better assess the dark matter halos inhabited by DF2 candidates, we select all
our simulated dwarfs in the stellar mass range M, = [1-3] x 108M, and show their present-
day onmcmc,r of GCs as a function of their infall virial mass in Fig. 2.11. Here each simulated
dwarf is color-coded by the number of GCs retained. We find that these “DF2-analogs”
have between 3-30 GCs, in good agreement with the 9-11 observed GCs around DF2. We
also show that the assumption of flat (full symbols) or Jeffreys (green open circles) priors
do not qualitatively change our results (in agreement with the conclusions of Martin et al.
2018). For comparison, the shaded horizontal regions in Fig. 2.11 indicate the observational
estimates of the velocity dispersion of DF2 GCs according to various authors.

Although the majority of our simulated dwarfs have higher oncwmc f, there are a
handful of objects that overlap with the uncertainty range from Martin et al. (2018) and
Laporte et al. (2019). These objects had infall virial masses consistent with dwarf halos
in the range Mé‘ég ~ [0.3-3] x 101'M,, comparable to that estimated for, for example, the

Large Magellanic Cloud (LMC) in the Milky Way. For these objects, the number of GCs
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Figure 2.11: GCs velocity dispersion oncme,r for simulated dwarfs in the stellar mass range
comparable to DF2, M, = 1-3 x 108M, as a function of their infall virial mass Mé&f). The
vertical error bars correspond to the 68 percent confidence interval for the MCMC velocity
dispersion estimate (flat priors are shown in full symbols, open green circles show Jeffreys
priors). Several of our simulated objects show GCs velocity dispersion that are compatible
with the upper end of observational estimates for DF2 (see shaded areas). These kinematic
analogs of DF2 have 3-17 GCs still bound at z = 0 (color bar) in good agreement with the
~ 10 GCs currently known for DF2. Our simulations suggest that DF2-like objects may
have infell as dwarf halos with M3 = 0.3-3 x 101 M, losing more than 90% of their dark
matter mass at present day.
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predicted by our tagging method (3-17) agrees well with the ~ 10 GCs found associated to
DF2.

We note that there are still significant uncertainties in the measurement of the
GC velocity dispersion in DF2. If lower values are proven more accurate, this would place
DF2 close to the even more “dark-matter-free” UDG DF4 (as least as suspected from its
stellar velocity dispersion). Additional formation mechanisms might be needed to explain
the very low dark matter density in these extreme class of objects, such as a “tidal-dwarf”
origin (see; e.g., Zwicky 1956; Schweizer 1978; Mirabel et al. 1992). The presence of dark
matter cores driven by dark matter self-interactions or by baryonic feedback could represent
a possible solution to this problem. Furthermore, higher resolution simulations would be
needed to resolve such low dark matter contents.

Considering non-Gaussianities and the corrections to confidence intervals explored
in Sec. 2.5.3, if the GC population of DF2 had positive kurtosis, then the uncertainty ranges
estimated should be revised upwards, which would help alleviate the tension. In particular,
the estimate from van Dokkum et al. (2018a) is based in Opiweignt, for which we find a
systematic underestimation of the confidence intervals compared to a Gaussian in the case
of positive kurtosis (see Fig. 2.9). Assuming a correction level of 15% (corresponding to an
intrinsic kurtosis ~ 0.75) DF2 could increase the upper limit of the 90% confidence interval
from 10.5 km/s to 12.1 km/s, bringing it closer to other estimates?.

We conclude that it is indeed possible that DF2 may have formed as the result

of a normal dwarf halo that has been stripped of more than 90% of its mass. Low surface

2We note that the procedure in van Dokkum et al. (2018c) (and reproduced by Martin et al. (2018))
is slightly different than derived in Sec. 2.5.3, since they jointly estimate confidence intervals and intrinsic
velocity dispersion in a single step.
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brightness stellar tails, elongated morphology or evidence of rotation for its GC system
(such as that found by Lewis et al. (2020)) could help confirm its tidal nature but their
absence will not conclusively rule out this formation path. This highlights the urgent need
for more observational campaigns targeting the kinematics of GCs around UDGs to more

robustly constrain their global dark matter content.

2.7 Summary

We use a catalog of GCs tagged onto the cosmological hydrodynamical simulation
Illustris to study the accuracy of dynamical mass estimates based on the radial extension
and line-of-sight velocities of GCs systems. In particular, we analyze the GC system of
satellite galaxies in 9 simulated galaxy clusters with virial mass My ~ 10*Mg. Our
sample consist of 3777 galaxies in the mass range M, = 108-6 x 10 M.

We find that mass estimators of the form Mo o?r do a remarkably good job
at estimating mass when using GCs as tracers, specially when having 10 or more GCs.
For galaxies that have a smaller number of GCs with measured kinematics, the particular
definition of velocity dispersion used may systematically bias the results. Using the r.m.s
and biweight velocity dispersion (Girardi et al. 2008; Veljanoski et al. 2014; van Dokkum
et al. 2018a) tends to underestimate the dynamical mass, while other methods used in the
literature such as opone (Widrow et al. 2008; Hogg et al. 2010; Toloba et al. 2016; Martin
et al. 2018) tend, on the contrary, to overestimate masses for low Ngc. In the case of

MCMC the shape of the prior may play an important role, with Jeffreys prior resulting on
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a lower bias compared to a flat prior. We provide fitting formulas in Eq. 2.4 and 2.3 that
might help correct for these effects in observational samples with less than 10 GC tracers.

Surprisingly, the accuracy of the recovered mass estimation depends little on the
level of tidal disruption suffered by the galaxy, indicating that satellite galaxies in clusters
are, in their majority, in state of quasi-equilibrium as soon as they move away from their
pericenters (see; e.g., Penarrubia et al. 2009). Our results provide strong support for the
use of GC kinematics to estimate dynamical masses even in high density environments such
as clusters. A word of caution is necessary in the case of systems with significant tidal
stripping, where significant deviations in kurtosis may arise as a consequence of the tidal
disruption effects and may impact the estimated confidence intervals.

We use our results to compare the dark matter content of cluster dwarfs predicted
in our simulations with available observational constraints in nearby clusters and groups.
We find good agreement with the median and scatter measured for dwarf ellipticals in Virgo.
Moreover, we find that tidal disruption creates scatter in the measured M,-cgc such that at
a fixed M,, smaller velocity dispersions correlate with larger mass losses to tidal disruption.
On average, galaxies that lay below the median relation by 1o have lost ~ 83% of their
infall dark matter mass.

In observations, there is large scatter in the velocity dispersion of GCs for dwarfs
with M, < 10°Mg), with the most extreme outliers being ultra-diffuse galaxies DF2 and DF4.
These UDGs have estimated GC velocity dispersions in the range 7 — 10 km/s (DF2) and
o ~ 4.2 km/s (DF4) suggesting that they are extremely dark matter deficient. Interestingly,

we identify a set of dark matter poor DF2-analogs in our simulation that have similar
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stellar masses, 3-17 bound GCs, and a velocity dispersion of those GCs oyenc ~ 10 km/s,
consistent with the upper envelope of measured values for DF2. The progenitors of these
DF2 analogs fell into the cluster as dwarf halos with MiA{ = [0.3-3] x 10! Mgbut have lost
more than 90% of their mass to tidal disruption. Interestingly, tidal disruption has also
been proposed as possible mechanism to form UDGs in clusters (Carleton et al. 2019; Sales
et al. 2020; Leigh and Fragione 2020; Maccio et al. 2020; Montes et al. 2020). Our results
suggest that the same mechanism may be able to explain simultaneously the ultra-diffuse
nature and low GC velocity dispersion in objects alike DF2 within ACDM.

Although we do not find systems with velocity dispersions as low as that inferred
for DF4, we are limited by numerical resolution in our Illustris sample. The small number
of UDGs with available kinematical data does not allow for a proper evaluation of how
common or rare dark-matter poor dwarfs like DF2 and DF4 might be, or their dependence
on the environment or host mass. While systematic photometric studies of UDGs and their
GCs in nearby groups and clusters are starting to become available (e.g., in the Virgo cluster
Lim et al. 2020), adding spectroscopic data to constrain their stellar and GC kinematics
would represent the most promising avenue towards a better understanding of how UDGs
form.

Explaining the large scatter in the dark matter content of dwarf galaxies is one
of the outstanding challenges in the ACDM model. While the rotation curves of gas-rich
dwarfs have revealed a wide variety of dark matter distribution in field dwarfs, GCs are
starting to reveal a similarly rich complexity for gas-poor dwarfs in groups and clusters. As

we look forward to larger datasets with available GC kinematical constraints for early-type
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dwarfs, our results validate the use of GCs as efficient dynamical mass estimators even in

the case of a modest number of GCs with measured kinematics.
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Chapter 3

Paper 11I: Modeling globular
clusters in the TN G50 simulation:

predictions from dwarfs to giant

galaxies!

1This chapter contains a draft of an article that has been accepted for publication in January 2023 by
Oxford University Press in Monthly Notices of the Royal Astronomical Society written by Jessica E. Doppel,
Laura V. Sales, Dylan Nelson, Annalisa Pillepich, Mario G. Abadi, Eric W. Peng, Federico Marinacci, Jill
Naiman, Paul Torrey, Mark Vogelsberger, Rainer Weinberger and Lars Hernquist
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3.1 Abstract

We present a post-processing catalog of globular clusters (GCs) for the 39 most
massive groups and clusters in the TNG50 simulation of the IlllustrisTNG project (virial
masses Mago = [5 x 102 — 2 x 10'4] My). We tag GC particles to all galaxies with stellar
mass M, > 5x 10% My, and we calibrate their masses to reproduce the observed power-law
relation between GC mass and halo mass for galaxies with Magg > 10'* M, (corresponding
to M, ~ 107 Mg). Here we explore whether an extrapolation of this Mgc-Magp relation to
lower-mass dwarfs is consistent with current observations. We find a good agreement be-
tween our predicted number and specific frequency of GCs in dwarfs with M, = [5x10%—10]
Mg and observations. Moreover, we predict a steep decline in the GC occupation fraction
for dwarfs with M, < 10° My which agrees well with current observational constraints.
This declining occupation fraction is due to a combination of tidal stripping in all dwarfs
plus a stochastic sampling of the GC mass function for dwarfs with M, < 107° M. Our
simulations also reproduce available constraints on the abundance of intra-cluster GCs in
Virgo and Centaurus A. These successes provide support to the hypothesis that the Mqgc-
Moo relation holds, albeit with more scatter, all the way down to the regime of classical
dwarf spheroidals in these environments. Our GC catalogs are publicly available as part of

the IllustrisTNG data release.

3.2 Introduction

The formation of globular clusters (GCs) in connection to galaxies and their dark

matter halos is still unclear. Currently, the most successful models link the formation of
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GCs (or their early progenitors) to baryonic processes in the interstellar medium (ISM)
of galaxies. These processes are connected to star formation in high density/high pres-
sure environments (Kruijssen and Cooper 2012; Kruijssen 2015; Elmegreen 2017) and best
sampled in mergers and early stages of galaxy formation (Kravtsov and Gnedin 2005; Pri-
eto and Gnedin 2008; Li and Gnedin 2014; Renaud et al. 2015). However, GCs have also
been hypothesized to form at the centers of their own low-mass dark matter halos before
reionization (Peebles 1984; Boylan-Kolchin 2017), later infalling onto larger galaxies and
groups and cluster halos to form the clustered GC distributions typically found in these
systems (Diemand et al. 2005; Creasey et al. 2019). Although this scenario predicts older
ages and lower metallicities for GCs than current measurements (Lotz et al. 2004; Bastian
et al. 2020), the discovery of a few very metal poor GCs in M31, the Milky Way, and JWST
observations may provide some support to such pristine formation scenarios playing at least
some role in building the population of GCs observed in galaxies today (Larsen et al. 2020;
Martin et al. 2022; Errani et al. 2022; Mowla et al. 2022).

Observationally, the mass in GCs is found to be a power-law function of inferred
halo mass for galaxies with stellar mass M, > 10'° My, (Blakeslee et al. 1997; Peng et al.
2008; Spitler and Forbes 2009; Georgiev et al. 2010; Harris et al. 2013; Hudson et al. 2014;
Harris et al. 2015). At face value, this relation may encode important information on the for-
mation scenario of GCs. Theoretical models suggest that a quasi-linear power-law relation
between GC mass and halo mass may arise naturally in hierarchical formation scenarios as
the result of consecutive mergers, serving more as a confirmation of the hierarchical assem-

bly of galaxies rather than shedding light on the formation mechanism of GCs themselves
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(El-Badry et al. 2019). However, in the regime of dwarf galaxies (M, < 10° M), there are
fewer mergers with GC-bearing companions, offering a clearer window for the study of GC
formation mechanisms than in more massive galaxies. It is therefore important to extend
the study of the GC mass - halo mass relation to lower-mass galaxies.

Theoretical models linking the formation of GCs to the ISM of galaxies seem
to suggest a downturn in the efficiency of GC formation in dwarfs, departing from the
extrapolation of the GC mass - halo mass relation measured on more massive galaxies (EI-
Badry et al. 2019; Choksi and Gnedin 2019; Bastian et al. 2020). The lower efficiency of GC
formation per halo mass in dwarf galaxies is naturally expected due to the lower baryonic
content in low-mass halos, which limits the available gas to form stellar clusters in merger
and accretion events. On the other hand, a scenario where GCs are linked to dark matter
mini-halos would imply a single power-law relation between GC mass and halo mass in the
regime of dwarfs, due to the self-similarity of subhalo mass in ACDM (e.g., Creasey et al.
2019). Although current observational constraints on the radial distribution combined with
the abundance of GCs in MW-mass galaxies limits the fraction of GCs formed in mini-halos
to ~ 30% (Creasey et al. 2019) for such hosts, the importance of the mini-halo formation
scenario for GCs in the regime of dwarfs remains largely unconstrained.

Measuring the relation between GC mass and halo mass on the scale of dwarfs
is, however, very challenging. First, while there are several methods to estimate halo mass
from observables in more massive galaxies (lensing, rotation curves, abundance matching),
halo mass estimates in the scale of dwarf galaxies are more scarce and uncertain. Second,

GC numbers are lower in low-mass galaxies, meaning that completeness and contamination
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in GC surveys impact more heavily low-mass dwarfs than estimates for high-mass galaxies.
There are, however, several observational efforts to constrain the GC content in dwarf
galaxies. Most notably, Forbes et al. (2018) finds that dwarfs in the Local Volume are
consistent with an extrapolation of the power law relation between GC mass and halo mass
observed in more massive galaxies, where halo masses for the dwarf galaxies are estimated
using gas kinematics. However, other work cautions that this might be biased to include
only dwarfs that have at least one GC, while including all dwarfs of a given mass in the
average could lead to a departure downwards from the power-law extrapolation (Bastian
et al. 2020).

In light of this discussion, another important diagnostic emerges as a potential
constraint: the ability of galaxies of a given mass to host at least one GC, or the GC
occupation fraction. Observations in the Virgo cluster suggest that all dwarfs with M, >
10° My have GCs, but that fraction declines quite steeply for lower-mass objects, finding
50% occupation in dwarfs with M, ~ 107° Mg (Sanchez-Janssen et al. 2019), which is
similar to the conclusion presented in Eadie et al. (2022) using a compilation of available
data for dwarfs. Recently a comparable occupation fraction was reported for dwarf galaxy
satellites of MW-like primaries in the local volume (Carlsten et al. 2022). However, the
available constraints involve mostly satellite dwarfs, or dwarf galaxies embedded in the
gravitational potential of larger hosts, meaning that tidal stripping and other environmental
effects might have influenced their original GC content, preventing a simple interpretation.
Unfortunately, surveys of GCs in field dwarfs are scarce and still insufficient to constrain

GC occupation fractions (e.g, Georgiev et al. 2010).
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An interesting path forward is to use cosmological simulations of dwarf galaxies in
high density environments to understand the connection between GCs, dwarf galaxies and
their dark matter halos. This is particularly appealing since hydrodynamical cosmological
simulations of representative volumes of the Universe have been powerful tools to understand
and model the evolution of satellite dwarfs and their properties — such as color, mass content,
morphology — in the environments of groups and clusters (Sales et al. 2015; Yun et al.
2019; Joshi et al. 2020; Vogelsberger et al. 2020; Donnari et al. 2021a; Engler et al. 2021a;
Joshi et al. 2021) creating a realistic population of satellite dwarfs in good agreement with
observations (Donnari et al. 2021b; Engler et al. 2021b; Riggs et al. 2022). However, the
spatial and mass resolution of such simulations is too coarse to directly resolve the process
of GC formation.

While employing idealized galaxy and galaxy merger set-ups (Bekki and Chiba
2002; Kruijssen et al. 2012; Renaud et al. 2015; Lahén et al. 2019; Lahén et al. 2020; Li
et al. 2021) or cosmological zoom-in of galaxies at high redshifts (Kim et al. 2017; Ma et al.
2020; Sameie et al. 2022) have shown important successes on simulating the formation and
evolution of GCs and their connection to the ISM of the host galaxy, these techniques are
currently unable to sample the evolutionary history of galaxies until the present day and
within high density environments, where most of the GC observational data is available
today.

To circumvent this limitation, in this paper we develop a GC catalog added in
post-processing via a particle tagging technique to make predictions on the abundance,

distribution and kinematics of surviving GCs in the environments of groups and clusters at
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z = 0. This technique is inspired by the successes of particle-tagging for studying stellar
halo science (Bullock and Johnston 2005; Penarrubia et al. 2008; Cooper et al. 2010; Laporte
et al. 2013a) and it has been shown to have success in modeling the surviving population of
GCs in cosmological simulations of galaxy clusters (Ramos et al. 2015; Mistani et al. 2016;
Ramos-Almendares et al. 2018, 2020; Doppel et al. 2021)

Tagging techniques of this kind mentioned above are complementary to more de-
tailed methods where GCs formation sites are identified in hydrodynamical simulations and
followed in time by a set of sub-grid prescriptions to model their evolution until the present
day (e.g., Kruijssen et al. 2011; Mistani et al. 2016; Li et al. 2017; Pfeffer et al. 2018; Keller
et al. 2020; Trujillo-Gomez et al. 2021; Chen and Gnedin 2022; Reina-Campos et al. 2022).
Note that most of these works also require fairly high-resolution simulations and have been
mostly focused on the scale of MW-like galaxies so far. Instead, the less computationally-
intensive modeling associated with particle tagging methods offer the opportunity to compile
theoretical predictions for the GC content, their positions and velocities for a large number
of galaxies and dwarfs with realistic properties within high density environments such as
simulated groups and galaxy clusters.

