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ABSTRACT OF THE DISSERTATION

Exploring Dwarf Galaxies and Their Dark Matter Halos in Diverse Cosmic Environments

by

Niusha Ahvazi

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, September 2024

Dr. Laura Sales, Chairperson

A comprehensive study on the formation and evolution of dwarf galaxies, their

environments, and corresponding dark matter halos is presented within the framework of the

Lambda Cold Dark Matter (ΛCDM) model. Using advanced cosmological hydrodynamical

simulations, and semi-analytic models, this work addresses several critical questions in

galaxy formation and evolution. These include the mechanisms driving intra-cluster light

(ICL) formation, the role of dwarf galaxies as building blocks of ICL, its reliability as a

tracer of the underlying dark matter, and the relation between the dwarf galaxy properties

and their corresponding dark matter halo.

This research demonstrates that dwarf galaxies exhibit a wide range of relevance in

contributing to ICL, with significant implications for upcoming deep observations from the

Euclid and Roman space telescopes. Findings show that systems with minimal contributions

from dwarf galaxies (M⋆ < 1010 M⊙) display shallower ICL metallicity profiles. Moreover,

intra-cluster globular clusters (ICGCs) are identified as valuable tracers of halo assembly

histories, particularly when observing ICL is challenging. The shape and orientation of ICL
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and ICGCs show a reasonable correlation with those of the dark matter in the outskirts of

halos, underscoring their common origin and potential as luminous tracers.

In addition, this dissertation explores the ICL component of Virgo-like clusters

by analyzing ICL fractions, density profiles, and star formation rates. The simulation

results predict an ICL component comparable to the brightest cluster galaxy in mass and

star formation rate, with an in-situ stellar component present at all redshifts. The in-

situ component, accounting for approximately 8–28% of the ICL stellar mass at z = 0, is

attributed to widespread star formation along filamentary structures tracing the distribution

of neutral gas in the cluster host halo.

Additionally, a modified semi-analytic model, Galacticus, was developed to repro-

duce the properties of Milky Way dwarf galaxies. This model incorporates H2 cooling, an

updated UV background radiation model, and a metal content model for the intergalactic

medium. The model shows that the fraction of subhalos hosting a galaxy with MV < 0

drops to 50% by a halo peak mass of approximately 8.9 × 107 M⊙, aligning with recent

observations.

The findings of this dissertation allows for integrating observational data from

forthcoming telescopes/surveys to refine models and enhance our understanding of dwarf

galaxies’ roles within the broader cosmic structure.
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Chapter 1

Introduction

In the vast expanse of the universe, understanding the formation and evolution

of galaxies is a fundamental quest in astronomy. This dissertation examines the universe

under the assumption of the Lambda Cold Dark Matter (ΛCDM) model, which posits

that dark matter is cold (non-relativistic) and that the cosmological constant (Λ) drives

the accelerated expansion of the universe. Within this framework, the focus is on dwarf

galaxies, the most prevalent type of galaxy in the universe, which play a crucial role in testing

cosmological models. Dwarf galaxies, characterized by their small size, low gravitational

potential, and high susceptibility to environmental influences, serve as essential probes for

dark matter physics (Simon 2019). They can constrain our cosmological models through

their abundances, luminosity function, and mass content, posing challenges such as the

core vs. cusp problem1 and the diversity of rotation curves problem2 (Sales et al. 2022).

1Refers to the discrepancy between the observed flat central density profiles (cores) of dwarf galaxies and
the steep density profiles (cusps) predicted by ΛCDM simulations (Flores and Primack 1994; Moore 1994).

2Refers to the observed variation in the shapes of rotation curves of dwarf galaxies, which show a wide
range of inner density slopes. In the ΛCDM model, dark matter halos of a given mass are predicted to have
similar density profiles, resulting in less diversity in their rotation curves (Santos-Santos et al. 2018, 2020).
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Understanding the formation and disruption of dwarf galaxies in various environments is

vital for testing and refining these models.

The formation of dark matter structures in the ΛCDM model posits that halos

are forming from the hierarchical growth of high-density fluctuations in the early universe,

where low-mass halos collapse first and subsequently merge to form more massive ones

(White and Rees 1978). Consequently, within larger halos, such as those in galaxy groups

and clusters, numerous mergers and interactions with smaller galaxies are expected. These

environments exert significant influence on smaller galaxies through processes such as ram-

pressure stripping, which removes gas and quenches star formation (Hester 2006), and tidal

stripping, where larger galaxies pull stars and stellar material from smaller galaxies due to

strong gravitational forces (Mihos et al. 2005). These processes can result in the production

of stellar halos and intra-cluster light (ICL).

To fully understand the environmental effects on dwarf galaxies, it is essential to

study their evolution within their environment or host halo. Given the long-term implica-

tions of these effects, simulations become a crucial tool in capturing their influence over time.

This work utilizes a combination of large cosmological simulations, which model millions of

particles influenced by gravitational and hydrodynamical forces to create a representation

of the universe, and semi-analytical models, which employ simplified, parameterized equa-

tions to efficiently simulate complex astrophysical processes and explore galaxy formation

and evolution over cosmological timescales. This approach allows for testing the ΛCDM

model on a statistically significant set of dwarf galaxies in different environments, providing

a comprehensive framework for exploring their long-term evolution, the impact of past ac-

2



cretion events, and environmental effects on present-day observable properties of halos and

galaxies within them.

Excitingly, ongoing and upcoming observations are expected to provide unprece-

dented measurements of both large-scale and small-scale structures. The Euclid3 and Ro-

man4 space telescopes are set to push the boundaries of surface brightness limits, allowing

for deeper observations of intra-group/intra-cluster light (see Kluge et al. 2024 for an exam-

ple using early Euclid results). Meanwhile, the Rubin Observatory Legacy Survey of Space

and Time (LSST)5 is anticipated to discover hundreds of dwarf and ultra-faint galaxies

within the entire virial radius of the Milky Way halo and extend our knowledge of dwarf

galaxies at greater distances. Interpreting these results statistically will require extensive

halo realizations across various mass ranges.

Studying dwarf galaxies, their environments, and corresponding dark matter halos

with the methods presented in this thesis allows us to address several open questions in

the field of galaxy formation and evolution. What mechanisms drive the formation of the

ICL? What role do dwarf galaxies play as contributors and building blocks of the ICL? Are

the ICL and its globular cluster components reliable tracers of the underlying dark matter,

and how effectively can they trace the formation history of halos? Furthermore, what is

the relationship between dwarf galaxy properties and their corresponding dark matter halos,

and what predictions can be made about the mass of halos that host the faintest observed

galaxies? This thesis investigates these questions by studying several observables, including

3https://www.esa.int/Science_Exploration/Space_Science/Euclid

4https://roman.gsfc.nasa.gov

5https://www.lsst.org
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intra-cluster light and its globular cluster component, and the abundance of ultra-faint dwarf

galaxies. Each of these observables is described in more detail in what follows.

1.1 Intra-cluster light

Intra-cluster light (ICL) is the diffuse light found between galaxies within galaxy

clusters. It can reveal the history of galaxy interactions and stripping processes and serve

as a luminous tracer to map the underlying dark matter component in the halos (see the

review by Montes 2022, and references therein). Remarkably, past merger events that

occurred billions of years ago can be reconstructed from present-day ICL properties such

as mass fraction and metallicity profile. These characteristics make ICL a powerful tool

for reconstructing the accretion histories of halos. The stellar content in the ICL can

either form “in situ” from gas bound to the central galaxy (and its main progenitor) or be

brought in “ex situ” by merging satellite galaxies. The exact fraction of stars contributed by

these mechanisms remains uncertain but is a crucial constraint for cosmological and galaxy

formation models.

In Chapters 2 and 3, we use the large-volume cosmological simulation Illus-

trisTNG50 (Pillepich et al. 2019; Nelson et al. 2019a) to investigate the properties and

build-up of ICL. In Chapter 2, we compare observational estimates of the ICL’s mass frac-

tion and radial extension. We show that about half of the merged ICL in all our systems is

contributed by galaxies within a narrow stellar mass range (M⋆ = 1010M⊙– 1011M⊙). How-

ever, the contribution of low-mass (dwarf) galaxies (M⋆ < 1010M⊙) to the ICL’s build-up

varies widely from system to system, ranging from approximately 5% to 45%. This vari-
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ability can potentially be traced through observable properties of the ICL at present, such

as its metallicity profile. By utilizing a post-processing globular cluster tagging method

applied to the IllustrisTNG50 simulation, we also investigate intra-cluster globular clusters

(ICGCs). These ICGCs, found in the space between galaxies within a cluster, can serve

as a good proxy for reconstructing the build-up of ICL, especially when the diffuse light of

the ICL is not detectable. Overall, ICGCs prove to be valuable tools for reconstructing the

assembly history of dark matter halos and constraining their shape and orientation.

In Chapter 3, we explore the formation of in situ ICL and the conditions under

which these stars are born. We find that the diffuse star-forming component of the ICL is

filamentary in nature, extends for hundreds of kilo parsecs, and traces the distribution of

neutral gas and dark matter within the cluster’s host halo.

1.2 Ultrafaint dwarf galaxies

Ultrafaint dwarf galaxies are the faintest and smallest galaxies known, with stellar

masses less than 105M⊙ or MV ⪆ −7 (Bullock and Boylan-Kolchin 2017). In these systems,

star formation is highly suppressed by reionization and stellar feedback, leading to mass-

to-light ratios that are hundreds of times larger than the universal average (Simon 2019).

This makes ultrafaint dwarfs pristine laboratories for studying dark matter, as they can be

used to set constraints on the properties of dark matter in different models. The abundance

of these systems is particularly sensitive to any dark matter physics that suppresses the

formation or present-day abundance of small halos (see Nadler et al. 2021 and references

therein).

5



In Chapter 4, we use the semi-analytic model Galacticus to study the formation

of dwarf galaxies down to the ultrafaint regime within larger halos of various masses, under

the assumption of cold dark matter. We compare the predictions from our model, which

incorporates different assumptions regarding the physical processes involved, with current

observational data available for the Milky Way galaxy and its satellites. This model can be

further refined to explore alternative dark matter physics, potentially providing constraints

on these models based on its predictions for the abundances of dwarf galaxies.

6



Chapter 2

The progenitors of the intra-cluster

light and intra-cluster globular

clusters in galaxy groups and

clusters1

2.1 Abstract

We use the TNG50 from the IllustrisTNG suite of cosmological hydrodynamical

simulation, complemented by a catalog of tagged globular clusters, to investigate the prop-

1This chapter is based on a draft of an article that has been accepted for publication in March 2024 by
Oxford University Press in the Monthly Notices of the Royal Astronomical Society written by Niusha Ahvazi,
Laura V. Sales, Jessica E. Doppel, Andrew Benson, Richard D’Souza, and Vicente Rodriguez-Gomez. While
this chapter includes significant content from the accepted article, it also incorporates additional results and
modifications not present in the original publication.
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erties and build up of two extended luminous components: the intra-cluster light (ICL)

and the intra-cluster globular clusters (ICGC). We select the 39 most massive groups and

clusters in the box, spanning the range of virial masses 5×1012 < M200/M⊙ < 2×1014. We

find good agreement between predictions from the simulations and current observational

estimates of the fraction of mass in the ICL and its radial extension. The stellar mass of

the ICL is only ∼ 10%–20% of the stellar mass in the central galaxy but encodes useful

information on the assembly history of the group or cluster. About half the ICL in all

our systems is brought in by galaxies in a narrow stellar mass range, M∗ = 1010–1011M⊙.

However, the contribution of low-mass galaxies (M∗ < 1010M⊙) to the build-up of the ICL

varies broadly from system to system, ∼ 5%− 45%, a feature that might be recovered from

the observable properties of the ICL at z = 0. At fixed virial mass, systems where the

accretion of dwarf galaxies plays an important role have shallower metallicity profiles, less

metal content and a lower stellar mass in the ICL than systems where the main contributors

are more massive galaxies. We show that intra-cluster GCs are also good tracers of this

history, representing a valuable alternative when diffuse light is not detectable.

2.2 Introduction

One of the most striking features of high density environments is the intra-cluster

light (ICL), a diffuse component of light that originates from populations of stars that

are not associated with individual galaxies and are instead gravitationally bound to the

host dark matter halo. The ICL is thought to be a product of the tidal stripping of stars

from galaxies as they traverse the cluster or group environments and was first proposed

8



and subsequently discovered by Zwicky (1937, 1951, 1952, 1957) in the Coma cluster. The

direct link between the ICL and satellite galaxies makes the formation of this diffuse light a

natural prediction of the hierarchical assembly model in Cold Dark Matter (CDM, White

and Rees 1978; Conroy et al. 2007; Montes and Trujillo 2018; Contini 2021).

The ICL has cosmological relevance primarily in two aspects. First, it represents

a visible tracer of the unseen dark matter distribution, with several theoretical works sup-

porting a good correlation between the shape and orientation of the ICL and those of the

underlying dark matter halo (Montes and Trujillo 2019; Alonso Asensio et al. 2020; Contini

and Gu 2020; Deason et al. 2020; Gonzalez et al. 2021a). Second, and the main focus of

this paper, the ICL is built by the tidal disruption of many satellite galaxies, some of which

do not survive until today. As such it can help unravel the past formation history of the

host group or cluster halo (Contini 2021; Montes 2022, and references therein), in a similar

way that stellar halos can help reconstruct the merger histories of smaller mass halos in the

Milky Way-like (MW-like) regime (e.g., Bullock and Johnston 2005).

The stellar mass content of the ICL is directly related to the stellar mass-halo mass

relation and serves as a probe of the past assembly history of galaxy clusters. A number of

observational constraints on the amount of ICL have been reported in the literature, with

studies using deep imaging to estimate the total amount of ICL in galaxy clusters (e.g.

Zibetti et al. 2005; Krick and Bernstein 2007; McGee and Balogh 2010; Mihos et al. 2017;

Morishita et al. 2017; Jiménez-Teja et al. 2019). These studies have found that the ICL

typically makes up a significant fraction of the total light in galaxy clusters, ranging from
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<10% to 50% depending on the cluster and the methods used to estimate the ICL (see

Montes 2022).

Numerical simulations predict that the bulk of the ICL mass comes from the tidal

stripping of massive satellites (10 < log(M/M⊙) < 11) (Puchwein et al. 2010; Contini et al.

2013; Cui et al. 2014; Cooper et al. 2015a; Contini et al. 2019; Montenegro-Taborda et al.

2023). Particularly, disk-like massive satellites are thought to significantly contribute to

building the ICL through a large number of small stripping events (Contini et al. 2018).

However, other less-dominant mechanisms may also contribute stars to the ICL includ-

ing the total disruption of low mass satellites (Purcell et al. 2007), stars ejected into the

inter-cluster medium after a major merger (Murante et al. 2007) and the pre-processing

of accreted groups (Rudick et al. 2006). Due to the well established relation between stel-

lar mass and metallicity in galaxies, the nature of the progenitors that build up the ICL

can be observationally constrained from stellar metallicities. Furthermore, each of these

mechanisms are expected to leave distinct patterns on the metallicity and their gradients.

Constraining the contribution of each mechanism can be extremely challenging due

to the faint (µV ∼ 26.5 mag/arcsec2) and extended characteristics of the ICL, which can

often only be probed by broad-band photometry. Yet, over the last two decades, significant

progress has been made. A number of observational studies have highlighted the presence of

clear negative radial color gradients (Krick and Bernstein 2007; Rudick et al. 2009; Melnick

et al. 2012; DeMaio et al. 2015) in the ICL of the majority of clusters studied at z ∼ 0.5.

While such gradients could potentially arise due to changes in metallicity (Montes and

Trujillo 2014; DeMaio et al. 2015) or variations in the ages of the stars (Morishita et al.
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2017; Montes and Trujillo 2018), it suggests that violent relaxation after major mergers

with the BCG cannot be the dominant source of ICL. Although the observed metallicities

of the ICL ([Fe/H]ICL ∼ −0.5) align with the notion that the ICL stars likely originate

either from stars located in the outer regions of galaxies with stellar masses approximately

5 × 1010 M⊙ (DeMaio et al. 2018; Montes and Trujillo 2018; Montes et al. 2021) or from

the dissolution of dwarf galaxies, the amount of ICL is often used as an argument against

the latter as this would dramatically alter the faint end of the cluster galaxy luminosity

function (e.g. Zibetti et al. 2005; DeMaio et al. 2018). Only a small number of clusters have

been identified with flat color gradients (e.g., Abell 370) - indicating an ICL formed through

the expulsion of stars into the intra-cluster medium during a major merger event (Krick

and Bernstein 2007; DeMaio et al. 2015, 2018). While the vast variety of observations

point to the progenitors of the ICL being the tidal stripping of massive satellites (10 <

log(M/M⊙) < 11) consistent with theoretical predictions, the ICL of the two closest well-

studied clusters, the Virgo and Coma, which can be studied in significant detail, suggest

very different assembly mechanisms. A study by Williams et al. (2007), examining the

RGB populations of the Virgo cluster (∼15 Mpc) using a single and deep HST pointing,

found that 70% of the stars have a metallicity of [M/H] ∼ −1.3 indicating that the ICL

was built up primarily through the disruption of dwarf galaxies. Similarly, Gu et al. (2020)

spectroscopically studied the ICL of the Coma cluster in the low S/N regime finding it

to be old and metal-poor ([M/H] ∼ −1.0) – consistent with the accretion of low-mass

galaxies or the tidal stripping of the outskirts of massive galaxies that have ended their

star formation early on. The low metallicity of the ICL of the Virgo and the Coma cluster
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clearly suggests that the contribution of dwarf galaxies to the ICL can be significant. This

is clearly in tension with the observations of clusters further away as well as the current

theoretical paradigm, requiring further study and perhaps a revision of understanding of

the contribution of dwarf galaxies to the ICL.

One way to observationally disentangle the various formation mechanisms is to

study how the ICL correlates with the mass of the cluster and with redshift. However, as

we probe deeper into the universe and examine systems at earlier redshifts, the low surface

brightness of the intra-cluster light becomes increasingly difficult to capture. In such cases,

an alternative path to study the dark matter halos may be offered by globular clusters

(GCs). These ancient, dense clusters of stars are commonly found in nearly all types of

galaxies and are thought to be among the oldest and (often) metal-poor stellar populations

in the universe (Gratton et al. 2019). They are believed to have formed before the majority

of galaxies and are relatively luminous (Schauer et al. 2021), making them easily detectable

at large distances and earlier redshifts and a powerful tool to study the distribution of dark

matter and ICL in the early universe.

GCs can be very numerous in groups and clusters. While for MW-like galaxies

they populate host halos by the hundreds, in the Virgo cluster more than 10,000 have been

cataloged around M87 (Durrell et al. 2014). Studies have shown that the abundance of GCs

is closely related to the amount of dark matter in the halos (Spitler and Forbes 2009; Harris

et al. 2013; Hudson et al. 2014; Harris et al. 2015). Therefore, GCs can offer an alternative

path to study the dark matter halos in galaxy groups and clusters, especially when the ICL

is not easily captured.
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A large fraction of GCs associated with a given system are members of the intra-

cluster globular cluster (ICGC) component, which has been observationally confirmed in

Fornax (Schuberth et al. 2008), Coma (Madrid et al. 2018), Abell 1689 (Alamo-Mart́ınez and

Blakeslee 2017), Virgo (Lee et al. 2010; Ko et al. 2017; Longobardi et al. 2018), Centaurus

A (Taylor et al. 2017), Perseus (Harris et al. 2020b) and Abell 2744 (Harris and Reina-

Campos 2023) for example. This intra-cluster component is expected to arise mostly by the

gravitational removal of GCs from satellite galaxies that interacted with the groups, and

predominantly from satellites that did not survive until today (Ramos-Almendares et al.

2020). In this way, the origin of the ICGCs and the ICL are therefore expected to be

strongly linked, and one might naively expect similar properties and building blocks for

both components. However, the way stars and GCs occupy halos is different, in particular

in the low mass end of dwarf galaxies, and it is as yet unclear how this may impact the way

GCs and the ICL trace each other.

In this study, we take advantage of the recently published catalog of GCs2, which

are tagged post-processing into the cosmological hydrodynamical simulation TNG50 to

explore the properties of the ICL and GC components of groups and clusters. The paper

is organized as follows: in section 2.3, we present a brief description of the simulation and

definitions used in our study. In section 2.4, we introduce the general properties of the ICL

component predicted by the simulation. In section 2.5, we analyze the progenitors of the

ICL component, and in section 2.6, we investigate the use of GCs as tracers of the formation

history of ICL. Finally, in section 2.8, we summarize the main results of our study.

2www.tng-project.org/doppel22
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2.3 Simulation

We use the TNG50 of the IllustrisTNG suite of cosmological hydrodynamical sim-

ulation (Pillepich et al. 2019; Nelson et al. 2019a), which is part of the suite of cosmological

boxes from the IllustrisTNG project3 (Marinacci et al. 2018; Naiman et al. 2018; Nelson et al.

2018; Springel et al. 2018; Pillepich et al. 2018a; Nelson et al. 2019b). TNG50 is the highest

resolution baryonic run of the IllustrisTNG suite, which has a volume of approximately

503 Mpc3 and 2 × 21603 resolution elements, with an average mass per baryonic particle

8.5×104M⊙, and dark matter mass with 4.5×105M⊙ per particle. The IllustrisTNG cosmo-

logical parameters are consistent with ΛCDM model determined by Planck XIII (Collabora-

tion et al. 2016b) to be Ωm = 0.3089, Ωb = 0.0486, ΩΛ = 0.6911, H0 = 100h km s−1 Mpc−1

with h = 0.6774, σ8 = 0.8159, and ns = 0.9667.

The evolution of gravity and hydrodynamics are followed using the arepo moving

mesh code (Springel 2010). The galaxy formation baryonic treatment is based on its prede-

cessor simulation suite, Illustris (Vogelsberger et al. 2013, 2014b,a; Genel et al. 2014; Nelson

et al. 2015), with modifications implemented to better track the formation and evolution of

galaxies, as described in Weinberger et al. (2017); Pillepich et al. (2018b).

The updated IllustrisTNG sub-grid models accounts for star formation, radiative

metal cooling, chemical enrichment from SNII, SNIa, and AGB stars, stellar feedback, and

super-massive black hole feedback (Weinberger et al. 2017; Pillepich et al. 2018b). These

models are shown to reproduce several of the z = 0 basic galaxy scaling relations, including

the stellar mass - size (Genel et al. 2018), the color bimodality (Nelson et al. 2018) and

3https://www.tng-project.org
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galaxy clustering (Springel et al. 2018), among others. As such, they are representative of

the present day population of galaxies in the universe and reproduce the main environmental

trends observed in satellites. Of particular relevance to this work, the abundance of low-

mass and intermediate mass galaxies seems consistent with observationally estimated stellar

mass functions (e.g. Pillepich et al. 2018b; Vázquez-Mata et al. 2020; Engler et al. 2021).

2.3.1 Identification of groups and clusters

Groups are identified using spatial information based on a Friends-of-Friends (FoF)

algorithm (Davis et al. 1985). Individual self-gravitating subhalos and galaxies are later

found in these groups using subfind (Springel et al. 2001; Dolag et al. 2009). The object at

the center of the gravitational potential of each group is called the “central” galaxy, while

all other substructures are “satellites” (or ”subhalos”). subfind identifies substructures

with a minimum of 32 particles and we additionally apply MDM ⩾ 5.4 × 107 M⊙ (at the

time of infall) to remove the chances of including spurious baryonic clumps that are not

bonafide galaxies. The time evolution of galaxies and halos through the 99 snapshots of the

simulation is followed by using the sublink merger trees (Rodriguez-Gomez et al. 2015).

We identify groups and low mass clusters in TNG50 by selecting all host halos

with virial masses M200/M⊙ ⩾ 5 × 1012, where virial quantities are measured within the

virial radius, or r200, defined as the radius of a sphere where the mean density of the group

is 200 times the critical density of the Universe. This selection results in 39 groups and

clusters, containing 3305 and 5020 satellite galaxies with M∗ > 107 M⊙ within the virial

radius and FoF group boundaries, respectively.
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2.3.2 The intra-cluster light (ICL) in groups and clusters

For the purpose of this work we define the ICL as all stellar particles that belong

to the group and are not bound to any satellite, and are located within a radial range

of 0.15 r200 < r < r200 from the host galaxy, where r200 is the virial radius of the group.

Different definitions of ICL are commonly assumed in the literature, both in simulations and

observational work. We have experimented with several of these definitions and explicitly

checked that none of our main conclusions depends qualitatively on the specific criteria

adopted here. For a more detailed view, we collect in Appendix A some examples on how

the exact definition of ICL affects some of our reported results.

Further inspection of our selection of ICL particles revealed an excess of stars

located on the periphery of several satellites. These stellar particles are considered unbound

by subfind (and therefore included as ICL candidates) but are still clearly part of the

satellite or substructure in the 6D space of positions and velocities. We therefore applied

two extra requirements in order to “clean” our ICL sample. Each stellar particle needs to

be at least 10 × rh∗ away from any massive satellite (the ones larger than M/M⊙ > 1010),

where rh∗ is the stellar half mass radius of the satellite. In addition, we ensure that the

velocity of the particles satisfy V/VC > 2.5 to be considered part of the ICL, where VC is the

circular velocity at 2×rh∗ of the satellite. This procedure satisfactorily removes extra stellar

particles with positions and velocities strongly correlated with the local substructure. Note

that similar methods are used in observations of the ICL to reduce the light contamination

from the central galaxy and the satellite galaxies.
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2.3.3 In-situ vs. ex-situ

In this paper, we frequently use the terms “in-situ” and “ex-situ” to distinguish

between different types of stellar populations: those born from gas bound to the main

branch progenitor in the sublink merger tree of a galaxy (“in-situ”) versus those born

in external galaxies and later brought in to the descendant object during mergers or tidal

stripping events (“ex-situ”).

To classify stars as ex-situ or in-situ, we use the stellar assembly catalogs, offered

as auxiliary data in the TNG database. The classification method was introduced in detail

in Rodriguez-Gomez et al. (2016) and is based on the subfind association of the newly

formed stars (at the time of birth) to either the main progenitor of the central galaxy (in-

situ) or to a substructure that later merges into the system (ex-situ). Main or secondary

progenitors are defined using the sublink merger trees.

2.3.4 Globular Clusters

We use the catalog of GCs presented in Doppel et al. (2023) for our TNG50

systems. GCs are tagged for all galaxies with M∗,max ≥ 5 × 106 M⊙ that infall or interact

with our groups and clusters. The tagging is done at infall time for all galaxies, after which

the dynamics of the GCs is followed naturally by tracking the positions and velocities of the

particles flagged as GC candidates. The simulated GCs are shown to follow known scaling

relations for galaxy-GCs and, in addition, to give rise to a population of intra-cluster GCs

(ICGCs) as a combination of tidal stripping of GCs from merging galaxies and a native GC

population tagged onto the central galaxy (Ramos-Almendares et al. 2020; Doppel et al.
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2023). The slope and normalization of this ICGC component is in rough agreement with

current observational constraints (see Fig. 5 in Doppel et al. 2023). GCs are tagged to

selected dark matter particles and are assigned masses MGC = 7 × 103 - 5 × 106M⊙ as

described in more detail in Appendix B. For additional information we refer the reader to

Doppel et al. (2023).

For this work, we use from this catalog the ICGCs, identified as tagged GCs that

are currently not associated to any substructure according to subfind and “cleaned” with

the same method described in section 2.3.2 for the ICL. As an example of how these GCs

are distributed in our systems, we show in Fig. 2.1, projected maps of multiple groups from

our sample. These plots show the stellar component (gray-scale in the background) with

the position of the ICGCs highlighted by the cyan dots. These few examples illustrate

interesting differences in size, shapes and concentration of the GC and ICL components,

suggesting a link to their different formation histories.

