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Chapter 1

Introduction

Dwarf galaxies are the most common and ubiquitous galaxies in the universe. Their
shallow gravitational potential wells make them extremely susceptible to internal and
external feedback (e.g., Dekel and Silk 1986, Thoul and Weinberg 1996, Benson et al.
2002, Okamoto et al. 2010), making them excellent probes of the internal and external
physical processes governing star formation. Dwarfs are galaxies that are fainter than
Mp ~ —16 mag in absolute B band magnitudes (Tammann 1994) '. They are very small
in both size and mass, at least ten thousand times smaller than the size of the Milky
Way. 2 Large galaxies like our Milky Way are surrounded by populations of satellite
dwarf galaxies (Frebel et al. 2010), and the majority of currently known dwarf galaxies
are these satellites.

While we understand the large-scale structure of the universe relatively well, star

formation physics of small-scale structures such as dwarf galaxies is poorly understood

'B band magnitude represents brightness in blue colors
2The absolute magnitude is a measure of the luminosity of a celestial object on the inverse logarithmic
astronomical magnitude scale.



in a cosmological context. Our understanding of dwarf galaxies and their star formation
physics is based on nearby dwarf galaxies surrounding the Milky Way (e.g. SMC, Canes
Venatici, Phoenix, etc. Belokurov et al. 2007a, Zucker et al. 2006b, van de Rydt et al.
1991). However, in order to understand their nature, it is important to explore how these
fundamental structures are affected by their host environment, local volume density, and
mass. This work will explore the star formation physics of dwarf galaxies in different

host mass environments using Semi-Analytic Models (SAMs) of galaxy formation.

1.1 Underlying Cosmology

The universe we live in today consists of medium-sized galaxies like the Milky Way
to ellipticals like Centaurus A. Yet, only 4.9% of the energy density is in the baryonic,
normal matter we can see. Indeed, 69.2% of the energy density of the universe is made up
of dark energy and 25.2% of dark matter (Planck Collaboration et al. 2020). This means
that the proportion of non-baryonic matter in the universe is much higher compared to
the baryonic matter that we can observe.

Dark matter provides a framework for star formation in galaxies. Dark matter over-
densities and underdensities in the universe provide a scaffolding to hold stars and gas.
Quantum fluctuations frozen out during inflation, 1073%s after the Big Bang, grow over
time until it becomes gravitationally unstable and collapses to form gravitationally bound
clumps of dark matter, called dark matter halos (Dalal et al. 2010). Baryonic gas fol-
lows gravity and thus also condenses into the gravitational potential wells of dark matter

halos. Eventually, this gas formed the first stars. Light from these first stars began



the process of reionizing the hydrogen in the universe, and metals from their supernova
explosions enriched their host galaxies and the surrounding intergalactic medium. The
epoch of reionization lasted from approximately a billion years, from z = 15 — 6. This
was followed by the formation of the progenitors of the modern galaxies (first galaxies).

Over the next 12.5 billion years, smaller galaxies merge to form the more massive
galaxies seen today, a process called hierarchical merging. The large-scale structure
formation of the universe predicted by the hierarchical structure formation based on
ACDM (Cold Dark Matter) has been observed in filament like structure of galaxies in
surveys such as 2dF Galaxy REdshift Survey (Colless 2002) and Sloan Digital Sky Survey
(Albareti et al. 2017, Aguado et al. 2019, See Figure 1.1). Cosmological simulations based
on ACDM such as Millenium (Boylan-Kolchin et al. 2009) and Illustris (Vogelsberger et al.

2014) reproduce the large scale structure.



Figure 1.1: This figure shows a plot by Gerard Lemson & the Virgo Consortium (2020).
It shows a comparison of galaxy distribution of the universe as predicted by the Millenium
simulation with observations. The left and top slices shown in blue color are the observed
galaxy distribution in our universe, gathered from the 2dF Galaxy Redshift Survey and
the Sloan Digital Sky Survey respectively. Each dot inside the filaments represents a
galaxy. The Earth is at the centre of the circle with distance increasing outward from
the center. A redshift of 0.15 is approximately equal to a distance of 2 billion light years.
Right and bottom slices of the circle colored in red shows the galaxy distribution on large
scales computed using the Millennium Simulation assuming ACDM (Gerard Lemson &
the Virgo Consortium 2020).



Dwarf galaxies are the “building blocks” of the universe. The signature of hierarchical
merging is seen most strongly in the populations of dwarf satellite galaxies around more
massive galaxies like our Milky Way. In fact, fossils of these first galaxies are preserved
today as the faintest dwarf satellites. (Gnedin 2000, Bovill and Ricotti 2009). Satellite
dwarfs around larger galaxies merge with other dwarf galaxies to form bigger structures.

Before we discuss dwarf galaxies in greater depth, we briefly provide additional infor-

mation about dark matter and dark energy.

1.1.1 Dark Matter

Dwarf galaxies are the most dark matter dominated galaxies known (Mateo et al. 1998,
Kleyna et al. 2001, Wilkinson et al. 2006). Dark matter content in a galaxy is determined
by the dark matter mass to light ratio of a galaxy. Mass to light ratio is calculated using
the central velocity dispersion and half-light radii. However, it is not possible to observe
dark matter directly, as it does not interact with light or electromagnetic radiation. This
odd property results in the name ‘dark’ matter. The presence of dark matter is inferred
through its gravitational effects on the stars and gas we can observe.