Here we extend the particle-tagging method applied in Ramos-Almendares et al.
(2020) for Fornax and Virgo mass galaxy clusters (Mapp > 8 x 10'® Mg) that was imple-
mented in the Hlustris simulations (Vogelsberger et al. 2013, 2014a,b; Genel et al. 2014) to
lower-mass dwarf galaxies using the highest-resolution hydrodynamical run of the TNG50
simulation (Pillepich et al. 2019; Nelson et al. 2019a). Thus, the tagged GCs allow us to

study the GC content of a variety of galaxy groups and clusters consistent with mass esti-
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mates of Centaurus A, Fornax, Hydra and Virgo, where observations of GCs are abundant.
This work presents one of the largest studies of its kind, containing 39 groups and clusters
including their associated 5000+ galaxies with M, > 5 x 10° My, and 196,611 GCs. The
GC catalogs generated for this work are made publicly available? (see Data Availability
section for accessibility information).

The paper is organized as follows. In Sec. 4.3, we present the simulation and GC
tagging technique. In Sec. 3.4 we show our results on the intra-cluster GC component and
benchmark our catalog using current observations. Our main results on the content of GCs
in dwarf galaxies are shown in Sec. 3.5 and Sec. 3.6. We summarize our main findings in

Sec. 3.7.

3.3 Methods

3.3.1 The TING50 Simulation

We use the highest-resolution hydrodynamical run of the TNG50 simulation (Pillepich
et al. 2019; Nelson et al. 2019a), which allows us to relate the properties of the tagged GCs
directly to the properties of galaxies, galaxy groups or galaxy clusters that they belong to.
TNGH5H0 is an unprecedentedly high resolution cosmological hydrodynamical simulation for
its volume, with a box size of 51.7 Mpc per side with 2160% gas and dark matter particles,
allowing for a mass resolution of, on average, 8.4 x 10* M, for baryons and a fixed mass
resolution of 4.5 x 10> Mg, for dark matter. The simulation has a gravitational soften-

ing length of 288 pc for stars and dark matter at z = 0. TNGH0 assumes a flat, ACDM

2www.tng-project.org/doppel22
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cosmology and uses cosmological parameters from Planck Collaboration et al. (2016). Its
galaxy formation model follows star formation in moderately dense ISM conditions, stellar
evolution and chemical enrichment via supernovae, primordial and metal line cooling of gas,
as well as heating from the background radiation field, the seeding and subsequent growth
of supermassive black holes as well as AGN feedback at both low and high accretion rates,
and galactic winds (Weinberger et al. 2017; Pillepich et al. 2018b). The TNG50 simulation
is part of the larger IllustrisTNG project (Naiman et al. 2018; Pillepich et al. 2018a; Nelson

et al. 2018; Springel et al. 2018; Marinacci et al. 2018; Nelson et al. 2019b).

3.3.2 Galaxy Selection

We tag GCs in all TNG50 host halos with a virial mass Mgy > 5 x 10'2 Mg,
(where My, refers to the mass within the virial radius 7999 defined as the radius enclosing an
average density equal to 200 times the critical density of the Universe). This selection results
in 39 groups and clusters with a virial mass distribution shown in Fig. 3.1. The high-mass
end is roughly on par with lower estimated virial masses of the Virgo cluster Mgy ~ 10 Mg
(lime green circle and errorbar Karachentsev and Nasonova 2010; Weinmann et al. 2011)
and Hydra 1 (brown circle and errorbar Tamura et al. 2000), Fornax cluster Magg ~ 104
Mg (cyan circle and errorbar Drinkwater et al. 2001), down to Centaurus A with estimated
Mspg < 10'3 Mg, (dark purple circle and errorbar van den Bergh 2000; Karachentsev et al.
2007) and less massive elliptical systems closer to the lower-mass cut.

We identify all galaxies that interacted with each of these groups (defined here as

being part of their merger tree) and achieved a maximum stellar mass My max > 5 X 108 Mg,

during their lifetime as candidates to host the tagged GCs. For each of our selected galaxies,
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we calculate their infall time t;,¢, defined here by following their main branch progenitors in
the Sublink merger tree (Rodriguez-Gomez et al. 2015) to the last time that the progenitor
was its own central. This corresponds to the snapshot before they begin interacting with
their current host galaxy group or cluster, or any lower-mass halo which eventually merges
with the group or cluster (i.e., in pre-processing Benavides et al. 2020; Joshi et al. 2021).
Here, we also impose a minimum of 100 dark matter particles, to remove spurious objects
in the subhalo catalog. In the case of the central galaxy in each of our 39 groups, following
Ramos-Almendares et al. (2020), we define the infall time as the snapshot when the main
progenitor branch reaches 5% its z = 0 value.

The target selection process gives us 8746 progenitor galaxies to be tagged with
GCs at their infall time of which 6415 survive to z = 0. For our study of GCs associated with
satellites galaxies, our final sample includes 5453 satellite galaxies in groups and clusters
with M, > 5 x 106 M, at z = 0, which guarantee well resolved galaxies with at least ~ 60

stellar particles at z = 0.

3.3.3 Globular Cluster Tagging

The method to tag GCs in our cosmological simulation follows mostly from the one
already introduced in the Illustris simulations by Ramos-Almendares et al. (2020), with some
modifications and improvements to extend the model to lower-mass galaxies. The method
“tags” GCs to a set of dark matter particles, selected to have a given energy distribution
(enforced through a specific distribution function) that matches observational properties of

GCs systems at z = 0. In principle, one could choose to tag on any collisionless-type particle,
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Figure 3.1: The distribution of TNG50 z = 0 virial masses (Magg) of the 39 most massive
galaxy groups and clusters within the simulation to which we tag GCs (black histogram).
We cover a wide range of masses, from Centaurus A on the low-mass end (dark purple circle
and errorbar van den Bergh 2000; Karachentsev et al. 2007), to Fornax (cyan circle and
errorbar Drinkwater et al. 2001), and to Hydra 1 (brown circle and errorbar Tamura et al.
2000) and low end mass estimates of Virgo (lime green circle and errorbar Karachentsev
and Nasonova 2010; Weinmann et al. 2011) on the high-mass end. The ~ 1.5 dex range
of virial masses allows us to study potential effects environment might play in their z = 0
GCs.
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for example stars. We instead favor the tagging of dark matter particles to ensure that all
galaxies have enough available particles with the desired distribution function to select
from when assigning GCs. In particular, GCs systems observed in galaxies are dispersion
dominated and typically more extended than the stellar component. Using the dark matter
component to search for suitable tracers in energy-space ensures that we maximize the
number of candidate particles to host GCs since dark matter is always dispersion dominated
(unlike stars in disks) and more extended than the stars. This is particularly important in
the regime of dwarfs, where the stellar content is low resulting on a low number of stellar
particles overall and even lower beyond the inner central regions (see for instance declining
stellar halo fractions predicted in dwarf galaxies, Fig. 5 Elias et al. 2018). Following Ramos-
Almendares et al. (2020), the tagging is done only once (at infall time) for each galaxy, after
which the particle ID is used to identify those tagged GCs in the z = 0 snapshot.

The first step is to identify, for each object, the maximum subset of dark matter
particles that are candidates to be GCs, defined as those that are consistent with a specified
distribution in energy adopted for the GCs. We assume that the dark matter follows a NFW

profile (Navarro et al. 1996b):

PRrw (3.1)
T/Tpr)(l + T/TNFW)Q ’

pNFW(T) = (

which we find by best-fit to the density distribution of dark matter particles following Lokas
and Mamon (2001) at infall time. We assume rNpw = Tmax/@, where ryay is the radius
of maximum circular velocity and o = 2.1623 (Bullock et al. 2001). We calculate 7pax for

each galaxy at their time of infall.
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GCs are assumed to follow a Hernquist profile (Hernquist 1990):

0
PHQ
r/raQ)(1 +7/raq)?

prQ(r) = ( (3.2)

Two sets of GCs are tagged, one corresponding to a more extended metal poor or “blue”
component, and one more concentrated and metal rich, or “red” component, with relative
fraction of red to blue component following observations in Harris et al. (2015). We assume
that ruq = Bryrw, where Bplue gos = 3.0 and Breq cos = 0.5. The remaining parameter
p%Q is fit such that the number of resultant candidate particles is maximized. The procedure
as well as the assumed parameters is the same as introduced in Ramos-Almendares et al.
(2020) using the Illustris simulations.

For reference, the resulting radial distributions of red and blue GCs are typically
within the tidal radius of surviving satellites, which are estimated to be 7ga ~ 5 - 100
kpc in our sample using analytical calculations for our highest and lowest host and satellite
masses (Binney and Tremaine 2008b; Springel et al. 2008). This is confirmed by a very
high fraction of tagged GCs remaining bound at z = 0, which show medians 96% and 85%
for red and blue GCs, respectively. Note that although the sample as a whole shows large
bound fractions, a minority of individual objects may lose most or in some cases all of their
GCs for specific orbits or accretion histories, introducing scatter in some of the relations
explored in Sec. 3.5.

We numerically compute the distribution function of each of these three compo-

nents (dark matter NFW, blue GCs and red GCs) as Binney and Tremaine (2008a):

w-d [ @) e
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where p; is the density profile of i = DM, GCs, blue GCs, WV is the relative gravitational
potential, and € is the relative energy. Since the potential is not recorded in every snapshot,
it should be noted that the potential of the dark matter particles is calculated for each
progenitor subhalo via a tree gravity for computational efficiency. Then, in equally spaced
bins of relative energy, we select a fraction of the particles fuq/fxrw for i = red and blue
GCs to be the GC candidate particles. We impose and additional radius cut of 7,/3, as
suggested by Yahagi and Bekki (2005) and implemented in Ramos-Almendares et al. (2020),
where 7}, is the half-mass radius of the entire halo at its infall time. This is the final set of
GC candidate particles.

The next step is to populate galaxies with a total mass in GCs, or Mgg. This is
the key assumption of the method: galaxies follow a power-law relation between the mass
of their total GC systems and their virial mass Moo at infall. We thus calibrate the model
such that after evolving in the cluster of host potential (tidal stripping, stellar evolution),
they reproduce the observed power-law Mac — Moo relation at z = 0. More specifically,
from Harris et al. (2015):

MGCJ«’:O = aMl?aloz:O? (34)

where a = 2.6 x107® and 4.9 x 107 for red and blue GCs, respectively, and the slopes b = 1.2
and 0.96 for red and blue GCs. As done in Harris et al. (2015), Mpalo,=0 is calculated
using abundance matching parameters from Hudson et al. (2015) to assign halo masses
to satellites. To calibrate this relation, we select from our satellite sample described in
Sec. 4.3.3, only those that survived to z = 0, and calculate the fraction of the candidates GC

particles that are still bound to the galaxy at 2 = 0: fhound = Neandidates(z=0) /Ncandidates(zinf).
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We consider a GC candidate still bound to a subhalo at present day if its corresponding
dark matter particle is considered bound to the subhalo via Subfind. We then make the
assumption that the relationship between Mgc — Mhalo also followed a power law at infall
such that:

1

bin
——Mac =0 = Qint ML ;- (3.5)
fbound ’

Macint =
We find the best fitting aijnr = 2.6 x 1077 and 7.3 x 107° and biys = 1.14 and 0.98 for red
and blue GCs respectively. The infall GC mass of each galaxy is then calculated using their
virial mass from this best-fit infall relation at ;,¢. The result of this calibration is shown
in Fig 3.2. Blue and red points represent the resulting present-day blue and red GC mass
respectively for each galaxy with a given Msgg. For reference, the magenta and cyan lines
show the results from Harris et al. (2015) for red and blue GCs, respectively. Note that,
despite all galaxies starting from a scatter-free infall Mgc-Magg relation, the variations in
infall time, tidal stripping and stellar evolution of the galaxies (which might influence the
calculation of My from abundance matching) results in a present-day Mgc-Magp relation
with scatter, in agreement with observations (see Ramos-Almendares et al. 2018, 2020, for
more detailed discussions).
Most importantly, the calibration to determine Mgc is done using only more
massive galaxies, where observational constraints on the GC-halo mass relation are available.

In particular, only satellites with estimated Msgy > 10" M, which roughly corresponds

to M, > 10° My using Hudson et al. (2015) are used to calibrate the model. For dwarf
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Figure 3.2: M@c as a function of halo mass Mogg at present-day from the TNG50 simulation
+ GC tagging model which shows the result of the mass calibration process. Individual dots
show simulated galaxies for the blue (indigo) and red (red) components. The observed GC
mass - halo mass relation from Harris et al. (2015) is shown in cyan and magenta solid lines
for blue and red GCs, respectively. The extrapolation of those results to dwarf galaxies is
indicated with the same colors but using short dashed lines. For galaxies with Mgy > 10'2
Mg, we plot the virial mass corresponding to the simulation value rather than calculated
from Hudson et al. (2015) due to large discrepancies between simulations and the abundance
matching model in that regime. The calibrated red and blue GCs follow a power-law with
a slope in good agreement with observations and predict a variable scatter that increases
towards the low-mass end. Most importantly, results for Mogg < 101! My, are a prediction
of the model since the calibration is done only using systems more massive than this cutoff.
The horizontal dashed line shows Mgc = 7 x 103 Mg, our minimum individual GC mass
considered to assign mass to the tagged GC particles. Galaxies below this mass are not
populated with GCs in our model.
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galaxies with Magy < 10 Mg, the calculated Mgc is a prediction of the model assuming

they follow the same relation as their more massive counterparts.

3.3.4 Assigning individual GC Masses

As explained above, the tagging method first selects as many GC candidate par-
ticles as possible, by identifying all dark matter particles with matching energies to the
intended GC distribution (see Sec. 3.3.3). After the mass calibration is carried out and
Mgc is defined at infall (see Eqgs. 3.4 and 4.4), the mass weight of each candidate GC
particle is simply calculated by dividing Mgc into the identified number of candidate GC
particles. This means that the weight of a given tagged GC particle could be smaller than
the mass of a full GC. While working with the full set of candidate GC particles provides the
most complete representation of the possible phase space for GC systems, it is convenient
to define a “realistic GC catalog”, where a subset of the tagged GC candidate particles are
selected to match the number of GCs expected. We take this approach in what follows as
it allows a consistent comparison to observational data.

In previous iterations of this GC tagging model, we have taken the approach of
assigning all realistic GCs the same, average mass (mgc = 1 x 10> Mg) (see Ramos-
Almendares et al. 2020; Doppel et al. 2021). While this approach was correct for the more
massive galaxy sample presented in these previous works, the GC luminosity function in
observed early-type galaxies changes with the stellar mass of the host (Jordan et al. 2007),
an effect that becomes particularly important when evaluating the GC content of lower-mass

dwarf galaxies (Forbes et al. 2018). Because of our increased resolution and the selection
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of dwarf galaxies below M, ~ 108 My, we enter the regime in which a more detailed mass
modeling for the GCs is required.

We model the GC population of each galaxy at infall assuming a Gaussian distri-
bution in luminosity (we assume a mass to light ratio (M /L) (Mg / Lg) = 1 in the z-band),
with a dispersion of z-band GC luminosities (0,) that reproduces the relationship with the
Mp of their host galaxies at z = 0 as measured in Jorddn et al. (2007) (see Appendix D
for a more detailed discussion of this calibration). We note that we still assume a constant
mean luminosity ~ 2 x 10°Lg, for all GC luminosity functions, independent of the mass of
the host galaxy, but we limit the maximum mass that a GC can sample to 1/100 the stellar
mass of the host following observations of the most massive GCs in dwarfs (Kruijssen and
Cooper 2012). We also employ a uniform low-mass (or luminosity) cutoff for individual
GCs = 7 x 103> My, and an upper mass/luminosity cut off equal to 5 x 106 My to ensure
that we are excluding massive objects that could be nuclear GCs (Kruijssen and Cooper
2012).

For each galaxy, we proceed to randomly draw individual GC masses from the
resulting Gaussian distribution until the sum of all realistic GC candidates adds up to the
estimated mass in GCs at infall. This steps concludes with a corresponding number of
realistic GCs for each galaxy, Ngc inf- This number is always smaller than the number of
particles identified as candidate GC particles in the step described in Sec. 3.3.3. We then
sub-sample Ngc int from the list of all the GC candidate particles identified for each galaxy
(enforcing that they follow the same relative energy distribution function) and we assign

them one of the drawn GC masses, building one possible realization of the realistic GC
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Figure 3.3: Top: Stacked mass functions of individual GCs in narrow bins of host galaxy
stellar mass at z = 0, as labelled. We can quantitatively see the expected decrease in
dispersion for decreasing stellar mass. We note that the downward shift of the median GC
mass is due to the upper limit of min(5 x 106 M), M., infa1/100), which plays a large role for
lower-mass galaxies. Bottom: Relation between the dispersion in the z-band GC luminosity
function, o, and host galaxy stellar mass. Gray points show the measured dispersion of the
stacked luminosity functions of our model in TNG50 shown in the top panel, and the orange
shaded region shows observational expectations based on results reported in Jordan et al.
(2007) adapted using the simulations to convert their B- magnitudes to M, (median shown
in dashed line, and shading corresponds to 25% - 75% scatter in each stellar mass bin).
Additionally, due to the high end mass cut of 5 x 106 M, for a single GC mass, the best-
fitting luminosity function dispersions of high-mass systems are somewhat underestimated,
but we do find reasonable agreement for low-mass systems.
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catalog for each given galaxy. Note that further versions of the realistic catalog might be
constructed by repeating the sampling of the GC luminosity function and the selection of
the GC candidate particles, if so desired. In this work we employ only one realization per
galaxy, but see Doppel et al. (2021) for an example of how multiple realizations per object
might be used to assess the impact of low number statistics in the determination of galaxy
velocity dispersion from GC tracers.

As highlighted before, the individual mass assignment to GCs is performed at
infall, and particle IDs are tracked onwards to z = 0. Since the tagging technique is meant
to model the surviving GCs at z = 0, we do not make assumptions about the shape of
the initial mass function of GCs, nor do we take into account mass loss for individual GCs
or the total destruction of GCs (see also Ramos-Almendares et al. 2020, for a detailed
discussion). We instead use observational results on the evolved GC luminosity function
presented in Jordén et al. (2007) to assign final masses to the tagged surviving GCs. We
present in Appendix E estimates of the dynamical friction expected for the tagged GCs and

demonstrate that the results presented here are not strongly affected by dynamical friction.

3.3.5 The GC population of TNG50 group and cluster members

The top panel of Fig. 3.3 shows the average GC mass functions at z = 0 binned
in ranges of stellar mass of the host galaxy in TNG50. Notice that while the GC mass
sampling and assignment is performed at infall for all galaxies, this plot shows present-day
results for surviving satellite galaxies, which means individual distributions of GCs could
have been affected by tidal stripping. The top panel shows a significant drop in the average

GC mass for dwarf galaxies with M, < 108 Mg, which in our model is attributed to the
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upper mass cut-off to sample GC mass (set to 1/100M, ;u¢ for each galaxy), and confirms
the importance of taking this into account when dealing with GC content in low-mass dwarf
galaxies (Forbes et al. 2018).