2.4 The mass and extent predicted for the ICL

2.4.1 ICL mass content

In order to quantify the amount of mass in the ICL we define the fraction of mass

in the ICL as:

fICL =
M∗
ICL

M∗
BCG

, (2.1)
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Figure 2.1: Projected position of the luminous (stellar (gray-scale background) + ICGCs
(cyan dots)) components in the ICL of 4 randomly selected groups from our sample (the
virial mass of each group is quoted on the bottom left of each panel). Orange, magenta, and
lime circles show the position of r200 for the group, and 0.15× r200, and 2× rh∗ , respectively.
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Figure 2.2: Left panel: ICL fraction as a function of virial mass of our groups and clus-
ters color codded by the time of the last major merger of the central galaxy. Predictions
from TNG50 are shown with large filled circles (upper limit), and empty downward trian-
gles (lower limit). Small gray circles indicate the fraction if only ex-situ or accreted stars
are considered. Right panel: comparison of the predicted ICL fraction in TNG50 with
results from previous simulations (shaded areas) and several observational studies (differ-
ent markers). References along with the reported quantities are presented in table D.1 in
Appendix D.

where M∗
ICL is the stellar mass in the ICL and M∗

BCG is the stellar mass within 2 × rh∗ of

the central galaxy. Solid circles with black outlines in Fig 2.2 show fICL for our sample of

groups and clusters plotted against the virial mass of each group. We note that various

definitions of this fraction have been used in the literature. In particular, a lower limit to

fICL might be found by dividing the mass of the ICL by the total mass of stars within

the virial radius fICL,tot = MICL/M∗,r200 . For comparison, we show fICL,tot in Fig. 2.2 with

downward triangles connected to the solid symbols. In general we find that the ICL fraction

can change by more than a factor of two by adopting common definitions in the literature

(see Appendix A). In this work, fICL will refer to Eq. 2.1 unless specified otherwise.
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Our systems span from 5 × 1012 to nearly 2 × 1014 M⊙ in virial mass, sampling

the range from isolated elliptical galaxies comparable to Centaurus A to moderate mass

galaxy clusters such as Fornax, and conservative mass estimates of the Virgo cluster. The

ICL mass fraction shows a subtle increase with virial mass, with typical values 5-10% in

our low mass systems and ∼ 20% for our more massive clusters. The relation also exhibits

a substantial degree of dispersion at a given mass (results are comparable to the best-fit

relation in Ragusa et al. 2023, albeit with lower scatter).

We trace back the dispersion in this relation to the assembly history of each group.

The color coding in the left panel of Fig. 2.2 shows that, at fixed halo mass, groups with

a longer time since their last major merger tend to show lower ICL mass fractions than

groups where the last major merger was more recent. This trend has been quantified by

categorizing the systems into “red” and “blue” groups, based on whether their last major

merger occurred within 7.5 Gyr or after. Major mergers are here defined as merger events

of the central galaxy with satellites of stellar mass ratios greater than 0.25 measured at the

time of maximum stellar mass of the companion merging galaxy (Rodriguez-Gomez et al.

2015).

This correlation between mass in the ICL and the assembly history of the system

is consistent with being an extension into the larger mass regime of the trend found for

stellar halos in MW-like galaxies (e.g., Elias et al. 2018) and is also in agreement with

findings in other simulations of MW-like and groups and cluster systems using the Horizon-

AGN simulations (Cañas et al. 2020). Similarly, several observational studies at low and

intermediate redshift find a consistent pattern where higher ICL fractions are common in
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systems undergoing active mergers while lower fractions are characteristic in more passive

or relaxed objects (Jiménez-Teja et al. 2018, 2019, 2021; de Oliveira et al. 2022; Dupke et al.

2022).

On the right panel of Fig. 2.2 we explore how TNG50 predictions compare to avail-

able theoretical and observational constraints to validate our systems. On the theoretical

side, our results seem to agree, within the dispersion at a given mass, with semi-analytical

models from Contini et al. (2013; shaded orange) and N-body + stellar tagging simulations

of Rudick et al. (2011; shaded cyan).

Our results seem to also agree well with several observational constraints available

in the literature (symbols with error bars), in particular, bearing in mind that the definition

of ICL, band-width and depth of the observational data varies from system to system. We

discuss in more detail the compilation of individual measurements in Appendix D and also

summarize the information in table D.1.

Most observational constraints seem to suggest that the ICL has less than ∼ 30%

of the light of the BCG, in good agreement with our results. Only NGC 5018 (red diamond),

HCG 79 (highest purple triangle) and the Fornax cluster (pink triangle) have fICL > 0.3.

While in general we do not reproduce such large ICL fractions in our simulated systems, two

of our groups have fICL ≥ 0.3. A careful look into the formation history of these systems

(with FoF group IDs 4 and 12 in TNG50) revealed that their large ICL fractions can be

attributed to two different factors. Group 4 presents a central galaxy that is under-massive

compared to what is expected of its virial halo mass, such that when computing the ICL

fraction it appears larger than other systems. Closer inspection revealed that this group
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had a rather late major merger (time ∼ 12.3 Gyr) that significantly increased its total mass

but has not yet propagated into the central galaxy yet. Reassuringly, this group has several

large mass satellites that presumably will merge soon with the central bringing its mass

into agreement with its halo mass, at which point we expect fICL to align with the lower

values found in the sample. The second group, FoF group 12, is currently undergoing a

major merger with a large satellite companion and the stripped material of this interaction

is actively increasing the ICL mass without contributing yet to the central galaxy. Both of

these examples are expected to decrease their fICL after the current interactions are settled.

Our analysis of the groups in TNG50 also revealed the presence of a substantial

in-situ stellar component within the ICL, in agreement with previous studies of stellar halos

in the predecessor Illustris simulation (D’Souza and Bell 2018; Elias et al. 2018) for smaller

mass systems and a more recent study of cluster mass halos using TNG300 simulation by

Montenegro-Taborda et al. 2023 (see Sec. 2.3.3 for a description of the in-situ definition).

We highlight in Fig. 2.2 where the ICL fraction would fall if one only considers the accreted

component (gray filled circles), indicating that the inclusion or not of this component does

not strongly modify our results. A more detailed study of the in-situ ICL is deferred to

Ahvazi et al. (2024). In what follows, we include only the accreted component of the ICL

in the analysis, unless otherwise stated.

2.4.2 ICL radial extent

The physical radius at which the density profile of the ICL reaches a given sur-

face brightness limit is an observable that may help constrain theoretical models on the

formation of galaxies and their associated diffuse stellar component. In order to establish a
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fair comparison between observations and simulations, we randomly project our simulated

groups and clusters generating their 2D surface brightness maps. Following Rich et al.

(2019), we measure the radius at which the surface brightness reaches 28 mag/arcsec2 in

the r-band, using the available stellar particle magnitudes from TNG50.

We characterize the radial extension of the ICL in our simulated systems by defin-

ing two different radii, R28 and a28, an ellipsoid-base and a circle-based definition following

common practice in the field. First, we measure the average surface brightness in circu-

lar bins and find the (circular) radius R28 where the surface brightness is closest to 28

mag/arcsec2. Second, we measure the surface brightness map with a 3 kpc × 3 kpc res-

olution and fit an ellipse to the regions of this map exhibiting a surface brightness of 28

magnitudes per square arcsecond (excluding any low surface brightness features that may

result from interactions of subhalos). The semi-major axis of this ellipse was then used

as a proxy of radial extension (a28). Note that, on average, this surface brightness limit

is predicted to occur at ∼ [0.2 − 0.3]r200 in our systems, extending significantly beyond

the central galaxy. Next generation surveys using Euclid or JWST are expected to reach

several magnitudes fainter, mapping further out regions at ∼ [0.3− 0.9]r200 (see Fig. C.1 in

Appendix C).

Fig. 2.3 shows the size of our simulated systems as a function of the stellar mass

of the central (left panel) and the virial radius of the group (right panel). As expected,

the elliptical semi-major axis tends to be slightly larger than the circularly-averaged radius

R28, but they both trace similar trends. The ICL size follows a power law relation with the
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Figure 2.3: Size of the extended stellar halo measured by fitting ellipses to the surface
brightness maps (black stars), and by measuring radius from radial binning of surface
brightness maps (turquoise stars). Left panel: Size-stellar mass relation, compared to
observations from Rich et al. (2019) (colored markers) and relation from Muñoz-Mateos
et al. (2015) (gray dashed line). Right panel: Size as a function of virial radius of the
group. Grey and turquoise dashed lines correspond to measurements of semi-major axis of
the best fit ellipse and radius of the circular profile, respectively.

mass of the central galaxy, consistent with observational constraints available at the low

mass end of our sample.

The left panel of Fig. 2.3 shows this good agreement by including observational

results for the stellar halo of galaxies in the HERON survey (Rich et al. 2019) (magenta,

purple and gray symbols) and also the fit provided in Muñoz-Mateos et al. (2015) (gray

dashed line). Our sample, while in agreement in the low mass end, seems to predict a

slightly steeper increase in size with stellar mass for the highest mass objects than expected

from the gray dashed line.
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The right panel of Fig. 2.3 indicates that the size of the ICL also shows a good

correlation with the virial radius of the system, although with significant scatter. The gray

and cyan dashed lines are best-fit linear relations (y = a + b x) between the logarithmic

sizes of the ICL and the halos, characterized by the parameters a and b. For the elliptical

radius a28, we find the parameter values to be a = −1.57 and b = 1.41 with r.m.s scatter

of ∼ 0.1 dex, while for the circular radius R28, the values are a = −1.81 and b = 1.45

with a scatter measured to be ∼ 0.1 dex. The existence of a correlation between the radial

extension of the ICL and the virial radius of the host halo demonstrates that the assembly

of these two components is intertwined and reaffirms the validity of the ICL as observational

tracer of the distribution of dark matter in these objects.

2.5 The progenitors of the ICL in groups and clusters

A myriad of disrupted satellites are expected to contribute to the build up of

the ICL as a consequence of the hierarchical formation scenario, making it a unique probe

of the particular assembly history of a given object. Yet, while the individual formation

histories may vary from halo to halo, common trends arise that may be used to infer details

of the formation and assembly of a given object from the properties of their diffuse stellar

component. For instance, in the case of MW-mass galaxies, simulations suggest that the

properties of the stellar halos are dominated by one or two most massive progenitors, which

naturally explains the correlation between stellar halo mass and metallicity (e.g., Deason

et al. 2016; D’Souza and Bell 2018). We explore in what follows what are the typical building
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Figure 2.4: Example of two groups with different ICL progenitor mass functions. The
vertical axis shows the cumulative fraction of stellar mass deposited in the ICL (the accreted
stellar component) by galaxies with maximum stellar mass > M∗,max. Markers on the x-axis
correspond to the measured M25 (triangle), M50 (circle), and M90 (pointing down triangle),
and horizontal and vertical lines correspond to the measurement of the M90 for the groups
highlighted here. The group in orange has an ICL contributed mostly by massive progenitors
with M∗,max ∼ 1010 M⊙ while the one in blue has significant contributions from lower mass
dwarf galaxies with M∗,max ∼ 5 × 108 M⊙, as shown by their different M90 values.

blocks of the ICL in more massive objects like groups and clusters, and what observational

signatures may be useful to decode details of their assembly.

Fig 2.4 shows the fractional contribution of stars to the ICL of two different groups

(orange and blue curves) that come from progenitors of a given stellar mass M∗,max. Both

groups are selected to have comparable mass, M200 ∼ 3.2×1013 M⊙, but different accretion

histories. Here we choose to characterize the mass of the progenitors using their maximum

stellar mass M∗,max, and we build the cumulative histogram of stellar particles brought in by

progenitors more massive than a given M∗,max. The group depicted in orange corresponds
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to a case where most of the mass in the ICL is contributed by relatively massive galaxies

while the group shown in blue allows for significant contribution of progenitors in the regime

of dwarf galaxies.

We quantify this by means of M25, M50 and M90, which are defined as the mass

of the progenitors in such cumulative distribution contributing 25%, 50% and 90% of the

mass in the accreted ICL. For illustration, we highlight M90 in Fig. 2.4 with vertical dotted

lines and an inverted triangle, computed as the intersection of the cumulative distribution

of accreted stars in each group and the 0.9 horizontal line. M50 and M25 are also denoted

by a circle and a triangle for each group along the horizontal axis. The larger contribution

of dwarf galaxies to the build up of the ICL in the group shown in cyan is now clearly shown

by its lower mass M90 = 5.2 × 108 M⊙ compared to M90 = 5.2 × 109 M⊙ in the case of the

group in orange. Differences for M50 and M25 between these two groups are smaller, but

systematic.

The typical progenitors of the ICL for the full sample of groups and clusters are

shown in the left panel of Fig. 2.5. Our results suggest that the predominant contributors

to their ICL are massive galaxies with M50 ≥ 1010M⊙, regardless of the host halo mass

in this somewhat narrow M200 range. This is in agreement with previous works in the

literature which identify M∗ ∼ 1010-1011M⊙ as the main progenitors of the ICL in groups

(e.g., Contini et al. 2013; Montes and Trujillo 2018; Contini et al. 2019; Montes et al. 2021).

However, a comparison of the M90 values uncovers a larger variability of contributions of

dwarf galaxies from halo to halo, with some systems having M90 ∼ 1010M⊙ –and therefore
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Figure 2.5: Left panel: Stellar mass of the progenitors that brought a percentile of accreted
stellar mass to the ICL as a function of virial mass of the groups. Pink triangles, blue
circles, and purple pointing down triangles correspond to M25, M50, and M90, respectively.
Note the large scatter in M90 indicating a varied contribution of dwarf galaxies to the build
up of the ICL. Right panel: fraction of the accreted ICL that was contributed by (dwarf)
galaxies with stellar masses below M∗,max = 1010 M⊙. Symbols are colored by M90 for each
group (from the left panel) and highlight the good correspondence between the two metrics.
At similar halo mass, some groups have about half of their ICL built by low mass galaxies
with M∗,max = 1010 M⊙ while others show less than 10% contribution from these dwarfs.

having negligible mass brought in by dwarf galaxies with M∗ ∼ 109M⊙ and below– while

other systems show a more significant contribution by dwarfs with typical M90 < 109M⊙.

This is further illustrated in the right panel of Fig. 2.5, which depicts the fraction

of ICL mass contributed by galaxies with M∗,max < 1010 M⊙ as a function of the halo virial

mass. As anticipated, these fractions can be quite different from system to system, even in

the case of similar halo masses. For instance, for groups with M200 ∼ 1013M⊙, the fraction

of mass brought into the ICL by low mass galaxies with M∗,max < 1010 M⊙ varies from

10% to 40%, these extremes being examples of systems where dwarf galaxies play little to a

significant role, respectively. Symbols in the right panel of Fig. 2.5 are colored according to

the previously introduced M90 and highlights the good correlation between both indicators:
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Figure 2.6: Illustration of the metallicity profiles for the accreted stellar component of three
randomly selected groups from our sample, with the median and 25-75 percentile depicted
by the blue line and shaded region, respectively. The best-fit linear relation (in log) is
highlighted in red and quoted in each panel. Most systems show a negative metallicity
profile with radius, but the slope changes substancially from system to system.

systems with a substantial contribution from low mass galaxies have a high fraction of stars

brought in by progenitors with M∗,max < 1010 M⊙ and a low M90 value while systems built

up mostly by large galaxies have a small fraction f and large M90 values.

This opens up the possibility to use different observables to attempt determine

the kind of accretion history of a halo given the observed properties of their ICL. One such

key observable is the metallicity profile. Fig 2.6 illustrates the metallicity profile for three

representative groups with differing formation histories and virial masses (as indicated by

the legends). The blue curve in each panel depicts the median metallicity of the merged

stellar particles in the ICL at each radius, while the blue shaded region represents the 25th

and 75th percentiles. A linear fit of the form Z = alog(r) + b is in general a roughly good

description of our profiles (see red lines) and allow us to quantify for each object the slope

of the metallicity profile (a) and its intercept (b).
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Fig. 2.7 shows interesting correlations in the ICL observables that imprinted by the

kind of progenitors that built each individual object. At a given host halo mass, systems with

a larger contribution from dwarfs (blue-ish purple points) show less total mass in the ICL

(left panel), a lower average metallicity (middle panel) and also flatter metallicity profile

slopes (right-hand panel). Systems with mostly massive progenitors (yellow-ish orange

colors) tend to show strongly declining metallicity profiles. Not shown here for brevity,

the metallicity profile intercepts correlates well with the median metallicity. In all panels

points have been color-coded by M90 and only the accreted component of the ICL is being

considered here. However, our main results would not substantially change if, instead, we

would show the total ICL (in-situ plus accreted, gray triangles on the right panel). We have

explicitly checked that similar trends exist with the stellar age profiles, with most systems

displaying decreasing age profiles with radius, and some showing considerably flatter age

distributions. However ages seemed less well correlated with the assembly history of the

group and cluster than the information provided by metallicity.

The ICL mass and metallicity should then be considered a valuable tool to re-

construct details on the past merger history of systems assembled within ΛCDM. Similar

correlations on amount of mass, overall metallicity and metallicity gradients with the dif-

fuse component build-up have been found in the regime of stellar halos for MW-like galaxies

(D’Souza and Bell 2018; Monachesi et al. 2019). Our results extend upwards the range of

halo masses over which these correlation are expected, including now the regime of groups

and clusters.
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Figure 2.7: Left panel: stellar mass of the accreted component in the ICL as a function
of the virial mass. Middle panel: median metallicity of the accreted stars in the ICL as a
function of the virial mass. Right panel: the slope of the metallicity profile as a function
of virial mass for the accreted (merged) component, with black triangles representing the
results for all the stellar components (accreted + in-situ components). All panels are color-
coded by the M90 of each group. Systems where dwarf galaxies play a role in building
the ICL (low M90) tend to have lower ICL mass, lower overall metallicity and shallower
metallicity profiles than systems with accretion dominated by more massive galaxies.

2.6 Tracing the formation history of the ICL through glob-

ular clusters

We investigate how well the GCs can trace the ICL in our systems using the

GC catalog presented in Doppel et al. (2023). As detailed in section 2.3.4, we use only

intra-cluster GCs (ICGCs)—GCs not gravitationally bound to any structure according to

subfind and that satisfy the cleaning criteria in section 2.3.2. As briefly discussed in

Doppel et al. (2023), the GC tagging model predicts that the ICGC component forms via

the tidal stripping of GCs from their host galaxies as they interact with their new host

environment after infall. The buildup of ICGCs is thus, in a similar fashion to the ICL,

a result of the hierarchical assembly of their host systems. The GC catalog follows the

population of surviving GCs with mass MGC > 7× 103 M⊙, and while we do not make the
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distinction between “red” and “blue” GCs as in Doppel et al. (2023), their Fig.5 shows that

the mass density of the simulated ICGC is in good agreement with available observational

constraints.

As in the case of the ICL, we find a large spread on the distribution of progenitors

that build the the intra-cluster GC component in our groups. Using a similar concept to

that introduced for M25, M50 and M90, we define similar quantities but considering only

the stellar mass that brought in the 25%, 50% and 90% of the mass in GCs in the ICGC

component. Fig. 2.8 compares the progenitors for the ICL and the GCs. We find that GCs

can be very good tracers of the most massive contributors to the ICL, in particular M25

and M50 for the stars or GCs in the diffuse component are very similar, indicating that

the progenitors that build up to half of the ICL also bring along about half of the GCs in

the ICGC. However, we find a clear bias in the contributors as quantified by M90: taking

the progenitors that bring 90% of the GCs mass typically leads to smaller masses than the

progenitors contributing 90% of the stellar mass in the ICL (left panel Fig. 2.8).

This means that when using GCs to reconstruct the merger history of groups

and clusters, one should keep in mind that the contribution from dwarf galaxies will be

over-represented compared to the contribution of the same dwarfs to build the diffuse light

component. This result can be intuitively understood from the different scaling of GCs

and stellar mass with the halo mass. In the considered GC model, the mass of GCs scales

as a power-law of halo mass (Doppel et al. 2023) while abundance matching results sug-

gest a more steep decrease in the efficiency of low mass halos to form stars compared to

more massive galaxies like the MW (abundance matching is better described by a double
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Figure 2.8: Typical mass of progenitors that build the ICL (x-axis) and the intracluster-
GCs (y-axis) as quantified by M25 (left), M50 (middle), and M90 (right) of each population.
The gray dashed line corresponds to the one to one relation. Our findings indicate that
GCs can serve as a good tracers of the most massive contributors to the ICL, although it is
important to note that the contribution from dwarf galaxies may be over-represented when
looking at GCs in comparison to the ICL (right panel).

power-law). As a result, dwarfs contribute fractionally more GCs than stars to the diffuse

components. Interestingly, as found for the case of the ICL, there is a sizable range in the

typical contributor of the ICGC. For some of our GC systems, M90 is found to be galaxies

with M∗ ∼ 1010M⊙, indicating little role played by low mass galaxies. However, there are

also cases with M90 ∼ 5 × 107M⊙, indicating dwarfs with masses typical of dSph galax-

ies playing a role. These differences in the accretion histories of these objects are likely

to remain imprinted in the metallicity of their intra-cluster GC component and offer an

avenue to constrain formation histories of massive hosts in cases where measurements of

diffuse light becomes too challenging or implausible. Future GC models that are able to

follow the formation and evolution of individual GC metallicities are necessary to quantify

the strength of the signal expected and whether or not such signatures are to be detectable

with current or future observations.
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2.7 Intra-cluster light and its globular cluster component as

luminous tracers of dark matter

Fig. 2.9 shows the 3D density profiles of the ICGCs, ICL and dark matter compo-

nents in our systems (corresponding to the red, blue, and gray colors on this plot). Thin

lines corresponds to individual objects and the median density at a given radius is high-

lighted with the thick lines. The grey shaded region indicates the ICL region based on our

definition. We find that the ICGCs exhibit profiles similar to the dark matter in terms of the

slope, whereas the ICL is more centrally concentrated than the dark matter, as evidenced

by the steeper radial profiles. Within satellites, stellar profiles are also biased toward the

inner regions of their own dark matter halos at infall. Consequently, during the tidal strip-

ping that forms the ICL components, these stars are deposited more efficiently toward the

inner regions, creating the more centrally concentrated profiles for the stellar component.

Previous numerical simulations have reported similar results when comparing the ICL with

the dark matter in groups and clusters (e.g., Pillepich et al. 2018a; Alonso Asensio et al.

2020).

In order to quantify shapes of our simulated dark matter halos, ICL, and ICGCs

we use the commonly adopted “reduced inertia tensor” method. In brief, we follow Allgood

et al. (2006) and fit ellipsoids to the dark matter and stellar particles in the ICL region.

We define the normalized tensor as:

Iij =
∑
xk∈V

x
(i)
k x

(j)
k

d2k
, (2.2)
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Figure 2.9: Density profiles of stellar, ICGC, and dark matter components for each group
in our sample are represented by the thin blue, red, and black lines, respectively. The thick
lines show the median density profiles for each component. The shaded grey region depicts
the region corresponding to the ICL on the plot.
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where xk denotes the position of the kth particle (either dark matter or stellar particle)

within the volume V in each iteration, and dk represents a scaled distance to the kth

particle, taking into account the axis ratios of the ellipsoid (the definition of dk is detailed

in the next paragraph). We find the best fitting ellipsoid at any given radius of interest,

which is represented by its axis lengths; a ⩾ b ⩾ c. From those we can define axis ratios q

= b/a and s = c/a that are the ratios of the square-roots of the eigenvalues of I, and the

directions of the principal axes given by the corresponding eigenvectors. We measure the

shape of the dark matter and stellar halos at the virial radius.

To find the best fitting ellipsoid we utilize an iterative method, which starts the

calculation by considering all the particles in between concentric spheres that encompass

the ICL region (0.15 × rvir ⩽ r ⩽ rvir) and in each step there is a reshaping of the outer

sphere using the eigenvalues of I. Note that the distance measured to each particle is

d2k = x2k + y2k/q
2 + z2k/s

2, and is updated at each iteration based on the eigenvalues for I.

The comparison between the shapes and orientations of the best fitting ellipsoids

representing the ICL, ICGC and dark matter components are shown in Fig 2.10. The left

panel displays the shapes of ICL (blue dots), ICGC (red dots), and dark matter (gray dots),

highlighting a reasonable agreement, with dark matter exhibiting slightly more spherical

morphologies. This is better seen by looking at the histogram distributions, showing higher

median values by ∼ 0.1 dex in both axis ratios b/a and c/a for the dark matter compared

to the luminous tracers (see dashed lines in histograms along both axes).

The right panels of Fig. 2.10 explores the orientations of the best fitting ellipsoids,

comparing the dark matter with ICL (bottom right) and ICGC (upper right). We measure
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Figure 2.10: Left panel: The b/a vs c/a of the stellar ellipsoid, GC ellipsoid, and DM
ellipsoid at the virial radius. Right panels: The misalignment angle between the major axis
of the ellipsoids fit to the DM-GC (upper panel), and DM-ICL (lower panel). On average,
ICL and GCs serve as reasonably good indicators of the dark matter shape and orientation.

the angle between the major axes of the ellipsoids for each component as a function of

the virial mass of the halo. We find that these components are reasonably well aligned at

the virial radius, with a median misalignment angle of ∼ 18° between the ICL and dark

matter, and ∼ 21° between the ICGCs and dark matter (indicated by red arrows on each

panel). Some of the systems with large misalignment angles, > 35°, are found to have

more oblate shapes (as indicated by the lighter colors). We know that such cases should

be evaluated carefully, as a perfectly oblate system would have an ill-defined direction

for a and b, obscuring the interpretation of large misalignment angles. For example, the

misalignment angle between dark matter and ICGCs shrinks to 11.3° if only systems with

b/a < 0.7 are considered. These findings are in good agreement with those reported from

the E-MOSAICS simulations (Reina-Campos et al. 2023) for lower mass systems (compared
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to the ones considered here). Our results support a scenario where ICGCs may be used as

a predictor of the shape of the dark matter up to the outskirts of the halo in groups and

clusters.

In comparison to studies exploring the connection between the ICL and the dark

matter component, the hydrodynamical simulation by Gonzalez et al. (2021b) shows similar

trends, with ICL generally more elongated than dark matter in clusters with M200 > 1.4 ×

1014 M⊙, which are higher mass systems than those in our study. They found that excluding

dark matter particles of satellite galaxies results in more spherical dark matter shapes. Note

that unlike our study, which excludes dark matter and stellar particles of satellite galaxies

to focus on the ICL region, their assessment includes these particles.

Gonzalez et al. (2021b) also compares the misalignment angle between dark matter

and ICL, finding a generally good agreement with a median of ∼5°, whereas we observe

slightly larger values, possibly due to a higher prevalence of oblate shapes in our sample,

making it more challenging to precisely determine the direction of the semi-major axis.

Our results align better with the study by Kluge et al. (2021), which examined low-redshift

clusters with gravitational masses of log(M [M⊙]) = 14.75 ± 0.25, finding alignment angles

less than 30° in 80% of cases, consistent with our results where only 8 out of 39 clusters

have alignment angles above 30°.

2.8 Conclusions

Using the cosmological hydrodynamical simulation TNG50, we have conducted a

comprehensive study of two luminous tracers of dark matter in the outskirts of halos: the
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ICL and the GC population. We select all groups and clusters with M200 > 5 × 1012M⊙

resulting in a sample of 39 host halos that span the virial mass range M200 = [0.5 − 20] ×

1013M⊙ and sample a wide range of formation histories. We use the catalog of GCs tagged

to the TNG50 groups and clusters presented in Doppel et al. (2023), allowing one of the

first explorations of both luminous tracers in high density environments. We focus on the

study of possible imprints of these individual accretion histories on observable properties of

the ICL and GCs populations. Our findings can be summarized as follows:

• TNG50 predictions for the fraction of light in the ICL, fICL, are in reasonable agree-

ment with current observational constraints for groups and low mass clusters. In

addition, fICL is predicted to increase with virial halo mass, albeit with significant

dispersion. We find that this dispersion is well correlated with the assembly history

and time of the last major merger for the BCG in our systems. Objects with more

recent major mergers tend to show an excess of ICL compared to older or earlier

assembled systems of comparable mass.

• There is a good correlation between the radial extent of the ICL (as measured by the

radius where the surface brightness profile reaches 28 mag/arcsec2) and the stellar

mass of the central galaxy. This size–mass scaling relation for the ICL seems to

agree with the one found observationally for lower mass galaxies as part of the stellar

halos in the HERON survey (Rich et al. 2019). The radial extent of the ICL also

shows a power-law relation to the virial radius of the halo, offering an observational

means with which to constrain r200 independent of abundance matching methods.
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The typical r.m.s scatter in the relation between ICL-size and virial radius is ∼ 0.1

dex.

• The mass of the ICL is deposited by a wide range of progenitors. Some of our systems

show sizable contributions from dwarf galaxies with M∗ < 109M⊙, while others are

built up almost entirely by systems as or more massive than the Milky Way. We find

that the average metallicity and slope of the metallicity profiles of the ICL retain

information on these different assembly histories: halos with a higher contribution

from dwarf galaxies generally have shallower metallicity profiles, overall lower average

metallicities and also a lower amount of mass/light in the ICL. These findings are

different from the common interpretation of flat metallicity profiles as evidence of

major mergers (Krick and Bernstein 2007; DeMaio et al. 2015, 2018). In our systems,

the incidence of low mass galaxies is the main responsible for flattening up the Z-

profiles. A larger role of dwarf galaxies in the build up of the ICL is also manifested

by an overall lower metallicity content compared to systems built up by more massive

satellite contributors.

• Intra-cluster globular clusters (ICGCs) may also serve as a valuable tool to reconstruct

the assembly history of the halos. We find that lower mass dwarfs tend to make more

significant contributions to the ICGC population than to the stars in the ICL, a bias

that must be taken into account when reconstructing assembly histories based on

metallicity of GCs or ICL. This can be understood as a consequence of the single

power-law relation of GCs with halo mass, which gives higher weight to the low mass
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halos compared to the double-power law expected for the stars in abundance matching

relations.