The bottom panel of Fig. 3.3 shows in cyan symbols the dispersion in the z-band
magnitudes of simulated GCs associated to each galaxy, o,, and how it compares to the
one measured in observations (orange shaded region Jordan et al. 2007). Note that this
relation is an extrapolation below M, < 10® My. While the overall agreement is good,
there is a flattening in o, for our tagged GCs in high-mass galaxies, which we attribute to
our absolute upper limit in the z-band luminosity /mass of individual GCs corresponding to
5 x 10% Mg,

We showcase some examples of our GC catalog with the final tagging results in
Fig 4.3. Pink and light blue dots indicate our tagged realistic GCs overplotted onto the
stellar density predicted by TNG50, shown in the background grayscale. To create some
intuition on the range of simulated objects included in our sample, we show several systems
on different mass scales, from a Virgo-like galaxy cluster in the top left of the figure, a
Fornax mass galaxy cluster in the top right, and a Centaurus A mass group in the bottom
left. Interestingly, it is not uncommon to find substructures of GCs in our catalog: the
bottom right panel shows a set of simulated GCs that appear to be following a tidal stream
in the stellar component of a disrupting host galaxy. We also see correct behavior of the GCs
as a whole — the red GCs are more spatially concentrated around their host galaxies than
the blue GCs. While this is partially imposed by design in the model, the more centrally-

concentrated tagging for the red component is done at infall, while Fig. 4.3 shows that
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it is mostly preserved until z = 0 despite tidal stripping events and interactions with the
host environment. In agreement with previous version of this tagging technique (Ramos-
Almendares et al. 2018, 2020), the model predicts the formation of an intra-cluster GC
component, or GCs that exist in the space between the galaxies, which is built mostly from
the disruption and merging of early accreted satellite galaxies, a topic that we return to in

Section 3.4.

3.4 Build up of the intracluster GC component

Observationally, the presence of GCs in the intracluster regions (or ICGCs) has
been detected and surveyed in several nearby galaxy groups and clusters such as Fornax
(Bassino et al. 2003; Schuberth et al. 2008), Coma (Madrid et al. 2018; Peng et al. 2011),
Abell 1689 (Alamo-Martinez and Blakeslee 2017), Virgo (Lee et al. 2010; Durrell et al. 2014;
Ko et al. 2017; Longobardi et al. 2018) and Centaurus A (Taylor et al. 2017). Similarly to
GCs in the halo of the MW (see e.g., Keller et al. 2020), ICGC studies hold the promise
to help unravel the accretion history of their host halos and important properties of the
progenitor galaxies building the intracluster light of the groups and clusters (e.g., Villaume
et al. 2020; Ko et al. 2022).

One of the predictions of our GC model is the formation of such an accreted ICGC
component, built from a combination of GCs previously associated with galaxies that have
merged to the group or cluster host and also from the stripping of surviving satellite galaxies.

Such a component is not directly “tagged” or calibrated for in our simulations, but instead
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Figure 3.4: Spatial maps of one realization of our GC catalog (pink and light blue points)
overplotted on a visualization of the stellar density (background grayscale) for the most
massive galaxy group (a Virgo or Hydra 1 analog) (top left), a galaxy group with a viral
mass around 1.5 x 10'3 Mg, (top right), and one low-mass galaxy group with a virial mass
~ 5 x 102 Mg, (bottom left). The bottom right shows a zoom-in of the GC particles
associated with the stellar stream in the bottom left image. We find that the GCs distribute
as expected, with the red population more spatially concentrated about their hosts and the
blue component more spatially extended. We also find the presence of intracluster GCs, see
Section 3.4 for a more detailed discussion.
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Figure 3.5: Top: Projections of the stars (background grayscale) and GCs (pink and skyblue
points) for FoF group 1 all the realistic GC particles associated to the group (left) and the
most massive (and thus the brightest) GC particles, defined to be those with individual GC
mass mgc > 1 x 10® Mg, (right panel). Bottom: Radial surface number density profiles for
the GCs for all groups (low transparency curves) and medians for various mass bins (high
alpha curves) compared to observations for the Virgo ICGCs from Lee et al. (2010, red and
blue stars,) and SCABS (pink and cobalt squares, Taylor et al. 2017). The bottom left
shows the profiles using all realistic GC particles and the bottom right shows the profiles
using only massive GC particles, as defined for the top row. We see that this mass cut puts
the predictions of the model much more in-line with what is shown in the observations from
Lee et al. (2010). This visually illustrates the effects of brightness cuts in observations of
the ICGCs.
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is the result of the hierarchical assembly of structures in ACDM. More specifically, while
some GCs are tagged to the central galaxies in each group, this occurs when they reach a
very small fraction of their final virial mass (5%, see Sec. 4.3 for details), resulting in those
GCs assigned to the central galaxy being largely subdominant (about a ~dex less in GC
numbers) compared to the accreted ICGCs acquired from tidal stripping and merging of the
satellite galaxies. The study of the ICGC component is therefore an important benchmark
of our GC model.

In this work, we define ICGCs to be GCs within the virial radius of a group or
cluster host that are not currently gravitationally associated to any satellite as measured
using Subfind. We note that while this differs from observational methods of determining
GC membership to the ICL, which includes fitting profiles to distinguish the ICGCs from
the GCs associated with the BCG (e.g., Taylor et al. 2017), employing radial cuts to remove
the contribution of GCs of satellite galaxies (e.g., Lee et al. 2010), or using kinematic data
of GCs when available (Longobardi et al. 2018), this is a definition that is best physically
motivated for our purposes. We have explicitly checked that using different radius cuts
for satellite galaxies to distinguish between the ICGCs from the GCs of satellites, as done
in some observational studies, does not substantially change the properties of the ICGCs
reported here.

The top row of Fig. 3.5 shows projections of GCs (associated to galaxies and part
of the ICGCs) tagged in the second most massive group in our sample (FoF group 1),
with Msgg ~ 9 x 10'3 Mg, comparable to the Virgo or Fornax clusters. As before, pink

and light blue dots correspond to tagged red or blue GCs and the gray scale indicates the
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stellar component. Because GCs are now assigned individual masses (see Sec. 3.3.4), we can
create different maps mimicking different luminosity (or mass) cuts: the left panel shows
all tagged GCs in FoF 1 (or equivalent all GCs above a mass cut 7 x 103 Mg) while the
right panel illustrates what would be observed in a shallower survey only able to map GCs
more massive than > 10% M.

As expected, the number of GCs decreases in the right panel due to the lower
availability of more rare massive GCs. Interestingly, the substructure mapping should be
different between these two images, as more massive GCs are preferentially formed in more
massive galaxies (see top panel of Fig. 3.3), leaving dwarf galaxies underrepresented in the
right panel compared to the left. The extension of our model to include the masses of indi-
vidual GCs makes the current GC catalog especially useful for exploring how completeness
and magnitude limits might impact observational results.

We quantify the ICGCs via their projected number density profile as a function of
projected radius (normalized to the virial radius of the host) in the bottom panels of Fig. 3.5.
The left and right panels correspond again to all GCs and GCs more massive than 106 M,
respectively. Individual thin lines (red or blue to refer to the red or blue GCs) indicate
the projected radial profiles in each of our 39 groups, while thick curves show the resulting
medians when splitting our sample in four virial mass bins roughly consistent with: Virgo
mass objects (M > 8 x 10'3 Mg,), Fornax mass objects ( 5 x 1013 Mg < Magg < 8 x 103
Mg,), higher-end mass estimates of Centaurus A (1 x 1013 Mg < Mago < 5 x 108 M),
and lower-end halo mass estimates of Centaurus A as well as massive elliptical systems

(5 x 10'2 < My < 1 x 1013 Mg).
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There is a weak dependence of the ICGC number density on host mass, with
smaller mass systems having lower number densities, but the object to object scatter is large.
The red ICGCs have a slightly steeper radial distribution than the blue one, as expected
from the differential stripping due to their initially more biased distribution towards the
centers of their host galaxies at infall, but the effect is rather small.

Global GC surveys are very challenging observationally for external and distant
systems. As a result the available data is scarce. We compare our predictions with two
available constraints: GCs in Cen A from the SCABS survey that correspond to a minimum
GC mass of ~ 10* M (Taylor et al. 2017, red and blue squares) and GCs in the Virgo cluster
from Lee et al. (2010). In the bottom left panel, we see that our model shows an overall
good agreement with measurements in Cen A, although we predict a steeper red ICGC
component than the SCABS results. Here we are assuming a virial mass Magg = 10'3 Mg,
which corresponds to Rogg ~ 450 kpc. The flattening observed in Cen A beyond R ~ 0.2 Ragg
might be associated with the ring-like structure detected in this system (Taylor et al. 2017)
and might not necessarily be present in our sample, although we do find some interesting
cases where simulations also predict a flattening. We defer this study to future work.

The observational data in Virgo corresponds to a brightness cut of 21.3 mag in
the i-band, which means that only the brightest ~ 13% of the GCs in the Virgo cluster
are detected (Lee et al. 2010). We therefore show in the bottom right panel of Fig. 3.5 the
number density profiles of GCs more massive than 106 M, which is a better match to the
shallower GC survey in Virgo using SDSS data. Here we assume a 1700 kpc virial radius,

which corresponds to a virial mass ~ 5 x 10 Mg following Kashibadze et al. (2020).
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We find a good agreement in normalization and slope of our simulated GC catalog and
these observations in Virgo, with the differentiation between blue and red GCs improved
with respect to Ramos-Almendares et al. (2020), mostly driven by the improved numerical
resolution in our simulations.

While the overall objective is not to reproduce in detail the observations of indi-
vidual systems, it is reassuring to see that the predictions of our GC tagging method for
ICGCs number densities are well in the ballpark of the observations available to date. This
is particularly important given that this component is not directly tagged in the simula-
tions, but instead is naturally built by the assembly process of groups and clusters. A more
detailed study of the ICGC component and its relation with the build up of the intracluster

light will be presented in future work (Ahvazi et al., in prep).

3.5 GC content in dwarfs to giant galaxies

The GC tagging model calibrates the total mass of globular cluster systems in
galaxies at z = 0 using the Mgc — Maygo power-law relation from Harris et al. (2015). As
explained in detail in Sec. 3.3.3, only simulated halos with calculated Mayy > 10! M, par-
ticipate in the calibration, while lower-mass objects are assumed to follow an extrapolation
of that power-law. The GC content of dwarf galaxies in halos less massive than Mgy = 10!
Mg, corresponding to M, ~ 10? M, in the stellar-halo mass relation of TNG50, is therefore
a prediction of the model under this assumption. We explore in this section how the results

obtained in the regime of dwarf galaxies compare to current observational constraints.
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Figure 3.6: Left: Number of GCs, Ng¢, as a function of host galaxy stellar mass. Simulation
points are plotted as gray dots, with the average shown as the solid black line and lo
variation shown as the gray shaded region. Simulated galaxies with no GCs after the mass
function selection are shown as gray squares at Ngco = 0.2. Observational data for observed
galaxies are plotted as solid lime green stars (Virgo, Peng et al. 2008), purple pentagons
(Fornax, Prole et al. 2019), and blue crosses (Local Group, Forbes et al. 2018). Average
results from ELVES-II in Virgo- and Local Volume-like environments are shown in dark
green dot dashed and light blue dashed lines respectively. The simulation points tend to
follow the trend and scatter of the observational data. Right: The specific frequency, Sy,
as a function of host galaxy V-band magnitude, My . My and Sy have been corrected to
correspond to the mass to light ratio observed for Virgo (see Appendix D). Colored shapes
correspond to the same observations as before, with the addition of cyan squares (Coma Lim
et al. 2018). Galaxies with Sy = 0 are shown as gray squares at Sy = 0.07. The agreement
of both measures of GC abundance with observations in terms of shape and scatter suggests
that the assumption that GC mass scales with halo mass holds to a reasonable extent, even
into the dwarf regime.
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3.5.1 Number and Specific Frequency of GCs

Fig. 3.6 shows in the left panel the relation between the number of globular clus-
ters, Ngc, and the host galaxy stellar mass, M,, in our simulated systems (gray symbols).
Individual galaxies are shown in gray points, with the median relation (including galaxies
with Ngc = 0) shown as the solid black line, with the 25% — 75% dispersion shown as the
gray shaded region. Our results agree well in both overall shape and dispersion with avail-
able constraints from observations shown here in colored symbols: green stars from galaxies
in the Virgo cluster (Peng et al. 2008), magenta pentagons for dwarfs in the Fornax cluster
(Prole et al. 2019), and additional low-mass galaxies from the Local Volume in sky-blue
crosses (Forbes et al. 2018). We also indicate the average results from ELVES-II reported
in Carlsten et al. (2022), showing a low-mass selection of Virgo cluster dwarfs (green dot-
dashed curve) and dwarfs in the Local Volume (dashed light blue). While our sample does
not include low density environments such as the Local Volume, our average values for the
lowest mass objects resolved in our sample track well the slope of the average number of
GCs per system observed in ELVES-II.

For completeness, we also show the related quantity, specific frequency of GCs or
SN, as a function of V-band magnitude in the right panel of Fig. 3.6. We calculate the

specific frequency following Harris and van den Bergh (1981):

SN — ]VGC100.4(]\4\/-"-15)7 (36)

where Ngc is number of GCs and My is the V-band absolute magnitude of the host galaxy.

For most galaxies we take My, directly from the simulation, except for the high-mass galaxies
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(M, > 10°Mg), where we adopt a fixed mass-to-light ratio equal to 3.6 to convert from
mass to luminosity following observations in the Virgo cluster (Peng et al. 2008).

The color coding on the right panel of Fig. 3.6 is the same as introduced for the
left panel, with our simulated galaxies shown in gray and a set of available observational
constraints using color symbols with error bars. We show galaxies with Sy = 0 as gray
squares with Sy = 0.07 so that they are visible on the log scale. The median and 25-75
percentiles are calculating not including galaxies with Sy = 0.

Simulated Sy values overlap well with observational constraints, in particular in
the regime of dwarf galaxies, where typical Sy values of several dozens to a few hundreds
become common for dwarfs fainter than My ~ —13. The inclined lines seen for simulated
galaxies with My > —16 correspond to discrete numbers of GCs (galaxies with 1, 2, 3 GCs)
and seem to represent well several of the dwarf galaxies in the Forbes et al. (2018) sample.

While, to a certain degree, the agreement in the high-mass end of Fig. 3.6 might be
expected because of the calibration of our model to follow the Mgc-Mogo relation, it is not
fully guaranteed due to the following factors: (i) our method tags the satellite population
at infall and not at z = 0, (i) we tag based on halo mass and not M, as shown here where
galaxies continue to evolve their M, and My after infall and (iii) we tag on total GC mass,
Mg, not specifically in GC number. Most importantly, our simulations compare well with
measurement of GC numbers in dwarf systems below those used to calibrate the Mgc-Magg
relation, offering support to the hypothesis that this power-law relation between GC mass

and halo mass extends at least to objects with M, ~ 5 x 106 Mg.
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Interestingly, the left panel of Fig. 3.6 shows that the average number of GCs
continues to decrease with smaller M, in the full range explored here (when including zeros).
This is relevant because it helps rule out more extreme, “purely stochastic” models where
the number of GCs is simply a random number in the low-mass end (e.g., El-Badry et al.
2019). We note that this purely stochastic model is not proposed as physically-motivated,
but instead used in El-Badry et al. (2019) as an interesting extreme behaviour to explore
the slope of the relation between halo and GC mass. Such purely stochastic models, while
being able to reproduce the high-mass end of the power-law relation Mgc-Maogg due to
mergers and hierarchical assembly, would provide a much shallower or constant average
number of GCs with M, in the low-mass regime where stochasticity starts to dominate.
Instead, our results agree well with the conclusions presented in Forbes et al. (2018), where
the slope and scatter of the GC content is consistent with a model where dwarf halos lay

on an extrapolation of the GC - halo mass relation measured for more massive systems.

3.5.2 Radial extent of GCs

We show in Figure 3.7 our predictions for the (3D) radial extent of the tagged GC
systems as a function of stellar mass. We use the half-number radius r, gc to characterize
the radial extent of the GC systems, which we calculate by rank-ordering the GCs associated
to each galaxy in increasing distance to their host and finding the radius of the GC that
divides the sample in two. It is expected that the accuracy of this estimate scales with
the number of GCs, with dwarf galaxies having the largest uncertainties given their low

number of GCs. In this figure, we include only simulated galaxies with Ngc > 3 (gray
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Figure 3.7: Top: The half number radius of GCs around TNG50 galaxies (gray points), low
surface brightness galaxies from Prole et al. (2019) (purple pentagons), and higher-mass
galaxies from Hudson and Robison (2018) (green triangles). We show simulated galaxies
with Ngc > 3. We find good agreement with observations for higher-mass galaxies, but
find a flatter slope than the observations for dwarf mass galaxies. We do note however that
the scatter in the simulated points covers the range seen in observations. Bottom: Low
number of GCs in dwarfs may favour using alternative methods to measure a half-number
radii than individual counts. Inspired by observational methods of calculating Ry ccs in
dwarfs, we show the average stacked radial profiles for the GCs of dwarf galaxies with stellar
masses between 5 x 106 Mg and 1035 M. The solid dark cyan line shows the best fitting
Plummer profile for the stacked GCs. The error bars and the shaded region are obtained
via bootstrapping. Our best-fit profile recovers the expected factor of ~ 1.5 that relates the
stellar half light radius, R, with the GC half number radius, Rgc, which is consistent with
observational estimates.
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circles), which allows for the determination of 7, ¢ (this cut in Ngc might not necessarily
apply in observations (purple pentagons and green triangles), where the half number radius
is determined via profile-fitting, see below). Projected sizes in observations have been
converted to 3D by multiplying the reported values by a (4/3) factor, which assumes a
spherical distribution (Somerville et al. 2018).

Given the relatively high spatial resolution of TNG50 (~ 290 pc at z = 0), the
radial extents of the GC systems considered here are numerically well resolved. Their typical
sizes increase from a few kpc for dwarfs with M, ~ 107 My to ru,ac ~ 40 kpc for our largest
satellite galaxy with M, ~ 10'! Mg, with a significant object-to-object scatter, in particular
at the low-mass end. The median trend is highlighted by the black solid line, with shaded
regions indicating the 25-75 percentiles in our sample. In agreement with observations,
simulated GCs are typically more extended than the stellar component in galaxies, which
is indicated by the gray-green shaded curve and shaded area showing the median and 25-75
percentiles of the half-mass radius of the stars in the same galaxies. On average, GCs are a
factor ~ 2-3 times more extended than the stars in galaxies, with a hint at a smaller ratio
for low-mass galaxies.