• Finally, our study highlights that the shape and orientation of the ICL and ICGCs

show reasonable correlation to those of the dark matter in the outskirts of the halo,

highlighting the common origin of these components as well as the potential of these

components to be used as luminous tracers for the underlying dark matter. We find,

however, small systematic biases. The shape of the dark matter, as measured by the

principal-axis ratios b/a and c/a, is typically ∼ 0.1 larger compared to the ICL and

ICGCs. These components are also well aligned, showing a median of ∼ 20 degrees

between their major axes.

Several of the trends studied here represent an extension of properties highlighted

for the stellar halos of galaxies like the Milky Way, including trends on amount (Pillepich

et al. 2014; Elias et al. 2018), metallicity (D’Souza and Bell 2018; Monachesi et al. 2019)

and radial extension (Rich et al. 2019) and their link to the assembly history of each halo.

Encouragingly, the ICL in groups and clusters is more massive/brighter than in systems

like the Milky Way, offering an advantage from the observational point of view to study

this diffuse component. The increased sensitivity of upcoming observations with JWST and

Euclid VIS Deep survey promise to reach ∼ 31 mag/arcsec2 levels in a few hours integration

time. On average, for our simulated systems, this would result in detections for the ICL

component all the way out to ∼ 0.7r200, opening a new window to explore the predictions

of hierarchical assembly expected for galaxies within ΛCDM.
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Chapter 3

Star formation beyond galaxies:

widespread in-situ formation of

intra-cluster stars1

3.1 Abstract

We study the fraction of the intra-cluster light (ICL) formed in-situ in the three

most massive clusters of the TNG50 simulation, with virial masses ∼ 1014M⊙. We find

that a significant fraction of ICL stars (8%-28%) are born in-situ. This amounts to a total

stellar mass comparable to the central galaxy itself. Contrary to simple expectations, only

a sub-dominant fraction of these in-situ ICL stars are born in the central regions and later

1This chapter contains a draft of an article that is submitted for publication by Open Journal of Astro-
physics written by Niusha Ahvazi, Laura V. Sales, Julio F. Navarro, Andrew Benson, Alessandro Boselli,
and Richard D’Souza
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re-distributed to more energetic orbits during mergers. Instead, many in-situ ICL stars form

directly hundreds of kiloparsecs away from the central galaxy, in clouds condensing out of the

circum-cluster medium. The simulations predict a present-date diffuse star formation rate

of ∼1 M⊙/yr, with higher rates at higher redshifts. The diffuse star forming component

of the ICL is filamentary in nature, extends for hundreds of kiloparsecs and traces the

distribution of neutral gas in the cluster host halo. We discuss briefly how numerical details

of the baryonic treatment in the simulation may play a role in this result and conclude that

a sensitivity of 1.6× 10−19 − 2.6× 10−18 erg s−1 cm−2 arcsec−2 in Hα flux (beyond current

observational capabilities) would be necessary to detect this diffuse star-forming component

in galaxy clusters.

3.2 Introduction

The simplest models of galaxy formation suggest that most stars in a cluster should

form in the high-density regions of individual galaxies. These models imply that the ma-

jority of stars in the intra-cluster light (ICL) originate from the tidal removal of stars from

luminous galaxies with mass similar to the Milky Way (MW) (Puchwein et al. 2010; Cui

et al. 2014; Cooper et al. 2015a; Contini et al. 2013, 2018, 2019; Montenegro-Taborda et al.

2023), with relatively small contributions from dwarf mass galaxies, particularly in group

environments with halo virial masses < 1013 M⊙ (Ahvazi et al. 2023). Nevertheless, obser-

vational studies (Barfety et al. 2022; Hlavacek-Larrondo et al. 2020) and some numerical

simulations (Puchwein et al. 2010) indicate that a non-negligible fraction of ICL stars are

formed in-situ.
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In-situ ICL stars could have formed in the brightest cluster galaxy (BCG) galaxy

and been later pushed onto highly energetic orbits by mergers. An alternative, more in-

triguing, possibility is that stars form directly in the intra-cluster medium (ICM), far away

from the high density regions of the BCG. This low-density mode of star formation is po-

tentially interesting, as it might occur under very different physical conditions than the

normal star formation in galaxies, with consequences for the multi-phase nature of the ICM

and its metallicity, as well as for the age distribution of ICL stars, especially if in-situ star

formation continues to the present day. From an observational perspective, if a substantial

amount of stars form outside galaxies, this would have strong implications for wide-field

surveys in the UV or Hα, which are especially sensitive to the presence of young stars.

Several mechanisms have been suggested to explain in-situ ICL star formation.

One of the most commonly cited is the compression of gas associated with the ram-pressure

trails of infalling galaxies, a phenomenon that has been detected in both observations (Smith

et al. 2010; Mihos et al. 2017; Boselli et al. 2018b; Gullieuszik et al. 2020) and some numerical

simulations (Kronberger et al. 2008; Kapferer et al. 2009; Tonnesen and Bryan 2012; Lee

et al. 2020; Calura et al. 2020; Steyrleithner et al. 2020; Vollmer et al. 2021; Göller et al.

2023, for a detailed discussion see section 5.3.1 in review paper by Boselli et al. 2022).

Another possible mechanism is star formation within the tails of stripped material formed

during gravitational fly-by encounters of gas-rich systems (see see NGC 4254 in Virgo,

Boselli et al. 2018a; VCC 1249, Battaia et al. 2012; IC3418, Hester et al. 2010; Fumagalli

et al. 2011; Kenney et al. 2014).
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In-situ star formation in the ICM is also predicted to be widespread at high-

redshift, where AGN feedback might be less powerful and unable to offset the short timescales

for cooling in the dense regions of the ICM (Webb et al. 2015b). In such a scenario, spon-

taneous run-away cooling in the ICM might lead to an increase of density high enough to

trigger violent star-formation events in locations outside galaxies (Hlavacek-Larrondo et al.

2020).

Interestingly, observations of off-center star formation at large distances from the

BCG are consistent with this scenario for a few high-z clusters (Webb et al. 2015a; Hlavacek-

Larrondo et al. 2020; Barfety et al. 2022), in some cases predicting as much as a MW-worth

of stars contributed to the ICM by such cooling events.

Some observations of isolated HII regions in nearby clusters, such as the Virgo

cluster, may also hint at a more sustained but lower-level star formation activity taking

place directly in the ICM/ICL region (Gerhard et al. 2002; Bellazzini et al. 2018). However,

it is not always trivial to disentangle whether these isolated star-forming clouds are ICM-

born material or belong to some older ram-pressure or interaction events in the cluster

(Junais et al. 2021; Jones et al. 2022).

Numerical simulations therefore emerge as valuable tools to explore this mode of

star formation within the realistic framework of the ΛCDM model. For instance, Puchwein

et al. (2010) estimate that approximately ∼ 30% of the ICL stars formed in their clusters

(with masses between 2 × 1013 M⊙ and 1.5 × 1015 M⊙) originated at distances consistent

with being ICM-born. The presence of in-situ formed stars in extended stellar halos is also
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documented extensively in the literature on the scale of MW-mass halos (Zolotov et al.

2009; Font et al. 2011; Tissera et al. 2012; Cooper et al. 2015b; Pillepich et al. 2015).

Various numerical methods have been employed to study the formation of cold

gas in the ICM, which could give rise to star formation outside galaxies. Runaway local

production of cold gas in the ICM, as well as thermal instability, have been shown to lead

to multi-phase structures in idealized hot haloes (Maller and Bullock 2004; Kaufmann et al.

2006, 2009; McCourt et al. 2012; Sharma et al. 2012).

Given that the cold-phase ICM resulting from such processes is a small-scale phe-

nomenon, it has been studied largely in idealized numerical experiments (Fielding et al.

2020). Previous work by Oppenheimer et al. (2018) demonstrated a relatively significant

abundance of cold, low-ionization gas in the circum-galactic medium (CGM) of EAGLE

galaxies (for MW and group mass halos), albeit with uncertainties regarding the numerical

robustness of the hydrodynamical technique in this regime (see also Ford et al. 2013). Sim-

ilarly, Butsky et al. (2019) demonstrated evidence for presence of cold gas in the outskirts

of the galaxy clusters (in the ICM) using high-resolution hydrodynamical galaxy cluster

simulation, RomulusC.

Semi-analytic models have also been developed to explain the unique, possibly

drag-induced sub-virial kinematics of cold gas flowing through luminous red galaxy host

haloes (Afruni et al. 2019). In the context of IllustrisTNG, Nelson et al. (2018) showed

that TNG is consistent with empirical OVI constraints in the CGM of MW and group mass

halos.
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The cold gas content of galaxies themselves (both neutral HI and molecular H2)

has also been favorably compared against data in several regimes, although simplifying

assumptions are needed to derive these cold-phase fractions which are not self-consistently

followed in typical galaxy-scale simulations. Nelson et al. (2020) also demonstrated that

group mass haloes hosting massive galaxies are filled with a hot, virialized plasma at ∼ 107

K, and that they contain a large abundance of cold gas with a characteristic temperature

of ∼ 104 K. This cold phase of the ICM takes the form of thousands of small, ∼ kpc-sized

clouds, which fill the inner halo out to hundreds of kpc (similar to predictions by Maller

and Bullock 2004 for MW-mass halos).

There are, however, several important caveats when studying the formation of

star-forming clouds in the ICM, mostly connected with limitations of numerical techniques.

Approaches such as SPH have been shown to be unable to track the evolution of instabilities,

such as the Kelvin-Helmholtz instability, leading to the formation of more dense clouds that

are artificially long-lived compared to similar numerical experiments run with grid-base

techniques (Agertz et al. 2009; Torrey et al. 2012).

The lack of, or inadequate treatment of other important physics, such as heat

conduction, magnetic fields or metal diffusion might also complicate the interpretation of

results from simulations (see the discussion in Puchwein et al. 2010). It is clear that, for any

numerical technique chosen, high resolution becomes key to study in-situ star formation in

low-mass clouds embedded in the hot ICM of clusters, especially considering the low masses

of these clouds.
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In this context, we present here a study of the in-situ formation of stars and their

contribution to the ICL using the three most massive groups/clusters in the TNG50 simula-

tions (Pillepich et al. 2019; Nelson et al. 2019a), one of the highest-resolution cosmological

simulations of low-mass clusters with virial mass ∼ 1014 M⊙ at z = 0.

This article is organized as follows: in Section 3.3, we provide a comprehensive

overview of the simulation employed, including some definitions crucial for the subsequent

sections. Section 3.4 presents our findings, together with an in-depth discussion. Finally,

Section 3.5 summarizes the key conclusions drawn from this study.

3.3 Simulation

We use the cosmological hydrodynamical simulation IllustrisTNG (Pillepich et al.

2018a; Springel et al. 2018; Marinacci et al. 2018; Naiman et al. 2018; Nelson et al. 2018,

2019b). The IllustrisTNG project2 is a suite of state-of-the-art cosmological galaxy forma-

tion simulations that come in different physical sizes and mass resolutions. In this work

we use the highest resolution baryonic run TNG50-1 (TNG50 for short) (Pillepich et al.

2019; Nelson et al. 2019a), which has a volume of approximately 503 Mpc3. It has 2×21603

resolution elements, and the baryon and dark matter particle masses are 8.5 × 104M⊙

and 4.5 × 105M⊙, respectively. The IllustrisTNG cosmological parameters are consistent

with ΛCDM model determined by Planck XIII (Collaboration et al. 2016b) to be Ωm =

0.3089, Ωb = 0.0486, ΩΛ = 0.6911, H0 = 100hkms−1Mpc−1 with h = 0.6774, σ8 = 0.8159,

and ns = 0.9667.

2https://www.tng-project.org
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Gravity and baryons are followed using the Arepo moving mesh code (Springel

2010). The baryonic treatment is based on the code used for its predecessor simulation

suite, Illustris (Vogelsberger et al. 2013, 2014b,a; Genel et al. 2014; Nelson et al. 2015),

with modifications implemented to better track the formation and evolution of galaxies (as

described in Pillepich et al. 2018b; Weinberger et al. 2017).

The updated IllustrisTNG sub-grid models account for star formation, radiative

metal cooling, chemical enrichment from SNII, SNIa, and AGB stars, stellar feedback, and

super-massive black hole feedback (Weinberger et al. 2017; Pillepich et al. 2018b). The star

formation in the Interstellar Medium (ISM) is treated in a sub-resolution fashion following

a variation of the Springel and Hernquist (2003) with the adoption of a Chabrier (2003)

initial mass function, and model the star-forming dense ISM gas using an effective equation

of state where stars form stochastically above a gas density of ρsfr = 0.13 cm−3 with a

star formation time-scale of tsfr = 2.2 Gyr (refer to Vogelsberger et al. 2013 for detailed

explanations). These models were calibrated to reproduce a set of observational constraints

that include the observed z = 0 galaxy stellar mass - size (Genel et al. 2018), the color

bimodality (Nelson et al. 2018), galaxy clustering (Springel et al. 2018) and stellar mass

function (Pillepich et al. 2018b).

Galaxies in the simulations are identified using SUBFIND (Springel et al. 2001;

Dolag et al. 2009) on Friends-of-Friends (FoF) groups (Davis et al. 1985) identified with

a linking length set to 0.2 times the mean interparticle separation. The object at the

center of the gravitational potential of each group is called the “central” galaxy, while

all other substructures are “satellites”. The time evolution of galaxies and halos through
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Table 3.1: Quantities related to the 3 most massive groups.

Group 0 Group 1 Group 2

M200 [M⊙] 1.8 × 1014 9.4 × 1013 6.5 × 1013

R200 [kpc] 1198.91 959.61 846.68

M∗
BCG [M⊙] 3.6 × 1012 9.7 × 1011 1.1 × 1012

rh∗ [kpc] 43.25 11.75 18.79

M∗
ICL [M⊙] 1.8 × 1012 5.8 × 1011 5.9 × 1011

M∗,in−situ
ICL [M⊙] 1.4 × 1011 1.6 × 1011 1.3 × 1011

fICL 0.48 0.60 0.56

Fin−situ
ICL 0.08 0.28 0.23

the 99 snapshots of the simulation is followed using the SubLink merger tree algorithm

(Rodriguez-Gomez et al. 2015).

3.3.1 Defining ICL and cleaning method

We focus the analysis on the 3 most massive systems included in the TNG50 box,

which fulfill M200/M⊙ > 5×1013, comparable to nearby systems such as the Fornax and the

Virgo clusters. Virial masses for these systems are listed in table 3.1, where virial quantities

are defined at the virial radius r200, corresponding to the distance at which the enclosed

density is 200 times the critical value.

To define the particles that are considered part of the ICL we proceed as follows.

For each of our groups, we remove all stars that SUBFIND considers bound to surviving

satellite galaxies. The left panel of Fig. 3.1 shows an illustration of this component for
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Figure 3.1: Projected density maps for different stellar components in Group 1 at z = 0:
bound satellites (left), accreted ICL (middle), and in-situ formed ICL (right). The magenta
and orange circles indicate twice the stellar half-mass radius of the stars in the central host
galaxy (2 rh∗) and the virial radius (r200), respectively. These are the bounds used to define
the ICL component in our study.

our Group 1. Furthermore, to avoid possible contamination by stars in the outskirts of

the surviving satellites that are wrongly assigned to the host halo by SUBFIND, we further

apply a “cleaning” of our ICL: we remove any stellar particle within 4 rh∗ of the center

of any subhalo with M∗ > 108M⊙, where rh∗ refers to the stellar half mass radius of the

subhalo. This ensures that any stars from satellites and their surrounding stellar halo are

not considered part of the ICL.

This leaves us with a sample consisting of all the remaining stellar particles in the

FoF group that are beyond 2 rh∗ of the central galaxy and within the virial radius r200 of

the host cluster, which we call ICL. Stars in the ICL are further divided into those born “in-

situ” and those “accreted”. Following Rodriguez-Gomez et al. (2016), our algorithm checks

if the star is bound to the main progenitor of the central galaxy at the time of birth (or the

closest snapshot to it), in which case it is labeled as in-situ, or it is otherwise associated by
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SUBFIND to a different substructure in the SubLink merger tree, in which case it is labeled as

accreted. The catalogs for in-situ/accreted are provided within the IllustrisTNG database.

As an illustration, the middle and right panels of Fig. 3.1 show the accreted and in-situ

components of the ICL in Group 1, respectively.

To quantify the mass within the ICL and, specifically, the in-situ stellar component,

we introduce the fractions fICL and F in−situ
ICL . Various definitions of these fractions exist in

the literature, and for the purpose of our study, we adopt the following definitions:

fICL =
M∗

ICL

M∗
BCG

, (3.1)

and

F in−situ
ICL =

M∗,in−situ
ICL

M∗
ICL

, (3.2)

where M∗
ICL refers to the mass of the stellar component in the ICL, M∗,in−situ

ICL represents the

mass of the in-situ stellar component in the ICL, and M∗
BCG is the stellar mass within 2 rh∗

of the central galaxy. The values for these quantities in the three most massive systems in

TNG50 are presented in table 3.1.

3.3.2 Hα predictions

In order to compare results with the recent observations of the ICL in nearby

clusters (i.e. Virgo), we use the calibration of Kennicutt and Evans (2012) to convert

the star formation rates to Hα luminosities. These calibrations are based on evolutionary

population synthesis models, in which the emergent spectral energy distributions (SEDs) are

derived for synthetic stellar populations with a prescribed age mix, chemical composition,
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Figure 3.2: Projected density profiles of distinct components within the three most massive
groups in TNG50 (including the BCG and ICL region and excluding satellites). The solid
black curves represent the total stellar component, while the red curves depict the ex-situ
(merged) stellar component, and the blue curves illustrate the in-situ stellar component.
Dotted black lines trace the dark matter component, and purple dotted lines represent the
median stellar mass surface density profiles from Cooper et al. (2013). The shaded area
delineates the region associated with the BCG, defined within 2 rh∗ for the central of each
group. Arrows in matching colors indicate twice the half-mass radius of each component

and Kroupa (2001) initial mass function (IMF). The resulting relation is

logLx = log(Ṁ∗/M⊙ yr−1) + logCx, (3.3)

where Lx denotes the Hα luminosity in units of erg s−1, Ṁ∗ represents the star formation

rate in units of M⊙ yr−1, and Cx is the logarithmic SFR calibration constant which we set

to be 41.27 (Kennicutt and Evans 2012; Murphy et al. 2011; Hao et al. 2011).

3.4 Results

We begin by characterizing the mass distribution within our groups. Fig. 3.2

illustrates the projected radial distribution of stars (solid thick black line), and dark matter

(black dotted line) after projecting each group along the x axis. The stellar component is

54



predicted to fall off more steeply than the dark matter component. For comparison, the

purple dotted line represents the stellar mass surface density profiles from Cooper et al.

(2013), averaged for halos with 1013.5 < M200/M⊙ < 1014. These results align closely with

our stellar profiles (solid black lines) within the ICL region for the two less massive clusters

(as shown in the right and middle panels). However, in the case of our most massive cluster,

having a halo mass twice that of the most massive halo in their sample, differences with

the predictions in Cooper et al. (2013) are expected (as a result the dashed purple line

is removed from this panel). Note that the tagging method in Cooper et al. (2013) does

not properly account for the in-situ star formation in the BCG, therefore giving a flatter

slope in the inner regions. We further divide the stars according to their origin: in-situ

(represented by the thin blue dot-dashed curve) and accreted (depicted by the thin red

long-dashed curve). The relatively substantial contribution of the in-situ population to the

ICL at hundreds of kpc is intriguing. In our systems, in-situ born stars contribute between

8% and 28% of the stellar mass in the ICL (refer to the top right corner of each panel for

the specific percentage of each group).

An inspection of the birth place of the in-situ labelled stars in the ICL shows

that the majority of them are formed already at large distances from the BCG (although

not associated with substructures) and are not stars from the central galaxy kicked-off by

mergers, a common formation path for in-situ stars in the diffuse stellar halos of MW-like

galaxies, and as is the case for our most massive cluster (which experienced a recent major

merger in its formation history). However, for the remaining groups in our sample, over

60% of the in-situ ICL is formed at r > 40 kpc or r > 2 rh∗ (where distance is in physical
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Figure 3.3: Star formation rate (SFR) plotted against stellar mass for various components
within each group. Results for the BCGs are represented by orange stars, those for the ICL
component by blue squares, and those for satellites within the ICL region by grey circles.
Violet points illustrate the SFR distribution for central galaxies in TNG50 within the mass
range limit. For comparison the main sequence relation for the galaxies in Virgo cluster
from Boselli et al. (2023) are shown by blue and red markers, the extrapolated relations for
late-type nearby galaxies are shown by green dashed line (Boselli et al. 2015), the relation
for a large sample of SDSS galaxies are shown by brown dashed line (Peng et al. 2010), and
work by Speagle et al. (2014) is presented in orange dashed line.

kpc and is measured with respect to the BCG or its main progenitor at the time of birth

of the star). This suggests that gas in the ICM must somehow become available for star

formation beyond the inner regions dominated by the BCG. This star formation mode is

thus happening in unconventionally diffuse conditions, very different from the star formation

resulting from the dense interstellar medium of galaxies.

We calculate the total SFR of ICM gas at z = 0 for our groups and compare

this to the level of star formation ongoing in the central BCG as well as in other galaxies.

Fig. 3.3 highlights that, taken as a unit, the ICL (integrated within the virial radius) is

forming stars at rates comparable to that of the BCG and other massive galaxies. For this

comparison, we assign a stellar mass to the ICL equal to the sum of all in-situ and accreted
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stellar particles that lie beyond 2 rh∗ and up to the virial radius and that are not associated

to any satellite or identified substructure by SUBFIND. Similarly, we compute its SFR by

summing the star formation rates of all gas cells that are not gravitationally bound to any

substructure within the same region. Fig. 3.3 shows that while the ICL lies systematically

below the extrapolation of the “main sequence” defined by lower-mass star forming galaxies

(magenta points show central galaxies within the TNG50 box), its SFR is comparable to

many of the massive satellite galaxies in the group (gray circles) and above the SFR of the

central BCG in the case ofGroup 0 and Group 1 (left and middle panels). For comparison,

we present the extrapolated “main-sequence” relation derived from the galaxies in the Virgo

cluster (see Boselli et al. 2023), for a sample with normal HI gas content (HI-normal) and

deficient HI gas content (HI-deficient); the mean values and standard deviations for HI-

normal and HI-deficient objects are shown by blue and red markers. We are also presenting

results from late-type nearby galaxies in the Herschel Reference Survey by Boselli et al.

2015 (dashed green line), a large statistical sample of SDSS galaxies from Peng et al. 2010

(dashed brown line), and the extrapolated time-dependent main-sequence relation derived

by Speagle et al. 2014 (dashed orange line). One should also keep in mind that the fraction

of quenched galaxies produced by the TNG model might overestimate the star formation

in massive galaxies (e.g., see Fig. 8 in Donnari et al. 2021).

The ongoing star formation in the ICM shows a decreasing trend with distance

from the center of the cluster. Fig. 3.4 presents the surface density of star formation rate

(ΣSFR), computed by projecting our groups along the x-axis and integrating star forma-

tion within square bins of 2 kpc on each side. Different colors represent different groups,
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Figure 3.4: Star formation rate surface density profiles for the three most massive groups
in TNG50. Different colored points represent different groups, with individual points of
the same color illustrating the scatter between various regions at a given clustercentric
distance for each group (star formation is measured within square bins of 2× 2 [kpc × kpc]
when projecting each group along the x-axis). Vertical lines, color-matched to each group,
indicate 2 rh∗/r200. The black solid line represents the median trend, and the grey shaded
region corresponds to the 25-75 percentile dispersion of ΣSFR as a function of clustercentric
distance for all groups (the median and dispersion are only calculated from regions that
have non-zero star formation).
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while individual points of the same color depict the scatter between various regions within

a given group. Bins with no star formation at all are not shown and not considered for

calculating the median and the corresponding dispersion. The thick solid curve corresponds

to the median trend (considering all groups collectively) of ΣSFR as a function of cluster-

centric distance, highlighting that the inner regions of the ICM exhibit more prominent star

formation compared to the outskirts.

To ease comparison with observations, we convert ΣSFR into a surface density

of Hα luminosity (right vertical axis) as explained in detail in Sec. 3.3.2 and following

Kennicutt and Evans (2012). Typical values in the ICM of our sample span ΣHα ∼ 1038 −

1036 ergs s−1 kpc−2 with considerable scatter. These values are lower than the average

measured ΣHα ∼ 1040 ergs s−1 kpc−2 in central regions of disk galaxies, but comparable

to the values in the outskirts of MW- and LMC-like objects (Tacchella et al. 2022; Bundy

et al. 2015). Beyond clustercentric distances R > 0.8 r200 diffuse star formation is rare in

all our systems.

Projected maps of our halos in Fig. 3.5 show in more detail where the star formation

in the intracluster space is happening. Panels on the first row show the star-forming gas

in the region 2 rh∗ < r < r200 (bounds shown with magenta and orange circles) color coded

by SFR (color map on the right). Star formation at z = 0 is widespread in these systems

and follows filament-like patterns. We highlight that special care was taken to remove any

material gravitationally associated with surviving satellites, as described in Sec. 3.3.1, and

this star formation is occurring in gas seemingly associated to the central host halo and

not to bound substructures. In fact, further inspection of each system revealed that the
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Figure 3.5: Projected maps of star-forming gas, the dark matter component and HI gas
in the three most massive groups in TNG50, presented in columns from left to right for
groups 0, 1 and 2. Rows from top to bottom show: SFR, dark matter surface density, and
HI gas surface density. The colorbar on the right side of each row indicates the respective
quantities displayed. The ICL is highlighted by bounds marked with magenta and orange
circles, representing 2 rh∗ < r < r200. These results underscore the widespread nature of
star formation, organized in filamentary structures within the halo of our targeted groups.
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filamentary nature of the star-forming gas follows the distribution of neutral gas in the main

host halo (bottom row), and looks loosely linked to the dark matter distribution (middle

row) for at least 2 of the systems (groups 1 and 2).

To gain further insight, we zoom into smaller regions of group 1 in Fig. 3.6. The

yellow points show the distribution of the stellar particles in each box and reveal the presence

of several galaxies, some with associated stellar streams—most prominently observable in

the two innermost regions (red and green panels). The presence of the ICL is apparent

in panels as a diffuse yellow stellar background on the end closer to the central region of

cluster. We highlight the presence of star forming gas colored in magenta by their estimated

Hα flux (refer to the color bar on the side of the main panel). For the zoomed-in panels,

the color maps are calculated in ∼ 0.24 × 0.24 kpc bins to align with the 3 arcsec spatial

resolution of the VESTIGE survey of the Virgo cluster (Boselli et al. 2018b), while the main

panel is smoothed to 1 arcmin.

The zoomed-in regions in Fig. 3.6 show that the majority of the star forming gas

is mostly unrelated to the distribution of stars or galaxies. Star forming regions are also not

obviously associated to ram-pressure tails from gas-rich galaxies note that this is different

from what has been observed in cases such as Smith et al. (2010); Mihos et al. (2017); Boselli

et al. (2018b); Gullieuszik et al. (2020), where the association of the star-forming region to

tails of ram-pressure stripped galaxies is clear upon visual inspection. Instead, stars seem

to be forming in cloudlet-like objects with tens-of-pc typical size, which condensate along

filamentary structures in the ICM.
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Figure 3.6: Main Panel: x–y projection of star-forming gas in Group 1, color-coded by
the flux of Hα and smoothed to 1 arcmin, revealing the filamentary structure of the star-
forming gas. Magenta and orange circles represent regions at 2 rh∗ and r200. Zoomed-in
Panels: Hα flux of star-forming gas (smoothed to 3 arcsec), with yellow points representing
stellar particles. These findings suggest that star-forming regions are not necessarily linked
to ram-pressure tails from gas-rich galaxies. Instead, stars appear to be forming within
cloudlet-like structures, condensing along filamentary structures within the ICM.

62



This is not the first time that small-scale cold clouds in the ICM have been reported

in TNG50. In a detailed analysis of the ICM in z = 0.5 halos, Nelson et al. (2020) highlighted

this fundamental prediction from the TNG model in combination with the high resolution

achieved by TNG50. These small-scale cold clouds seem consistent with being seeded by

local inhomogeneities in gas density that later grow due to increased cooling. While the role

of magnetic fields in forming these clouds is not clear, the magnetic pressure in these clouds

is large and exceeds the thermal pressure, providing support and making these features

long-lived, on the scale of several Gyrs. Interestingly, the results in this work show that

some of these cold clouds manage to become star-forming and contribute a non-negligible

fraction of the stars to the diffuse ICL component.