We reproduce well typical sizes for GC systems in MW-mass galaxies, predicting
rp,ac ~ 10 kpe for galaxies with M, = 5 x 10'° Mg, and an increasing size with mass,
in good agreement with data from Hudson and Robison (2018). This is not completely
surprising since the scale parameters in the Hernquist profiles used to tag the red and blue
GC components at infall were partially chosen in the original model (see Ramos-Almendares

et al. 2020) to reproduce typical GC distributions in these scales.
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It is interesting, however, to explore what predictions arise from extrapolating the
same scaling towards low-mass galaxies. We show with purple pentagons data from dwarfs
in the Fornax cluster, taken from Prole et al. (2019). While our systems overlap with the
observed dwarfs, simulated galaxies seem to have systematically larger half-number radii
than observations. However, we caution that the exact size measured is very sensitive to
the definition chosen in systems dominated by low-number statistics, like GCs in dwarfs.

The bottom panel of Fig. 3.7 shows a different approach, often used in observations
of dwarf galaxies: determining the size of GCs based on profile-fitting of the resulting stacked
GC profile (instead of individual GC counting in each galaxy as in the upper panel). We
show the stacked projected number density profile of GCs for dwarf galaxies with 5 x 106 <
M /Mg < 10%5 as a function of (projected) radius normalized to the effective radius for
each dwarf (see for instance Carlsten et al. 2022). Errorbars and the shaded region are
calculated via bootstrapping and correspond to the r.m.s values from those realizations.
The dark cyan line shows the best fitting Plummer profile for our simulated dwarfs, which
suggests that the half number radius of GCs in these systems is ~ 1.5 times the half-mass
radius®, which is in good agreement with observational estimates (Georgiev et al. 2010;
Carlsten et al. 2022).

Since in our model, the scaling of the GC tagging depends only on the dark matter
half-mass radius (through the calculation of the best-fitting NFW profile at infall), the

good agreement with the scaling of GCs and the stellar component of galaxies is, again,

3We have explicitly checked that on the high mass end, provided that the chosen profile provides a good
fit to the individual GC distributions, the half mass radius computed via GC counting or via profile fitting
are within statistical uncertainty of each other, being therefore less of an issue for massive galaxies with a
numerous GC population than in low mass dwarfs with only a few GCs.
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not guaranteed and an interesting feature of our catalog. It also points to another puzzling
link between GCs and dark matter halos, in this case through radial extent instead of total

mass, that may shed light on the origin and formation of GCs.

3.5.3 Dependence on environment

Recently, Carlsten et al. (2022) reported a higher GC content for dwarf galaxies
in the environment of Virgo compared to dwarf satellites of the same mass in lower density
environments of the Local Volume. This finding has been interpreted as an extension of
a radial trend in the Virgo and Coma cluster where dwarf galaxies near the center (and
therefore on higher density regions) have on average a larger specific frequency compared
to those located further out (Peng et al. 2008; Lim et al. 2018). Such a trend has been
explained as a natural consequence of dwarfs with inner orbits and higher environmental
densities having formed their stars earlier on, with more intense star formation histories
leading to the formation of GCs with a higher specific frequency (Peng et al. 2008; Mistani
et al. 2016) than objects in the field.

Additionally, since dwarfs stopped forming stars in high density environments
earlier than those in the field, comparing them at fixed M, today means that the dark
matter halos of those in high density environments are biased high. This follows since
quiescent dwarfs today should have continued forming stars reaching higher luminosities at
the present day had they stayed in the field (Mistani et al. 2016). Such an effect would also
lead to a higher GC-content for early type dwarfs in groups and clusters.

Our GC catalogs sample a relatively narrow range of environments, including

groups and low-mass clusters with Mgy = [5 x 102 — 2 x 10'] M and no dwarfs around
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MW-type galaxies (such as those in the low density regions of ELVES) or directly in the
field. However, we have explicitly checked that, within the range of environments of our
sample, we find no significant difference in the predicted GC number or specific frequency
for simulated dwarfs in low-mass vs. high-mass host halos, nor do we find a trend with
cluster-centric radii.

Our method is unable to link the GCs to the star formation histories (only infall
virial mass is used to tag the GCs onto our galaxies). However, the second effect (related
to the higher halo mass for dwarf galaxies in higher density environments) is naturally
taken into account in our catalog. We find no significant difference in the infall mass or
infall times of the surviving dwarf population between our simulated groups, which partially
explains the lack of correlation between Ngc or Sy with environment seen in our sample
(see Appendix F).

Noteworthy, in agreement with our predictions, dwarfs in the Fornax cluster also
show no enhancement in GC number of specific frequency (Prole et al. 2019) when compared
to dwarfs in the Georgiev et al. (2010) field sample. This might suggest that while the mode
of star formation and differences in halo masses may imprint an excess of GCs for dwarfs
in higher density environments, those effects set in at higher density environments (closer
to those of Virgo and Coma clusters, Mooy > 5 x 10 Mg) than those simulated here.
Surveys of dwarfs in intermediate-mass groups and low-mass clusters are needed to confirm
this hypothesis and determine whether or not our GC tagging model might benefit in the
future from including additional GC formation channels. For instance, an increased number

of GCs forming in starburst events associated with pericenter passages have been shown
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successful at explaining a cluster-centric radial gradient in GC content for cluster dwarf
galaxies (e.g., Mistani et al. 2016) and the higher GC content in ultra-diffuse galaxies (e.g.

Carleton et al. 2021).

3.6 GC Occupation Fraction

While all massive galaxies appear to have associated GCs, the same is not true
for low-mass galaxies, some of which are observed to host no GCs. The GC occupation
fraction, defined here as the fraction of galaxies at fixed stellar mass that host at least 1
GC, is an important constrain on GC formation scenarios and is fundamental to determine
the minimum galaxy mass able to form GCs that survive until the present day.

As discussed in Sec. 3.2, observationally, the GC occupation fraction is found to
be close to one for galaxies with stellar masses M, > 10° Mg, and to sharply decrease for
lower-mass galaxies (Sdnchez-Janssen et al. 2019; Eadie et al. 2022; Carlsten et al. 2022).
An important caveat of these studies is that the low-mass galaxies included are mostly
satellite objects, although the host mass varies from the Virgo cluster to satellites of ~ Lx
hosts in the Local Volume. We can use our GC catalog to compare with these observations
and to determine the role of tidal stripping in satellite galaxies in establishing such a trend.

Black starred symbols in Fig 3.8 show the median z = 0 GC occupation fraction
in our simulated galaxies as a function of host galaxy stellar mass for GCs with individual
masses mgc > 10° Mg, to mimic the brightness cutoff from Sdnchez-Janssen et al. (2019)
in the Virgo cluster. In agreement with observations, our catalog predicts a decreasing

occupation fraction for dwarfs with M, < 10° Mg, while all galaxies more massive than
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Figure 3.8: A look at GC occupation fraction (defined as the fraction of galaxies that have
at least one GC associated to them) as a function of stellar mass for galaxies within rog9/2
of our selected groups. The figure shows the occupation fraction from TNG50 by infall
number of GCs as the gray dotted line with stars (with the gray shaded region showing
the 25% — 75% spread between environments); z = 0 values are shown within 7599 by
the unfilled black stars and dotted line and within r909/2 as the filled black stars and
dashed line (with the 25% — 75% spread between environments shown as the black shaded
region). Observed occupation fractions from Virgo (Sénchez-Janssen et al. 2019) and the
Local Volume (Carlsten et al. 2022) are shown as lime green and magenta shaded regions
respectively. The difference between the dim gray and the black filled stars shows that tidal
stripping has a sizable effect on setting the occupation fraction in dwarfs with M, < 10°
M. Lower-mass dwarfs with M, < 10”® Mg have additionally a 50% occupation fraction
already at infall, which we explain through their low total GC mass together with the
stochastic sample of the GC mass function.
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that are expected to host GCs. We find a weak dependence of the occupation fraction with
cluster-centric radius, with occupation fraction being only slightly lower when considering
satellites in the inner regions of simulated groups and clusters (r < rg00/2, solid black stars,
short dashed curve) compared to including all satellites within the virial radius (open black
stars, dotted curve). Shaded regions indicate 25-75 percentiles of our sample.

Encouragingly, our present-day occupation fraction agrees well with available mea-
surements. For instance, green shaded area corresponds to galaxies within ~ Rag/3— Ra200/2
of the Virgo cluster (Sanchez-Janssen et al. 2019) while the occupation fraction in satel-
lite dwarfs within the Local Volume is shown in magenta (Carlsten et al. 2022). We find
little variation in occupation fraction with environment across the 39 simulated groups in
TNGH0, which agrees well with findings reported in the two environments explored by the
ELVES survey (Carlsten et al. 2022).

For comparison, we show in gray the “initial” occupation fraction, e.g., the oc-
cupation fraction measured at the infall time for our simulated dwarfs within the r909/2
sample (gray starred symbols and dashed curve for the median, shading indicating 25-75
percentiles). Differences between the gray curve at infall and the black curve today is a
direct measure of the impact of tidal stripping of GCs by the host groups and clusters,
which seems to be substantial for dwarfs with 107-° < M, /Mg < 109.

In particular, our model predicts that all dwarfs with M, ~ 10® M, should host at
least one GC with mass ~ 10° Mgjin the field, while such dwarfs have only 75% occupation

fraction on average when observed in groups and clusters. This is a testable prediction that
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might be confirmed or refuted when large observational samples of field dwarfs with their
GCs become available.

On the other hand, for stellar masses lower than M, ~ 108 M, the prediction for
the infall GC occupation fraction is already lower than 1. For instance, our model predicts
that only half of the dwarfs with M, ~ 10" M, hosted at least one GC with M, > 10° M,
at infall.

Dwarfs with M, ~ 107 Mg have a “halo mass” Magg ~ 7 X 10° Mg (calculated
following abundance matching from Hudson et al. (2015) as described in Sec. 3.3.3) and
Fig. 3.2 shows that for such objects the median mass in GCs is Mgc ~ 2.6 x 10° M. This
seems above our GC mass = 10° Mgconsidered for this occupation fraction calculation,
raising the question of why the occupation fraction is lower than 1 at infall.

We find that the scatter around the Mgc-Msgg relation coupled to the stochastic
sampling of the GC mass function (see Sec. 3.3.4) makes the chances for dwarfs of this mass
to host a GC with M = 10° M about half. Indeed, the maximum GC mass in our model
is set to be one hundredth of the mass of the dwarf (limited inspired by observations of
dwarfs in the Local Group), placing a GC with mass 10°> Mg, close to the upper limit of the
mass distribution and therefore relatively unlikely from a random normal draw (see purple
histogram on the upper panel of Fig. 3.3 for the typical mass function of GCs in this mass
range).

We have explicitly checked that removing the 0.01 M, cut for the sampling of GCs
increases the occupation fraction slightly on the low mass end while leaving it unchanged

for M, > 108Mg. For instance, in our lowest mass bin the occupation fraction increases
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by a factor ~ 2 as a result of a less restrictive mass distribution from which to draw the
individual cluster masses. Given the observational uncertainties and variations between the
Virgo and Local Volume measurements, our predictions for M, ~ 10’My remain consistent
with observations.

While stochasticity explains the initial low occupation fraction, we note that at
present day, the occupation fraction has additionally dropped to 25% for dwarfs with M, ~
10" M, which is due, similarly to more massive satellites, to tidal stripping from the host.
This value is in good agreement with results from the Local Volume, but it is slightly lower
than that measured for the Virgo cluster. Observations of dwarfs in the field for this mass
range might also help constrain if our model is initially underpredicting the occupation
fraction.

Another possibility is that projection effects in high-density environments such
as the Virgo cluster could artificially be increasing the occupation fraction of low-mass
dwarfs by assigning GCs from the intracluster component or from neighboring galaxies to
these dwarfs. Occupation fraction being a requirement of only 1 GC is certainly subject to
significant Poisson noise, which worsens in environments with a high background component
such as clusters. We will use our catalog to explore projection effects in future work.

We highlight that the numbers presented in this section should be taken as upper
limits assuming no additional GC destruction mechanism is at play after the tagging time
at infall. This might not always apply, in particular in cases where dynamical friction
timescales might be short, for instance, for low-mass galaxies. We show in Appendix E that

considering the effects of dynamical friction does not significantly change our results. We
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conclude that the occupation fraction predicted by our model is in reasonable agreement
with current observational constraints and that additional data from other environments,
and more specifically, from the field, would help verify (or reject) the predictions of our

model.

3.7 Summary

In this work, we present a catalog of GCs tagged to the 39 most massive groups
in the TNG50 simulation. Our systems have virial masses in the range Mapy = [5 X 1012
- 2 x 10"] Mg providing simulated analogs of massive ellipticals in the field to low-mass
galaxy clusters. Known systems in this range may include Cen A, Fornax, Hydra-I or the
Virgo cluster, where GC data is abundant. Our GC tagging technique follows from the
one already applied to galaxy clusters with Mgy > 10'* Mg in the Illustris simulation
(Ramos-Almendares et al. 2020), with improvements to take full advantage of the increase
in resolution and the inclusion of lower-mass dwarfs in our sample.

Briefly, our GCs are tagged to any satellite galaxy identified in the merger tree to
have a maximum stellar mass M, max > 5 X 109 My and that has ever interacted with our
host groups. For each satellite, we identify dark matter particles in its subhalo at infall with
a given energy distribution that is consistent with the phase-space that we choose for the
GC systems. All galaxies are tagged at infall, after which the dynamics of their assigned
GCs is followed by the simulation until the present day. This enables the prediction of

GC content in galaxies from dwarfs to giant ellipticals with stellar masses in the range:
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M, = [5x10% — 6 x 1011] M. GCs are tagged to more than 8000 simulated galaxies across
time, of which more than 5000 survive in our sample at z = 0.

We include a new modeling of the GC mass function that allows us to assign
individual GC mass to each tagged particle. This is a necessary improvement over the
previous model in Ramos-Almendares et al. (2020) which assigns all tagged particles equal
GC mass. As discussed in Sec. 3.3.4 and 3.5.1, this addition is fundamental to reproducing
the GC content in dwarf galaxies.

The GC tagging method relies on only one strong assumption: galaxies at infall
follow a power-law relation between mass in GCs and halo mass, with a normalization and
slope that is calibrated to reproduce the present-day Mac-Magg relation from Harris et al.
(2015). Most importantly, this relation is known to hold only for galaxies with stellar mass
M, ~ 10° My and above. We therefore consider only galaxies with halo mass Magg > 10!
Mg (or equivalently, M, ~ 10° M) to participate in the calibration, while applying
the calibrated relation to lower-mass galaxies as well. This approach allows us to make
predictions on the GC systems of dwarfs with M, < 10° M, under the assumption that
they follow an extrapolation of the same power-law of more massive systems. In this paper
we compare these predictions with available observational data on GCs of dwarf galaxies.

Our main results can be summarized as follows.

e The GC tagging method naturally gives rise to the formation of an intracluster GC
(ICGC) component which is in good agreement with the currently available data.
Our individual GC-mass modeling allows the construction of mock observations of

GCs at different brightness/mass cutoffs, which might prove a very useful tool for
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theory /observation comparison once more ICGC systems are mapped in groups and

clusters.

The predicted number (Ngc) and specific frequency (Sy) of GCs in dwarf galaxies
with M, = [5x 107 — 10] M, are consistent with observations of dwarfs in the Local
Volume as well as in clusters such as Virgo and Fornax. This provides support to
the idea that low-mass dwarfs lay in an extrapolation of the GC mass - halo mass
relation of more massive counterparts, in agreement with conclusions from Forbes
et al. (2018). In particular, the average number of GCs as a function of galaxy mass
seems in agreement with that reported for the ELVES survey in low-mass objects
(Carlsten et al. 2022) and it is different from one where the number of GCs is simply

a random draw in the low-mass end.

The radial distribution of GCs around satellites in a wide range of masses is also well
reproduced in our catalog, with median values ranging from r; gc ~ 2 kpc for low-
mass dwarfs with M, ~ 107 Mg to ~ 25 kpc for M, = 2x 1011 Mg. A closer inspection
to the GCs in dwarf galaxies indicates that the low number of GCs expected might
bias high the estimates of the half-number radius obtained by simply rank-ordering the
identified GCs in distance. When stacking GCs of similar-mass dwarfs and finding
a best-fit profile, as often performed in observations, we find that the half number
radius of GCs in dwarfs is closely related to that of the stars, r;, go ~ 1.57p, 4, which is
a common assumption in the literature. This is substantially smaller than the factor
~ 3 - b between GCs and the size of the stellar component in more massive galaxies

like the MW and giant ellipticals.
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e We predict a steeply declining GC occupation fraction for dwarfs with M, < 10°
Mg, which is in reasonable agreement with current constraints from Virgo (Sénchez-
Janssen et al. 2019) and the Local Volume (Carlsten et al. 2022). In our model,
tidal stripping plays a significant role at lowering the occupation fraction for all dwarf
galaxies, and this effect cannot be neglected when interpreting occupation fraction
data in observations. For instance, we predict almost 100% occupation for dwarfs in
the field with M, = 10® My e.g., hosting at least 1 GC with stellar mass 10° Mg,
while in group and cluster environments the fraction is ~ 75%, in agreement with
observations. For lower-mass dwarfs, stochasticity in the sampling of the GC mass
function coupled to their low GC mass content (set by their low halo mass) results in
the expectation of only one in two dwarfs with M, ~ 10" My hosting a ~ 10° Mg
GC at infall. For comparison, tidal stripping effects lower this to one in four for the

group and cluster environments.

Our GC tagging method is linked to an empirical calibration of the GC mass -
halo mass relation and does not specifically model the formation of GCs. However, some
of the results might be used to shed light on GC formation mechanisms. For example, our
model naturally predicts the scaling of the size of GC systems across all masses to the dark
matter halo distribution (through the half-mass radius in dark matter). The fact that we
find a good agreement with observations on the typical GC system sizes from dwarfs to
large galaxies suggests another puzzling link between dark matter halos and GCs, besides
the scaling on mass. An interesting link between the GC sizes and the estimated virial

radius has been observationally found in galaxies with mass comparable to the MW and
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above (Hudson and Robison 2018). Our results suggest that a tight link between these two
radii extends all the way into the dwarfs regime.

In particular, the GC radial extent in the regime of dwarf galaxies seems in agree-
ment with the predictions from the model where GCs form at the centers of their own dark
matter halos, or mini halos, as first suggested by Peebles (1984). While this is not true
for more massive galaxies, where such a “cosmological” origin of GCs would predict radial
distributions that are too extended compared to MW-like galaxies (Creasey et al. 2019), in
the regime of dwarfs, the hierarchical clustering of these primordial mini-halos is of order
few kpc, which is in good agreement with observations and predictions of our model (see
Fig. 4 in Creasey et al. 2019).