In agreement with the findings of Nelson et al. (2020), the metallicity of in-

situ born ICL stars (with rborn > 2 rh∗) is relatively high, registering a median value of

[Fe/H] ∼ −0.77 with a substantial scatter of approximately 0.39 dex, comparable to the

accreted ICL, the metallicity of dwarf galaxies with M∗ ∼ 108M⊙, and the outskirts of

more luminous, MW-like galaxies. This suggests that the gas seeding these density pertur-

bations has galaxy-like abundances and it likely comprises gas that has, a long time ago,

been stripped from infalling galaxies. Obvious associations to those satellites do not seem

to persist until z = 0 in our simulations, suggesting that the timescales for the clouds to

form and become star-forming are comparable to the orbital times of the satellites. The

similarity between the metallicities for the in-situ and accreted components complicates the

chances of observationally distinguishing these two populations.
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Figure 3.7: Average stellar mass formation rate for the in-situ (blue shaded histogram) and
merged (red histogram) components of the ICL. The in-situ intra-cluster star formation is a
continuous phenomenon over time, with an average peak intensity around z ∼ 2−3 (cosmic
times 2 − 4 Gyr).

The physical conditions for the star-forming clouds seem comparable to those of

normal star-forming regions in the ISM of galaxies. The median density of the star-forming

cells flagged as part of the ICM is ∼ 0.2 cm−3, which is just above the density threshold

for star formation in the TNG baryonic treatment n ≈ 0.1 cm−3 Please see Appendix E

for a more detailed comparison of density and temperature for star-forming cells in the

ICL compared to those in satellite galaxies). Interestingly, the fraction of stellar mass born

in-situ in the ICM seems only weakly dependent on numerical resolution, as some of the

clusters selected in TNG100 show similar levels of star formation rate in the ICM (see

Appendix F). The presence of these in-situ born stars in the ICL is therefore a fundamental

consequence (or prediction) of the model in several resolution levels.

It is also important to note that at the current integrated star formation rates

shown in the intra-cluster region of our simulated clusters, SFR ∼ 1 M⊙/yr (see Fig. 3.3), it

would take ∼ 100 Gyr to form the total mass of the in-situ ICL stars listed in Table 3.1. This
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diffuse mode of star formation must therefore have also been present at earlier times, and

with higher intensity. We confirm this by showing the distribution of stellar mass formed

in-situ in a given time-bin in Fig. 3.7. This is calculated by adding all the stellar mass of

the in situ-labeled stars in the ICL with a given age divided by the size of the time-bin

to provide an average star formation rate. The blue shaded histograms indicate that the

in-situ intra-cluster star-formation is a rather continuous phenomenon over time and was,

on average, stronger around z ∼ 2-3 (i.e., cosmic times 2-4 Gyr). As an illustration, we show

in Fig. 3.8 the predicted SFR maps for our highest mass group at three different redshifts:

z = 3.7, 2.3 and 0.9. In all cases, extended star forming areas appear out to almost the virial

radius of the cluster progenitor.

Have these star-forming regions been detected in observations? In the nearby

universe, ongoing star formation in the tails of ram-pressured stripped galaxies has been

observed in the past, for example in the Virgo cluster (Mihos et al. 2017; Boselli et al. 2018b).

However, the predictions from TNG50 are different in nature from these observations, since

the star-forming cloudlets are currently not associated with any satellite. In that sense, they

are closer to a recently identified class of young, isolated, and star-forming clouds in Virgo,

see Jones et al. (2024); Beccari et al. (2017). We cannot rule out that this gas originated as

ram-pressure tails stripped from galaxies in the distant past, where any possible correlation

with the galaxy distribution has been long erased. However, if that is the case, the timescale

for turning this gas into stars seems too long compared to observations of ram-pressure tails

which can still be traced back to their original galaxy. Therefore we consider this a different

process than what is observed in ram-pressure tails.
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Figure 3.8: Projected maps of star-forming gas at different redshifts for Group 0, arranged
in columns from left to right: x-y, x-z, and y-z projections. The projections are normalized
by the virial radius of the cluster at each redshift, with the specific value provided in the top
left corner of the last panel in each row. Rows from top to bottom correspond to redshifts
z = 3.7, 2.3, 0.9. The colorbar on the right side indicates the star formation rate (SFR) in
each region. The ICL is highlighted by bounds represented by magenta and orange circles,
signifying 2 rh∗ < r < r200. These results emphasize the presence of a diffuse mode of star
formation within the ICL of our targeted groups, even at earlier redshifts.
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The color coding of the gas in Fig. 3.6 indicates that, at z = 0, the expected Hα

surface brightness for the intra-cluster gas is rather modest, ΣHα ∼ 1.6× 10−19–2.6× 10−18

erg s−1 cm−2 arcsec−2, which could partially explain why this phenomena has so far escaped

detection3. For comparison, the most extended and deepest surveys available, such as

VESTIGE, have a sensitivity ΣHα ∼ 2 × 10−18 erg s−1 cm−2 arcsec−2 at 3 arcsec angular

resolution (Boselli et al. 2018b)4. On the other hand, there are claims of detection of

runaway cooling of the hot gas in high-z clusters leading to star formation events with SFR

∼ 900 M⊙/yr offset from the main host galaxy by ∼ 25 kpc for the coolest gas and ∼ 50

kpc for the X-ray peak (Hlavacek-Larrondo et al. 2020) that might be comparable to some

of the in-situ formed stars in our simulations.

Finally, we must also consider the possibility that these in-situ formed ICL stars

are a numerical effect born out of specific choices made for the baryonic treatment in the

simulation. While the multi-phase nature of the gas in the outskirts of groups and clusters

have been reported before by several simulation groups (Nelson et al. 2018; Butsky et al.

2019; Oppenheimer et al. 2021), whether warm/cold gas cells in the ICM can turn star-

3These quoted values for Hα brightness are derived from Fig. 3.6, where we binned the star-forming
gas at similar spatial resolution as VESTIGE (3 arcsec) and measured the Hα flux within each ’pixel“.
If we analyze the results and compute the median and dispersion, we obtain a median value of 6.8 ×
10−19erg s−1 cm−2 arcsec−2 and a dispersion ranging from 1.6× 10−19–2.6× 10−18 erg s−1 cm−2 arcsec−2.

4The stacking of pixels to increase image sensitivity of the images should be limited to reasonable scales.
The 3 arcsec scale ( 0.24 kpc at the distance of the Virgo cluster) mentioned in the VESTIGE paper is
optimized for detecting structures associated with the tails of stripped gas in galaxies. While stacking pixels
on 100 kpc scales could theoretically increase sensitivity as

√
(N) (where N is the number of pixels), this

assumes a perfectly flat background, which is rarely the case. Issues such as large-scale structures from flat
fielding imperfections and correlated noise due to bright stars and unwanted gradients from non-uniform
illumination can affect the results (see Fig. 4 of Boselli et al. (2018b), VESTIGE paper I). Moreover, narrow-
band filters centered on the rest-frame Hα line are also sensitive to Hα emission from Galactic cirrus. Hence
the contribution of the Galactic cirrus in the direction of the Virgo cluster can complicate measurements
(see Fig. 16 of the same VESTIGE I paper). While IFU spectroscopy could help confirm these features,
technical limitations exist. For instance, MUSE/VLT can achieve ΣHα ∼ 10−18 erg s−1 cm−2 arcsec−2 on
∼1 arcsec scales in ∼1h integration, but its 1 arcmin FoV is insufficient for mapping large areas like the
Virgo cluster (∼100 sq.deg), necessitating pre-selection of observation targets.
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forming is less robustly predicted by numerical codes. The fact that most star-forming

clouds sit near the density threshold for star formation suggests that increasing the value

of that parameter might significantly lower the occurrence of stars born in the in-situ ICL

component, but more rigorous tests must be performed to quantify this effect. More detailed

baryonic prescriptions that explicitly resolve the multiphase structure of the gas in the ISM

of galaxies advocate for larger density thresholds for star formation, n ∼ 1 - 100 cm−3,

more in line with the typical densities of molecular clouds with active star formation (refs).

Our study points out that baryonic treatments that are able to successfully reproduce

many of the properties of galaxy populations, might not be as well attuned to perform well

in environments where the typical conditions of the gas differs from that in the ISM of

galaxies, for example in the ICM. As shown in Fig. 3.8, the potential limitations of these

treatments might worsen at intermediate to high-redshifts, where the associated higher

densities translate into larger amounts of gas cells being eligible to become star-forming in

prescriptions based on a low density threshold for star formation. As more data become

available for low- and high-z groups and clusters, their imaging in wavelengths where young

stars are mapped might help understand the applicability of such star formation recipes to

these environments.

3.5 Conclusions

We use the cosmological hydrodynamical simulation TNG50 to study the formation

of in-situ ICL in Virgo-like systems. We select the 3 most massive clusters in the box with

virial masses M200 = 6.5×1013M⊙- 1.8×1014M⊙. We find that a significant fraction, ∼ 8%-
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28% of the present-day mass in the ICL, was formed in-situ. When analyzed in detail, and

contrary to what is commonly believed, the majority of these in-situ stars are born directly

into the diffuse light component at hundreds of kiloparsecs from the main host and directly

from the ICM gas, rather than brought in and dispersed during merger events. This diffuse

star-formation proceeds in cloudlets that condense along filamentary-like structures that are

aligned with the neutral gas and dark matter distributions and are not clearly associated

with ram-pressure stripping of gas in infalling galaxies.

At z = 0 the expected Hα surface brightness due to this diffuse mode of star

formation reaches ∼ 6.8 × 10−19 erg s−1 cm−2 arcsec−2, just below the detection limits

of the ongoing surveys in Virgo when smoothed on scales of 3 arcsec. In the simulated

clusters, star formation maps at higher redshift suggest that extended star formation is

present throughout the history of the cluster, making it an interesting target for discovery

with facilities such as JWST.

One interesting application of our results is that orphan core-collapse supernova

events would be expected to occur in relative isolation in the ICL. While such events have

not yet been reported, with a predicted average SFR of ∼ 1 M⊙/yr, we expect only ∼ 1

SN per ∼ 200 yr in a Virgo-like system5, suggesting that a concurrent survey of hundreds

of clusters might be needed for detecting such rare events.

If ongoing star formation in the intra-cluster region of observed clusters is really

lacking, then this would signal shortcomings in the treatment of star formation in simula-

5We have assumed a power-law mass function following Salpeter (1955), for the mass range of 0.1–20
M⊙ with stars more massive than 8 M⊙exploding as SN, which results in ∼ 7.2% of the total stellar mass
formed able to generate a SN event. Assuming a mean SN mass 12 M⊙, we anticipate the occurrence of 1
SN in 167 (∼ 200) years.
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tions like TNG50, especially in low-density regions. The formation of stars in these extended

and diffuse structures is possible because of the condensation of denser clouds embedded in

the more diffuse ICM, as reported by Nelson et al. (2020). Numerical techniques such as

that used in Arepo have been shown to lead to less artificial formation of clouds compared

to other techniques such as SPH (Agertz et al. 2009; Torrey et al. 2012), but it is possible

that other numerical effects are still at play. We emphasize that further studies of the

effect of the star formation threshold in models such as those of TNG would be desirable

to determine their role in the formation of stars in such unexpected conditions.
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Chapter 4

A comprehensive model for the

formation and evolution of the

faintest Milky Way dwarf

satellites1

4.1 Abstract

We modify the semi-analytic model Galacticus in order to accurately reproduce

the observed properties of dwarf galaxies in the Milky Way. We find that reproducing

observational determinations of the halo occupation fraction and mass-metallicity relation

1This chapter contains a draft of an article that has been accepted for publication in March 2024 by
Oxford University Press in Monthly Notices of the Royal Astronomical Society written by Niusha Ahvazi,
Andrew Benson, Laura V. Sales, Ethan O. Nadler, Sachi Weerasooriya, Xiaolong Du, and Mia Sauda Bovill
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for dwarf galaxies requires us to include H2 cooling, an updated UV background radiation

model, and to introduce a model for the metal content of the intergalactic medium. By fine-

tuning various model parameters and incorporating empirical constraints, we have tailored

the model to match the statistical properties of Milky Way dwarf galaxies, such as their

luminosity function and size–mass relation. We have validated our modified semi-analytic

framework by undertaking a comparative analysis of the resulting galaxy-halo connection.

We predict a total of 300+75
−99 satellites with an absolute V -band magnitude (MV ) less than

0 within 300 kpc from our Milky Way-analogs. The fraction of subhalos that host a galaxy

at least this bright drops to 50% by a halo peak mass of ∼ 8.9×107 M⊙, consistent with the

occupation fraction inferred from the latest observations of Milky Way satellite population.

4.2 Introduction

Dwarf galaxies, characterized by their low masses, hold a prominent position in

astrophysical research due to their intriguing properties and profound implications for our

understanding of galaxy formation and evolution (Simon 2019). From a theoretical perspec-

tive, these faint stellar systems offer valuable insights into fundamental aspects of galaxy

formation models and cosmological paradigms (Bullock and Boylan-Kolchin 2017; Sales

et al. 2022). One key reason for the significant interest in dwarf galaxies is their low mass

and shallow gravitational potential wells, which makes them ideal laboratories for testing

various feedback mechanisms. Feedback processes, such as stellar winds and supernovae play

a crucial role in regulating star formation and shaping the properties of galaxies (Bower

et al. 2012; Zolotov et al. 2012; Puchwein and Springel 2013; Madau et al. 2014; Chan
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et al. 2015; Read et al. 2016; Tollet et al. 2016; Fitts et al. 2017). Dwarf galaxies, with

their shallower gravitational potentials provide an excellent testing ground to investigate

the interplay between these feedback processes and the surrounding circumgalactic medium

(Lu et al. 2017; Christensen et al. 2018). Their formation predates that of more massive

galaxies, allowing us a glimpse of the conditions and processes that prevailed during the

early stages of the Universe. For example, the low metallicity exhibited by dwarf galaxies

presents an opportunity to probe the mechanisms responsible for chemical enrichment in

the early Universe (Bovill and Ricotti 2009, 2011; Wheeler et al. 2015). By studying these

ancient systems, we gain valuable insights into the hierarchical assembly of galaxies and the

mechanisms responsible for their subsequent evolution.

In addition, the study of dwarf galaxies contributes to our understanding of the

nature of dark matter (DM; e.g. Macciò et al. 2019; Nadler et al. 2021; Newton et al.

2021; Dekker et al. 2022). As the most numerous galaxy population in the Universe (Fer-

guson and Binggeli 1994), their abundance and distribution provide essential constraints

for cosmological models, particularly those based on cold dark matter (CDM). By investi-

gating the properties and spatial distribution of dwarf galaxies, we can test the predictions

of the CDM model and explore alternative models that may better explain their observed

characteristics.

In tandem with theoretical interest, there has been a remarkable growth in the

observational landscape of dwarf galaxies over the past two decades—from surveys2 includ-

ing the Sloan Digital Sky Survey (SDSS; Ahumada et al. 2020; Abdurro’uf et al. 2022;

2We refer the reader to Crnojević and Mutlu-Pakdil (2021) for examples of discovered dwarfs in each
survey.
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Almeida et al. 2023), Dark Energy Survey (DES; Bechtol et al. 2015; Drlica-Wagner et al.

2015), The DECam Local Volume Exploration Survey (DELVE; Drlica-Wagner et al. 2022),

Pan-STARRS (PS1; Chambers et al. 2016), ATLAS (Shanks et al. 2015), and Gaia (Col-

laboration et al. 2016a). Advancements in survey capabilities and data analysis techniques

have led to a significant increase in the number of known Milky Way (MW) dwarfs, en-

abling a detailed characterization of their properties. Relevant examples that target MW or

MW-like environments in the Local Volume include Geha et al. (2017); Mao et al. (2021);

Carlsten et al. (2021); Nashimoto et al. (2022); Danieli et al. (2017); Bennet et al. (2020);

Doliva-Dolinsky et al. (2023); Smercina et al. (2018). These observations have provided

crucial empirical constraints for theoretical models and paved the way for a deeper under-

standing of the formation and evolution of dwarf galaxies.

The motivation behind this paper is to construct a comprehensive, physical model

that accurately reproduces the statistical properties of MW dwarf galaxies. Therefore, by

developing this model, we can shed light on the underlying physics and unravel the intricate

mechanisms that govern the formation and evolution of these galaxies. Furthermore, our

motivation extends beyond the mere reproduction of observed statistical properties. We

also seek to investigate how dwarf galaxies respond to changes in the nature of DM. To

explore the impact of DM on dwarf galaxies, it is imperative to begin with a model that

accurately represents the prevailing cosmological paradigm, specifically the CDM model.

By establishing a reliable foundation based on CDM, we can examine how variations in the

nature of dark matter affect the properties of dwarf galaxies (specifically, the self-interacting

dark mater model, Ahvazi et al. in prep.). This endeavor enables us to probe the sensitivity
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of dwarf galaxies to different DM scenarios, providing crucial insights into the nature and

fundamental properties of dark matter itself.

In this study, we adopt a systematic approach by modifying the existing Semi-

Analytic Model (SAM) known as “Galacticus” (Benson 2012) to accurately reproduce the

observed properties of dwarf galaxies in the MW. The SAM framework serves as a powerful

tool for establishing the connection between the formation and evolution of galaxies and

the underlying dark matter halos in which they reside. One notable advantage of the SAM

approach is its computational efficiency, enabling us to explore numerous realizations and,

in the future, investigate different dark matter physics rapidly (Benson 2012; Benson et al.

2013). By employing the SAMs, we can effectively resolve dwarfs and ultra-faints within

much more massive systems, including clusters, which are typically beyond the reach of

hydrodynamic simulations (Pillepich et al. 2019; Nelson et al. 2019a; Tremmel et al. 2019).

It should be noted, however, that for MW-like systems, the latest generation of zoom-

in hydrodynamical simulations are achieving resolutions sufficient for resolving ultra-faint

dwarf galaxies (Buck et al. 2020; Applebaum et al. 2021; Grand et al. 2021; Joshi et al. 2024).

It is crucial to recognize that while hydrodynamical simulations, in principle, offer higher

accuracy by relying on fewer assumptions, their computational demands are substantially

larger than those of SAMs.

Our first objective is to tailor the SAM to match the statistical properties of MW

dwarf galaxies, such as their luminosity function and metallicities, by carefully adjusting

various model parameters and incorporating empirical constraints. In addition, we include

models that we anticipate will play a pivotal role in the evolution of dwarf galaxies. Specif-
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ically, we incorporate H2 cooling and consider the influence of Intergalactic Medium (IGM)

metallicity, and UV background radiation. H2 cooling is particularly significant in low-mass

halos, as it affects the ability of gas to condense and form stars. Furthermore, the inclusion

of IGM metallicity enables us to account for the metal enrichment of dwarf galaxies more

accurately.

To assess the implications of our modifications and refinements, we undertake a

comparative analysis of the resulting galaxy–halo connection. This step is crucial as it

enables us to investigate the relationship between the observed properties of dwarf galaxies

and the underlying dark matter halos. By comparing our results with prior estimates of this

connection, we gain insights into the distribution of dark matter within dwarf galaxies and

its impact on their observable characteristics. This comparison also serves as a validation

of our modified SAM framework and allows us to assess the extent to which our model

aligns with existing knowledge and understanding of the galaxy–halo connection in the

context of MW dwarf galaxies. Moreover, we leverage our model to make predictions for

the mass function of halos across a range of masses, encompassing ultra-faint satellites of

Large Magellanic Cloud (LMC)-analogs, satellites of M31-analog systems, as well as dwarfs

residing in group and cluster environments.

This paper is organized as follows: In Section 4.3, we provide a detailed description

of our methodology, outlining the modifications made to the existing Galacticus model

and the incorporation of key physical processes. In Section 4.4, we present our comprehen-

sive results and engage in a discussion of the galaxy–halo connection, in Section 4.4.1. we

present our predictions for various quantities associated with dwarf galaxies, in Section 4.4.2,
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and we explore the mass functions of halos across different mass scales, in Section 4.4.3.

Finally, in Section 4.5, we summarize our significant findings and draw conclusions based

on the analysis conducted in this study.

4.3 Methods

We use the Galacticus semi-analytical model (SAM) for galaxy formation and

evolution as introduced by Benson (2012).3 Similar to other SAMs—including the Santa

Cruz SAM (Somerville and Primack 1999), GALFORM (Cole et al. 2000), SAG (Cora

2006), MORGANA (Monaco et al. 2007), L-Galaxies (Henriques et al. 2015), SAGE (Croton

et al. 2016), and SHARK (Lagos et al. 2018)—Galacticus parameterizes the astrophysical

processes that govern galaxy formation and evolution and uses a set of differential equations

to model and solve galactic evolution over time. It builds dark matter halo merger trees by

employing a modified extended Press-Schechter formalism (Parkinson et al. 2007; Benson

2017) and then simulates the evolution of galaxy populations within this merging hierarchy

of halos. At the end of this evolution process, Galacticus provides a comprehensive set

of properties for the galaxies, including stellar mass, size, metallicity, morphology, star

formation history, and photometric luminosities derived using simple stellar population

spectra from the FSPS model4 (Conroy et al. 2009).

The baryonic physics of the Galacticus model has been constrained by adjusting

parameters to match a variety of observational data on massive galaxies (typically L∗ and

brighter systems) as described in Knebe et al. (2018; Section 2.2), which also summarizes the

3The specific version used in this work is publicly available at https://github.com/galacticusorg/galacticus

4https://github.com/cconroy20/fsps/releases/tag/v3.2
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key baryonic physics in Galacticus. Parameter tuning was performed by manually searching

the model parameter space to seek models that closely match observations including the

z = 0 stellar mass function of galaxies, z = 0 luminosity functions, the local Tully-Fisher

relation, distributions of galaxy colors and sizes, the black hole–bulge mass relation, and

the star formation history of the universe. Knebe et al. (2018) also presents a number of

comparisons between the predictions of Galacticus and observations for massive galaxies.

These comparisons show that Galacticus performs well in matching observational estimates

of the distribution of star formation rates in galaxies, the cosmic star formation history,

the distribution of black hole masses, the stellar mass–halo mass relation, and measures

of galaxy clustering. However, in other comparisons (e.g. galaxy cold gas content and

metallicity), Galacticus fares less well against the observational constraints.

Galacticus is designed to be highly modular, and offers the flexibility to incor-

porate various models for the complex processes involved in galaxy formation and evolution.

Starting from the model presented in Knebe et al. (2018), in this work, we utilize a model

similar to that recently proposed by Weerasooriya et al. (2023), but with some differences.

In contrast to Weerasooriya et al. (2023), who utilized merger trees extracted from N-body

simulations and ran Galacticus on those trees, we employ the merger tree building algo-

rithm of Cole et al. (2000), which is based on the extended Press-Schechter (EPS) formalism,

with the modifier function proposed by Parkinson et al. (2007)—recalibrated to improve

the match to high-resolution zoom-in simulations of Milky Way mass halos (Sarnaaik et al.,

in prep.). We combine this with a comprehensive subhalo evolution model in Galacticus.

The rationale behind this choice is our aim to generate a large number of realizations of
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MW-analogs, while fully-resolving halos hosting the lowest mass galaxies, allowing us to

investigate the effects of baryons on galaxy properties. Additionally, in upcoming papers,

we plan to explore the implications of different dark matter models and the presence of an

LMC-analog.

Given our aim of comprehensively studying the entire MW dwarf population (down

to ultra-faints) in this paper, the effects of resolution become particularly important. A key

consideration is the impact of resolution on the results obtained by Weerasooriya et al.

(2023), as they discussed in Section 3.3.1 of their paper—their merger trees resolved 107M⊙

halos with just 100 particles. The resolution of N-body simulations can limit the ability to

predict sizes for low-mass dwarfs accurately.

In addition to the resolution difference, other distinctions between these two ap-

proaches include the treatment of the effect of reionization and the suppression of gas

accretion into low-mass halos. While Weerasooriya et al. (2023) utilized a simple model in-

volving sharp cuts in virial velocity to mimic these effects, we opt for a more realistic model

in our work (see Appendix G). Moreover, we adopt different cooling rates, feedback mech-

anisms, a reionization model, and accretion mode, along with specific angular momentum

prescriptions, as explained in detail in Appendix G. Despite employing this more realistic

model, we maintain the same level of agreement with observational results and predictions

inferred from observational data, ensuring the robustness and reliability of our findings. For

a brief comparison with other SAM approaches, the reader is referred to Appendix I.

In our model, we employ a comprehensive treatment for the orbital evolution of

subhalos, incorporating essential nonlinear dynamical processes, including dynamical fric-
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tion, tidal stripping, and tidal heating. This model was first implemented in Galacticus

by Pullen et al. (2014, the reader is referred to Yang et al. 2020 for a full explanation and

an initial calibration of the model). Subsequently, the tidal heating model was improved by

Benson and Du (2022) to include second-order terms in the impulse approximation which is

shown to more accurately follow the tidal tracks measured in high-resolution N-body sim-

ulations. For a comprehensive and detailed account of the subhalo orbital evolution within

our model, please refer to Appendix G.1. In addition to providing a more detailed treat-

ment of the evolution of subhalo density profiles, the primary advantage of this treatment

of subhalo orbits for the present work is that it provides orbital radii for all subhalos, allow-

ing us to select satellite galaxies based on their distance from the MW. Furthermore, the

central galaxy in our model is evolved self-consistently, following the same baryonic physics

(e.g. star formation, feedback, etc) as described for the evolution of subhalos. Importantly,

the gravitational potential of the MW is included at all times when modeling our subhalo

orbital evolution, providing a more accurate representation of the gravitational interactions

between the central galaxy and its satellite subhalos.

In this study, we track the evolution of 100 MW-analogs or host halos with z = 0

masses ranging from 7 × 1011 to 1.9 × 1012 M⊙ (Wang et al. 2020; Callingham et al. 2019),

and resolving progenitor halos to masses of 107 M⊙—sufficient to fully resolve the formation

of ultra-faint dwarf galaxies similar to those observed in the vicinity of the MW as we will

demonstrate below. To calibrate and test our models of MW-analogs and their subhalo

population, we use observational data from Local Group dwarf galaxies, including all Milky

Way dwarf galaxies from the DES+PS1 surveys (Drlica-Wagner et al. 2020) and the updated
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McConnachie (2012) compilation, along with ultra-faint dwarf population from (Simon 2019,

see references therein), and few extra objects such as Pegasus IV (Cerny et al. 2023), Indus

I (Koposov et al. 2015), Antlia II (Torrealba et al. 2019), and Centaurus I (Mau et al. 2020).

A primary advantage of using a semi-analytic approach is its computational effi-

ciency, which enables rapid exploration of parameter space and model space. This allows

for the study of the effects of various models on the evolution of halos and galaxies. In this

paper, we focus on examining the effects of the redshift evolution of the IGM metallicity,

the effect of different models of the cosmic UV background radiation, and the contribution

of molecular hydrogen, H2, to the cooling function of CGM gas. We present the implemen-

tation details of these models in sections 4.3.1, 4.3.2, and 4.3.3 respectively.

4.3.1 IGM metallicity

The presence of metals in the IGM has been confirmed through observations,

indicating their existence at significant levels during the redshifts corresponding to dwarf

galaxy formation (Madau and Dickinson 2014; Aguirre et al. 2008; Simcoe et al. 2004; Schaye

et al. 2003). In addition, studies of dwarf galaxies have revealed a noticeable plateau in

the mass-metallicity relation at lower masses (Simon 2019). Our feedback model, which

follows a power law dependence on the gravitational potential of galaxies (and so, for dwarf

galaxies, is close to a power law dependence on halo mass), does not inherently produce

such a plateau in the mass-metallicity relation —instead it results in an effective yield (and,

therefore, a stellar metallicity) that decreases continuously toward lower halo masses (see,

for example Cole et al. 2000, §4.2.1 & §4.2.2). Motivated by these facts, we propose that the

metallicity of the IGM might play a crucial role in shaping the mass-metallicity relation of
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galaxies, and may potentially explain the observed plateau. In light of this hypothesis, we

introduce a simple model that incorporates the metallicity of the IGM, aiming to elucidate

the underlying mechanisms that govern the observed plateau. By considering the impact

of IGM metallicity on the evolution of dwarf galaxies, we can gain valuable insights into

the interplay between the metal enrichment of the IGM and the metallicity of inflowing

material. It is important to note that the detailed mechanisms responsible for enriching

the IGM with metals, including the propagation and mixing of outflows, remain subjects

of ongoing theoretical investigation (Mitchell et al. 2020; Muratov et al. 2017; Schneider

et al. 2020; see Tumlinson et al. 2017 for a comprehensive review), and we do not attempt

to model them here.

Therefore, this study uses a simple polynomial model to describe how the IGM

metallicity evolves as a function of redshift. Specifically, we assume that the metallicity is

given by

log10(ZIGM/Z⊙) = A+B log10(1 + z), (4.1)

where ZIGM represents the metallicity of the IGM and z is redshift. This model incorporates

two free parameters, A and B that are calibrated to match current observations of the mass-

metallicity relation of dwarf galaxies and to satisfy inferences on ZIGM from observations

of the Lyα forest in the spectra of distant quasars.

4.3.2 UV background radiation

The cosmic background of UV radiation plays a key role in the evolution of molec-

ular hydrogen in low-mass halos through the process of photodissociation (see §4.3.3 below).

82



A key factor for our work is the redshift at which reionization of the IGM occurs. After

reionization the UV background radiation is able to increase in intensity substantially (as

the IGM becomes transparent at these wavelengths), resulting in greatly enhanced pho-

todissociation of molecular hydrogen.

In this work we make use of two models of the cosmic background radiation—with

significantly different reionization redshifts—to allow us to explore how our results depend

on this choice.

The first model we consider is that of Haardt and Madau (2012) (HM12 hereafter).

This model includes a “minimal reionization model” which was shown to produce an optical

depth to reionization of τes = 0.084 in good agreement with the (current at the time of

publication of HM12) WMAP 7-year results of τes = 0.088±0.015 (Jarosik et al. 2011), and

a reionization redshift (the epoch at which the volume filling fraction of HII reaches 50%)

of z ≈ 10.

The second model that we use is that of Faucher-Giguère (2020) (FG20 hereafter)

which is calibrated to more recent data (a complete discussion, and comparison to earlier

works, is given in the paper). Importantly for our work, the Faucher-Giguère (2020) model

produces an optical depth to reionization of τes = 0.054, matched to that measured by the

Planck 2018 analysis, τes = 0.054 ± 0.007 (Planck Collaboration et al. 2020), and therefore

a lower reionization redshift of z = 7.8.

We consider Faucher-Giguère (2020) to be the preferred model for the cosmic

background radiation (as it is calibrated to more accurate measures of the optical depth to
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reionization), but explore the Haardt and Madau (2012) model also to investigate how the

redshift of reionization affects our results.

In both cases, the spectral radiance of the cosmic background radiation is com-

puted by interpolating in tables (as a function of wavelength and redshift) derived from

these two models.

4.3.3 Molecular hydrogen cooling

In halos with virial temperatures below the atomic cooling cut off (at around

104 K), the primary coolant for gas in the circumgalactic medium of high-redshift halos

is molecular hydrogen (H2; e.g. Abel 1995; Tegmark et al. 1997). Even with our added

pre-enrichment in the IGM metallicity (see section 4.3.1), the metallicity of the cooling case

remains sufficiently low that the metal line cooling is not substantially enhanced, while

H2 becomes sufficiently abundant at T < 104 K.5 The timescales of the reactions which

form and destroy H2 can be long compared to halo assembly timescales, meaning that

equilibrium abundances can not be assumed. Therefore, we must solve the rate equations

for the production and destruction of H2 in each halo. This is straightforward as these

can simply be added as additional equations passed to Galacticus’ differential equation

5While this is true for the model presented in this work, we caution readers that the outcomes may be
sensitive to the underlying assumptions in computing metal cooling and H2 formation/destruction in the
presence of a radiation field. For instance, a comparison of our cooling efficiencies with Bialy and Sternberg
(2019) reveals overall agreement at the typical densities of our halos, although they emphasize the impact of
the surrounding radiation field, particularly the susceptibility of H2 to destruction by the far-UV radiation
(see their Fig. 7, top panels), and the strong density dependence in the contribution of H2 to cooling. The
efficiency of H2 cooling in small, early-forming halos, considering photodissociation through Lyman-Werner
radiation in the presence of H2 self-shielding, remains a debated topic in the literature (see Section 4.3.2
of the review by Klessen and Glover 2023, and references therein). In general, the actual efficiency and
relevance of H2 cooling in small, early-forming halos are subjects of ongoing debate.

84



solver engine which then integrates them forward in time with adaptive timesteps chosen

to achieve a suitable accuracy.

We use the network of chemical reactions described in Abel et al. (1997) to track

the abundance of H2—in particular we follow their recommendation for a “fast” network

by assuming that H− is always present at its equilibrium abundance and ignoring various

slow reactions. Therefore, in the circumgalactic medium (CGM) of each halo we track the

abundances of H, H+, H2, and e−, and include the following set of reactions:

• H + e− → H+ + 2e−;

• H+ + e− → H + γ;

• H + H− → H2 + e−;

• H2 + e− → 2H + e−;

• H− + γ → H + e−;

• H2 + γ → H∗
2 → 2H;

• H2 + γ → 2H; and

• H + γ → H+ + e−,

utilizing the rate coefficients and cross sections given by Abel et al. (1997) in each case.

The temperature of the CGM is assumed to be equal to the virial temperature of the halo

for the purposes of computing rate coefficients (and for the purposes of computing cooling

functions—see below).

85



In computing the evolution of the abundances we assume a uniform density CGM,

in which the current CGM mass is contained within a sphere of radius rCGM which we

take to be the virial radius for halos, and the ram pressure radius for subhalos6. However,

we account for the fact that the CGM will be denser in the inner regions of the halo via

a clumping factor, fc, which multiplies the rates of the first three reactions (i.e. those

involving two CGM particles). The clumping factor is computed as

fc =
⟨ρ2CGM⟩
⟨ρCGM⟩2

=
4πr3CGM

3M2
CGM

∫ rCGM

0
4πr2ρ2CGM(r)dr, (4.2)

where ⟨⟩ indicates a volume average, and ρCGM is the density of the CGM, which we model

as a β-profile with core radius equal to 30% of the virial radius.

In computing the rate for the reaction H2 + γ → H∗
2 → 2H we account for self-

shielding of the radiation following the model of Safranek-Shrader et al. (2012; their eqn. 11),

estimating the H2 column density at NH2 ≈ nH2rCGM, where nH2 is the density of H2 in

the CGM.

Solving the network of reactions to compute the H2 abundance can be compu-

tationally demanding. In particular, in higher mass halos (at higher temperatures) the

timescales for the reactions controlling the ionization state of atomic hydrogen can become

very short, requiring a large number of small timesteps to solve. However, in such cases

the ionization fraction of atomic hydrogen rapidly approaches its equilibrium value and,

furthermore, the abundance of H2 is typically very low in such halos as it is destroyed by

collisions at high temperatures, meaning that it makes little contribution to the cooling

6Galacticus implements the ram pressure stripping model of Font et al. (2008) as described in Benson
et al. (2015). As the mass of the CGM in a subhalo is reduced due to the effects of ram pressure stripping
from the CGM of its host halo, we assume that this mass is removed in spherical shells from the subhalo
CGM, starting at the outer edge, rCGM. In this way, the outer edge, rCGM, decreases over time as ram
pressure stripping proceeds.
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function. Therefore, we choose to switch over to an equilibrium calculation when

τH < fdynτdyn, (4.3)

where fdyn is a parameter, τdyn is the dynamical time in the halo7, and

τH = min (τα, τβ, τΓ) , (4.4)

where τα = 1/αn, τβ = 1/βn,τΓ = 1/Γ, n is the number density of hydrogen, and α,

β, and Γ are the collisional ionization, radiative recombination, and photoionization rate

coefficients for hydrogen respectively.

If the system is judged to be in equilibrium then the neutral fraction of hydrogen

is computed as:

xH =
τ−1
Γ + τ−1

α + 2τ−1
β −

√
τ−2
Γ + 2τ−1

α τ−1
Γ + τ−2

α + 4τ−1
β τ−1

Γ

2τ−1
α + τ−1

β

. (4.5)

The abundances of H, H+, and e− are then fixed according to this fraction, and reaction

rates for them are set to zero. The reactions controlling the formation/destruction of H2

are still followed as normal, by directly solving the relevant differential equations (but now

using the equilibrium abundances for H, H+, and e−).

We use a value of fdyn = 10−3, such that this equilibrium approximation is only

used when the timescale controlling the ionization state of atomic hydrogen is less than

0.1% of the halo dynamical time. We have checked that the resulting evolution of the H2

abundance agrees closely with that obtained using a fully non-equilibrium calculation (but

is orders of magnitude faster).

7Dynamical time here is defined as τdyn =
√

r3v/GMv, where rv and Mv are virial radius and virial mass
of the halo, respectively.
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Given the abundance of H2 we then compute its contribution to the cooling func-

tion, Λ(T ), following the approach of Galli and Palla (1998) using the fitting functions given

in that work.

4.4 Results and Discussion

While our semi-analytic model is relatively fast to run, conducting a full likeli-

hood analysis using an approach such as MCMC becomes computationally infeasible due to

the large number of parameters involved and the resulting need to make tens of thousands

of evaluations of the model. Therefore, we pursued an alternative approach by manually

fine-tuning the parameters to accurately replicate the properties of higher-mass galaxies,

including the luminosity functions and the mass-metallicity relation. Given that our model

already demonstrated reasonably close agreement with higher-mass galaxies, minor adjust-

ments were sufficient to capture the behavior of lower-mass regimes.

However, for the incorporation of the novel aspect of IGM metallicity, we elected

to employ a likelihood analysis utilizing a coarse grid search and full likelihood calculations.

This decision was motivated by computational tractability since this new aspect introduced

only two parameters and was expected to primarily impact the metallicities of ultra-faint

dwarfs, with minimal effects on the more massive systems already calibrated. Employing

this methodology allowed us to determine the optimal values for the coefficients A and B

(as introduced in equation 4.1), yielding A = -1.3 and B = -1.98.

8The decision to use a coarse grid was primarily due to the computational expense associated with more
extensive analyses, such as MCMC, which would be necessary for a comprehensive exploration of all free
parameters across all models in this SAM. Given the computational limitations, we focused on finding the
optimum values for the free parameters in the IGM metallicity model. However, it is important to acknowl-
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Figure 4.1: Evolution of IGM metallicity as a function of redshift. The black line represents
the predicted evolution based on our model. Observational results are depicted by markers of
different colors. The green square corresponds to the average [C/H] measurements reported
by Schaye et al. (2003). The orange pentagon represents the metallicity of the IGM as
probed by O VI absorption in the Lyα forest reported by Aguirre et al. (2008). The blue
circles represent results by Simcoe (2011) and Simcoe et al. (2012). Additionally, the brown
star marks measurements by Rafelski et al. (2014) and, the red rectangle shows the carbon
metallicity in the IGM as calculated by Madau and Dickinson (2014) based on observations
from Simcoe (2011) and Becker et al. (2011). We also show results from cosmological
hydrodynamical simulations. The simulations of Jaacks et al. (2018, which focus on Pop
III modeling) are shown by pink and purple lines, while those of Ucci et al. (2023, which
focus on modeling of reionization) are shown by blue and violet lines.
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Fig. 4.1 visually presents the variation of IGM metallicity with redshift as pre-

dicted by our model, represented by the black line. Additionally, we compared our model

predictions with observations of IGM metallicity at higher redshifts. The average [C/H]

measurements reported by Schaye et al. (2003) at redshift z = 3 yielded a value of -2.56,

considering all their samples at this specific redshift, while not accounting for the effect of

overdensity. However, focusing solely on quasars (rather than accounting for both galax-

ies and quasars in their sample) for determining the spectral shape of the metagalactic

UV/X-ray background radiation resulted in measurements showing 0.5 dex higher values.

Furthermore, Aguirre et al. (2008) examined the IGM metallicity probed by O VI absorp-

tion in the Lyα forest for the redshift range 1.9 < z < 3.6 (represented by the orange

marker). Observations by Rafelski et al. (2014) at 4.7 < z < 5.3 revealed metallicities

ranging from [−1.4, −2.8]. The study by Madau and Dickinson (2014) estimated carbon

metallicity by probing C IV and C II absorption measurements from Simcoe (2011) and

Becker et al. (2011), respectively, over the redshifts 5.3− 6.4. Madau and Dickinson (2014)

calculated the carbon metallicity assuming a range of [0.1, 1] for the ratio of singly or triply

ionized carbon over this redshift range (depicted as the red rectangle on the plot). Simcoe

(2011) explored IGM metallicity through C IV absorption in the redshift range 4 − 4.5,

while Simcoe et al. (2012) reported chemical abundances of < 1/10,000 Solar if the gas is

in a gravitationally bound proto-galaxy or < 1/1,000 Solar if it is diffuse and unbound in a

edge that the coarse grid search resulted in insufficient information to calculate a meaningful theoretical

uncertainty for these parameters. Despite this limitation, we have ensured that the optimization process
has good coverage of the available parameter space to the best extent possible under the computational
constraints.
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quasar spectrum at z = 7.04, suggesting that gravitationally bound systems could be viable

sites for the production of Pop III stars.

Turning to cosmological hydrodynamical simulations, Jaacks et al. (2018) utilized

the hydrodynamic and N-body code GIZMO coupled with their sub-grid Pop III model

to study the baseline metal enrichment from Pop III star formation at z > 7 (results are

shown in the figure by pink and purple lines corresponding to bound and unbound systems).

Independently, the study by Ucci et al. (2023) discusses the metal enrichment of the IGM at

z > 4.5 through using a detailed physical model of galaxy chemical enrichment embedded

into the astraeus framework, which couples galaxy formation and reionization in the first

billion years. Through their radiative feedback models, they explored a range from a weak,

time-delayed (their “Photoionization model”) to a strong instantaneous reduction of gas

in the galaxy (their “Jeans mass model”), with predictions shown on Fig. 4.1 by blue and

violet lines, respectively9.

While observations appear to narrow down the range of IGM metallicities at lower

redshifts, aligning with the expectation of our best model as determined through the likeli-

hood analysis, uncertainties in modeling the metallicity evolution of the universe at higher

redshifts prevent precise predictions of the metal content of the IGM. Predictions from our

model suggest higher values of IGM metallicity at higher redshifts (the time of formation

of ultra-faint galaxies) compared to the examples shown here. Hydrodynamical simulations

generally predict IGM metallicities at high redshifts that are lower than those adopted in

this work (and which we find are necessary to produce the correct metallicities of ultra-faint

9It is essential to treat the IGM metallicity values from Ucci et al. (2023) as a lower limit since their
method assumes that ejected metals are homogeneously dispersed into the entire simulation box when
calculating ZIGM.
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dwarf galaxies). However, we note that the simulation of Jaacks et al. (2018) predicts sub-

stantially higher metallicities in bound regions. Given that the ultra-faint dwarfs studied in

this work are, by definition, forming in a biased environment (the region around the proto-

Milky Way), we may expect that they therefore experience a higher metallicity than that

of the volume-averaged IGM. As such, while our IGM metallicity model remains empirical

and speculative, it is within the bounds of current theory given the environment of interest.

4.4.1 Galaxy–halo connection

In this section, we explore the galaxy-halo connection and its sensitivity to the

incorporation of molecular hydrogen cooling and UV background radiation, as introduced

in sections 4.3.2 and 4.3.3. By examining the impact of these key physical processes on our

sample of MW analogs, we aim to gain deeper insights into the intricate interplay between

gas cooling, radiation, and galaxy formation within the context of our simulated galaxy

population, particularly the low-mass dwarf satellites of our own MW.

Occupation fraction

The occupation fraction, a crucial measure of the galaxy-halo connection, is de-

fined here to be the fraction of dark matter halos hosting a luminous galaxy with absolute

V -band magnitudes less than 0, roughly equivalent to a stellar mass content greater than

approximately 100 M⊙. In Fig. 4.2, we present the occupation fraction as a function of

peak halo mass10. The dashed line represents the model incorporating only atomic hydro-

10In Galacticus halo masses are defined as overdense regions with a mean density equal to that predicted
by the spherical collapse model for the adopted cosmology and redshift (Peebles 1980; Lacey and Cole 1993;
Eke et al. 1996).
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gen cooling, while the dotted-dashed line corresponds to the model including both atomic

and molecular hydrogen cooling (but ignoring effects of the UV background radiation). A

comparison of these two lines highlights the significant impact of incorporating H2 cooling,

as it brings the model predictions into much closer agreement with occupation fraction es-

timates inferred from observations (shown by the blue and yellow bands), particularly for

dwarf galaxy formation in halos with Mhalo < 2–3 × 108 M⊙, corresponding to virial tem-

peratures of approximately 104 K, below which the efficiency of atomic hydrogen cooling

rapidly diminishes.

Furthermore, we investigate the effects of incorporating two different background

radiation models, HM12 and FG20, as described in section 4.3.2. The inclusion of UV back-

ground radiation suppresses the formation of H2 in low-mass halos and so has an influence

on the formation of dwarf galaxies, resulting in a shift of the occupation fraction predictions

towards higher masses. The main difference between the two UV background models lies

in the chosen redshift of reionization, after which UV background radiation suppresses H2

formation in low-mass halos. In the case of HM12, characterized by an earlier reionization

redshift, we observe an earlier suppression of ultra-faint galaxy formation, thereby elevating

the threshold for formation of galaxies in the occupation fraction results. We have confirmed

that this result is almost entirely due to the difference in reionization redshifts between the

FG20 and HM12 models, rather than, e.g., the spectral distribution of UV radiation. It is

worth noting that effects of inhomogeneous reionization have not been explicitly considered

in our model. Previous studies have shown that these inhomogeneities may lead to varying
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reionization times for low-mass halos in diverse environments (Katz et al. 2020; Ocvirk et al.

2021), potentially introducing scatter in the predictions for occupation fractions.

In order to validate our results and provide a comprehensive comparison, we com-

pare our findings with two independent studies. Firstly, we considered the forward-modeling

framework for MW satellites presented by Nadler et al. (2020). Their model extends the

abundance-matching framework (Wechsler and Tinker 2018) into the dwarf galaxy regime

by parametrizing the galaxy–halo connection—including the faint-end slope of the luminos-

ity function, the galaxy–halo size relation, the scatter in galaxy luminosity and size, and the

disruption of subhalos due to baryonic effects (Nadler et al. 2018, 2019)—and constraining

these parameters using recent MW satellite observations. In particular, Nadler et al. (2020)

focused on MW satellites detected in photometric data from DES and PS1, which together

cover a significant portion of the high Galactic latitude sky, including the contribution

of satellites originally associated with the LMC. Importantly, they incorporated position-

dependent observational selection effects that accurately represented satellite searches in

imaging data from surveys such as DES and PS1. In our comparisons, we utilized their

posterior on the galaxy occupation fraction, where the dark and light colors in Fig. 4.2 cor-

respond to the 1 and 2 σ confidence intervals, respectively, and the median is represented

by the blue curve. We find that our most realistic model which incorporates H2 cooling and

utilizes the UV background radiation prescription from FG20, lies within the 2σ uncertainty

of the occupation fraction inferred from observations by Nadler et al. (2020).

Additionally, we examined the results obtained from the regulator-type modeling

technique introduced in Kravtsov and Manwadkar (2022) and employed by Manwadkar

94



Figure 4.2: Occupation fraction as a function of the peak halo mass. The black curves,
with different line styles, correspond to the predictions from our model incorporating various
physical processes. Specifically, the dashed line corresponds to the model incorporating only
atomic hydrogen cooling, while the dotted-dashed line represents the model incorporating
both atomic and molecular hydrogen cooling (but no UV background radiation). The
dotted line corresponds to the model including molecular hydrogen cooling and the UV
background radiation prescription of HM12. The black curve with a shaded gray region
corresponds to the model including molecular hydrogen cooling and the UV background
radiation prescription of FG20. The gray shaded region indicates a 40% uncertainty in
estimating the peak masses from our simulation. Additionally, the blue curve, along with
the dark and light shaded blue regions, corresponds to the predictions by Nadler et al. 2020,
while the orange curve, along with the dark and light shaded orange regions, corresponds
to the predictions by Manwadkar and Kravtsov 2022.

95



and Kravtsov (2022) to model the MW satellite population. This approach allowed for an

exploration of the luminosity function by forward modeling observations of the population of

dwarf galaxies while accounting for observational biases in surveys through their respective

selection functions. Furthermore, they incorporated current constraints on the MW halo

mass and the presence of the LMC. In our analysis, we utilized the shaded orange region on

the plot, where the dark and light colors represent the 1 and 2 σ dispersion, respectively,

and the median is indicated by the orange curve.

By comparing our results with these complementary approaches, we find agreement

within the 2 σ dispersion range of the respective results. However, based on the median

of our findings, we estimated that the peak mass above which 50% of the halos host a

luminous component is approximately a factor of 2 higher than the predictions by Nadler

et al. (2020) and Manwadkar and Kravtsov (2022).

It is important to highlight that Galacticus does not currently account for any

pre-infall mass loss from halos. Nevertheless, N-body simulations demonstrate that peak

masses are typically attained before infall, as the effects of tidal stripping begin to diminish

the mass to some extent prior to infall (Behroozi et al. 2014). To account for these uncer-

tainties, we include a shaded region representing a 40% uncertainty in the determination of

peak masses derived from our SAM prediction. The implementation of this missing physics

is currently underway (Du & Benson, in prep.) in Galacticus.

As a result of this caveat, our current model likely overestimates peak masses

due to the absence of accounting for pre-infall mass loss. With improved modeling in this

regard, we anticipate our estimates to align more closely with these alternative models.
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Specifically, our estimate suggest that approximately 50% of the halos with peak masses

around ∼ 8.9×107 M⊙ would host a luminous component, while Nadler et al. (2020) inferred

a best-fit value of ∼ 4.2 × 107 M⊙ and Manwadkar and Kravtsov (2022) predicted a value

of ∼ 3.5 × 107 M⊙.

Comparing these findings against occupation fraction predictions from hydrody-

namical simulations targeting similar halo mass ranges reveals that these simulations con-

sistently predict a cutoff in “galaxy formation” at higher halo masses. In particular, many

hydrodynamical predictions span a range of 6.5 × 108 to 3.5 × 109M⊙ for the bound mass

at which 50% of halos host galaxies, depending on the specific model configurations and

reionization redshift assumptions employed (Sawala et al. 2016b; Benitez-Llambay et al.

2017; Benitez-Llambay and Frenk 2020)11. Importantly, it should be emphasized that the

definition of occupation fraction in these simulations is subject to resolution limitations,

and the effects of H2 cooling must also be considered. These factors notably contribute to

the disparities witnessed in the results. Nevertheless, due to the inherent dissimilarities in

modeling approaches, a direct comparison between our SAM model and hydrodynamical

simulations is not straightforward. For example, the simulation of Agertz et al. (2020)

forms a dwarf with M⋆ ≈ 3 × 104M⊙ in a halo of mass approximately 8 × 108M⊙, while

the simulation of Applebaum et al. (2021) produces several galaxies in halos in the (bound)

mass range 107–109M⊙. These simulations are therefore consistent with our model (i.e.

they imply that the occupation fraction is greater than zero at these halo masses), but do

not allow for a detailed characterization of the cut-off in the occupation fraction, precluding

11Note that the work by Benitez-Llambay and Frenk (2020) analyze results based on both hydrodynamical
and semi-analytical simulations.
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a careful comparison with our results. For a more comprehensive understanding of how di-

verse assumptions and models can influence the predicted occupation fraction, please refer

to Appendix H.

Stellar mass – Halo mass relation

Fig. 4.3 showcases the stellar mass–halo mass (SMHM) relation, which provides

crucial insights into the connection between the masses of galaxies and their dark mat-

ter halos. We present the median values of the SMHM relation obtained from our model,

incorporating the various physical processes discussed in section 4.3. Each line style corre-

sponds to a specific combination of physics, as outlined earlier (see section 4.4.1). Our most

realistic model, which includes H2 cooling and the UV background radiation prescription

from FG20, is represented by the error bars indicating the 1 and 2 σ dispersion around the

median value.

In terms of consistency with previous studies, our estimations for the higher mass

end align well with a range of simulations and the abundance matching model by Behroozi

et al. (2013) as illustrated by the grey solid line. We show an extrapolation of that relation

to lower mass systems in dashed gray, from which our results start to substantially deviate

downwards for Mhalo < 109 M⊙. Notably, we find overall agreement with recent results

from Nadler et al. (2020), whose SMHM relation inferred from MW satellite observations

is depicted by the shaded blue region, with darker and lighter shades corresponding to the

1 and 2 σ confidence intervals, respectively.
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Figure 4.3: Stellar mass–halo mass relation. Our model predictions are represented by black
curves with different line styles. We compare our results to the constrained/extrapolated
SMHM relation from Behroozi et al. 2013 (depicted by the grey curve/dashed grey curve),
the results from Nadler et al. 2020 (illustrated by the shaded blue region), the results
from Manwadkar and Kravtsov 2022 (shown by the orange dashed line), and simulations
of central/field dwarf galaxies in MW-like environments from various models, as well as
simulations that zoom-in on individual dwarf-mass halos (represented by different markers.
Please refer to the text or see Figure 2 in Sales et al. 2022 for more details).
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Additionally, we compare our results with available simulations of central/field

dwarf galaxies in MW-like or Local Group-like environments (with data compiled by Sales

et al. 2022)12. For these comparisons, different markers are used, as indicated in the lower

right part of the plot. The marker guide includes red crosses representing APOSTLE, L1

resolution (Sawala et al. 2016a; Fattahi et al. 2016), blue open circles showing Latte and

ELVIS suites (Wetzel et al. 2016; Garrison-Kimmel et al. 2019) of FIRE-2 simulations13

(Hopkins et al. 2018), brown squares representing NIHAO-UHD (Buck et al. 2019), pink

stars showing DC Justice League (Munshi et al. 2021), green triangles representing Auriga,

L3 resolution (Grand et al. 2017), while the legend in the upper left corner denotes sim-

ulations that zoom-in on individual dwarf-mass halos. These include blue circles showing

FIRE-2 (Fitts et al. 2017; Wheeler et al. 2019; Hopkins et al. 2018; Wheeler et al. 2015),

orange squares showing NIHAO (Wang et al. 2015), purple stars showing Marvel (Munshi

et al. 2021), orange crosses showing GEAR (Revaz and Jablonka 2018), green diamonds

showing EDGE (Rey et al. 2019, 2020), red triangles showing work by Jeon et al. (2017),

and orange pentagons show results by Sanati et al. (2023).

The agreement observed with various simulations provides strong support for the

validity of our modeling approach. Importantly, thanks to the use of SAMs, our predictions

extend to fainter regimes, surpassing the capabilities of state-of-the-art hydrodynamical

simulations. Overall, our different models comparing the effect of including various physics

12It is important to acknowledge that discrepancies might arise when comparing isolated dwarfs from
hydrodynamical simulations due to potential variations in the definition of halo mass. Our model specifically
focuses on dwarf satellites within MW systems. However, the purpose here is to emphasize the general
concurrence between the outcomes of our model and the findings of existing simulations.

13The latest version of FIRE simulation (FIRE-3) shows even better agreement with our predictions (see
Figure 9 in Hopkins et al. 2023).
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remain consistent with each other within the 2 σ dispersion in the SMHM relation. However,

some deviations are observed in the ultra-faint regime, where the model incorporating H2

cooling and UV background radiation from FG20 produces the best results in terms of

agreement with previous works. It is worth noting that our model slightly underpredicts

the stellar mass content in the central galaxy (MW-analog). Nonetheless, the median value

captures the lower end of stellar mass predictions for this halo mass range.

The SMHM relation predicted by Galacticus unveils some intriguing features

that align with findings from hydrodynamical simulations, such as the mass-dependent

scatter in the SMHM relation, which exhibits an increasing trend around the median in

the ultra-faint regime. This behavior seems to be influenced by the impact of formation

histories, particularly the duration of star formation prior to reionization, directly affecting

the stellar mass content at low redshifts (Rey et al. 2019; Munshi et al. 2021). Another

interesting prediction emerges in the ultra-faint regime for Mhalo < 109 M⊙ (corresponding

to M⋆ < 105 M⊙), where the power-law relation in the SMHM appears to undergo a

break. Remarkably, this feature appears to correlate with the dominance of H2 cooling

and is further amplified by the effects of UV background radiation, specifically the time

of reionization. These predictions are consistent with the SMHM relation obtained from

forward modeling results by Manwadkar and Kravtsov (2022; depicted by the dashed orange

line in Fig.4.3), although the position of the break in this study reflects the inefficiency of

supernova-driven winds in the smallest galaxies.
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Luminosity function

Fig. 4.4 demonstrates our model’s predictions for the luminosity function of the

MW satellite population. To ensure consistency with conducted observations, we impose

two selection criteria: satellites must reside within a distance of 300 kpc from the host halo’s

center, and they should have a minimum half-light radius of rh > 10 pc. The error bars on

the plot represent the 1 and 2 σ dispersion due to host-to-host scatter (across a range of

halo masses). Our most accurate model predicts a total of 300+75
−99 (300+166

−170) satellites with

an absolute V -band magnitude (MV ) less than 0, for 1σ (2σ) dispersion.

By examining our models incorporating various physics components (similar line

styles as Fig. 4.2 and Fig. 4.3), we discern their impact on the resulting luminosity function.

Notably, the inclusion of H2 cooling leads to a considerable increase in the number of

predicted ultra-faint satellites, surpassing a factor of > 3, while the incorporation of UV

background radiation serves to flatten the luminosity function at the ultra-faint end.

To assess the agreement with observational data, we compare our predictions with

the luminosity function of all known MW satellites (light red curve) and the DES+PS1 data

(from Drlica-Wagner et al. 2020), corrected for observational incompleteness (maroon line).