This suggests that, if GCs can form in their own mini-halos and hierarchically
assemble in the halos of galaxies today, the best sites to look for such objects might be
dwarf galaxies, where a larger fraction of GCs would be consistent with a cosmological
origin. Ultimately, only measurements of individual GC ages and metallicities would be
able to fully differentiate between a primordial GC formed in its own dark matter halo,
from a GC formed via baryonic processes in the ISM of galaxies (Bastian et al. 2020).
Targetting GCs around dwarf galaxies with M, ~ 107-108 M, might give us the best
opportunity to narrow down GC origins.

More broadly, the GC catalog presented in this work is a useful resource to study
the 6D properties of GCs in groups and clusters, environments where the ab initio formation
of GCs in cosmological simulations is not yet feasible. Targeting ~ 40 systems allows the

study of halo-to-halo variations and the understanding of the link between GC properties
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and particular assembly history of each group; a goal that we will pursue in future work.
The GC catalog created herein is made publicly available as part of the IllustrisTNG data

release.
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Chapter 4

Paper 1I1: The puzzling nature of
ultradiffuse galaxies and their
globular clusters: normal, extreme,

or somewhere in between?!

4.1 Abstract

Using the highest resolution run of the IllustrisTNG50 simulation in conjunction

with its catalog of globular clusters (GCs), we investigate the GC systems of ultradiffuse

IThis chapter contains a draft of an article that will be submitted for publication by Oxford Universtiy
Press in Monthly Notices of the Royal Astronomical Society written by Jessica E. Doppel, Laura V. Sales,
Jose Benavides, Elisa Toloba, Eric Peng, Dylan Nelson and Julio Navarro
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galaxies (UDGs) that are members of the simulation’s 39 most massive galaxy groups and
clusters. We find that GC abundances fit well within the bounds of many observed UDGs
and normal dwarf galaxies, although we do not find abundances as extreme as those observed
in the Coma cluster for example. Across the range of environments that we are able to probe,
with Magg = [5 x 10'2,2 x 10'*] M, we do not find the dependence of GC abundance of
UDGs with their host environment as suggested by observations in Coma, Virgo, Fornax,
and other low mass environments. Halo masses the selected UDGs additionally suggest that,
while higher GC abundance systems tend to have higher halo masses at infall, overall, they
are not substantially different than the halo masses of normal dwarf galaxies. Furthermore,
the GC kinematics suggest the same—there is no kinematic distinction between the GC
systems of simulated UDGs and dwarf galaxies. We find good agreement with a wide range
of observations of GC velocity dispersion for UDGs, particularly those that appear to be
normal dwarfs. One set of UDGs, those that appear to be “failed galaxies” we are only able
to reproduce when observational techniques select interloping intracluster GCs as bound to

the target UDGs.

4.2 Introduction

Ultradiffuse galaxies (UDGs), extremely low surface brightness galaxies that are
observed to be quite radially extended for their stellar mass, have occupied an enigmatic
place in scientific discourse in recent years due to advancements in instruments capable of
observing these objects (see Abraham and van Dokkum 2014). Originally detected in the

Coma cluster (see e.g., van Dokkum et al. 2015a,b; Koda et al. 2015), UDGs were thought
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to reside primarily in the environments of galaxy clusters (see van Dokkum et al. 2015a,b;
Koda et al. 2015; Mihos et al. 2015; Peng and Lim 2016; Yagi et al. 2016; Gannon et al.
2022), but UDGs have since been observed in a much wider range of environments (van der
Burg et al. 2017; Lee et al. 2017, 2020; Marleau et al. 2021; La Marca et al. 2022; Venhola
et al. 2022), including as isolated galaxies in the field (Martinez-Delgado et al. 2016; Roman
and Trujillo 2017; Leisman et al. 2017; Martin-Navarro et al. 2019; Rong et al. 2020). While
many are observed to be devoid of gas (Martinez-Delgado et al. 2016; Papastergis et al. 2017;
Romaén et al. 2019; Junais et al. 2021), more recent observations find gas-rich UDGs (e.g.,
Leisman et al. 2017; Mancera Pina et al. 2020; Jones et al. 2023) In addition to the range
of gas fraction and environments, UDGs are also found to be diverse in nucleation fraction
(Lim et al. 2020)

Given the apparent diversity of UDGs, it has proven particularly difficult to pin-
point their—potentially shared—formation paths. Several theoretical and numerical studies
have pointed to differences between the dark matter (DM) halos that host UDGs and normal
dwarfs, suggesting the possibility that UDGs reside in DM halos with higher than average
spin (Amorisco and Loeb 2016; Rong et al. 2017; Mancera Pina et al. 2020; Kong et al.
2022; Benavides et al. 2023). Other studies present more baryon-focused formation scenar-
ios. Star formation and feedback processes associated with “breathing-mode” outflows have
the potential to leave the stellar component of galaxies rather extended (e.g., Di Cintio
et al. 2017; Chan et al. 2018), although even the process of passively forming stars has been
shown to form extremely low surface brightness galaxies consistent with UDGs (Tremmel

et al. 2020). To add an additional complication in the search for UDG formation, environ-
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mental effects, such as tidal heating (Carleton et al. 2019) and tidal stripping (Maccio et al.
2021; Doppel et al. 2021; Moreno et al. 2022), can give rise to UDG-like galaxies. However,
combinations of the aforementioned scenarios have been found to form UDGs in simulations
(Jiang et al. 2019; Sales et al. 2020), thus leaving the potential formation paths of UDGs
quite entangled with one another.

Characterizing the DM content of UDGs provides an additional dimension to un-
derstanding the origin of UDGs. For example, UDGs that possess little to no dark matter
could suggest a primary formation mechanism of tidal stripping, or perhaps more exotic
scenarios of removing their DM content (see e.g., van Dokkum et al. 2018a, 2019a, 2022;
Trujillo-Gomez et al. 2022). On the other extreme, UDGs that reside in extremely over-
massive halos for their stellar mass could indicate that UDGs experienced some event that
caused their star formation to suddenly cease, with their extreme radial extent a remnant
of the much more massive galaxy they were otherwise destined to become (see e.g., Forbes
et al. 2020; van Dokkum et al. 2017, 2015b; Toloba et al. 2023). Between these two ex-
tremes, UDGs that reside in DM halos on par with other galaxies of similar stellar mass
could indicate that they are on the tail end of radial extent for dwarf galaxies, and indicate
a mode of formation consistent with normal dwarf galaxies (e.g. Toloba et al. 2018; Lee
et al. 2017, 2020; Saifollahi et al. 2021; Toloba et al. 2023). Illuminating the DM content
of UDGs is, therefore, a necessary component for pinpointing the—potential spectrum of—
formation scenarios through which UDGs may arise and help to solidify their place in our

understanding of dwarf galaxies.
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The DM content of UDGs, however, is as varied as their potential formation sce-
narios. Observations of luminous, kinematical tracers such as stars (cite DF44 and DF4
among others), GCs (see e.g. van Dokkum et al. 2018a; Toloba et al. 2018; van Dokkum
et al. 2019a), and gas (Mancera Pina et al. 2020) suggest that the DM halos of UDGs span
the entire range between lacking DM (such as DF2 and DF4) to residing in overamassive
halos, with some more on par with that of the Milky Way than that of typical dwarf galax-
ies (Beasley et al. 2016; Janssens et al. 2022; Gannon et al. 2023; Toloba et al. 2023), with
others occupying the space between these extremes (see e.g. Lee et al. 2017; Toloba et al.
2018; Lee et al. 2020; Saifollahi et al. 2021; Toloba et al. 2023).

For UDGs for which kinematical tracers are unavailable, we find a similar picture
painted through their GC systems. The often rather numerous GCs associated to UDGs
could further suggest that they reside in quite overmassive DM halos (van Dokkum et al.
2015a; Peng and Lim 2016; van Dokkum et al. 2017; Lim et al. 2018, 2020; Danieli et al.
2022; Janssens et al. 2022) if the power-law relation between GC mass and halo mass (see
e.g. Peng et al. 2008; Harris et al. 2015) holds for UDGs. However, recent observations of
UDGs in Coma suggest that, by GC counts, there are two types of UDGs: those that reside
in apparently overmassive halos, and those that appear to reside in halos of more typical in
mass for dwarf galaxies (Lim et al. 2018; Miiller et al. 2021; Forbes et al. 2020; Jones et al.
2023). Even more complicating is the occasionally quite anomalous GC systems of UDGs
that, in addition to being perhaps too numerous, are also too luminous (van Dokkum et al.
2018b, 2019a), suggesting that GC counts alone may not be sufficient to determine the DM

mass of UDGs, but could rather be indicative of some extreme process in their formation
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or evolution (van Dokkum et al. 2022).A further characterization, as well as the theoretical
context, of the observations of the GC systems of UDGs will further help to disentangle the
DM component of UDGs.

With the high resolution of the IlustrisTNG50 simulation (TNG50 hereafter), it
is possible to morphologically define a set of simulated UDGs on par with observed UDGs
(Benavides et al. 2023). Coupled with the recent addition of a catalog of GCs added to
the simulation (Doppel et al. 2023), we can investigate UDGs in conjunction with their
GC systems across a variety of environments, ranging from those comparable with massive
elliptical systems to those comparable with the mass of the Fornax and Virgo Clusters. We
can thus make a realistic comparison with the observations of the GC systems of UDGs in
these types of environments to provide possible interpretations for these observations and
their implications for the DM content of UDGs.

In section 4.3, we briefly discuss the details of TNG50 as well as the tagging model
used to produce its GC catalog. In section 4.4, we discuss how the modeled GC abundances
and kinematics compare to observations as well as what, if any, effect environment has on
UDGs and their GC systems. In section 4.5, we compare mock observations of the GCs and
UDGs in TNG50 to observed UDGs, and we use those mock observations to understand
the inferred DM content of UDGs, both in the presence of contamination in their assigned
GC systems as well as other complicating factors. Finally, in section 4.6, we provide a short

summary of our results.
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4.3 Methods

4.3.1 Simulation

We employ the highest resolution run of the cosmological hydrodynamical Ilus-
trisTNG50 (Pillepich et al. 2019; Nelson et al. 2019a) simulation—which is part of the larget
TNG50 project (Naiman et al. 2018; Pillepich et al. 2018a; Nelson et al. 2018; Springel et al.
2018; Marinacci et al. 2018; Nelson et al. 2019b)—for this work. TNG50 features a box size
of 51.7 Mpc on each side with 2160? gas cells and dark matter particles evolved assuming a
flat, ACDM cosmology consistent with parameters from Planck Collaboration et al. (2016).
This configuration results in a mass resolution of, on average, 8.4 x 10* M, for its baryonic
component and 5.4 x 10° M, for dark matter particles. The gravitational softening length
is 288 pc at z = 0 for collisionless components.

The baryonic treatment in TNG50 is introduced in detail in (Weinberger et al.
2017; Pillepich et al. 2018b). Briefly, it includes star formation in the dense interstellar
medium (ISM), stellar evolution, including chemical enrichment from supernovae; primor-
dial cooling, metal line cooling, and heating, via background radiation, of gas; additionally,
the seeding and growth of supermassive black holes, low and high accretion AGN feedback,
galactic winds, and magnetic fields (Weinberger et al. 2017; Pillepich et al. 2018b).

Halos and subhalos within the TNG50 simulation are identified using the Friends-
of-Friends (FOF, Davis et al. 1985) and SubFind (Springel et al. 2001; Dolag et al. 2009)
respectively. In particular, we select 39 halos with virial masses between Mgy = [5 X
10'2,2 x 10'Mg (where “virial” in this study refers to quantities associated to a sphere

enclosing 200 times the critical density of the universe). The mass resolution of TNG50
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allows us to resolve galaxies with a stellar component of M, ~ 5 x 105M, or those galaxies
that contain at least 60 stellar particles. A stricter mass resolution is considered for this
study: we consider UDGs in the stellar mass range M, = [107?,10%]M,, which are resolved
with a minimum of ~ 375 stellar particles. The evolution of these objects are followed using

the SubLink merger trees (Rodriguez-Gomez et al. 2015).

4.3.2 GC Catalog

GCs are tagged to all galaxies that have interacted with our target groups and
clusters provided they satisfy a maximum stellar mass throughout their history with 5 x 10°
Mgand had a minimum of at least 100 dark matter particles (this later condition is required
to avoid spurious baryonic clumps). All galaxies are tagged at their infall time, which is
defined as the last time the galaxy is its own central. On average, this corresponds to the
time at which a galaxy crosses the virial radius of its present day host galaxy cluster, but
it might be an earlier time if the galaxy joins a smaller halo or group before infalling into
the final host system (pre-processing).

GC candidate particles are selected from the DM particles associated to the host
galaxy at infall time. Following Lokas and Mamon (2001), we fit an NFW profile (Navarro

et al. 1996b):

pglFW (4 1)
T’/Tpr)(l + T/TNFW)Q '

pNFW(T) = (

to the DM component of the galaxy. The scale radius rypw = Tmaz/@, where 7,4, is the

radius of maximum circular velocity and o = 2.1623 (Bullock et al. 2001).
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Figure 4.1: Left: Number of GCs (Ng¢) as a function of host galaxy stellar mass. All
simulated TNG50 satellite dwarf galaxies are shown in translucent gray points, with UDGs
highlighted by unfilled orange circles. Observations of GC numbers for normal dwarf galax-
ies are shown in purple filled, translucent shapes, and those for UDGs in purple filled opaque
shapes. We can see that while there is a large amount of scatter in the predicted GC num-
bers for the UDGs of TNG50, the scatter is not as large as what is seen in observed UDGs,
particularly those of the Coma Cluster (opaque squares). We can see that despite the wide
scatter, simulated and observational data follows (on average) similar trends. Right: the
specific frequency of GCs (Sy) as a function of host galaxy V-band absolute magnitude.
Following Doppel et al. (2023), we have applied a correction to the V-band magnitude to
account for discrepancies between TNG5H0 and observations for high-mass galaxies. As in
the left panel, all TNG50 dwarfs are shown as gray points, UDGs are highlighted by orange
circles, observations of Sy for normal dwarf galaxies are shown as translucent filled purple
shapes, and observations of Sy for UDGs are shown as filled, opaque purple shapes. Again,
while TNG50 4+ GC tagging does produce quite a bit of scatter—on par with that observed
for normal dwarf galaxies—the scatter is not as extreme as what is observed for the UDGs
of the Coma cluster in particular (opaque purple diamonds). For both measures of GC
abundance, while there is significant overlap between what is predicted by TNG50 and the
GC systems observed for many UDGs, we do not predict the most extreme objects.
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The GCs are assumed to follow a Hernquist (1990) profile:

0
PHQ
r/raq)(1 +7/raq)?

pHQ(T) = ( (4.2)

which allows us to control the normalization and radial extension of the tagged GCs. We
assign two populations of GCs: a red, metal rich component of GCs that formed in-situ, and
blue GCs, representative of older, more metal poor GCs that were accreted to the galaxies.
The red GCs are chosen to be more spatially concentrated than the blue GCs, with scale
radii rgg = 0.57npw and 3.0rypw for red and blue GCs respectively. ppg is chosen to
maximize the number of GC candidates.

The GC candidates are then selected in relative energy using the distribution

function (Binney and Tremaine 2008a):

w05 [ s (@)l 4

where rho; is the density profile of i = (DM, red GCs and blue GCs), ¥ is the relative

gravitational potential, and € is the relative energy. In equally spaced bins of relative
energy, a fraction frqi/fnvrw, where i = red or blue GCs, of DM particles is selected.
Inspired by constraints for the Milky Way (Yahagi and Bekki 2005), a cutoff radius of r,/3,
where 7}, is the total halfmass radius of the halo in question, for the GC candidate particles.

The selected GC candidate particles are assigned masses such that by z = 0 those
that still remain gravitationally associated to their host follow the Mgo — Mpqo relation
from Harris et al. (2015). To make this calibration, we assume that a power-law relation

similar to the Mgc — My, relation exists at infall such that:

1
fbound

MG a0 = Qine My - (4.4)

alo,inf

Macint =
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where fpoung is the fraction of GCs that are still gravitationally bound to their host galaxy
at z = 0. We find for red and blue GCs respectively, a;,; = 2.6 X 1077 and 7.3 x 107° and
bins = 1.14 and 0.98.

Since the GC candidates are a much larger set of particles than the observed
number of GCs, we subsample a realistic number of GCs from the candidates. This realistic
population of GCs follows a Gaussian luminosity function using constraints from Jordan
et al. (2007). Individual particle masses are obtained assuming a mass-to-light ratio of 1.
GCs are randomly selected from the luminosity function until the total mass of GCs is
within 7 x 10% Mgof the total calibrated infall mass. The realistic subsample of GCs is
followed to z = 0 and constitutes the GCs we consider in this work.

The GCs in this catalog reproduce well available observational constraints in num-
ber, specific frequency and GC occupation fraction, as discussed in Doppel et al. (2023).
In what follows, we investigate the specific predictions of this GC catalog for the particular

case of UDGs in groups and clusters.

4.3.3 Sample of UDGs in groups and clusters

The UDGs considered for this work are satellites of these groups and clusters and
were first introduced in Benavides et al. (2023). Simulated UDGs are selected to be in the
stellar mass range M, = [107°,10°] My —to ensure that there are sufficient stellar particles
to resolve the structure of the galaxy. UDGs are identified as the 5% most extended outliers
in the M,-size relation, where size refers to the stellar half mass radius. These criteria results
on a selection consistent with commonly assumed cut-offs to identify UDGs in observations

(Re > 1.5 and p > 24.5).

109



As discussed in detail in Benavides et al. (2023), the formation mechanism of
UDGs in TNGH0 suggest that they inhabit mostly high-spin dark matter halos, although
a sub-dominant fraction (~ 10%) of satellite UDGs was formed due to tidal effects within
their groups or clusters. All simulated UDGs in TNG50 inhabit low-mass dark matter halos
in the range Magg ~ [10%2 — 10'12] My that are in agreement with expectations from their
stellar content. In addition, satellite UDGs are predicted to be red and quiescent while field
UDGs are gas-rich and star forming, in good agreement with observational results.

Satellite UDGs have typically undergone substantial tidal stripping of their dark
matter halo (median mass loss 80%) but only moderate tidal stripping of their stellar
component (10% mass loss from their peak stellar mass). A total of 195 UDGs are found
associated to our simulated groups in TNG50 and are the core sample of the analysis in
this paper. In addition, these groups and clusters have 2195 non-UDG dwarfs in the same

mass range as our UDGs that might be included when necessary for helpful comparisons.

4.4 GC abundance and kinematics: UDGs as Normal Dwarfs

We show in Fig. 4.1 the predicted GC number (Ng¢, left panel) and GC specific
frequency (Sp, right panel) for satellite dwarf galaxies in TNG50 compared to observational
constraints. Overall, we find a good agreement between all simulated dwarfs in groups and
clusters in TNG50 (gray dots) and a compilation of observational data (purple symbols)
including normal dwarfs (translucent purple shapes Forbes et al. 2018; Peng et al. 2008;
Prole et al. 2019; Lim et al. 2018) and UDGs (opaque purple shapes Gannon et al. 2022;

Amorisco et al. 2018; van Dokkum et al. 2017; Saifollahi et al. 2021; Somerville et al. 2018;
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Lim et al. 2018, 2020). We highlight simulated UDGs in TNG50 with orange empty circles,
which we compare to observational constraints shown in solid purple.

Fig. 4.1 indicates that simulated UDGs display GC numbers that overlap well
with the majority of observational constraints available (left panel), including systems in
low mass groups (Somalwar et al. 2020) but also high density environments like Coma
(Amorisco and Loeb 2016; Gannon et al. 2022). We note, however, that extreme UDGs
with Ngc > 30 are not present in our catalog but seem to be present in observations.

This result is not entirely unexpected: all UDGs in TNG50 are predicted to pop-
ulate low-mass dwarf halos and their GC content is a reflection of such prediction. The
specific frequency of GCs for these galaxies is shown on the right panel of Fig. 4.1 and
confirms a similar trend: while there is good overlap for many of the simulated UDGs, very
extreme values with Sy > 30 are not produced in our simulated sample but appear present
in systems like the Virgo or Coma cluster (Lim et al. 2018, 2020).

Identifying GCs that are associated to a given galaxy in observations is not without
challenge, a subject we return to in Sec.4.5. For the specific case of GC numbers or specific
frequency, substantial uncertainty may exists when assigning GC membership. The iconic
UDG DF44 is a good example (van Dokkum et al. 2016). Originally found to host nearly
100 GCs (van Dokkum et al. 2016), it has been now estimated to have only ~ 20 GCs
(Saifollahi et al. 2021). If we take the latest measurements as correct, our simulated UDGs
are a good representation of galaxies like DF44. On the other hand, if earlier estimates are
found to hold, then we do not find DF44 analogs in our sample. The example set by DF44

perhaps warrants a closer look into galaxies with very extreme GC content in observations.
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Figure 4.2: Kinematics of the GC systems of dwarf galaxies in TNGH0 calculated via a
Markov-Chain Monte Carlo (MCMC) method with as Jeffrey’s prior plotted against host
galaxy V-band magnitude, My . UDGs in TNG5H0 are highlighted with orange circles with
errorbars representing the 25-75 percentiles from the PDF generated stochastically by the
MCMC method. All dwarf galaxy satellites from TNG50 are shown as gray points. We
show observations of GC kinematics from UDGs coming from various studies as large, solid,
purple shapes. We find a wide range of UDGs represented in the literature, with some having
dispersions that put them in range of “normal” dwarf galaxies, some with dispersions that
put them in the dark matter deficient category. Other observed UDGs sit above what is
predicted by TNG50, suggesting that they reside in rather overmassive halos. We note that
much of the scatter oy;opc for the UDGs in TNGH0 is due to the presence of few GC
tracers, making many of the lower scattering points the product of small number statistics.
UDGs and their GC systems in TNG50 thus appear to be kinematically indistinguishable
from normal dwarf galaxies, but they are inconsistent with the very ogc galaxies from the
Virgo Cluster (Toloba et al. 2023)
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Despite the lack of direct analogs to the most extreme observed UDGs in terms
of GC number, it is encouraging that our simulation reproduces a relatively wide range of
GC contents, in good agreement with observational claims (e.g., Lim et al. 2020, 2018). Of
particular interest are those with the largest numbers of GCs (or specific frequency) at any
given mass (or luminosity). A closer look to the set of TNG50 UDGs in the top 15% of GC
number and specific frequency at fixed stellar mass (and My ) reveal that these UDGs tend
to reside in higher mass—albeit still dwarf-mass—halos.

We find that this bias towards higher mass halos for more extreme UDGs is linked
to earlier infall times than their less extreme counterparts, similar to our previous findings
exploring normal dwarfs in the Illustris simulations (Ramos-Almendares et al. 2020). For
example, we find a median infall time tj,f ~ 6.1 Gyr for our large GC content UDGs
compared to tins ~ 8.1 Gyr for the rest of the UDG sample. See Fig. G.1 in the Appendix
for more details.

Similar to the GC content, the velocity dispersion of observed UDGs has been
shown to span a wide range. From the popular DF2 and DF4 cases having so low velocity
dispersion (o < 10 km/s) that are consistent with no dark matter at all (e.g., van Dokkum
et al. 2018a; Danieli et al. 2019) to UDGs nearing o ~ 100 km/s, compatible with halos so
massive that can host MW-like galaxies. Of particular interest is the recent study by Toloba
et al. (2023) which represents the first systematic study of GC kinematics in UDGs in the
Virgo cluster, resulting in 5 UDGs consistent with o > 50 km/s (half their sample) and

MW-sized inferred dark matter halos. At least one of their UDGs is also consistent with
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no dark matter, which seems to be tied to an ongoing tidal disruption for that particular
UDG.

We show the measurements presented in Toloba et al. (2023) along with a compi-
lation of other available velocity dispersion for observed UDGs in Fig. 4.2 (purple shapes).
The GC velocity dispersion of simulated UDGs in TNG50 are shown with unfilled orange
circles. Informed by Doppel et al. (2021), we have estimated GC velocity dispersion for
these systems following an Markov-Chain Monte Carlo (MCMC) method with a Jeffreys
prior on the dispersion itself, as this method was found the most adequate to estimate o
with a small number of tracers. The error bars on the orange circles show the 25%-75%
spread in the velocity dispersion from the PDF stochastically generated via the MCMC
method. This is analogous to the way that velocity dispersions were calculated for the GC
systems of UDGs of the Virgo cluster (Toloba et al. 2023, , among others), with MCMC
techniques being used as well to derive the GC (or stellar when GC kinematics are un-
available) velocity dispersions of DGSAT-1 (Martinez-Delgado et al. 2016; Martin-Navarro
et al. 2019), DF44 (van Dokkum et al. 2019b), DFX1 (van Dokkum et al. 2017), UDG7
(Chilingarian et al. 2019), DF2 (van Dokkum et al. 2018a), and UDG1137+16 (Gannon
et al. 2021; Forbes et al. 2021).

Encouragingly, the range of GC velocity dispersions predicted by the tagged GCs in
TNG50 agrees well with several of the observational constraints for UDGs, in particular for
objects with normal-dwarf velocity dispersions such as DFX1, UDG7, UDG1137+16, several
Virgo UDGs, and DF44. At least half of the UDGs with available velocity measurements are

consistent with a dark matter content of a dwarf-mass halo—in agreement with predictions
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from our UDG sample in TNG50. Moreover, the GC velocity dispersion of simulated UDGs
overlap well also with non-UDG dwarf satellites in TNG50 (gray dots). This is indeed
expected from the formation scenario of UDGs in this simulation, which place them in
dwarf dark matter halos consistent with the non-UDG sample (although with a small bias
towards higher mass, e.g., Benavides et al. 2023).

Interestingly, we also see in Fig.4.2 several UDGs and dwarfs from TNGb50 that
show omeome < 10 km/s, consistent with expectations of dark-matter free UDGs such as
DF2. A closer inspection of this simulated analogs to DF2 show that several have undergone
a rather significant amount of dark matter stripping (as was found in Doppel et al. 2021).
However, much of the scatter in the lower ¢ UDGs comes from having only 3-5 GCs to
recover the potential of their host halo. As Doppel et al. (2021) showed, using a Jeffrey’s
prior for a low number of tracers performed well in recovering dynamical mass in the median
of the sample, but with a large galaxy-to-galaxy scatter. This is a large contributor to the
source of kinematic analogs to DF2 in TNG50 and highlights the importance of having a
sufficient number of tracers to make accurate individual dark matter mass estimates.

An important conclusion from Fig. 4.2 is that UDGs with high GC velocity dis-
persions, opcomc > 50 km/s, are extremely rare in our simulated sample but are rather
numerous in the available observational constraints. Objects like DGSAT-1 (Martinez-
Delgado et al. 2016) and NGVSUDG-09, 05, 19, 20 and A04 from the Toloba et al. (2023)
study of UDGs in Virgo show GC (or stellar) velocity dispersions consistent with a large
amount of dark matter in these galaxies, often interpreted as “failed” massive halos that

were destined to form a galaxy more comparable to the Milky Way, but stopped forming
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stars with only ~ a tenth of such stellar content, resulting on an overly-massive halo given
its stellar mass (van Dokkum et al. 2015a; Peng and Lim 2016; van Dokkum et al. 2017;
Lim et al. 2018; Lahén et al. 2020; Danieli et al. 2022; Janssens et al. 2022). Calculations
presented in Toloba et al. (2023) show that halos more massive than Mgy ~ 1012M, are
necessary to explain the kinematics of the large-ononvc UDGs. Such “massive failures” are
not present in the simulated UDG sample in TNG50.

This finding may have two different explanations. On one hand, this may be a
legitimate disagreement between theory and observation, implying that the physical mech-
anisms to form such massive failed galaxies is missing from cosmological simulations (as no
other simulation has reported successfully forming such dark matter dominated objects to
date) and from our understanding of galaxy formation. Or, on the other hand, the origin
of the large velocity dispersion in observed UDGs may be attributed to contamination and
observational effects which are not currently included when comparing with theoretical pre-
dictions. We use our simulated GC catalog to more closely address whether contamination

alone may explain the observed UDGs with large inferred dark matter halo masses.

4.5 Effects of Contamination on the GC velocity dispersion

of UDGs

The analysis of the simulated UDGs and their GCs in Sec. 4.4 assumes that only
the gravitationally associated GCs are taken into account when estimating GC numbers
and kinematics in observations. For the case of the TNG50 simulations, we use information

from Subfind to determine whether or not a GC remains gravitationally bound to a given
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UDG. However, this is not possible in observations, where assigning membership to the

GCs observed around target galaxies becomes an additional challenge.
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Figure 4.3 (previous page): X-Y projections of stars (background grayscale) and GCs (light
orange points) withing 16 R, of 8 UDGs within TNG50. The SubFind ID of each UDG is
notated in the upper right corner of each panel, with the stellar projections being generated
by py-SPHviewer (Benitez-Llambay 2015). The UDGs shown are selected to have at least
8 GCs in the within 16 R, of the host UDG and, as is described in section 4.5 and Fig 4.2,
to display a range of scenarios from quite easy to surprisingly difficult for selecting bound
GCs. Several UDGs, namely S1, S2, S5, ans S8 are quite isolated, with the rest having one
or more other galaxy in the field of view. From spatial information alone, determining GC
boundness is not straightforward, and other properties, such as GC kinematics, should be
considered as additional constraints.
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In the specific sample from the Virgo cluster, where most of the available kinemat-
ical constraints on UDGs exist (Toloba et al. 2018, 2023), GC membership is based on a
combined criteria in projected distance to the host galaxy: R < TR, with R, the effective
radius of the host UDG, and an additional restriction on the relative line-of-sight velocity
between the candidate GC and the UDG, set to be less than 200 km/s. We can use our
simulated catalogs to evaluate the degree to which the selection effects and specific choices
applied in observed samples may lead to the possible inclusion of interloper GCs, biasing
the velocity or mass estimate for some UDGs.

We construct mock observations of our simulated samples by projecting all groups
and clusters in a given direction and applying a similar selection criteria as described in
Toloba et al. (2023). By doing so, we are considering the top two possible contamination
sources: i) GCs associated to other galaxies that are nearby the UDG in projection and 7)
GCs in the diffuse intra-cluster GC component (ICGCs). We define the projected effective
radius R, = 3/4rp, ., where rp, , is the 3D half-mass radius of each simulated UDG.

For illustration, Fig. 4.3 show 8 representative examples of simulated UDGs and
their GC in our sample. The stellar component of the UDGs and their surroundings is
represented by the background grayscale (generated using ph-SPHvierwer, Benitez-Llambay
2015), and the GCs in the frames are represented by light orange dots. We label them
satellite-1 through -8, or S1-S8 for short, with a label on the upper right hand corner of
each panel. We can find UDGs in relatively isolated surroundings (such as S1, S2, S5 and
S8) as well as to those in crowded or obviously contaminated fields with several companion

galaxies in projection (S3, S6 and S7). These examples are chosen to showcase different
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levels of contamination by interlopers and are not representative of the chances to find a
given case in our sample.

Next, we apply the selection criteria in GC radial velocity, vproj,ao. Fig. 4.4 shows
this for the 8 examples discussed above. For convenience, we center the GC velocities on
that of the host UDG. Following Toloba et al. (2023), we consider GCs within 7R, of their
host galaxy and within 200 km/s of the velocity of their host galaxy as bound to the
host galaxy (burgundy box). GCs that would be selected as members by this method are
highlighted by purple dots, while those outside of the selection box are shown in yellow.

We use our simulation to denote additional information for each GC. Those known
to be gravitationally bound to the UDGs (based on SubFind information) are outlined by
gray squares. GCs that belonged to the UDG but have now been tidally stripped are out-
lined by teal stars, and those outlined by dark orange hexagons are GCs associated to other
subhalos. Dots without any outlining shape belong to the intra-cluster GC component.
In all panels we quote, on the upper right corner, the actual 1D velocity dispersion calcu-
lated with all bound GCs (otpye) along with the corresponding velocity dispersion computed
using the objects within the selection box (oophs). We emphasize that, similar to observa-
tional samples, the velocity dispersion determination is computed using an MCMC method
assuming a Jeffreys prior.

In general, we find that this simple selection criteria works surprisingly well in
most cases considered, with a few exceptions. We can see that for all eight featured UDGs,
most of the GCs gravitationally bound to the galaxy are recovered by this selection method,

with the exception of S2 and S7, which are missing respectively 5 and 1 associated GC with
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the selection criteria applied. Note that in neither case does this matters for the velocity
dispersion measured, which remains very close to the true value even when missing a few
GCs (upper right corner of each panel). In the case of S2, the missing GCs would, however,
significantly impact the (projected) half-number radius, which changes from 8 kpc in the
case of all bound GCs to 3.7 kpc if considering only those within the selection box.

The inclusion of velocity information tends to alleviate projection effects on GC
membership. For example, S3 and S6 in Fig. 4.3 have obvious contamination ongoing due to
the overlap in projection with other satellites in the group. We can see in Fig. 4.4 that the
addition of velocity cuts completely disentangles the GC population associated to S3 from
the GCs associated to the secondary galaxy along the line of sight. However, this is not the
case for S6, where GCs bound to the companion galaxy fulfill the criteria of membership
due to chance alignment in the velocities. This results, for the specific case of S6, in a factor
2 overestimation of the velocity dispersion inferred: using the GCs within the selection box
results on ogps ~ 50 km/s whereas the truly associated GCs are moving with o,ey ~ 24
km/s.

While the case of S6 demonstrates that care must be exercised when dealing with
projected data, it is a type of contamination that observational studies will avoid unless
absolutely necessary. In fact, none of the UDGs considered in the sample of Toloba et al.
(2018) or Toloba et al. (2023) contains other galaxies in projection on the line of sight. In
what follows, we chose to ignore contamination from GCs associated to other subhalos, as

observational studies would purposely remove such complicated systems from their samples.
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Figure 4.4 (previous page): A mock observation of the radial velocity of the GCs associated
to the eight UDGs in Fig. 4.3. Boundness of GCs is determined to be those that fall
within 7R, of a given galaxy whose radial velocities are within +200km/s of that of their
host galaxies. The wide range in acceptable velocities allows for the possibility of detecting
UDGs that follow the “failed galaxy” formation scenario. All GCs in the 16R. field of
view are represented by light orange circles, with those selected as bound by the radius
and velocity cuts shown in burgundy within the burgundy box. GCs that have been tidally
stripped from their host UDG are outlined teal stars, with GCs known to belong to the
UDGs highlighted by unfilled gray squares, and those that belong to other subhalos in the
field of view are outlined by brown hexagons. We can see that even in the presence of
additional galaxies in the field of view, such as S3 that the actual GCs can be recovered by
the selection method described in section 4.5. For some UDGs (namely S3, S4, and S7 in
the set of UDGs presented here), we find the observed radial cut of 7R, to be somewhat
conservative. Additionally, we can see that assigning GCs based on kinematics is overall
a powerful tool, with a nearly correct set of GCs often being picked out of crowded fields
(e.g., S3). Interestingly, GCs that are considered part of the ICGCs that have been tidally
stripped from their hosts are often difficult to distinguish kinematically or radially from the
set of actual GCs, with S5 suffering from this sort of contamination quite prominently. S6
represents a "worst case scenario” that likely would be thrown out from an observational
sample. A different sort of worst case scenario can be found for S8 with a large number of
ICGC interlopers that increase the observed velocity dispersion quite substantially. Thus,
kinematic information about GCs can help substantially in determining their boundness,
though it can still be non-trivial to remove the presence of interloping GCs.
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Figure 4.5: Left: The ratio of the GC velocity dispersion measured via mock observations,
Omock,1ccc- to the actual GC velocity dispersion, oy as a function of total GCs selected,
Ncc Seiected Via the method described in sec. 4.5, with points colored by log;o(omock, 1ccc)-
We can see that for small GC numbers, the 0,0k, 7cGc can be greatly inflated from its
true value from ICGC contaminants. Right: The number of interloping ICGCs from mock
observations, Nicges as a function of Ngc Sejected, colored again by logio(moeck, rccc)-
Interestingly, we do see a spike in Njcqcs, particularly around Ngc seiectea = 10. Points
that do not have ICGC contamination are assigned the value 0.25, and we can see that, for
most galaxies, the mock observations do not pick up significant ICGC contamination.

However, a more interesting contamination case is that of S8 in our sample. S8
is seemingly isolated, but several intra-cluster GCs fall within the selection box, artificially
enhancing the velocity dispersion measured by a factor of ~ 3. This galaxy would be placed
in a massive dark matter halo with ~ 100 km/s velocity, while in reality it inhabits a dwarf-
mass one with ogue ~ 35 km/s. This presents a concrete example where an otherwise
relatively normal UDG could be kinematically mistaken as a failed galaxy.