It is important to note that the light red curve exhibits a more pronounced flattening at

the ultra-faint end due to the incompleteness in the observations. In contrast, our results

closely capture the rise predicted in the weighted DES+PS1 data (refer to Drlica-Wagner

et al. (2020) for details of estimation), with the total number of satellites falling within the

2 σ dispersion.
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Figure 4.4: The luminosity function of MW satellites satisfying the criteria of MV < 0,
r1/2 > 10 pc, and a maximum distance of 300 kpc from the MW. Our model’s predictions,
represented by black curves with distinct line styles, are compared to observational data for
all known MW satellites (light red curve) and the estimate derived in Drlica-Wagner et al.
2020 (maroon curve), which corrects for observational data incompleteness. Additionally, we
present the results from simulations by Nadler et al. 2020 (blue shaded region), Manwadkar
and Kravtsov 2022 (orange shaded region), and hydrodynamic simulations of the Local
Group using the FIRE feedback prescription (pink shaded region) by Garrison-Kimmel
et al. 2019.
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Examining the higher end of the luminosity function, we find agreement (within the

2 σ dispersion) between our model and observational results (although we do not constrain

our model to produce analogs of the LMC and SMC in all cases). However, it is worth

emphasizing that the weighted DES+PS1 results do not encompass the LMC, SMC, and

Sagittarius, accounting for the lower values observed compared to the all-known case at the

higher end.

Moreover, we juxtapose our results with previous forward modeling methods, in-

cluding the work by Nadler et al. (2020) (depicted by the blue shaded region) and Manwad-

kar and Kravtsov (2022) (illustrated by the orange shaded region) (as introduced in section

4.4.1). Additionally, we incorporate the FIRE hydrodynamical simulation by Garrison-

Kimmel et al. (2019), extending down to the FIRE resolution limit of ∼ −6 mag (repre-

sented by the pink shaded region). These systems do not explicitly include analogs of the

LMC or SMC. Overall, our results demonstrate strong agreement with previous simulations

and forward modelling approaches, albeit with a slight tendency to overpredict the median

number of satellites. Notably, in the ultra-faint regime, discrepancies arise between obser-

vational data and various simulations; however, the simulations generally converge within

the 2 σ limit. Remarkably, our best-performing model closely reproduces the predicted

weighted DES+PS1 data at the low-mass end of the luminosity function.

In light of the higher median predicted for the satellite luminosity function in

our model compared to other studies, such as Nadler et al. (2020), it is important to

consider some underlying differences of the respective models. For instance, variations in

the underlying subhalo mass functions predicted by Galacticus and cosmological zoom-in
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simulations (e.g., see Fig. 10 of Nadler et al. 2023b) may account for some of the discrepancy.

Additionally, the extent to which dark matter subhalos are disrupted by the central galaxy

could also influence the resulting luminosity functions. In our model, subhalos are tidally

stripped using the Pullen et al. (2014) prescription, including the potential of the central

galaxy, while Nadler et al. (2020) apply a random-forest model trained on hydrodynamic

simulations to capture this effect (Nadler et al. 2018).14 Importantly, our main results are

robust in the sense that our predictions for the occupation fraction and SMHM relation do

not change if we restrict to the subset of merger trees that produce luminosity functions

similar to Nadler et al. (2020). We leave direct calibration of our model based on forward-

modeling the observed MW satellite population to future work.

4.4.2 Dwarf population

In this study, we utilize the optimal model presented in section 4.3, which incor-

porates the physics of molecular hydrogen cooling, UV background radiation, and IGM

metallicity. Our aim is to predict properties of the dwarf galaxy population and compare

these to existing observations15 and simulations.

14We note that Hartwig et al. (2022) predict a total number of MW satellites comparable to our results
without incorporating H2 cooling or accounting for tidal stripping due to the central galaxy.

15Observational data are compiled from various resources (mainly from Drlica-Wagner et al. 2020; Simon
2019; McConnachie 2012). When multiple data sources exist for a given galaxy, we use the most precise
and/or accurate measurement.

105



Mass–metallicity relation

The metallicity of a galaxy is commonly quantified by the iron to hydrogen abun-

dance ratio ([Fe/H]). As shown in Fig. 4.5, we present the mean stellar [Fe/H]16 as a function

of stellar mass (M⋆) for our simulation. The black curve represents the median value, while

the black and grey error bars denote the 1 and 2 σ dispersion, respectively. To validate

our results, we compare them with observations of dwarf galaxies located within a 300 kpc

radius of the MW (illustrated by red markers). The observations indicate the presence

of a metallicity plateau around [Fe/H]∼ −2.5, which is reproduced well by our simulation

incorporating the IGM metallicity model.

Interestingly, the mass-metallicity relation for the very low-mass satellites appears

to be strongly influenced by the evolution of IGM metallicity as a function of redshift. This

influence becomes apparent when comparing the black curve, which includes IGM metallic-

ity in our model, with the dashed grey curve, where the IGM metallicity is excluded, and

which shows a power-law extension to low masses with no plateau17. (The inclusion of IGM

metallicity significantly affects the predicted metallicities of these satellites—essentially set-

ting a floor in metallicity corresponding to the metallicity of the IGM gas accreted at the

time at which the galaxy formed—highlighting the importance of the surrounding cosmic

environment in shaping their chemical enrichment history.) When comparing our findings

to zoom-in hydrodynamical simulations (such as those conducted by Agertz et al. 2020;

16In our present Galacticus model, [Fe/H] is computed using the instantaneous recylcing approximation,
and the assumption of Solar abundance ratios.

17With no IGM metallicity, the metallicities of our galaxies are determined by our feedback/outflow
model, which has a simple power-law dependence on halo mass, and so necessarily leads to a power-law
mass-metallicity relation.
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Figure 4.5: Stellar mass–metallicity relation for galaxies. The black curve, along with the
black and grey error bars, represents the median value, and the 1 and 2 σ dispersions,
respectively, derived from our simulation’s predictions. The gray dashed line represent the
predictions of our model without the IGM metallicity included. Blue markers indicate
results from hydrodynamical simulations (Wheeler et al. 2019: blue squares; Macciò et al.
2017: blue hexagon; and Agertz et al. 2020: by blue triangles). Red markers with error
bars depict the observational results for dwarf galaxies located within 300 kpc of the MW,
compiled primarily from studies by Drlica-Wagner et al. 2020; Simon 2019; McConnachie
2012.
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Wheeler et al. 2019; Macciò et al. 2017), we find that these simulations tend to predict

near-primordial abundances for objects with stellar masses below 105 M⊙. However, it is

important to note that the examples presented in this study do not have a large cosmological

environment and thus are not enriched by nearby sources (for a comprehensive comparison

with recent simulation predictions refer to Figure 1 in Sanati et al. 2023). The implications

of this lack of enrichment (in hydrodynamic simulations) remain uncertain and necessitate

further investigation.

Recent studies have considered a few possible self-consistent avenues to populate

the plateau in [Fe/H] at the faintest end of the mass–metallicity relation. The study by

Prgomet et al. (2022), using the adaptive mesh refinement method, studied the effect of

varying the IMF on the evolution of an ultra-faint dwarf. In this framework, at low gas

metallicities, the IMF of newborn stellar populations becomes top-heavy, increasing the

efficiency of supernova and photoionization feedback in regulating star formation. The

increase in the feedback budget is none the less met by increased metal production from

more numerous massive stars, leading to nearly constant iron content at z = 0 that is

consistent with the results achieved from our model (for their case at a stellar mass of

M⋆ = 103M⊙, the typical metallicity is [Fe/H] ∼ −2.5). Additionally, the study by Sanati

et al. (2023), running zoom-in chemo-dynamical simulations of multiple halos and including

models that account for the first generations of metal-free stars (Pop III), demonstrate an

increase in the global metallicity of ultra-faints, although these are insufficient to resolve

the tension with observations (see their fig. 6).
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Several studies have examined the effect of different feedback processes on shaping

the dwarf population (see, for example, Lu et al. 2017; Agertz et al. 2020; Smith et al. 2021).

In this context, the work by Lu et al. (2017) using a semi-analytical model provides valu-

able insights. Their findings shed light on the connection between preventive and ejective

feedback mechanisms and the stellar mass function and mass-metallicity relation of Milky

Way dwarf galaxies. Where preventive feedback acts to inhibit baryons from accreting onto

galaxies, and in the realm of low-mass halos, a commonly employed form of preventive

feedback in SAMs is photoionization heating. This mechanism effectively reduces radiative

cooling and mass accretion in low-mass halos, thereby influencing the evolution of these

galaxies. On the other hand, ejective feedback processes involve the expulsion of baryons

from the galaxy into the IGM, often characterized by the presence of outflows. These mech-

anisms play a significant role in shaping the gas content and subsequent star formation

in dwarf galaxies. By incorporating both preventive and ejective feedback in their model,

Lu et al. (2017) demonstrate the ability to simultaneously match the observed stellar mass

function and the mass-metallicity relation. Moreover, they highlight the importance of con-

sidering a redshift dependence for preventive feedback, although the precise nature of this

dependence remains largely uncertain.

Building upon the insights from Lu et al. (2017), our results further support the

notion that the mass-metallicity relation for low-mass dwarfs is intricately linked to the

interplay between feedback processes and the enrichment of the surrounding environment

(i.e. enrichment of the IGM). We acknowledge that our approach is not self-consistent,

as we do not explicitly account for the metal outflows from our galaxies and their mixing
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into the IGM. However, the inclusion of IGM metallicity in our model becomes imperative

to achieve consistency with observational data, as demonstrated by our agreement with

observations.

Another study, conducted by Pandya et al. (2021), showcases that the mass load-

ing factors for winds in dwarf galaxies can be large (i.e. ≫ 1; as evident from their Fig.

7), and these winds are responsible for carrying away a significant portion of the produced

metals. They also reveal that higher mass galaxies exhibit substantially lower mass loading

factors for their winds, along with lower metal-loading factors. This finding suggests that

dwarf galaxies may play a substantial role in enriching the IGM. Given these compelling

facts, our SAM approach has the potential to allow us to resolve the dwarf galaxies and

accurately predict IGM metal enrichment. Simultaneously, our SAM enables us to model

the massive halos, which actively accrete gas from the enriched IGM, facilitating a com-

prehensive understanding of the intricate interplay between galaxies and their surrounding

environment.

Size–mass relation

We measure the projected half mass radius (rh) for all galaxies in our sample and

plot it against the predicted stellar masses. As depicted in Fig. 4.6, the black curve repre-

sents the median value, while the black and grey error bars indicate the 1 and 2 σ dispersion,

respectively. Our predictions successfully capture the size-mass relation for the majority

of observed galaxies (depicted by red markers) within the 2 σ range of our sample. Inter-

estingly, we find that systems resembling Antlia II and Crater II are sometimes predicted

by our model, although they lie far away from the median of the relation predicted by the
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Figure 4.6: The size (projected half stellar mass radius)–stellar mass relation for dwarf
galaxies. The black curve, along with the black and grey error bars, represents the median
value, and the 1 and 2 σ dispersions, respectively, derived from our simulation’s predictions.
The gray dashed line represent the predictions of our model only including atomic hydrogen
cooling. Blue markers demonstrate results from hydrodynamical simulations (Wheeler et al.
2019: blue squares; Macciò et al. 2017: blue hexagon; and Agertz et al. 2020: blue triangles).
Red markers with error bars depict the observational results for dwarf galaxies located
within 300 kpc of the MW, compiled primarily from studies by Drlica-Wagner et al. 2020;
Simon 2019; McConnachie 2012.

model. Such galaxies correspond to the high angular momentum tail of the distribution of

galaxy angular momenta—we will discuss the relation between size and angular momentum

in more detail below. When comparing our results to hydrodynamical simulations, we gen-

erally agree with their best predictions above the ∼ 105 M⊙ limit, with the exception of a

few extreme cases (e.g., the outlier presented by Agertz et al. (2020) where no feedback is

included).
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In our simulation, sizes are determined by the specific angular momentum content

of stars and gas, as described by the equation:

j = vhrh = (GMh/rh)1/2rh = (GMhrh)1/2, (4.6)

where vh is the rotational speed at the half mass radius, rh is the half mass radius, and Mh

is the total mass content within the half mass radius. Given that intermediate and low-

mass dwarfs are predominantly dark matter-dominated, and we have a reasonably accurate

SMHM relation and a correctly modeled occupation fraction distribution, it is likely that

the dark matter mass estimate is accurate. If we aim to explain the changes of slope in the

size–mass relation of galaxies, the most apparent approach would be to look at the changes

in the angular momentum content.

The angular momentum is primarily determined by the angular momentum of

the gas in the halo during its formation, and subsequently, by the fraction of that angular

momentum that is transferred into the galaxy through cooling and gas accretion, as well

as the fraction that is expelled by outflows. These factors encompass a certain level of

uncertainty. In our current model, we address the inefficiencies of atomic hydrogen cooling

by incorporating H2 cooling. Specifically, for temperatures below 104 K, corresponding

to halo masses around 109M⊙, which host galaxies with stellar mass components ranging

from 104–105M⊙, the dominant cooling mechanism becomes H2 cooling. Additionally, we

include the UV background radiation model by FG20, which suppresses gas accretion.

From Fig. 4.3, we observe that its effects are maximized for dwarfs with stellar masses below

105M⊙. The overall effect becomes evident when comparing the black solid line representing
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our optimal model to the dashed grey line, where only atomic hydrogen cooling is present

and no UV background radiation was used. These results suggest that variations in cooling

mechanisms along with gas accretion suppression can account for the observed changes in

the slope at these particular mass scales. TAR

Velocity dispersion—mass relation

We measure the 1D line-of-sight velocity dispersions at the half stellar mass radius

for all galaxies in our sample and plot them against the predicted stellar masses. In Fig. 4.7,

similar to Fig. 4.6, the black curve represents the median value, while the black and grey

error bars indicate the 1 and 2 σ dispersion, respectively. Our predictions successfully

reproduce the velocity dispersion–mass relation for observed galaxies within the 2 σ limit

of our sample (all the observational data are represented by red markers). We compared

our results with hydrodynamical simulations by Macciò et al. (2017); Agertz et al. (2020),

shown by blue markers, finding general agreement within the 2 σ dispersion limit.

It is worth noting that our model does not fully capture the observed scatter

in 1D velocity dispersions at the lower mass end. Several potential reasons may explain

this. Firstly, it is possible that our current model does not incorporate all the relevant

physical processes that govern the ultra-faint regime. The intricate dynamics and feedback

mechanisms specific to these low-mass galaxies could play a significant role in shaping their

velocity dispersions. Secondly, observational limitations introduce additional uncertainties

in our measurements. Factors such as contamination from foreground stars in the MW
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Figure 4.7: The 1D line-of-sight velocity dispersion (measured at the half stellar mass
radius)–stellar mass relation. The black curve, along with the black and grey error bars,
represents the median value, and the 1 and 2 σ dispersions, respectively, derived from
our simulation’s predictions. The hydrodynamical simulation results are shown by blue
markers, with Macciò et al. 2017 represented by blue hexagons, and Agertz et al. 2020 by
blue triangles. The red markers with error bars depict the observational results for dwarf
galaxies located within 300 kpc of the MW, compiled primarily from studies by Drlica-
Wagner et al. 2020; Simon 2019; McConnachie 2012. Our results demonstrate agreement
with the velocity dispersion–mass relation in higher mass galaxies, while indicating lower
median predictions for galaxies with stellar masses below 105 M⊙.
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and the influence of binary stars within the sample of stars from the ultra-faint dwarfs (see

Simon 2019 for further details) could contribute to the observed large dispersions.

We would like to highlight that, given the observational uncertainties, our model’s

predictions align well with the data, providing consistency without necessitating the in-

clusion of core formation. However, it is crucial to emphasize that these observational

uncertainties also mean that we cannot conclusively rule out the possibility of core forma-

tion being present. This highlights the need for improved and more precise measurements in

order to better understand and constrain the underlying physical processes. Additionally,

our model’s success in matching the velocity dispersion, combined with accurate predictions

of the occupation fraction, suggests that it is effectively free of the too-big-to-fail problem

(Boylan-Kolchin et al. 2011).

4.4.3 Mass function predictions for various halo masses

Once calibrated, we can use our model to make predictions on the abundance of

satellite galaxies for host systems with varying virial masses. In Fig. 4.8, we depict the

cumulative stellar mass functions for subhalos associated with various halos of different

masses, specifically showcasing satellites with stellar masses (M⋆) greater than 102M⊙ and

half mass radius (r1/2) larger than 10 pc. The dark and light shaded grey regions represent

the 1 and 2 σ dispersion, respectively, while the black line shows the median of the results.

For comparison, the red curve represents available observational results18, and the blue

18The V-band magnitudes for satellites of the MW, M31, and LMC are sourced from McConnachie (2012)’s
revised compilation of Local Group dwarfs. For the Cen A system, values are extracted from Crnojević et al.
(2019). Subsequently, the stellar masses are computed by employing relevant mass-to-light ratios derived
from Galacticus predictions specific to the respective stellar masses.
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Figure 4.8: Predictions of our model for the cumulative stellar mass function of satellites.
The black curve represents the median of our results, while the light and dark shaded regions
indicate the 1 and 2 σ dispersions, respectively. Observational constraints, if available, are
shown by the red curves. The dashed and dotted blue lines correspond to the ”Cutoff”
and ”PowerLaw” models from Santos-Santos et al. 2022, allowing for a comparison with
their results. Each panel displays our results for a different halo mass: the top left panel
corresponds to the MW-analog halo, the top right panel to the M31-analog halo, the bottom
left panel to the LMC-analog halo, the bottom right panel to a group-size halo with a mass
of 1013 M⊙.
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dashed and dotted curves represent the results from the abundance matching study by

Santos-Santos et al. (2022). The blue dotted line corresponds to their “power-law” model,

assuming a power law relation for the M⋆ – Vmax relation, while the blue dashed curve

corresponds to their “cutoff” model, assuming a cut-off in this relation.

In the top left panel, we present our results for the MW-analog. We ran 100 halos

with virial masses ranging from 7 × 1011 to 1.9 × 1012M⊙, in agreement with the current

available mass constraints (Wang et al. 2020; Callingham et al. 2019). Our results show a

reasonable agreement with the observations for the stellar masses of larger satellites (within

300 kpc from the MW). However, for the lower mass range, the discrepancy between our

results and the observations becomes more prominent. This discrepancy could be partially

attributed to incompleteness in the observational results, as we discussed in section 4.4.1,

where estimations for corrections in the observational data predict much higher values for

the number of MW satellites (Tollerud et al. 2008; Drlica-Wagner et al. 2020). Overall, our

model suggests that only ∼20% of the MW satellites with MV < 0 have been discovered.

Comparing with the results of Santos-Santos et al. (2022), we find reasonable

agreement up to a stellar mass of 105M⊙ for the satellites, and our results deviate from

their predictions in the ultra-faint regime. Notably, the slope of our results in this regime

shows better agreement with their power-law model, although the total predicted number

of halos is a factor of ∼2 lower. It is worth mentioning that this slope was only achieved by

including the effects of H2 cooling, as our model with only atomic hydrogen physics shows

flatter slopes, in better agreement with their cut-off model (see Fig. 4.4 for comparison of

our models).

117



The top right panel presents our results for the M31-analog. Similar to the MW

case, we ran 100 realizations of a halo with a mass of 1.8±0.5×1012M⊙, in agreement with

M31 mass constraints (from Benisty et al. 2022; Shull 2014; Diaz et al. 2014; Karachentsev

and Kudrya 2014). Our results show agreement with the observations within the 2 σ limit

(albeit we get lower results for the higher mass end), although the surveyed population in

M31 does not extend as deeply as our predictions show. Similar to the MW case, we observe

agreement with Santos-Santos et al. (2022)’s results in the higher mass regime, while in the

ultra-faint regime, our model predicts results closer to their power-law model. It is worth

mentioning that their models assume an occupation fraction of 1 for their halos, whereas we

found in section 4.4.1 that only a fraction of our halos with peak masses below 2 × 108M⊙

host a luminous component.

The bottom left panel shows our results for the LMC-analog halo. We present the

mass function results for satellite stellar masses based on 100 realizations of hosts with halo

masses of 1.88 ± 0.35 × 1011M⊙ (Shipp et al. 2021). Our findings estimate that an isolated

LMC-analog is expected to have approximately 33+14
−12 satellites (for 1 σ dispersion) with

stellar masses above 102M⊙ and r1/2 larger than 10 pc, lying within the halo’s virial radius.

Most of the realizations indicate that satellites have stellar masses below 4 × 106M⊙, and

the likelihood of generating an SMC within the virial radius is relatively low.

We then compare these results with the satellites associated with the LMC based

on the kinematic analysis conducted by Santos-Santos et al. (2021). According to their

analysis, 11 of the MW satellites appear to have some connection with the LMC (“possible”),

and from those, 7 show firm association (“most likely”). Our results seem to under-predict
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the number of higher mass subhalos while over-predicting the number of currently observed

ultra-faint satellites. Apart from considering the effects of observational incompleteness,

other factors may be at play here. Firstly, we do not constrain our LMC-analogs to have

any high mass satellites such as the SMC. The occurrence of reproducing such a massive

companion for the LMC in our model is probabilistically low, as only 1 such satellite was

produced in our 100 realizations of the LMC, and it is located at a distance of approximately

140 kpc from the LMC-analog (beyond the virial radius of this halo/radius of approximately

100 kpc where we measure the associated satellites). Additionally, we are running our

LMC-analogs as isolated halos and not in association with a larger halo such as the MW.

The presence of a larger gravitational potential can more effectively disrupt the ultra-faint

satellites, thereby decreasing the number of predicted satellites associated with the LMC.

Comparing with the results from Nadler et al. (2020), they predict 48 ± 8 LMC-

associated satellites with MV < 0 mag and r1/2 > 10 pc, approximately consistent with our

predictions of 33+14
−12 for 1σ (33+28

−26 for 2σ). This is also in reasonable agreement with the ∼70

satellites with −7 < MV < −1 predicted by Jethwa et al. (2016) via dynamical modeling of

the Magellanic Cloud satellite population. Additionally, our predictions can be compared

with the work of Dooley et al. (2017), who explored the satellite population of LMC-like

hosts using several abundance-matching models and estimated ∼8-15 dwarf satellites with

M∗ ≥ 103M⊙ within a 50 kpc radius of their hosts. Applying similar selection criteria to

our model results gives us an estimation of 6+6
−4. Furthermore, our results align well with

the study by Jahn et al. (2019), where they used five zoom-in simulations of LMC-mass

hosts (with halo masses ranging from 1 × 1011 to 3 × 1011M⊙) run with the FIRE galaxy
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formation code, predicting ∼ 5–10 ultra-faint companions for their LMC-mass systems that

have stellar masses above 104M⊙ (compared to our estimation of 6+5
−4 for 1σ dispersion).

However, it is worth noting that our stellar mass function is steeper than their results.

The bottom right panel illustrates our model’s prediction for the satellite stellar

mass function of subhalos within group-sized halos. These results are based on 100 realiza-

tions of a host halo with a mass of 1013 M⊙. The shaded region in this plot is depicted in a

distinct color as it differs from the other panels. In this case, the dispersion only represents

variations resulting from constructing merger trees for the exact same halo mass, while in

other panels, we include a range of masses for the halos, leading to a larger halo-to-halo

scatter.

Regarding the predicted stellar mass function for the satellites, we find more mas-

sive satellites compared to those in the MW and M31, along with a larger number of total

subhalos (with r1/2 > 10 pc) within a radius of 450 kpc from the central galaxy (or the

estimated virial radius). This trend is consistent with expectations for a halo with a larger

virial mass. As a candidate in the nearby universe, we compare our results to Centaurus A

(Cen A for short) with virial mass estimations ranging from 6.4× 1012M⊙ to 1.8× 1013M⊙

(Karachentsev et al. 2007; van den Bergh 2000). The V band magnitudes of Cen A’s satel-

lites were compiled from Crnojević et al. (2019).

The study by Crnojević et al. (2019) covers approximately half of the virial radius

estimated for Cen A and includes satellites down to MV = −7.8 (equivalent to a stellar

mass of approximately 105M⊙). Additionally, Crnojević et al. (2019) provides results from

earlier studies of Cen A (Sharina et al. 2008; Karachentsev et al. 2013), which target a
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wider region around the central galaxy, albeit with a lower limiting magnitude. Since the

observational surveys each cover part of this group, we have adjusted the radius within which

we make the comparison accordingly. Our model predictions depicted by the black dashed

line, corresponds to satellite mass function within a radius of 150 kpc from the central

galaxy. This selection mirrors the observational results with the same cuts, as shown by

the red dashed line. Additionally, our results shown by the dashed-dotted line represent

the satellite mass function within 300 kpc from the central galaxy, which can be compared

to the observational data with similar cuts, as indicated by the red line.

Our results align well with the slope of the observational satellite stellar mass

function at the higher mass end, although the exact number of predicted satellites is slightly

higher. This can be interpreted as our results favoring a virial mass for Cen A close to the

lower end of the current estimates, as number of satellites tend to scale on host halo mass.

In any case, if we assume that a 1013M⊙ halo is a good representation of this system, our

results suggest that a factor of ∼5-7 satellites with stellar masses above 105M⊙ are waiting

to be discovered in this system. Additionally, a forthcoming study by Weerasooriya et al.

(in prep.), utilizing the model outlined in Weerasooriya et al. (2023), has also examined

the Cen A system. Their prediction for the total count of satellites with MV magnitudes

lower than -7.4 (equivalent to stellar masses around 105M⊙) amounts to median number of

50. While the median is slightly lower than their compiled observational data for satellites

of Cen A within 150 kpc19, the predicted distribution of the number of satellites still falls

19Their work encompasses a comprehensive compilation of the luminosity function for Cen A, including
available observational data from Lauberts and Valentijn (1989); de Vaucouleurs et al. (1991); Karachentsev
et al. (2003); James et al. (2004); Doyle et al. (2005); Sharina et al. (2008); Karachentsev et al. (2013);
Müller et al. (2015, 2017, 2019); Crnojević et al. (2014, 2016, 2019); Taylor et al. (2016). It is important to
note that their dataset includes all dwarf candidates, not exclusively confirmed cases.
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within the observed range. These results are marginally lower than our predictions below

MV ∼ -10.

4.5 Conclusions

In this study we have modified the Galacticus semi-analytic model to incorpo-

rate key physical processes relevant to the formation of dwarf galaxies, and utilized that

model to explore predictions for the galaxy-halo connection and the properties of the dwarf

galaxy population of the Milky Way. Through the inclusion of essential physical processes

such as IGM metallicity, H2 cooling, and UV background radiation, coupled with the fine-

tuning of various parameters, we have achieved significant success in replicating several

characteristics observed in the dwarf galaxy population.

First and foremost, we find that our model with updated physics is able to re-

produce the inferred SMHM relation while simultaneously reproducing the main physical

properties of the dwarf galaxy population. This finding underscores the robustness of our

model and its ability to capture the relationship between the stellar content and the un-

derlying dark matter halos. Furthermore, our results demonstrate that the inclusion of H2

cooling and a UV background radiation (prescribed by FG20), motivated by recent obser-

vational constraints, is crucial to achieving an occupation fraction consistent with previous

inferences. Our study reveals that the fraction of subhalos hosting galaxies with an abso-

lute V -band magnitude less than 0 drops to 50% at a halo peak mass of ∼ 8.9 × 107 M⊙.

Notably, earlier estimations based on older UV background estimates (HM12) do not yield

the same level of agreement.
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When examining the statistical properties of the MW dwarf population, we find

broad success in reproducing key characteristics. Our predictions for the luminosity function

of the MW dwarfs align well with observations once we account for the inherent halo-to-halo

scatter. Remarkably, the presence of H2 cooling is vital for capturing the large number of

ultra-faint dwarf galaxies, highlighting its role in driving their formation. Our model pre-

dicts a total of 300+75
−99 satellites with an absolute V -band magnitude less than 0 within 300

kpc from our MW-analogs. This number would drop down to 91+42
−34 if we were to use our

model including only the atomic hydrogen cooling. Our model of H2 formation/destruction

remains quite simplistic. Plausible changes in the underlying assumptions in computing

metal cooling and H2 formation/destruction under a radiation field (e.g. considering radia-

tion from local sources, not just a mean background), could result in changes to the cooling

efficiencies in small, early-forming halos. The efficiency and relevance of H2 cooling in such

halos remain subjects of ongoing debate (refer to Section 4.3.2 of the review by Klessen and

Glover 2023, and references therein).

Moreover, the inclusion of IGM metallicity enables us to successfully reproduce

the mass-metallicity relation without the need for preventive feedback mechanisms. Our

model achieves successful agreement with the sizes and velocity dispersions of ultra-faint

dwarfs.

Finally, our model successfully predicts the stellar mass function of satellites for

both MW and M31 analogs. Additionally, we use our model to make predictions for the

two different mass scales: LMC and Cen A analogs. Our results demonstrate a general

agreement with the available observational data, emphasizing the robustness of our model
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in generating predictions across a broad range of halo masses. The combined functionalities

of this model, along with its comprehensive approach to predicting various aspects of the

dwarf population, makes it uniquely powerful for investigating the faintest galaxy population

across a range of environments/halo masses.