Are cases like S8 common in our sample? For that we need to evaluate how
often contamination from the intra-cluster component sneaks into the selection box. We

quantify this in Fig. 4.5. The left panel shows, as a function of the number of GCs within
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the selection box in our UDGs, Ngc Selected » the ratio of the measured velocity dispersion
(including intra-cluster interlopers) and the true value (computed with only bound GCs
according to SubFind). For the vast majority of simulated UDGs the velocity dispersion
estimate remains within 20% of its true value, suggesting that it is not likely that interlopers
will play a dominant effect in the majority of UDG measurements. However, for systems
with less than 10 GCs, the inclusion of intra-cluster contamination may cause overestimation
of the velocity by factors 2-10.

Reassuringly, when considering UDGs with 10 GCs or more, as done in the sample
of Toloba et al. (2023), only a handful of cases suffer from interloper contamination from
the intra-cluster component leading to a velocity overestimation larger than ~ x2. For
such cases, the color scale in Fig. 4.5 indicates an inferred velocity dispersion ~ 100 km/s,
consistent with massive failed galaxies. As shown by the right panel of the same figure,
selecting UDGs with 10 GCs or more leads typically to galaxies with 0 or 1 GC interloper,
and a median omeck 1cac ~ 1.0010¢rue Those few UDGs with Nac selected > 10 and o ~ 100
km/s include typically 44+ GCs from the intra-cluster component, but such cases are rare.

Can intra-cluster GCs then explain the high-incidence of large velocity dispersion
UDGs found in Virgo? In order to evaluate this more closely, we restrict now our sample
to only UDGs with Ngc selected > 10, following Toloba et al. (2023). A total of 75 UDGs
satisfy these criteria when using 3 different projections along the z-, y- and z- axis of our 39
groups and clusters in TNG50. We derive from these mock projections: the corresponding
1D MCMC velocity dispersion, the half-number radius of the GCs and the dynamical mass

at half-number radius following Jeans modeling as in Wolf et al. (2010). The dynamical
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Figure 4.6: Density as a function of radius. Density profiles for NFW halos with halo masses
of Magy = 109,10, 102 Mgare shown as the solid, dashed, and dotted lines respectively.
The instantaneous density at the half number radius of GCs (r},) unfilled black circles with
errorbars (using the GCs selected via the method in sec. 4.5, where the cyan circles indicate
that no interloping ICGCs are present in the mock observations, with the cyan shaded region
representing the 25%-75% spread for UDGs with no interloping GCs. Observations from
(Toloba et al. 2023) are shown as translucent purple triangles, with those from DF44 and
DFX1 (using stellar kinematics), DF2, DGSAT-1, and UDG1137+416 shown by the purple
'x’, diamond, star, square, plus sign and hexagon respectively. Instantaneous densities at
the GC (or stellar) halfmass radius for each galaxy (simulated or observed) is calculated
using its GC velocity dispersion and GC half-number radius via dynamical mass estimation
(see Wolf et al. 2010), with the shapes. To increase statistics, we include mock observations
using projections in the XY, XZ, and YZ planes for each UDG. We can see that using
the cuts described in section 4.5 to assign GCs to their host UDGs generally agrees with
pr calculations using the actual GCs, but the presence of ICGC interlopers can artificially
inflate both ogc and pp enough to suggest that some UDGs could reside in overmassive
halos. Specific cases from Figures 4.4 and 4.3 are shown as colored diamonds, connecting
their density calculated using their actual GCs and those selected via observational methods.
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mass may be trivially transformed into mass density by dividing by the spherical volume
enclosed within the half-number radii.

Fig. 4.6 shows the inferred mass density for these subsample of simulated UDGs
as a function of the half-number radius of their selected GCs (black open circles). For
reference, the gray lines represent NFW profiles with virial masses My = 10'°, 10! and
10'2M;, and a concentration ¢ = 10. We do find that for most cases, galaxies cluster around
the 10''M, line, which is in agreement with the prediction in TNG50 that UDGs occupy
dwarf-mass halos with Magg ~ 109 — 10! Mg (Benavides et al. 2023).

However, we find several instances in which the mocked galaxies wonder close
to (or above) the Magy ~ 10'2Mg, line, despite their true halo mass being substantially
smaller. This happens mostly due to the effect of contamination from interloper GCs, as
can be appreciated by looking at the cyan symbols, which excludes intra-cluster GCs in
the calculation of the velocity dispersion and follow quite closely an average distribution
for a Mogg ~ 10" My, halo. When allowing intra-cluster GCs to take part in the velocity
estimation, this artificially inflates o, driving the density estimation higher for those
systems.

Such is the case of S8 introduced before in Figs. 4.3 and 4.4, highlighted in pink,
which moves from a true mass-density consistent with the dashed line (Magg ~ 10 M),
to its inferred density more consistent with a MW-mass halo with Mg > 1012M@. Worth
discussing is also the case of S7, highlighted here in purple. As shown in Fig. 4.4, S7 does not
include contamination by GC interlopers, yet its inner density is high and consistent with

MW-like halos either when applying the mock selection in projection or when considering all
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bound GCs according to Subfind. We have checked that this high density is not the result
of an overly-massive halo, but instead corresponds to a dwarf-mass halo with a larger-than-
typical concentration. The virial mass before infall for S7 is Magg ~ 8.7 x 10'°Mg. This
galaxy is a good reminder that variations in concentration may also drive some of the scatter
in the inferred dark matter content of UDGs.

In summary, contamination by intra-cluster GCs could produce some UDGs that
appear to be consistent with the halo masses inferred by some of the quite extreme Virgo
UDGs (translucent purple triangles) reported recently in Toloba et al. (2023), but it is not
enough to reproduce the frequency of such objects: half of the sample in Toloba et al. (2023)
show such massive halos, while only a handful of our systems are driven close to the dotted
Mago ~ 102M, line due to contamination effects. While ICGC contamination can create
cases where UDGs appear to reside in the overmassive halos indicative of failed galaxies, the
selection effects adopted so far in the literature are effective at preventing contamination
and only ~ 16% of the UDGs with 10 GCs or more show a velocity dispersion overestimation

by a factor of 2 or above.

4.6 Conclusions

We have utilized the highest resolution run of the TNG50 simulation, in con-
junction with its GC catalog, to study the GC systems and DM content of a set of 183
morphologically defined UDGs within the simulation. A number of conclusions can be

made from this investigation.
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e We find that the number and specific frequency of the GCs of the TNG50 UDGs
paints UDGs as regular dwarf galaxies rather than DM deficient or failed galaxies.
In fact, the GC systems of UDGs do not at all distinguish UDGs from regular dwarf

galaxies within the simulation.

e While the GC abundances predicted by TNG50 do agree with a wide range of observa-
tions of both UDGs and dwarf galaxies, we do not reproduce the most extreme values.
We additionally find that there is no environmental dependence on GC abundance.
The variety of environments in TNG50, however, does not span galaxy clusters more
massive than Virgo. Further work into the GCs of UDGs in Coma-like systems is

necessary to understand the cause of this observed increase.

e We find that the GC kinematics predicted by TNG5H0 additionally does not distinguish
UDGs from regular dwarf galaxies. Owing to the relatively small number of GCs for
low-mass UDGs in TNG50, there is a wide range of GC velocity dispersions predicted
for these systems. It should be noted that this is in part due to small number statistics.
While using an MCMC technique with a Jeffrey’s prior does, on average, recover the
GC velocity dispersion relatively well, for small number of tracers, a large scatter is
expected. However, despite this scatter, we do find good agreement with GC velocity
dispersions of a variety of UDGs—particularly DGSAT-1, DFX1, UDG7, and several
UDGs in the Virgo cluster. We are not however able to reproduce the rather high

velocity dispersions of several Virgo UDGs.

e We performed mock observations using the same technique as was used to identify

GCs that was used by Toloba et al. (2023) to identify overmassive UDGs in the Virgo
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cluster. This method, using both spatial and kinematic cuts, is able to recover known
GCs with no contamination for ~ 60% of UDGs. For a number of objects, we find
that contaminating GCs from other galaxies and those in the intracluster medium
(including GCs tidally stripped from the target UDG) can contribute to both an

increase in inferred GC number, velocity dispersion, and thus DM content of UDGs.

While the most extreme UDGs in TNG50 are still not as extreme as those in the Virgo
Cluster, performing mock observations on their GC systems can, in the instance of
contamination from ICGCs, elevate GC velocity dispersion such that the inferred DM
content of some UDGs is much higher than expected. Additionally, residing in a more
concentrated DM halo, and statistical errors in velocity dispersion or dynamical mass
estimation—even in the instance of no contamination—could also artificially place a

UDG in an inferred DM more massive than expected.

TNG5H0 and its GC catalog overwhelmingly do not predict UDGs representative

of the extremes of UDGs: GC velocity dispersions consistent with DM-deficient UDGs

appear as a result of low number statistics, and those suggestive of UDGs with overmassive

DM halos appear most often as a result of interloping ICGCs in mock observations. One

potential avenue that is unavailable to explore at the time of writing is a systematic study

of GCs in higher mass environments, particularly those on par with the Coma Cluster

(Moo ~ 10'® Mg) or higher mass estimates of the Virgo Cluster (Magg ~ 5 x 104 My).

Similar numerical and theoretical studies exploring the UDGs of Coma and higher-mass

Virgo type environments are necessary to disentangle whether UDG, and other galaxies

by extension, do indeed simply possess more GCs in these environments, or whether ICGC
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contamination plays a role in these increased GC numbers. Additionally, the lack of extreme
UDGs in TNG50 may be an issue of sampling: perhaps the DM-deficient UDGs and those
that are failed galaxies are extreme outliers in abundance matching or evolutionary situation
that a larger sample of simulated UDGs could reveal. This work is left to future theoretical

and observational exploration.
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Chapter 5

Conclusions

GCs, while still enigmatic in their origins, can tell us quite a bit about both
the dark matter content galaxies and the processes that shape the galaxies we see today.
Through their relative ubiquity, as well as their brightness compared to the diffuse light
of their hosts, GCs can serve as a powerful observational tool, provided we understand
the systematics and limitations of their use. The limitations on DM inference using GCs
becomes most pronounced for galaxies with low GC numbers (see ch. 2 and ch. 4), namely,
for galaxies in the dwarf regime. The characterization of biases and errors in different mass
estimation techniques is thus imperative for tests probing the DM content of these galaxies
to differentiate between different DM models.

Through our investigations in both the Illustris and TNG50 simulations, we find
that GCs serve as excellent tracers of the DM content across a range of galaxies, from low-
mass dwarf galaxies to the dense environments of galaxy clusters, but with some caveats.

Ch. 2 and Ch. 4 show that low numbers of GCs can introduce a number of uncertainties.
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Figure 5.1: A high resolution run using SMUGGLE of a very gas rich, 1:1 dwarf galaxy
merger just after their first pass. The presence of stellar clusters is quite prominent both
in the stream between the two interacting galaxies as well as associated to the galaxies
themselves. This particular simulation has a mass resolution of ~ 600Mgfor baryonic
particles, with a gravitational softening of 5pc, meaning that many of the resultant stellar
clusters are well resolved.
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Even using sophisticated methods to translate GC kinematics and number into DM tracers,
mock observations presented in this work show a large scatter in potential inferences about
DM halo mass from these measurements. We have characterized the errors and biases
present in many methods of estimating GC velocity dispersion and thus inferred DM mass.
While we do find large galaxy-to-galaxy scatter in recovering the true DM mass of galaxies
with less than 10 GCs, we do find that, for the median case, an MCMC method with a
Jeffreys prior will remove the biases seen in other methods, and is thus recommended for
galaxies with low Ngc.

Interestingly, the large scatter in observations of GC numbers (e.g., Peng et al.
2008; Forbes et al. 2018; Amorisco et al. 2018; Lim et al. 2018; Prole et al. 2019; Somalwar
et al. 2020; Lim et al. 2020; Gannon et al. 2022; Toloba et al. 2023) is reproduced by our GC
tagging model, particularly when careful consideration of GC masses are included. An even
more interesting (and perhaps observationally valuable) suggestion of this result is that the
power-law relation between GC mass and halo mass (Peng et al. 2008; Harris et al. 2015)
appears to hold down into the dwarf regime. Additionally, this assumption has reproduced
other observables, including the observed range of GC velocity dispersion (as discussed in
Ch. 4), the dropoff in the GC occupation fraction (in a similar manner to observations
from Sénchez-Janssen et al. 2019; Carlsten et al. 2022), and the buildup of in inter-cluster
component of GCs that is on par with observational constraints (Lee et al. 2010; Taylor
et al. 2017). Connecting GCs in this way to their host halos themselves certainly provides
a cheap, first estimate or prior on the potential DM content of both dwarf satellite galaxies

in groups and clusters and the groups and clusters themselves.
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The intracluster GCs component formed in this model can provide meaningful
predictions not only for the DM mass of galaxy groups and clusters (as was explored in
Ramos-Almendares et al. (2020)), but also on the shape of the halo itself and its accretion
history (see Ahvazi et al, in prep). In the era of telescopes like JWST, Euclid, Roman,
and future extremely large telescopes, the constraints on the DM distribution provided
from the GCs of dense environments at intermediate redshift can, for example, help build
more accurate lensing maps (see e.g., Diego et al. 2023). Such work requires the use of
larger cosmological volumes, such as TNG100 and TNG300 (Pillepich et al. 2018b,a; Nelson
et al. 2018), across a wider range of times, but the framework set in this dissertation allows
for the relatively easy implementation of the GC tagging model in any simulation with a
collisionless component.

However, there are improvements to be made to this model as more science per-
taining to the formation of GCs is uncovered. Particularly in the context of dwarf galaxies
and UDGs, we do not find the expected environmental dependence in GC number (e.g.,
Carlsten et al. 2022). While this could be a consequence of not exploring dense enough
environments (see App. F), or the effect of contamination from ICGCs and other sources
in observations of such environments, it cannot yet be excluded that GC number (or mass)
could have ties to star formation events in their hosts related to perhaps mergers or star-
bursts (e.g., Mistani et al. 2016; Carleton et al. 2021). As evidenced by the motivation
behind post-processing GC tagging models, resolving the formation of GCs is, at the scales

we consider in this work, impossible. However, one attempt to potentially connect GCs to
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star formation events in their host galaxies is to utilize very high resolution simulations of
isolated galaxies.

Going beyond the scope of this dissertation, and inspired by observations of young,
massive star clusters forming in galaxy mergers (Portegies Zwart et al. 2010), is my recent,
preliminary work using the SMUGGLE model (Marinacci et al. 2019) to study the formation
of stellar clumps that form in mergers of dwarf galaxies. Figure 5.1 shows one such run of
an ongoing 1:1 merger of two dwarf galaxies residing in DM halos with Mgy ~ 2 x 1010
Mg. Using dwarf mergers in particular allows us to push both the mass (Mpgryon ~ 600
Meand Mpyr ~ 6000 M) and spatial (5pc) resolution to a point fine enough to form both
bound and unbound stellar clumps and to study their gaseous formation sites. The aim of
this future work is to both better characterize the initial properties of these stellar clusters
as well as the baryonic conditions necessary to form them. The results of these simulations
have the potential to better inform the relevant formation physics and properties assigned

to GCs in future work.
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Appendix A

Velocity Dispersion Measurements

Here is a more detailed discussion of the calculations of each of the methods used

to calculate velocity dispersion in this work.

e The r.m.s dispersion, oy

This methods assumes that the underlying velocity distribution is Gaussian, and it is
calculated using:
v
Orms — T (Al)
where N is the number of GC tracers, v; are the individual velocities of the GCs, and

v is the center of mass velocity of the galaxy the GCs are associated with.

We first use this calculation to perform 3-¢ clipping of the GC candidate particles
from which we later draw our realistic sample of GCs. This removes most of the GC
particles within the cutoff radius that belong to the intracluster population and thus

would contaminate our sample.

166



e The biweight velocity dispersion opiyeight

This method does not assume an underlying Gaussian velocity distribution and in-
stead assigns different set of weights to each velocity measurement, where larger weight
values are given to velocities closer to the median of the distribution. This method
is advantageous for highly contaminated samples of tracers, where the biweight esti-
mation downweights possible outliers or contaminants making them less influential in

the final o estimate compared to the simpler r.m.s calculation.

As introduced in (Beers et al. 1990), to calculate the biweight estimation of scale, we

first need to calculate the mean absolute deviation (MAD):

MAD = median(|v; — M) (A.2)

where v; are the individual velocities and M is the median of those velocities. Next,

we calculate u;, the weight associated with each velocity following:

._Vi—M
W= OMAD

(A.3)

where c is the “tuning” parameter, which is to be set to 9 according to Beers et al.

(1990). The biweight estimation of scale is then given by:

N2y er (Vi — M)(1 — )]/

Tpieight = S jer (- W) (1 — 5u?)]

(A4)

where N again is the number of tracers. A minimum of 5 tracers is required for this

method to work (see Beers et al. (1990) for a brief discussion).
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e MCMC velocity dispersion, oncomc

This method takes the line of sight velocity distribution and stochastically finds the
best o and v to fit a Gaussian to the distribution. The likelihood used in this estima-

tion is given by

L= ﬁ U\}ﬂexp< ~0.5 <V_§V>>2> (A.5)

where v; are the line of sight velocities of the tracers and v and o are allowed to
vary. MCMC methods tend to be quite computationally expensive and the results
can depend on the shape of the prior assumed (see Martin et al. (2018) for a specific
example using DF2). Here we explore two different assumptions for the priors: a
uniform distribution (flat prior) and Jeffreys prior, which in the case of a Gaussian

function like assumed here, corresponds to a prior distribution  1/o.

In practice, Jeffreys prior amounts to multiplying equation A.5 by (1/0) and has the
net effect of shortening the long tails in the posterior PDF for the velocity dispersion in
figures alike A.1 (see right panel in Fig. 2.4). The Jeffreys prior is, however, improper,
which means the distribution of posterior probabilities might not necessarily integrate
to 1 unless a lower limit in o is specified. We have used ¢ = 0.5 km s~! in our
calculations, but we have explicitly checked that changing that to 0.5 or 1 km s~! does
not qualitatively change our results. We have confirmed that the use of the Jeffreys
prior is particularly powerful for systems with small Ngc, where the differences with

a flat prior are most significant (see Fig. 2.6).
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Figure A.1: An illustration of the MCMC method for a randomly selected galaxy with GCs
in Hlustris. This pdf estimates both the velocity dispersion o and the expectation value

< v > using stochastic sampling of parameter space using 10 globular clusters. This method
assumes an intrinsic error on the order of 5km/s in the velocity measurements.

We employ the Metropolis-Hastings technique to find the posterior PDF of oy, the
result of which is illustrated in Figure A.1 In short, this technique involves the follow-
ing:

1. set initial estimates for the parameters in question.

2. randomly select one of those variables. Calculate the likelihood.

3. select a random point from a Gaussian jumping distribution centered on the
current value of the parameter with a dispersion set in the case of this study to

5 km s~!. This becomes the new value of the selected parameter.

4. calculate the likelihood with this new parameter value. Then,
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— if the likelihood at the new value is greater than the likelihood of the old
value, we keep the new value of the parameter.

— if the likelihood at the new value if less than the likelihood at the new value,
the if the ratio of the new likelihood to the old likelihood is greater than some
random number between 0 and 1, we keep the new value of the parameter.

Else, we keep the old value.
5. repeat until the parameter space of all variables has been sufficiently explored.
We have illustrated this process in Figure A.1. The corner panel shows the 2D pdf
of the line of sight velocity dispersion oyomc and the expectation value of the line

of sight velocity distribution < v >. The top panel shows the resulting posterior for

omcemc and the bottom right panel the posterior for < v >.
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Appendix B

Errors in individual velocity

measurements

We explore in Fig. B.1 the effect of adding measurement errors to the individual
velocity of GCs in each galaxy. We compare the MCMC (flat prior) velocity dispersion
calculated with and without errors, where errors have been modeled assuming a Gaussian
distribution of 5 and 10 km s~! dispersion (red and blue, respectively). These values have
been chosen to coincide with typical velocity errors in recent observations of dwarf galaxies
(Toloba et al. 2016, 2018; van Dokkum et al. 2018a).

One can expect that these added uncertainty will only be relevant in objects where
the intrinsic velocity dispersion of the GC system is of the order of the added errors to each
individual GC velocity. We therefore show in Fig. B.1 a subsample of our galaxies with

intrinsic oveomce,r < 30 km s7!. As expected, we find that the addition of errors will tend
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Figure B.1: Impact of adding errors to individual GC’s velocity measures on the recovered
velocity dispersion of the system using the MCMC method with a flat prior. The horizontal
axis shows oncmc,s (assuming no errors) and the y-axis shows for the same GC systems
the onewmc,s calculated assigning to each GC velocity an error drawn from a Gaussian

distribution with dispersion 5 (red) and 10 (blue) km s~!. Solid lines with the same color
indicate the median at fixed ovewmc -

(on the median) to increase the velocity dispersion estimates, with an impact that naturally
depends on the level of errors included.

The maximum effect is found for our lowest velocity dispersion objects, where
the overestimation on the median may reach 20% in the case of 10 km s~! errors. Note
that this quickly decreases to 5% if the errors are instead 5 km s~!. The solid red and blue
lines indicating the median MCMC determination including errors show that the systematic
overestimation decreases as the intrinsic velocity dispersion increases, being negligible for

objects with oyvemcs ~ 25 km s~ and above. This study indicates that the inclusion
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of observational errors in our calculations does not qualitatively change the results and

conclusions presented in our paper.
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Appendix C

Impact of non-Gaussian
distributions on Confidence

Intervals

Confidence intervals represent the probability (or fraction of times) that the true
variance s? of a sample with Nio events falls within the variance d? plus/minus the con-
fidence interval of a given subsample with N objects (where N < Ny ). This confidence
intervals have a well-known functional form in the case of an underlying Gaussian distribu-
tion, an assumption commonly made to estimate the accuracy of velocity measurements in
observations. In this Appendix we test how well the Gaussian confidence intervals perform
for 5 individual objects in our sample when using each of the three methods to measure

velocity dispersion explored in this paper: r.m.s, biweight and MCMC.
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Figure C.1: For 1000 realizations of 5, 10, 20, 50, 75, and 100 GCs, the fraction of times that
Oreal Of the underlying distribution of GC candidates falls within the specified confidence
interval (38.3% (black), 68% (purple), 95% (magenta) and 99.7% (orange)) of the specified
o estimate for the realization. Trials from top to bottom are for oyms, Ohiweight, OMcMC,s and
omcemc.j- This particular subhalo, from the top panel of Fig. 2.1, has a relatively Gaussian
distribution of GC candidates. The Gaussian confidence seem to hold quite well across all
Ngc with the exception for opiweignt for which the confidence intervals are underestimated.
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We start by using the galaxy introduced in the upper row of Fig. 2.1, which shows
a nearly Gaussian line-of-sight velocity distribution (see upper right panel in the same
figure). The kurtosis and skewness for the GCs candidates in this object are —0.09 and 0.34,
respectively. We sample 1000 times N = 5, 10, 20, 50, 75 and 100 GCs out of the ~ 400 GC
candidates that remain bound to this galaxy at z = 0. For each set of samplings, we count
the fraction of times than the true variance of all candidate GCs is contained within the
variance of each random sampling with N tracer GCs plus the confidence interval computed
assuming a Gaussian distribution.

The upper panel in Fig. C.1 shows the result of such exercise as a function of the
number of tracers N selected. We show with circles the results for confidence interval levels:
38.3% black, 68% (purple), 95% (magenta) and 99.7% (orange). Dashed horizontal lines
highlight the position of each level in the plot. For a perfectly Gaussian distribution and
a reliable method to estimate velocity dispersion, one would expect the symbols to follow
these horizontal lines.

We find that this is the case of the r.m.s velocity dispersion estimate in this galaxy
roughly independent of the number of tracers (upper panel in Fig. C.1). Similarly, comput-
ing the velocity dispersion using MCMC (either with flat or Jeffreys prior, bottom 2 panels
in Fig. C.1) yields a similar result. In this case, the confidence interval is not computed
from the Gaussian form, but extracted directly from the PDF's of the MCMC method.

In the case of Opiweight (top second panel in Fig. C.1), assuming Gaussian confidence
intervals seems to slightly overestimate the accuracy (dashed lines are above the calculated

symbols), specially for a number of tracers 10 and below. However, the effect is only mild.
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Figure C.2: For 1000 realizations of Niyacers = 5, 10, 20, 50, 75, and 100 GCs, the frac-
tion of times that o.e, of the underlying distribution of GC candidates falls within the
corresponding confidence interval (38.3% (black), 68% (purple), 95% (magenta) and 99.7%
(orange)) for the different o estimates. Trials from top to bottom in each panel are for
Orms, Obiweight; OMCMC,f and onvcmc,j. From left to right, each panel shows the effect of
large positive kurtosis, large negative kurtosis, large positive skewness, and large negative
skewness on the correctness of Gaussian confidence intervals. All methods seem to suggest
that confidence intervals are underestimated in the case of negative kurtosis (points above
horizontal lines) while the opposite is true for positive kurtosis. The trend with number of
tracers is rather weak.

We repeat this calculation using 4 galaxies that deviate more substantially in either
kurtosis or skewness from a Gaussian distribution (those highlighted in Fig. 2.7). We show
this in Fig. C.2. We find that all methods show in general similar trends: high positive kur-
tosis results on underestimated confidence intervals (symbols below the dashed lines) while
high negative kurtosis means that measurements are more accurate than expected from a
perfectly Gaussian distribution (symbols above corresponding dashed lines). Similar trends
might be found for deviations in skewness (rightmost two panels in Fig. C.2), although the
impact seems smaller than in the case of kurtosis. The dependence with the number of

tracers is rather weak.
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Such exercise (and the ratio between the symbols and the horizontal levels) can
now be applied to the whole sample to derive, for each galaxy, a correction to the confidence
intervals calculated assuming a Gaussian distribution. This is shown in Fig. 2.9 of the main

text.
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Appendix D

Mass-to-light calibrations

Simulated galaxies in TNG50 have stellar masses and corresponding luminosities
calculated in several bands, including information on the V-band magnitudes necessary,
for example, for computing the specific frequency Sy in Fig. 3.6. However, the simulated
luminosities include only evolution due to stellar population models and might neglect
important effects, such as dust attenuation. We therefore compute the V-band luminosities
of our sample by using a mass-to-light ratio calibration fit to the Virgo cluster data (using
stellar masses and V-band absolute magnitudes from Peng et al. (2008)).

This is shown in Fig. D.1, where gray symbols indicate the results directly from
the simulations and green stars are data from Virgo. Thin colored lines indicate constant
mass-to-light ratios, as labeled, while the thick black solid line highlights the conversion used
in this paper. As expected, the calibrated relation differs from the simulated values mostly
at the high-mass end, where dust effects might be playing a more important role. While

this correction does not significantly impact any of the results in this paper, considering a
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Figure D.1: Mass to light ratio for TNG50 (gray points that show individual galaxies, with
the gray-green line showing the median bins of stellar mass and the black dotted line showing
the best fit) compared to that of Virgo galaxies overplotted as lime green stars (with the
best fit shown as the dotted lime green line). At fixed stellar mass, Virgo galaxies tend to
be less luminous at higher-masses than simulated objects. This discrepancy at face value in
mass-to-light ratio between TNG50 and Virgo for high-mass galaxies causes a discrepancy
in both My and Sy for those masses. We therefore adopt a “corrected” mass-to-light ratio
(shown in black line) to compute Sy in our results.

mass-to-light ratio equal to 3.6 for more massive galaxies (instead of ~ 2 as suggested by
the simulation) improves the agreement with Sy data reported in Sec. 3.5.1.

The evolution in mass-to-light ratio and changes in star formation rate once a
galaxy becomes a satellite make necessary an additional calibration in our model. This
calibration is related to the dispersion in the luminosity (or mass) function of individual
GC masses, 0, described in Sec. 3.3.4 in our main article and shown in Fig. 3.1 as a function
of stellar mass M,. This z-band luminosity dispersion o, is observationally constrained at

z = 0 as a function of the present-day B-band magnitude (Jordan et al. 2007). However,
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Figure D.2: Comparison between galaxy Mp at infall and at z = 0. Since observational
results ara available at z = 0 but our tagging occurs at infall, we require a calibration
that seeks to take the brighter B-luminosities at infall into account when calculating GC
luminosity function.

the GC tagging and mass assignment in our model is done at infall (and not present day),
requiring of an adjustment at the moment to perform the GC tagging to reproduce the
desired results at z = 0.

For illustration, we show in Fig. D.2 the B-band luminosity evolution in all our
galaxies from infall to z = 0. To compensate for this evolution, we first calculate the
“target” relation between o, and stellar mass M, (shown in orange in the bottom panel of
Fig. 3.3), where M, is calculated as the median M, in our simulated galaxies with a given
B-band luminosity, all at z = 0. Next, we correct the initial o, (e.g., at infall time) by
calculating the o, that would correspond to each galaxy assuming their infall stellar mass

and then multiply that by a constant factor: o, inf = ax0,(M,), where o, (M,) is our target
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relation at z = 0 as described before. After experimenting with different values, we find
a = 0.75 a reasonable choice, in particular to reproduce the median o, at z = 0 observed

in low-mass galaxies, which is the main focus of this work.
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Appendix E

Potential Effects of Dynamical

Friction

Massive objects such as GCs can experience dynamical friction as they move within
the gravitational potential of the smoothly distributed mass in the host galaxy. Our tagging
method does not self-consistently follow this effect since we tag them onto the dark matter
particles and all components (dark matter, baryons and GCs) have similar particle mass
in our simulations. By default, our GC catalog ignores dynamical friction effects since the
method is tailored to tag only the “surviving” population of GCs and not the initial one.
However, it is important to double-check that after tagging our GCs they would not be
substantially affected by dynamical friction and expected to coalesce to the center of the
galaxies and be dissolved.

To gain some intuition, we estimate analytically the typical timescales for dynam-

ical friction in our systems following Eq. 8.17 in Binney and Tremaine (2008a):
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b _27Gyr 1y oy 2 100km/s 3
fric = T hA 30 kpc \ 200 km/s ocac ’

where oy is the typical velocity dispersion in the host, ogc is the velocity dispersion of
the GC, both as proxies for mass, r; is the initial radius of the GC orbit and InA = 5.8
is assumed as a typical Coulomb logarithm. We vary the velocity dispersion of the host
assuming oz = 800, 200, 50, 20 and 10 km/s corresponding roughly to the scales of a cluster,
a MW like galaxy and dwarfs with M, ~ 10%,10% and 10%° Mg, respectively. For the GCs,
we compare the effects on two scales: a 2 x 10° My (typical GC mass) and 1x 10* Mg (our
lower limit and common value in low-mass galaxies). We assume a half-mass radius rp, = 3
pc to translate GC mass into velocity dispersion ogc. Finally, we consider the radius r; as
the distance of the GC to the center of the host at infall (the moment of the tagging).

We show the results in Fig. E.1, where the dynamical friction timescales are shown
as a function of the distance of the GC. For reference, we indicate the age of the Universe
with a thick dashed horizontal line, areas where tg;. is above the Hubble time ¢ty indi-
cates that dynamical friction effects are unimportant. As expected, the dynamical friction
timescales increase with radius, meaning that only GCs in the very inner regions are poten-
tially affected. Fig. E.1 also shows that tgc is shorter for more massive GCs, as expected,
but even in this case only GCs within ~ 1 kpc have the potential to decay and coalesce
due to dynamical friction forces. In the case of a lighter GC, as the one shown on the right
panel, the relevant distance where dynamical friction effects might be important shrinks to

~ 0.5 kpc.
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Figure E.1: Dynamical friction timescales for different types of GC host systems, assuming
the median GC mass of 2 x 10° Mg (left) and 10* Mg, (right). The typical timescales
associated to dynamical friction are longer than the age of the Universe for most initial
radii and in particular for high-mass hosts. We also indicate the median infall time for
galaxies in each mass range with a starry symbol. For dwarf galaxies, dynamical friction
timescales might be lower than a Hubble time only for GCs at very small radii » < 0.5-1.0
kpc, depending on GC mass, but comparable to the time since their infall time, when GCs
are tagged. We therefore expect not a significant change in any of the results when including
dynamical friction. Notice that our least massive dwarfs do not have GCs as massive as
2 x 10° Mg, and therefore are not included on the left panel.

Reassuringly, the distances where dynamical friction migth be a factor of concern
are quite small compared to the typical GCs radial extension (see Fig. 3.7) and suggest that
dynamical friction effects are not important in our sample. Moreover, the time of relevance
is not the age of the Universe but the time since infall, when the GC is tagged. Those are
highlighted with a starry symbol in Fig. E.1 and correspond to the median infall times of
galaxies of a given stellar mass in our sample. On average, dynamical friction effects are

negligible and if present, may impact only the lowest mass galaxies in the sample.
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Figure E.2: The same as the left panel of Fig 3.6, but including an estimation of the removal

of GCs by dynamical friction. We see very little change in the overall behavior of the GC
abundances with stellar mass when including dynamical friction.

Next, using the same equation above, we compute a dynamical friction time indi-
vidually for each tagged GC and comparing tgi. to the particular infall time of that host
galaxy we can individually assess whether GCs are expected to decay or not. We flag all
GCs where tgie < (tg — ting) as “merged”, and remove them from our sample at z = 0.
Fig. E.2 and Fig. E.3 show that this would have no significant consequences for our main
results, including the number of GCs per galaxy or the occupation fraction, respectively.
We therefore conclude that while dynamical friction might impact a few of our GC on an
individual basis none of the statistical results presented here changes appreciably. In our
released catalog, we provide a dynamical friction flag to allow the user to decide whether

to include these objects or not in their calculations.
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Figure E.3: The same as figure 3.8, but including an estimation for removal of GCs by
dynamical friction. We see that the dwarf galaxy stellar mass bins that previously sat above
observed values fall nicely within the range of observations when including this effect.
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Appendix F

Environmental Effects

Inspired by observations of galaxies in higher density environments showing a
higher GC abundance (e.g. Peng et al. 2008; Carlsten et al. 2022), we have checked if this
phenomenon was present in our tagged GCs catalog in TNG50. We split the environments
in bins of virial mass, and within those bins, we computed the median and 25% — 75% range
of GC abundance in bins of host galaxy stellar mass. Fig. F.1 shows the result of this test.
There is little if any variation in both the median and the scatter between the different
virial mass bins. Running the same check on Sy shows the same lack of dependence with
the host.

The GC tagging model employed in this work relies on the infall virial mass of a
galaxy; thus we checked to see how infall virial mass varies across the tagged environments
in Fig. F.2. Binning again in host environment virial mass, we calculated the median
infall virial mass in bins of present-day host galaxy stellar mass, M, ,—o. We find a weak

environmental dependence on the infall halo masses at fixed z = 0 stellar mass that goes
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Figure F.1: Number of GCs, Ngc as a function of host galaxy stellar mass M, binned in
host cluster virial mass. The solid lines show the median in bins of host galaxy stellar mass

with the shaded region showing the 25% — 75% scatter in each bin. We find no pronounced
dependence on GC abundance with host group or cluster environment.

in the direction expected: galaxies of a given stellar mass today had a larger infall virial
mass for high density environments (see e.g., Mistani et al. 2016). However, we had had to
include low-mass host halos with present-day Moo > 101 Mo (which are not included in
our catalog) in order to observe the effect. Limiting the host halo mass to the ones included
in this study (Magg > 5 x 10'2 M, ) shrinks the effect appreciably, explaining why our GC
catalog shows no significant dependence with environment. Thus, it may be necessary to
study a much wider range of host halo masses in order to see the observed environmental

dependence on GC abundance.
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Figure F.2: M, at z = 0 as a function of infall virial mass Mg infan for galaxies within
Rogg of their z = 0 host environment in TNG50. Medians are colored by z = 0 host virial
mass (color bar on the right). There is a weak but systematic trend for satellites with fixed
stellar mass today to have a larger infall virial mass in more massive hosts, in particular
for M, > 107 Mg . Note that we extend the calculation to host virial masses Mopg = 101!
Mg, which is well below our minimum host halo mass tagged, in order to clearly see the
effect. For hosts with Msgg > 5 x 10'2 M), as studied here, there is not enough difference
in satellite infall masses to lead to any environmental trend on GC content.
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Appendix G

Halo Masses of Ultradiffuse

Galaxies

In Figure G.1, we show the stellar mass at z = 0 (M, ,—¢ as a function of infall
virial mass (Myir.infau) for dwarf galaxies in the TNG50 simulation. All dwarf galaxies are
represented by points colored by their infall time (the last time they were their own central
within the simulation), with UDGs highlighted by orange circles. A subset of UDGs, those in
the top 15% of specific frequency Sy at fixed My are represented by red hexagons. We can
see that in this relation, UDGs with higher Sy tend to reside at the edge of this abundance
matching relation, with higher halo masses and preferentially earlier infall times that less
extreme UDGs, consistent with results from Ramos-Almendares et al. (2020). Interestingly,
even UDGs that are extreme in this relation reside in DM halos that are consistent with

those of typical dwarf galaxies.
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Figure G.1: z = 0 stellar mass, M, vs infall halo mass, My nfan- All dwarfs in this mass
range are points colored by their infall time, with UDGs highlighted by orange circles. Red
hexagons represent UDGs that are in the top 15% of Sy at fixed My, meaning that they
are particularly extreme within the simulation. We find that these extreme UDGs tend to
have earlier infall times and more massive halos than their less extreme counterparts, but
that all UDGs appear to reside within the range of normal dwarf galaxies.
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