Looking ahead, there are several exciting directions to explore. Investigating how

our results are influenced by the inclusion of an LMC-analog in the MW mass halos will

provide valuable insights into the impact of satellite galaxies on the MW dwarf popula-

tion, e.g. following the constrained merger tree methodology presented in Nadler et al.

(2023a). Furthermore, exploring alternative non-CDM models, such as self-interacting dark

matter, will allow us to gauge the extent to which observations of dwarfs can inform our

understanding of the nature of dark matter itself.
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Chapter 5

Conclusions

In this dissertation, a comprehensive study was conducted on the formation and

evolution of dwarf galaxies, their environments, and corresponding dark matter halos, with

a focus on their contributions to the intra-group/intra-cluster light. Advanced cosmological

hydrodynamical simulations and semi-analytical models were utilized to address several

open questions in the field of galaxy formation and evolution. These include investigating

the mechanisms driving the formation of ICL, the role of dwarf galaxies as contributors and

building blocks of ICL, and the reliability of ICL and its globular cluster components as

tracers of the underlying dark matter and the formation history of halos. The study also

explores the relation between dwarf galaxy properties and their corresponding dark matter

halos, making predictions about the mass of halos hosting the faintest observed galaxies.

Through these simulations, the impact of larger cosmic environments on these faint galaxies

and their dark matter halos was examined.
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Using the cosmological hydrodynamical simulation TNG50, complemented with a

globular cluster catalog, the predicted amount of light, metallicity, and radial distribution

of stars and globular clusters in the intra-group/intra-cluster components were explored.

It was found that dwarf galaxies have a wide range of relevance as builders of these com-

ponents. Some systems show negligible contribution from galaxies with M⋆ < 1010 M⊙,

leaving distinct signatures on the metallicity content of the ICL and resulting in groups

with shallower metallicity profiles. These findings have implications for upcoming deep ob-

servations, such as those planned by the Euclid and Roman space telescopes. Additionally,

intra-cluster globular clusters were identified as valuable tracers of halo assembly histories,

especially in cases where observing the ICL proves challenging. Our study highlights that

the shape and orientation of the ICL and ICGCs show a reasonable correlation with those

of the dark matter in the outskirts of the halo, underscoring the common origin of these

components and their potential to be used as luminous tracers for the underlying dark

matter.

The ICL component of Virgo-like clusters was investigated by analyzing ICL frac-

tions, density profiles for different components, and star formation rates. Simulation results

predict an ICL component comparable to the brightest cluster galaxy in mass and rate of

star formation. An in-situ component is always present at any redshift (z) in all Virgo-like

clusters, contributing approximately 8–28% of the stellar mass in the ICL (at z = 0). It

is anticipated that a widespread form of star formation causes the existence of the in-situ

stellar component, with filamentary structures extending for hundreds of kiloparsecs and

tracing the distribution of neutral gas in the cluster host halo.
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Additionally, the semi-analytic model Galacticus was modified to accurately re-

produce the observed properties of dwarf galaxies in the Milky Way. This modified semi-

analytic framework was validated through a comparative analysis of the resulting galaxy-

halo connection. By fine-tuning various model parameters and incorporating empirical

constraints, the model was tailored to match the statistical properties of Milky Way dwarf

galaxies, such as their luminosity function and size-mass relation. It was found that repro-

ducing observational determinations of the halo occupation fraction (as inferred by Nadler

et al. 2020) and the mass-metallicity relation (see Simon 2019) for dwarf galaxies required

the inclusion of H2 cooling, an updated UV background radiation model, and a model for

the metal content of the intergalactic medium. Our findings show that, in the model in-

cluding H2 cooling and UV background radiation, the fraction of subhalos hosting a galaxy

with MV < 0 drops to 50% by a halo peak mass of approximately 8.9× 107 M⊙, consistent

with recent observational estimates from Nadler et al. 2020.

Looking forward, the methodologies and findings of this dissertation pave the way

for several promising avenues of research. One example is future studies extending the

approach in this work to alternative dark matter models, which might include numerical

simulations and also semi-analytical treatments, with the aim to compare their predictions

on the formation and evolution of dwarf galaxies to those within the ΛCDM model explored

here. Additionally, the integration of observational data from upcoming telescopes will

further refine the models and enhance understanding of the role of dwarf galaxies in the

broader cosmic structure.
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Lundgren, Yuanze Luo, J. Ted Mackereth, Axel de la Macorra, Suvrath Mahadevan,
Steven R. Majewski, Arturo Manchado, Travis Mandeville, Claudia Maraston, Berta
Margalef-Bentabol, Thomas Masseron, Karen L. Masters, Savita Mathur, Richard M.
McDermid, Myles Mckay, Andrea Merloni, Michael Merrifield, Szabolcs Meszaros, An-
drea Miglio, Francesco Di Mille, Dante Minniti, Rebecca Minsley, Antonela Monach-
esi, Jeongin Moon, Benoit Mosser, John Mulchaey, Demitri Muna, Ricardo R. Muñoz,
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Pérez-Ràfols, Patrick Petitjean, Matthew M. Pieri, Marc Pinsonneault, Vijith Jacob
Poovelil, Joshua Tyler Povick, Abhishek Prakash, Adrian M. Price-Whelan, M. Jordan
Raddick, Anand Raichoor, Amy Ray, Sandro Barboza Rembold, Mehdi Rezaie, Roge-
mar A. Riffel, Rogério Riffel, Hans-Walter Rix, Annie C. Robin, A. Roman-Lopes, Car-
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G. Gavazzi, S. Gwyn, G. Hensler, B. Koribalski, J. Roediger, Y. Roehlly, D. Russeil,
M. Sun, E. Toloba, B. Vollmer, and A. Zavagno. A virgo environmental survey tracing
ionised gas emission (vestige). iii. star formation in the stripped gas of ngc 4254. åp, 615:
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Facundo A. Gómez, Robert J. J. Grand, Federico Marinacci, and Ruediger Pakmor. The
mass of the milky way from satellite dynamics. MNRAS, 484(4):5453–5467, April 2019.
doi: 10.1093/mnras/stz365.

Francesco Calura, Michele Bellazzini, and Annibale D’Ercole. Hydrodynamic simulations
of an isolated star-forming gas cloud in the virgo cluster. MNRAS, 499(4):5873–5890,
December 2020. doi: 10.1093/mnras/staa3133.

Scott G. Carlsten, Jenny E. Greene, Johnny P. Greco, Rachael L. Beaton, and Erin Kado-
Fong. Structures of dwarf satellites of milky way-like galaxies: Morphology, scaling re-
lations, and intrinsic shapes. ApJ, 922(2):267, December 2021. doi: 10.3847/1538-4357/
ac2581.

Arianna Cattapan, Marilena Spavone, Enrichetta Iodice, Roberto Rampazzo, Stefano Ciroi,
Emma Ryan-Weber, Pietro Schipani, Massimo Capaccioli, Aniello Grado, Luca Limatola,
Paola Mazzei, Enrico V. Held, and Antonietta Marino. Vegas: A vst early-type galaxy
survey. iv. ngc 1533, ic 2038, and ic 2039: An interacting triplet in the dorado group. The
Astrophysical Journal, 874(2):130, apr 2019. ISSN 1538-4357. doi: 10.3847/1538-4357/
ab0b44. URL https://iopscience.iop.org/article/10.3847/1538-4357/ab0b44.
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E. Gosset, J. L. Halbwachs, N. C. Hambly, D. L. Harrison, M. Hauser, D. Hestroffer,
S. T. Hodgkin, H. E. Huckle, A. Hutton, G. Jasniewicz, S. Jordan, M. Kontizas, A. J.
Korn, A. C. Lanzafame, M. Manteiga, A. Moitinho, K. Muinonen, J. Osinde, E. Pan-
cino, T. Pauwels, J. M. Petit, A. Recio-Blanco, A. C. Robin, L. M. Sarro, C. Siopis,
M. Smith, K. W. Smith, A. Sozzetti, W. Thuillot, W. van Reeven, Y. Viala, U. Ab-
bas, A. Abreu Aramburu, S. Accart, J. J. Aguado, P. M. Allan, W. Allasia, G. Al-
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G. Fedorets, J. Fernández-Hernández, P. Fernique, A. Fienga, F. Figueras, F. Filippi,
K. Findeisen, A. Fonti, M. Fouesneau, E. Fraile, M. Fraser, J. Fuchs, M. Gai, S. Gal-
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S. Mitra, M. A. Miville-Deschênes, A. Moneti, L. Montier, G. Morgante, D. Mortlock,
A. Moss, D. Munshi, J. A. Murphy, P. Naselsky, F. Nati, P. Natoli, C. B. Netterfield,
H. U. Nørgaard-Nielsen, F. Noviello, D. Novikov, I. Novikov, C. A. Oxborrow, F. Paci,
L. Pagano, F. Pajot, R. Paladini, D. Paoletti, B. Partridge, F. Pasian, G. Patanchon,
T. J. Pearson, O. Perdereau, L. Perotto, F. Perrotta, V. Pettorino, F. Piacentini, M. Piat,
E. Pierpaoli, D. Pietrobon, S. Plaszczynski, E. Pointecouteau, G. Polenta, L. Popa, G. W.
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Jean-Charles Cuillandre, Alan McConnachie, Andrés Jordán, Katharine Accetta, Samuel
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intracluster light studies. åp, 649:A38, May 2021. doi: 10.1051/0004-6361/202038419.

Christoph Engler, Annalisa Pillepich, Anna Pasquali, Dylan Nelson, Vicente Rodriguez-
Gomez, Kun Ting Eddie Chua, Eva K. Grebel, Volker Springel, Federico Marinacci,
Rainer Weinberger, Mark Vogelsberger, and Lars Hernquist. The abundance of satellites
around milky way- and m31-like galaxies with the tng50 simulation: a matter of diversity.
MNRAS, 507(3):4211–4240, November 2021. doi: 10.1093/mnras/stab2437.

Azadeh Fattahi, Julio F. Navarro, Till Sawala, Carlos S. Frenk, Kyle A. Oman, Robert A.
Crain, Michelle Furlong, Matthieu Schaller, Joop Schaye, Tom Theuns, and Adrian Jenk-
ins. The apostle project: Local group kinematic mass constraints and simulation candi-
date selection. MNRAS, 457(1):844–856, March 2016. doi: 10.1093/mnras/stv2970.
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A. Ederoclite, A. Mar-Franch, C. Mendes de Oliveira, M. Moles, L. Sodré, J. Varela, and
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cardo R. Muñoz, Burçin Mutlu-Pakdil, Anil Seth, Jay Strader, Elisa Toloba, and Dennis
Zaritsky. Young, blue, and isolated stellar systems in the virgo cluster. ii. a new class of
stellar system. ApJ, 935(1):51, August 2022. doi: 10.3847/1538-4357/ac7c6c.

Michael G. Jones, Steven Janowiecki, Swapnaneel Dey, David J. Sand, Paul Bennet, Denija
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Joseph A. Muñoz, Piero Madau, Abraham Loeb, and Jürg Diemand. Probing the epoch of
reionization with milky way satellites. Monthly Notices of the Royal Astronomical Society,
400:1593–1602, 12 2009. ISSN 00358711. doi: 10.1111/j.1365-2966.2009.15562.x.
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Mark Vogelsberger, Rüdiger Pakmor, Dylan Nelson, Federico Marinacci, Lars Hernquist,
Rainer Weinberger, and Shy Genel. First results from the illustristng simulations: a
tale of two elements - chemical evolution of magnesium and europium. MNRAS, 477(1):
1206–1224, June 2018. doi: 10.1093/mnras/sty618.

S. Naoz and R. Barkana. The formation and gas content of high-redshift galaxies and
minihaloes. MNRAS, 377(2):667–676, May 2007. doi: 10.1111/j.1365-2966.2007.11636.x.

Masashi Nashimoto, Masayuki Tanaka, Masashi Chiba, Kohei Hayashi, Yutaka Komiyama,
and Takashi Okamoto. The missing satellite problem outside of the local group. ii. statis-
tical properties of satellites of milky way-like galaxies. ApJ, 936(1):38, September 2022.
doi: 10.3847/1538-4357/ac83a4.

Julio F. Navarro, Carlos S. Frenk, and Simon D. M. White. The structure of cold dark
matter halos. ApJ, 462:563, May 1996. doi: 10.1086/177173.

165



D. Nelson, A. Pillepich, S. Genel, M. Vogelsberger, V. Springel, P. Torrey, V. Rodriguez-
Gomez, D. Sijacki, G. F. Snyder, B. Griffen, F. Marinacci, L. Blecha, L. Sales, D. Xu, and
L. Hernquist. The illustris simulation: Public data release. Astronomy and Computing,
13:12–37, November 2015. doi: 10.1016/j.ascom.2015.09.003.

Dylan Nelson, Annalisa Pillepich, Volker Springel, Rainer Weinberger, Lars Hernquist,
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G. Maggio, D. Maino, N. Mandolesi, A. Mangilli, A. Marcos-Caballero, M. Maris, P. G.
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Edouard Tollet, Andrea V. Macciò, Aaron A. Dutton, Greg S. Stinson, Liang Wang, Camilla
Penzo, Thales A. Gutcke, Tobias Buck, Xi Kang, Chris Brook, Arianna Di Cintio, Ben W.
Keller, and James Wadsley. NIHAO - iv: core creation and destruction in dark matter
density profiles across cosmic time. MNRAS, 456(4):3542–3552, March 2016. doi: 10.
1093/mnras/stv2856.

Stephanie Tonnesen and Greg L. Bryan. Star formation in ram pressure stripped galactic
tails. MNRAS, 422(2):1609–1624, May 2012. doi: 10.1111/j.1365-2966.2012.20737.x.

G. Torrealba, V. Belokurov, S. E. Koposov, T. S. Li, M. G. Walker, J. L. Sanders,
A. Geringer-Sameth, D. B. Zucker, K. Kuehn, N. W. Evans, and W. Dehnen. The
hidden giant: discovery of an enormous galactic dwarf satellite in Gaia DR2. MNRAS,
488(2):2743–2766, September 2019. doi: 10.1093/mnras/stz1624.

Paul Torrey, Mark Vogelsberger, Debora Sijacki, Volker Springel, and Lars Hernquist.
Moving-mesh cosmology: properties of gas discs. MNRAS, 427(3):2224–2238, Decem-
ber 2012. doi: 10.1111/j.1365-2966.2012.22082.x.

M Tremmel, T R Quinn, A Ricarte, A Babul, U Chadayammuri, P Natarajan, D Nagai,
A Pontzen, and M Volonteri. Introducing romulusc: a cosmological simulation of a galaxy
cluster with an unprecedented resolution. Monthly Notices of the Royal Astronomical
Society, 483:3336–3362, 3 2019. ISSN 0035-8711. doi: 10.1093/mnras/sty3336.

Jason Tumlinson, Molly S. Peeples, and Jessica K. Werk. The circumgalactic medium.
ARA&A, 55(1):389–432, August 2017. doi: 10.1146/annurev-astro-091916-055240.

Graziano Ucci, Pratika Dayal, Anne Hutter, Chiaki Kobayashi, Stefan Gottlöber, Gustavo
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Appendix A

Effect of ICL definition

As mentioned in section 2.4.1 there are various definitions of ICL in the literature.

Here we examine the effect on the predicted ICL mass of adopting a few of these different

definitions. The methods used to define ICL are as follows; considering stellar particles that

do not belong to any subhalos in the range 0.15 × r200 < r < r200 (shown by blue circles),

compared to stars in 5×rh∗ < r < r200 where rh∗ is the stellar half mass radius of the central

galaxy (shown by green circles), and stars in range r25 < r < r200 where r25 is the radius

where the surface brightness (SB) reaches 25 mag/arcsec2 (results are shown by orange

circles). The upper right panel of Fig. F.1 shows the mass in the ICL, while the upper

left panel shows ICL fraction as a function of virial mass of the group for our sample of 39

halos in TNG50. The lower panels show the same quantities compared to the definition of

ICL used in this paper. Our results suggest that, given the dispersion in the predicted ICL

amount at a given virial mass, the changes in the definition will not significantly affect the

results. All predicted fractions remain within approximately a factor of ∼2 of our adopted
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Figure A.1: Upper left panel: ICL fraction as a function of virial mass. Upper right panel:
stellar mass content in the ICL as a function of virial mass. Lower left panel: alternative
ICL fractions compared to the method used in this paper. Lower right panel: the fraction
of stellar mass content in the ICL measured from alternative definitions to the mass content
from the ICL definition method used in this paper. The different colors correspond to
various definitions of ICL.
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definition, with the SB-cut-based definition consistently yielding lower values, while the

5 × rh∗ < r < r200 definition tends to predict higher fractions than our adopted one.
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Appendix B

The GC tagging technique

Below is a summary of the method introduced in Doppel et al. (2023) to tag GCs

into the TNG50 simulations. We add GC particles to all selected galaxies in TNG50 that

interact with the 39 most massive groups (M200 > 5 × 1012 M⊙). The procedure is done at

their time of infall, when we select the full set of DM particles that follow a given energy

distribution. The energy distribution is calculated by assuming that the DM halos of the

selected galaxies conform to an NFW profile (Navarro et al. 1996):

ρNFW(r) =
ρ0NFW

(r/rNFW)(1 + r/rNFW)2
, (B.1)

that is fit to each galaxy at infall following Lokas and Mamon (2001). We assume a scale

radius, rNFW = rmax/α where rmax is the radius of maximum circular velocity calculated

from the dark matter particle distribution in the simulation and α = 2.1623 (Bullock et al.

2001).
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Figure B.1: Number of GCs in the ICL as a function of the virial mass of the halos.

Subsequently, GCs are assumed to follow a Hernquist profile (Hernquist 1990):

ρHQ(r) =
ρ0HQ

(r/rHQ)(1 + r/rHQ)3
. (B.2)

with scale radius rHQ is dependent upon whether the GC is “red” or “blue”. The “red”

component is intended to be representative of a more radially concentrated metal rich GCs,

while a “blue” component refers to a more radially extended and metal poor population of

GCs. Following (Ramos-Almendares et al. 2020), it is assumed that rHQ = βrNFW, where

βred = 0.5 and βblue = 3.0. ρHQ is fit such that the number of GC candidates are maximized.

Next, the distribution function is calculated for the NFW halo, the blue GCs, and

the red GCs following Binney and Tremaine (2008):

fi(ϵ) =
1

8π

[ ∫ ϵ

0

d2ρi
dψ2

dψ√
ϵ− ψ

+
1√
ϵ

(
dρi
dψ

)∣∣∣∣
ψ=0

]
, (B.3)
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where ρi is the density profile of i = (DM, Red GCs, Blue GCs), Ψ is the relative gravita-

tional potential, and ϵ is the relative energy. In bins of relative energy, a fraction fHQ,i/fDM

of the DM particles are selected to be GCs, and the final set of GC candidates are defined

to be within a cutoff radius of rh/3, where rh is the total half-mass radius of the galaxy,

following Yahagi and Bekki (2005).

The method assumes a power-law relation between the total GC mass and the

halo mass of each galaxy whose normalization is calibrated such that it reproduces the

observed relation at the present-day (Harris et al. 2015). Only halos with M200 > 1011 M⊙

participate in the calibration process and properties of lower mass objects can be considered

a prediction. More specifically, the resulting coefficients for the MGC - Mhalo relation at

infall are:

MGC,z=0 = aM b
halo,z=0, (B.4)

where a = 2.6 × 10−8 and 4.9 × 10−5 for red and blue GCs respectively, with b = 1.2 and

0.96 for red and blue GCs. Similarly to Harris et al. (2015), z = 0 halo masses are calculated

assuming abundance matching parameters from Hudson et al. (2015).

The calibration for GC mass is made using the amount of GC stripping by z = 0:

fbound = Ncandidates,z=0/Ncandidates,infall. Where a GC candidate is considered (still) bound to

a galaxy if its corresponding DM particles are identified as part of the galaxy via SUBFIND.

Assuming that at infall, the relation between MGC and Mhalo still follows a power law:

MGC,inf =
1

fbound
MGC,z=0 = ainfM

binf
halo,inf , (B.5)
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with the coefficient and exponent found to be ainf = 2.6 × 10−7 and 7.3 × 10−5 and binf =

1.14 and 0.98 for red and blue GCs respectively.

Finally, the number of all identified GC candidates with energy consistent with

the distribution of red and blue GCs is in most cases larger than the observed number

of GCs around such galaxies. Subsequently, the GC candidates at infall for each galaxy

are subsampled to obtain a realistic number of GCs (Fig B.1 shows the number of GCs

in the ICL for our sample of groups and clusters). For a given galaxy, we assume that

the z-band luminosity function of GCs is Gaussian, centered on LGC = 2 × 105 L⊙ with a

dispersion that varies with galaxy luminosity (as found by Jordan et al. 2007). We select

GC luminosities, converting them to masses assuming a z-band mass to light ratio of 1

M⊙/L⊙, until the total selected mass in GCs is consistent with the total GC mass assigned

to the galaxy at infall. The resulting individual GC masses, mGC are in the range 7 × 103

M⊙ ≤ mGC ≤ 5 × 106 M⊙, consistent with observational constraints from Jordan et al.

(2007).
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Appendix C

Surface brightness profiles

In order to establish a fair comparison between observations and simulations, we

randomly project our simulated groups and clusters generating their 2D surface brightness

maps. The results are presented in Fig. C.1, where the solid black line represents the median

surface brightness for our entire sample in circular radii bins. Because we span a range of

host halo masses, we normalize the horizontal axis to the virial radius of each system. The

shaded grey region illustrates the whole range of surface brightness covered by our entire

sample. This variation in profile is given by two factors: object-to-object differences in

assembly history and mass in the ICL and, also important, the range of host halo masses

being included. For illustration, the median surface brightness including only the three

most massive clusters with M200 ∼ 1014M⊙ is shown by the dashed black line, which is

systematically ∼ 1 magnitude brighter that considering the whole sample. The area being

shaded by hatching for R/r200 < 0.15 separates the inner regions attributed to the BCG

and not considered part of the ICL.
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Figure C.1: Surface brightness profiles of our sample of groups and clusters. The black line
represents the median profile for the entire sample, while the dashed black line corresponds
to the median profile of the three most massive groups. The shaded region illustrates the
dispersion across all groups in our sample. The gray hatched region indicates the extent of
the BCG.

The turquoise horizontal dashed line indicates the 28 mag/arcsec2 limit at which

we measure the radius of each group. For comparison, we have included estimates of the

surface brightness limits for the James Webb Space Telescope (based on the study of ICL

in SMACS 0723 by Montes and Trujillo 20221), the Euclide VIS Deep survey(Borlaff et al.

2022)1, and the Dragonfly Telephoto Array’s deep nearby galaxy survey (which provides

g-band surface brightness profiles down to 31-32 mag/arcsec2, see Merritt et al. (2016) for

applications to stellar halo studies). We predict that observational campaigns in the future

targeting ∼ 31 mag/arcsec2 are a promising avenue to map the stellar diffuse component in

groups and clusters out to at least half the virial radius.

1These limits correspond to a sky fluctuation of 3σ in an area of 10 × 10 arcsec2.
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Appendix D

Summary of Observations

In this section, we present the observational data utilized for the ICL fraction–

halo mass relation. Although efforts were made to gather data from sources employing

consistent definitions and methods, some studies included in this compilation used different

techniques to identify the ICL. For instance, Spavone et al. (2020) studied the Fornax

cluster and utilized multi-component fits1 to distinguish the ICL component, revealing that

approximately 34% of the total light in this cluster originates from the ICL. Another study

by Da Rocha and Mendes de Oliveira (2005); Da Rocha et al. (2008) employed wavelet

techniques2 to measure the ICL in six objects from the Hickson Compact Group (HCG)

catalog, resulting in a wide range of observed ICL fractions. The ICL fractions varied from

no detected ICL in HCG 88 to approximately 33% for HCG 79 (the fraction representing the

1Using multiple equations to describe BCG + ICL (such as single or double Sérsic profiles and/or expo-
nential profiles).

2The wavelet technique consists of deconvolving the signal into wavelet coefficients (since images are a 2D
signal, each wavelet coefficient corresponds to a plane), identifying the objects representations in the wavelet
space, defining the objects with a “multiscale vision model” (Bijaoui and Rué 1995) and reconstructing the
detected objects (Da Rocha and Mendes de Oliveira 2005; Jiménez-Teja and Dupke 2016; Ellien et al. 2021).
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ratio of ICL light to the total light of the group in the R band). Some studies have combined

observational results with semi-analytical simulations to estimate the ICL fraction, such as

the deep survey of the Virgo cluster conducted by Mihos et al. (2017), which estimated a

range of 7-15% for the ICL fraction.

Furthermore, variations in the choice of observational bands used to infer the

ICL fraction can be noticed. Different bands can yield different measurements of the ICL

fraction. For example, Ragusa et al. (2021) investigated HCG 86 and found an ICL fraction

of 14% in the r band and 19% in the g band, highlighting how the choice of band in

observations can influence the measured amount of light attributed to the ICL.

An interesting outcome of these measurements is the dispersion observed in the

ICL fraction at a given halo mass. Iodice et al. (2020) compared the ICL fractions of several

different objects using the same method and demonstrated how features present in the ICL,

outer envelope of the brightest cluster galaxy, and the presence of HI can indicate different

evolutionary stages and mass assembly histories for different groups and clusters.

Additionally, some studies have linked the ICL fraction to the mean morphology

of the group or cluster. Poliakov et al. (2021) measured the ICL fraction for multiple HCG

objects and found that the mean surface brightness of the intra-group light correlates with

the mean morphology of the group, with brighter intra-group light observed in groups with

a larger fraction of early-type galaxies. It is important to note that the investigated groups

in the TNG50 simulations exhibit various morphologies and formation histories, which may

contribute to the wide variation in ICL fractions at a given mass.
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Table D.1 below provides a summary of the observational results compiled from

multiple sources.

Table D.1: Observational Data.

Object ref. for fICL fICL Mhalo [1013 M⊙] Comments

Fornax Spavone et al. (2020) 34% (21.4% - 53.8%) 6.3 ref. for mass: Spavone et al. (2020); Ragusa

et al. (2021); Montes (2022)

Observation was conducted in u,g,r,i bands

(Spavone et al. 2020)

Montes (2022) 34% (19% - 49%)

Ragusa et al. (2021) 34±2%

Virgo Mihos et al. (2017) 7 -15% 31.6 (1)

ref. for mass(1): Ragusa et al. (2021);

Spavone et al. (2020)

ref. for mass(2): Weinmann et al. (2011)

Observation was conducted in B and V bands

(Mihos et al. 2017)

Using results of simulations (Rudick et al.

2009), Mihos et al. (2017) estimated 5-10%

of the ICL should be the form of coherent

streams (the relatively high surface bright-

ness tidal features that represent material

most recently stripped from their host galax-

ies), which help them estimate the whole

amount of ICL luminosity.

Ragusa et al. (2021) 11±3% 14-40 (2)

IC 1459 Iodice et al. (2020); Ra-

gusa et al. (2021)

2±2% 3.7

ref. for mass: Iodice et al. (2020); Ragusa

et al. (2021)

Observation was conducted in g and r bands

(Iodice et al. 2020)

NGC 5018 Spavone et al. (2018) 41% 0.68 ref. for mass: Ragusa et al. (2021); Iodice

et al. (2020); Montes (2022)

Observation was conducted in u,g,r bands

(Spavone et al. 2018)

Ragusa et al. (2021) 40±5%

Iodice et al. (2020) 41±5%

NGC 1533 Ragusa et al. (2021);

Iodice et al. (2020)

8±2% 0.49

ref. for mass: Ragusa et al. (2021); Iodice

et al. (2020)

Observation was conducted in g,r bands

(Cattapan et al. 2019)

Continued on next page
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Table D.1 – continued from previous page

Object ref. for fICL fICL Mhalo [1013 M⊙] Comments

HCG 8 Poliakov et al. (2021);

Ragusa et al. (2021)

25.1% 5.29
ref. for mass: Montes (2022)

Observation was conducted in r band (Poli-

akov et al. 2021)

HCG 15 Da Rocha et al. (2008);

Iodice et al. (2020)

B: 16±3% a,b

R: 18±4%a,b

5.3b (1)
ref. for mass(1): Da Rocha et al. (2008);

Montes (2022)

ref. for mass(2): Da Rocha et al. (2008);

Ragusa et al. (2021); Iodice et al. (2020)

Observation was conducted in B and R bands

(Da Rocha et al. 2008)

Da Rocha et al. (2008);

Ragusa et al. (2021)

B: 19±4% a,c

R: 21±4%a,c

5.67c (2)

HCG 17 Poliakov et al. (2021) 16.3% Observation was conducted in r band (Poli-

akov et al. 2021)

HCG 35
Da Rocha et al. (2008);

Ragusa et al. (2021);

Iodice et al. (2020)

B: 15±3% a

R: 11±2%a

1.51 (1)

ref. for mass(1): Da Rocha et al. (2008);

Ragusa et al. (2021); Iodice et al. (2020);

Montes (2022)

ref. for mass (2): Montes (2022)

Observation was conducted in B and R bands

(Da Rocha et al. 2008)
Poliakov et al. (2021) 12.8% 3.1 (2)

HCG 37 Poliakov et al. (2021);

Ragusa et al. (2021)

12.7% 5.87 (1) ref. for mass(1): Montes (2022)

ref. for mass(2): Ragusa et al. (2021)

Observation was conducted in r band (Poli-

akov et al. 2021)
2.24 (2)

HCG 51 Da Rocha et al. (2008);

Iodice et al. (2020)

B: 26±5% a,b

R: 24±5%a,b

3.59b (1)
ref. for mass(1): Da Rocha et al. (2008);

Montes (2022)

ref. for mass(2): Da Rocha et al. (2008)

Observation was conducted in B and R bands

(Da Rocha et al. 2008)

Da Rocha et al. (2008);

Ragusa et al. (2021)

B: 31±6% a,c

R: 28±5%a,c

0.74c (2)

HCG 74 Poliakov et al. (2021);

Ragusa et al. (2021)

7.5% 28.65
ref. for mass: Montes (2022)

Observation was conducted in r band (Poli-

akov et al. 2021)

Continued on next page
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Table D.1 – continued from previous page

Object ref. for fICL fICL Mhalo [1013 M⊙] Comments

HCG 79

Da Rocha and

Mendes de Oliveira

(2005); Ragusa et al.

(2021)

B: 46±11% a

R: 33±11%a

1.04 (1)
ref. for mass(1): Montes (2022)

ref. for mass(2): Ragusa et al. (2021); Iodice

et al. (2020)

Observation was conducted in B and R bands

(Da Rocha and Mendes de Oliveira 2005)
Iodice et al. (2020) 46±10% 3.98 (2)

HCG 86 Ragusa et al. (2021) Radius < 160kpc :

g: 19±3% (35±5% d)

r: 14±2% (29±6% d)

Radius < 120kpc :

g:16±3% (28±5% d)

r: 11±2% (23±7% d)

0.85
ref. for mass: Ragusa et al. (2021)

Observation was conducted in g,r,i bands

(Ragusa et al. 2021)

HCG 88 Da Rocha and

Mendes de Oliveira

(2005); Iodice et al.

(2020)

0a 2.88 (1) ref. for mass(1): Montes (2022)

ref. for mass(2): Iodice et al. (2020)

Observation was conducted in B and R bands

(Da Rocha and Mendes de Oliveira 2005)

0.12 (2)

HCG 90 Ragusa et al. (2021);

Iodice et al. (2020)

38±3% 1.17 ref. for mass: Ragusa et al. (2021); Iodice

et al. (2020)

HCG 95
Da Rocha and

Mendes de Oliveira

(2005); Ragusa et al.

(2021)

B: 11±26% a

R: 12±10%a

2.14
ref. for mass: Ragusa et al. (2021); Montes

(2022)

Observation was conducted in B and R bands

(Ragusa et al. 2021) (Poliakov et al. 2021)

a ICL fractions are measured using wavelet technique

b corresponding to sextet configuration

c corresponding to quintet configuration

d Measured ICL fraction with respect to mass of the BCG
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Appendix E

Physical conditions for star

formation

In this section we provide additional information on the gas density and temper-

ature as physical conditions related to the rate of star formation. We show in Fig. E.1 the

distribution of gas density (left panel) and temperature (right panel) of star-forming gas in

different environments: ICL (blue) and satellites in our clusters (gray). The classification

of cells as either belonging to the ICL or to satellites has been done consistent with the

classification of stars, following membership of cells as assigned by Subfind and “cleaning”

the ICL from particles close in distance to surviving satellites (see Sec. 3.3.1). Fig. E.1

below shows that the star formation in the ICL occurs with densities slightly biased low

with respect to the star formation in the ISM of galaxies, but there is considerable overlap

in the distributions. For completeness, we also show the temperature distributions on the

right panel, which suggest a similar trend as in the density. However, it should be kept
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Figure E.1: Left panel: histogram of density of star-forming gas cells that belong to the
ICL (shown by the blue line) and massive subhalos (shown by the gray line). Right panel:
histogram of temperature of star-forming gas cells shown using the same color for the same
components from the right panel.

in mind that in baryonic treatments based on the Springel and Hernquist (2003) model,

temperature is not an independent variable, but instead computed from the density of cells

above the threshold for star formation are placed on an effective equation of state T ∝ ργ .
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Appendix F

Effect of resolution on predictions

for star formation

To assess the impact of resolution on the star formation rates found within the ICL

regions in our studied groups in TNG50, we turn our attention to the results obtained from

TNG100 and TNG50-2. TNG100-1, part of the same suite of cosmological hydrodynamical

simulations, represents a larger baryonic run with a volume of 110.7 Mpc3 and 2 × 18203

resolution elements (lower resolution compared to TNG50, which features 2× 21603 resolu-

tion elements). In this run, the baryon and dark matter particle masses are 1.4×106M⊙and

7.5 × 106M⊙, respectively. TNG50-2 has the exact same volume as TNG50 but simulated

at the resolution of TNG100.

For the comparison, we exclusively consider groups with virial masses similar to

those examined in our study (M200 ⪆ 6.5 × 1013), resulting in a subset of 26 groups in

TNG100 and 3 groups in TNG50-2.
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Figure F.1: Star formation rate (SFR) plotted against stellar mass for different groups in
TNG100, TNG50, and TNG50-2 simulations. Results for central galaxies are represented
by stars, with orange denoting centrals in TNG100, red for TNG50, and unfilled red stars
for TNG50-2. The ICL component is illustrated by squares, with light blue indicating ICL
in TNG100, navy blue for TNG50, and unfilled navy blue representing TNG50-2.

In Fig. F.1, we juxtapose the star formation rates in TNG50 and TNG100 for

both central and ICL regions. The results of TNG50 seem within the scatter of those for

the larger sample of TNG100 groups, perhaps slightly biased to the upper half of the SFR

distribution. For a more direct comparison, we also show the 3 most massive groups in the

TNG50-2 run, close in resolution to TNG100. These comparisons suggests a weak depen-

dence of the results with numerical resolution which is in line with the resolution trends

found in the formation of clouds in Nelson et al. (2020): better resolved runs seem more

prone to form clouds and also will result in a larger chance to have star-forming gas in them.

197



Appendix G

Details on constraining Galacticus

model

In this work, we utilize a model similar to that recently proposed by Weerasooriya

et al. (2023), but with some differences which result from the recalibration of our model

after including the physics described in §4.3. Here we outline the parameters that need

adjustment.

Cooling rate: We follow White and Frenk (1991) to account for the cooling rates

based on the following expression.

Ṁcool =


4πr2infallρ(rinfall)ṙinfall if rinfall < rhot,outer

Mhot/τhalo,dynamical if rinfall ≥ rhot,outer

, (G.1)

where rinfall is the infall radius in the hot halo and ρ(r) is the density profile of

the hot halo.
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Feedback: We adopt a power-law model to parameterize the stellar feedback,

treating the disk and spheroidal components separately. The outflow rate is calculated

using the following equation:

Ṁoutflow =

(
Voutflow
V

)αoutflow Ė

Ecanonical
. (G.2)

Here, Voutflow is the characteristic velocity, set to 250 km/s and 100 km/s for the disk

and spheroid components, respectively. The tunable exponent αoutflow is set to 2 for both

components. E is the rate of energy input from the stellar populations and Ecanonical is the

total energy input by a canonical stellar population, normalized to 1M⊙ after infinite time.

Reionization model: Our reionization model employs a methodology similar to

that introduced by Benson (2020). Specifically, we assume that the intergalactic medium

is instantaneously and fully reionized at redshift z = 9.97, as determined by Hinshaw et al.

(2013). This instantaneous reionization results in a rapid photoheating of the IGM to T =

3 × 104 K, followed by a cooling such that the temperature at redshift z = 0 drops to T =

1 × 103 K, resulting in an electron scattering optical depth of 0.0633 in this model1.

Accretion mode: Accretion of baryonic component into halos is computed using

the filtering mass prescription of Naoz and Barkana (2007). In this prescription, it is

assumed that the gas mass content of the halos is given by:

Mg(M200b,MF) = (Ωb/ΩM)f(M200b/MF)M200b, (G.3)

1We would like to note that the electron scattering optical depth utilized in this study slightly deviates
from the assumptions of FG20 model, but remains within 1.3σ of their results. The Planck 2018 (Planck
Collaboration et al. 2020) results were employed in their analysis for this purpose.
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where MF is the filtering mass, as first introduced by Gnedin (2000) (here defined following

Naoz and Barkana 2007), M200b is the halo mass defined by a density threshold of 200 times

the mean background density, and Ωb and ΩM are baryon and total matter densities as a

fraction of the critical density, and

f(x) = [1 − (21/3 − 1)x−1]−3. (G.4)

The accretion rate onto the halo is therefore assumed to be

Ṁg =
Ωb

ΩM

d

dM200b
[f(M200b/MF)M200b] Ṁtotal. (G.5)

However, in practice, three assumptions are violated. Firstly, the filtering mass is not

constant in time; secondly, Mtotal does not always correspond to M200b; and thirdly, the

growth of halos occurs through both smooth accretion and merging of smaller halos. As a

result, the mass fraction in the halo will differ from f(M200b/MF). To address this issue,

it is additionally assumed that mass flows from the hot halo reservoir to an “unaccreted”

mass reservoir2 at a rate:

Ṁhot = −
αadjust

τdyn
[Mhot +Munaccreted][faccreted − f(M200b/MF)], (G.6)

where αadjust = 0.3 is chosen to ensure that the relation between gas mass and halo mass

in equation G.3 is approximately maintained, τdyn is the dynamical timescale, Munaccreted

is the mass in the unaccreted reservoir, and faccreted. By making these adjustments in the

model, the effects of the increased gas pressure in the IGM on accretion into the CGM are

accounted for.

2This “unaccreted” reservoir represents gas in the vicinity of the halo which has been unable to accrete
due to thermal pressure.
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Angular momentum: To track the angular momentum content of halos (and their

constituent gas) we adopt the random-walk model first proposed by Vitvitska et al. (2002)

and developed further by Benson et al. (2020, readers are encouraged to consult this paper

for more detailed information) which predicts the spins of dark matter halos from their

merger histories. According to this model, the acquisition of angular momentum by halos

occurs through the cumulative effects of subhalo accretion. By incorporating this angular

momentum prescription, we can effectively reproduce the distribution of spin parameters

observed in N-body simulations (Benson et al. 2020). This approach is advantageous in

accounting for the intricate processes associated with halo formation and evolution (specif-

ically for the lower mass objects), thereby providing a more accurate representation of the

dynamics and properties of the simulated halos.

In Benson et al. (2020) the model was applied only to very well-resolved halos.

Since, in this work, we want to explore galaxy formation in very low-mass halos—much

closer to the resolution limit of the merger trees—it becomes imperative to consider the un-

resolved mass accretion into the halos and the corresponding alterations in angular momen-

tum, particularly for the lower mass range. Therefore, we include an additional stochastic

contribution to the angular momentum from unresolved accretion. This represents the fact

that the angular momentum vector of a halo will diffuse away from zero in a random walk

even if the mean angular momentum contributed by unresolved accretion is zero. The three

components of the angular momentum vector of unresolved accretion are treated as inde-

pendent Wiener processes with time-dependent variance that scales as the characteristic

angular momentum of the halo. Specifically, each component of the angular momentum
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vector obeys:

Ji(t2) = Ji(t1) + σ
√

∆J2
vN(0, 1) (G.7)

where ∆J2
v represents the change in (the square of) the characteristic angular momentum

of the halo, Jv = Mv(t)Vv(t)Rv(t), due to unresolved accretion. Here Mv(t), Vv(t), and

Rv(t) are the virial mass, velocity, and radius respectively, σ2 represents the variance in

angular momentum per unit increase in J2
v , and N(0, 1) is a random variable distributed as

a standard normal.

Making the approximation that the characteristic angular momentum scales in

proportion to mass3 we can write

∆J2
v ≈ J2

v (t2) − J2
v (t1)

{
M(t1) +Mr

M(t1)

}2

= J2
v (t2) − J2

v (t1)

{
M(t2) −Mu

M(t1)

}2

(G.8)

where Mr and Mu are the resolved and unresolved mass accreted between times t1 and t2

respectively.

This model captures the idea that the increase in angular momentum from a

merging event should be of order ∆MVv(t)Rv(t) (since merging halos have velocities which

scale with Vv(t) and occur at separation Rv(t)). Additionally, because this is a Wiener

process the resulting distribution of Ji(t) at any given time is independent of the number

of steps used to get from t = 0 to that time. (That is, the results are independent of how

finely we sample the mass accretion history of each halo.) We find that σ2 = 0.001 results

in reasonably good agreement between predicted and observed galaxy sizes (as discussed in

more detail in §4.4.2).

3In detail this is not correct, as there is also some dependence on the change in redshift across the timestep
due to the dependence of virial densities on redshift. In practice, we ignore this dependence and absorb such
effects into the parameter σ.
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G.1 Dark Matter halo evolution in Galacticus

Unlike the approach taken by Weerasooriya et al. (2023), who utilized merger trees

extracted from N-body simulations, this study utilizes the Galacticus framework for the

evolution of both the DM and baryonic components within the halos. Here, we provide

a brief overview of this process. Galacticus constructs merger trees for dark matter

halos backwards in time using the algorithm of Cole et al. (2000), along with the modified

merger rates found by Benson (2017), which were constrained to match the progenitor mass

functions in the MultiDark (Klypin et al. 2016) N-body simulation suite (see here). It then

evolves the properties of the halos forward in time. When halos merge, the more massive

one becomes the host, while the smaller one becomes a subhalo orbiting within it. Subhalos

are initialized at the host’s virial radius, positioned isotropically at random, with velocities

drawn from distributions predicted by cosmological simulations. In this work, we adopt

parameters from Jiang et al. (2015) and best-fit values from Benson et al. (2020). The

positions and densities of subhalos are tracked over time, accounting for dynamical friction,

tidal stripping, and tidal heating until specified disruption criteria are met (Pullen et al.

2014; Yang et al. 2020). To enable rapid simulation, interactions between subhalos are

ignored (see Penarrubia and Benson (2005) for a justification of this approximation), and

subhalos are disrupted if their bound mass falls below 107M⊙ or they pass within a distance

from the host halo center equal to 1% of the host’s virial radius. For a more comprehensive

explanation, refer to Yang et al. (2020); we also refer the reader to the recent comparison

between Galacticus predictions and Symphony simulations in Nadler et al. (2023b).
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Here we explain further the nonlinear dynamical processes that govern the subhalo

orbital evolution within the host halo.

Dynamical friction: causes a subhalo to decelerate as it traverses the dark matter

particles of the host halo. This is modeled using the Chandrasekhar formula (Chandrasekhar

1943), assuming a Maxwell–Boltzmann distribution of host particles (see eq. (1) in Yang

et al. 2020). Which introduce our first free parameter, the “Coulomb logarithm (ln Λ)”.

Tidal stripping: removes mass from the subhalo that lies beyond the tidal radius

(King 1962; van den Bosch et al. 2018), where the tidal force from the host exceeds the

subhalo’s self-gravity. This is modeled following Zentner et al. (2005), with mass being

removed outside the tidal radius over an orbital timescale (see eq. (5) in Yang et al. 2020).

Our second free parameter, α, controls the strength of tidal stripping.

Tidal heating: injects energy into the subhalo through rapidly varying tidal forces,

causing it to expand. This is modeled using the impulse approximation with an adiabatic

correction factor and a tidal tensor time integral decay term (see eq. (8) in Yang et al.

2020). The exponent γ controls the adiabatic correction term, as discussed by Gnedin and

Ostriker (1999). The value of γ is somewhat uncertain, with Gnedin and Ostriker (1999)

finding γ = 2.5 (which was used by Pullen et al. 2014), while theoretical considerations

predict γ = 1.5 in the slow-shock regime (Gnedin and Ostriker 1999; Weinberg 1994a,b).

The heating coefficient, ϵh, which accounts for the higher order heating effects, is treated

as a free parameter. This model was later improved by incorporating second-order terms in

the impulse approximation for tidal heating (see eq. (4) in Benson and Du 2022), allowing
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for an accurate match to the tidal tracks observed in high-resolution N-body simulations

(refer to Benson and Du (2022) for further details).

An initial calibration of these free parameters was performed by Yang et al. (2020)

using an MCMC fitting workflow to thoroughly explore the parameter space with high

efficiency. For the purpose of this study, we adopt ln Λ = 1.35, ϵh = 2.70, and α = 2.95.

We approximate these values for the choice of γ = 1.5 (as used in the updated tidal heating

model of Benson and Du 2022) by interpolating between the cases of γ = 0.0 and 2.5, using

the Caterpillar simulations as calibration target.
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Appendix H

Occupation fraction – comparison

with hydrodynamical simulations

Fig. H.1 shows a comparison of our occupation fraction predictions to those from

several hydrodynamical simulations. At face value, our model predicts the occupation of

substantially lower-mass halos compared to simulations. The solid black line with gray

shading indicates our preferred model, while lines in blue hues represent predictions from

hydrodynamical simulations from Sawala et al. (2016b), Benitez-Llambay and Frenk (2020)

and Munshi et al. (2021) (see legends). However, there are two main factors that complicate

this comparison. First, the physics included (and its implementation) vary substantially

from model to model. We have checked in detail the different physics being implemented

in Galacticus compared to these other simulations and conclude that the inclusion of

H2 cooling, likely accounts for the majority of the difference between our predictions and

those of some hydrodynamical simulations. We show in the dashed black line how our
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Figure H.1: Comparison to occupation fractions predicted by hydrodynamical simulations.
Solid black line with gray shading shows the result of our preferred model, while the long-
dashed thick black curve indicates the median occupation fraction when not including H2

cooling. Results from Sawala et al. (2016b) and Benitez-Llambay and Frenk (2020) are
presented with blue and light-blue curves. Dotted lines with blue hues illustrate results
from Munshi et al. (2021). For all hydrodynamical simulations, the resolution to call a halo
“dark” varies between M∗ < 104−105 M⊙, as indicated by the labels. To imitate resolution
effects from simulations, we apply further cuts to our preferred and no-H2 cooling models
considering as “dark” galaxies with M∗ < 104 M⊙ (starred symbols) and M∗ < 105 M⊙
(triangle symbols). Including resolution cuts, in particular M∗ < 105 M⊙, brings our model
in closer agreement with prediction from other simulations. However, we still predict a
higher occupation fraction than these models.
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predictions would change if only atomic hydrogen cooling was included. As expected, it

lowers the occupation fraction of low mass halos, bringing our model into closer agreement

with simulations, although it still shows a somewhat higher fraction of halos with a luminous

component compared to hydrodynamical simulations.

The second factor complicating the comparison between our model and simulations

is numerical resolution. In simulations, the particle mass and force resolution impose a limit

in the formation of “luminous” galaxies, which tend to occur in higher mass halos than those

resolved in our semi-analytical model. For instance, Munshi et al. (2021) clearly shows

that the occupation fraction, defined as the halo mass where 50% of halos hosts a luminous

component, might change by up to 1 dex in halo mass by varying the minimum M⋆ resolved.

To examine this behavior, we impose two cuts to our preferred and no-H2 cooling models:

i) consider as dark all halos with a stellar mass below M⋆ < 104 M⊙ (curve with triangle

symbols) and, ii) M⋆ < 105 M⊙ (curve with starred symbols). Interestingly, when applying

these relatively “bright” cuts, the difference between models with and without H2 cooling

disappears. This highlights that the physics of molecular hydrogen cooling is only important

when modeling the low mass end of the ultra-faint galaxies, or galaxies with M⋆ < 104 M⊙.

It is also worth highlighting that imposing these cuts to mimic resolution effects brings our

predicted occupation fractions into much closer agreement with simulations, suggesting that

hydrodynamical results may be affected by the definition of the occupation fraction, which

in turn is limited by resolution in these studies.
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Appendix I

Comparison to other SAMs

Previous studies of the MW satellite galaxies in the context of the CDM cosmology

have been made using other, similar SAM frameworks. Earlier studies by Benson et al.

(2002); Somerville (2002); Kravtsov et al. (2004) only compared with the “classical” satellite

population of dwarfs around MW (down to MV = -8.8) due to the lack of resolution.

More recent studies have pushed this limit further by using N-body simulations with better

resolution as benchmarks for the formation and evolution of the subhalos that are used by

SAMs to host the MW and its satellite population.

One of the N-body simulations used is the Via Lactea II simulation, which was

adopted by Busha et al. (2010) to explore the effects of inhomogeneous reionization on the

population of MW satellites. The availability of larger and smaller volume (lower and higher

resolutions) realizations of the simulation allowed these authors to assess spatial variations

in the epoch of reionization. Their galaxy evolution model was much more simplistic than

that employed in this work in general, but their luminosity function predictions seem to
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qualitatively agree with our simplest model (i.e. the model including atomic hydrogen

cooling and assuming a reionization redshift of ∼10). A similar N-body simulation was

used by Muñoz et al. (2009) who adopted a slightly more involved approach to account

for star formation at different times. They found agreement with the observed satellite

luminosity function (those discovered prior to SDSS and the ultra-faint sample found in the

SDSS DR5) and showed that molecular hydrogen cooling is important for producing the

correct abundance of low-luminosity satellites, although their molecular hydrogen cooling

model is different from the one used in our study and the effect of which is stopped at

z = 20 when they assume molecular hydrogen to be dissociated.

Another N-body simulation frequently used for the study of MW-analogs via SAMs

is the Aquarius simulation. Macciò et al. (2010) compares results from three different semi-

analytic models of galaxy formation (SAMs by Kang 2008; Somerville et al. 2008, and

MORGANA first presented in Monaco et al. 2007) applied to high-resolution N-body sim-

ulations (Aquarius). The subhalo information was not used to determine the evolution of

satellite galaxies (e.g. to determine merging timescales). To add a suitable reionization-

induced suppression of galaxy formation, the Gnedin (2000) filtering mass prescription is

added to each model, with a reionization history taken from Kravtsov et al. (2004). They

found that all three models can achieve a reasonable match to the observed satellite lumi-

nosity function with a reionization epoch of z = 7.5. However, they note that the original

filtering mass prescription overestimates the suppressing effects of reionization. Adopting

the currently favored suppression (which becomes effective in haloes with characteristic

velocities below ∼30 km/s), they found that a higher redshift, z = 11, of reionization is
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required to restore a good match to the data. Macciò et al. (2010) explored the roles of

various physical ingredients in their models in achieving this match. In particular, they

found that the inclusion of supernova feedback is crucially important—without it far too

many luminous galaxies are formed. The Aquarius simulation was also used in the study of

Li et al. (2010) where they apply an updated version of the “Munich model” described by

De Lucia and Blaizot (2007) (with updates to the reionization and feedback prescriptions)

to study MW satellites. The cooling model used in this study is similar to that used in this

work (White and Frenk 1991). It is important to note that cooling via molecular hydrogen

was not included, under the assumption that H2 is efficiently photodissociated. Given this

difference they are still able to reproduce the luminosity function for MW satellites, but

their mass-metallicity relation does not seem to predict the plateau observed at the lower

mass end. Although not directly stated in their results, we can infer from their Fig. 15 a

threshold of peak halo mass above which all of their subhalos are luminous (this threshold

is ∼109 M⊙) which approximately agrees with our model where we include only atomic

hydrogen cooling (as expected), but is clearly not able to produce the occupation fractions

inferred from observation by recent studies (see results from Nadler et al. 2020).

The work conducted by Font et al. (2011) using the GALFORM model is closest to

our approach in terms of the range of physics modelled and the detail of the treatment, e.g.,

inclusion of H2 cooling and the evolution of the IGM is essentially that described in Benson

et al. (2006), inclusion of UV background radiation by Haardt and Madau (2001) (note

that all the analogous models employed in this study have undergone substantial revisions).

However, they introduce a simplistic model to account for the impacts of local photoheating
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from local sources which appears to overestimate the contribution of local photons to the

suppression of low-mass satellites (by pushing the temperature rise in the local IGM to

significantly earlier epochs, leading to a more substantial suppression of gas accretion). No-

tably, our model does not directly encompass photoheating; rather, its effect is encapsulated

through the incorporation of our reionization model and a filtering mass within our model

for accretion of IGM gas into halos, thereby regulating the post-reionization temperature

of the intergalactic medium. Interestingly their model foresees a distinct plateau in the

mass-metallicity relation, a prediction that resonates with our model’s outcomes and aligns

with the current observational inferences.

Overall, Galacticus employs the extended Press-Schechter formalism to con-

struct merger trees, allowing it to transcend resolution limitations associated with N-body

simulations (although it has the capacity to utilize merger trees derived from N-body sim-

ulations). It is important to note that for the purpose of this study we are resolving

progenitor halos down to 107 M⊙, which, as briefly discussed in Appendix J, gives us suffi-

cient resolution. Additionally, the H2 cooling model along with the FG20 UV background

radiation introduced in section 4.3 are updated versions of ones utilized in previous studies.

Additionally, we have explored the effects of inclusion of an IGM metallicity model. It is

worth noting that different SAMs, adopting various models for these key physical processes,

yield comparable outcomes through minor calibrational adjustments (specifically evident in

studies on luminosity function, which tend to align with observations). This might suggest

the presence of degeneracies in the way in which different physical processes can affect the

predictions of each model (as also suggested by Font et al. 2011). However, a comprehensive
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analysis of multiple observables rather than a singular property observed in the galaxy pop-

ulations under scrutiny could potentially untangle these degeneracies. This is what we aim

to accomplish in this paper by presenting a range of models and discerning differences across

various observables such as the luminosity function, mass-metallicity relation, size-mass re-

lation, and velocity dispersion-mass relation, in addition to exploring inferred theoretical

properties such as the SMHM relation and occupation fraction.
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Appendix J

Resolution study in our CDM

model

In this section, we conducted tests to evaluate the performance of our model at

different resolutions. We specifically assessed the impact of resolution on the prediction

of the occupation fraction. Our results demonstrate that the accuracy of the occupation

fraction predictions is not hindered by the resolution of 107 M⊙ used in this study (illustrated

by the black curve, with the corresponding dispersion indicated by the grey shaded region in

Fig. J.1). To show this, we investigated higher resolutions, including 5×106M⊙ (illustrated

by the dashed grey curve) and 106M⊙ (depicted by the double-dotted-dashed grey curve1),

revealing consistent occupation fraction predictions within the statistical uncertainty of our

results. However, it should be noted that our model predicts that only a fraction of our

1Due to computational limitations, these results are derived from simulations with only four merger trees,
sampled from the same mass range as other cases. Given the negligible predicted scatter for the halo-to-halo
cases, we anticipate minimal impact on the calculated median occupation fraction.
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Figure J.1: Impact of resolution on the predicted occupation fraction as a function of the
peak halo mass. Line types depict different resolutions, with the grey double-dotted-dashed,
dashed, dotted, and dashed-dotted lines corresponding to resolutions of 106, 5×106, 5×107

and 108M⊙, respectively. The black solid line represents our fiducial 107M⊙ resolution, along
with the uncertainty of the peak mass measurements from our results, which is depicted by
the gray shaded region.

subhalos with masses below ∼ 2 × 108 M⊙ host a luminous component. As a result, going

above a resolution of 107 M⊙ (such as resolutions of 5× 107M⊙ and 108 M⊙ depicted by the

dotted and dashed-dotted lines on the plot) would significantly impact the results.

We also examined the influence of resolution on the predicted metallicity of the

satellites. As depicted in Fig. J.2, at higher stellar masses for the subhalos, we did not

observe substantial differences resulting from resolution changes. However, at the lower

mass range, altering the resolution introduced some variations in the metallicity predictions.

These discrepancies could be attributed to the effects of bias in selecting the low stellar
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Figure J.2: Effect of resolution on the mass – metallicity relation. The mass-metallicity
relation is shown with various black line styles representing different resolutions. Resolution
107M⊙ is represented by the solid black line, while resolutions 5 × 106, 108 and 109M⊙ are
depicted by the dotted-dashed, dashed and dotted black lines, respectively. Additionally,
the corresponding models without the inclusion of IGM metallicity are shown with gray
lines, with solid and dotted lines representing resolutions 107 and 108M⊙, respectively.

mass population due to the sharp resolution-induced cutoff in the SMHM relation within

our results. In such cases, lower resolution would lead to a subhalo population with biased

higher stellar masses (due to the resolution cutoff), which can statistically shift the median

metallicity towards larger values. Additionally, we excluded the IGM metallicity from our

model and compared its impact. The results demonstrated a similar behavior with slightly

reduced significance.
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