Observational evidence of dark matter comes from the study of missing mass in galax-
ies and galaxy clusters. In 1933, Zwicky (1933) stated that the mass predicted by velocity
dispersions of the galaxies of the Coma Cluster is much higher than the mass inferred
by visible matter. This hinted at the mysterious matter in galaxy clusters. However,
observed evidence of dark matter did not come until 29 years after. Rubin et al. (1962),

Rubin and Ford (1970) found flat rotation curves implying that the circular velocities



of objects in the inner and outer parts of large spiral galaxies are the same, which is
opposite to the expectation that the circular velocities are higher in the center and lower
in the outskirts. Note that these rotational velocities assumed circular motion only. This
implied that the total mass inferred by these velocities was much higher than the total
visible mass in the galaxy, and thus there has to be some missing mass to account for the
motion of stars. In addition to this, gravitational lensing also provides a method to infer
the masses of galaxy clusters (Hoekstra et al. 2013). Gravitational lensing is the effect
of distorted and magnified effect on clusters of galaxies. This is a result of the bending
of light as the light passes through the inhomogeneous distributions of matter. Thus, it
is a great way to map the distribution of dark matter in galaxy clusters. This concept
was first indicated by Walsh et al. (1979) and first observed in galaxy clusters by Soucail

et al. (1987). However, we do not know the nature of dark matter (Bertone et al. 2005).

1.1.2 Dark Energy

If the nature of dark matter is a mystery, dark energy is a mystery wrapped in several
layers of enigma. It accounts for 68.2% of the energy density of the universe (Planck
Collaboration et al. 2020) and is driving the acceleration of the expansion of the universe.
Dark energy impacts the large-scale structure, formation, and evolution of the universe.

The first strong observational evidence of acceleration of the universe came with the

3

use of type la supernova’ as a standard candle in measuring the expansion of space using

3Type la supernova is a type of explosion of stars that occurs in a binary system of which one is a
white dwarf star. All stars with initial masses up to 10.5 solar mass (Smartt 2009), i.e. more than 97
percent of the stars in the Galaxy, end their lives as white dwarfs (Althaus et al. 2010). All white dwarfs
are less than 1.4Mg (Chandrasekhar limit). A white dwarf will accrete mass from its binary companion
to reach the Chandrasekhar limit where it will reach ignition temperature for carbon fusion. This nuclear
fusion process will start a runaway reaction that will result in a supernova explosion. Type la supernovae



Hubble Law. Prior to this, it was believed that the expansion of the universe was slowing
down. However, the supernovae observed were fainter than expected, and thus further
away. The distances measured was used to calculate cosmological redshifts. Redshifts
obtained using this method were tested on different cosmological models using cosmo-
logical parameters €, (total matter density) and Q, (dark energy density). Analysis of
the Q)7 vs. 24 plane revealed that confidence regions in this plane was consistent with an
expanding universe regardless of the curvature of the universe (Perlmutter et al. 1999).
Thus, it was concluded that the universe is accelerating (Riess et al. 1998, Perlmutter
et al. 1999). As fundamental structures, dwarf satellite galaxies evolve under the influence

of dark energy dominated by dark matter.

1.2 Dwarf Galaxies in ACDM

Dwarf galaxies can be divided into two types depending on their environment: isolated
dwarfs and satellite dwarf galaxies. Isolated dwarf galaxies are located in regions devoid
of other galaxies while satellite galaxies are found around a host galaxy. As a result,
isolated dwarfs have very little external influence while the satellites are influenced by
the host galaxy. Both isolated dwarfs and satellite dwarfs have been detected in our
own neighborhood of the Milky Way (see Figure 1.2), Andromeda, and beyond our local
neighborhood. Examples of such isolated dwarfs in the Local Group include Phoenix,
Cetus, Leo T, WLM, Leo A, Tuscana, etc. and satellite galaxies include Draco, Sculptor,

Carina, Fornax, Leo I/II, etc (Higgs and McConnachie 2021).

have uniform peak intrinsic luminosity making them excellent standard candles to determine distances.
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Figure 1.2: This figure shows a few dwarf galaxies of the Milky Way. LMC (Eckhard
Slawik); Fornax (ESO/Digitized Sky Survey 2); WLM, Pegasus, Phoenix (Massey et al.
2007); Sculptor (ESO); Draco (Mischa Schirmer); Eridanus II, Pictoris I (Vasily Be-
lokurov and Sergey Koposov). Picture credit: Crnojevi¢ and Mutlu-Pakdil (2021)

In this work, we focus on satellite dwarf galaxies around hosts. The sensitivity of
dwarf systems to their external environment will help us get a better understanding

about their host environment, and on the dependence of dwarf galaxy properties on the
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Figure 1.3: This figure shows the Local Group consisting of the Milky Way,
Andromeda (M31), and M33 galaxies. Picture credit: ~ Andrew Z. Colvin
https://commons.wikimedia.org/wiki/File:06-Localgroup Lo f E06240).png

environment.

1.2.1 The Local Group

Satellite dwarf galaxies are abundant in our local neighborhood, especially in and around
the Milky Way and Andromeda (M31). The region that encloses the Milky Way, M31,
and M33 spiral galaxies up to 1 Mpc from the center of the Milky Way (see Figure 1.3) is
known as the Local Group (LG) (Mateo 1998, Karachentsev et al. 2002). The total mass
of the LG is approximately Mg>4 x 10'2 My. However, there are many discrepancies

in the mass measurements among different methods (Chamberlain et al. 2023).


https://commons.wikimedia.org/wiki/File:06-Local_Group_(LofE06240).png

In the last fifteen years, the census of dwarf galaxies in the Local Group has more
than doubled, approximately up to 144 (e.g. Karachentseva and Karachentsev 1998,
Karachentseva et al. 1999, Whiting et al. 1997, Zucker et al. 2006a, Belokurov et al.
2006, Willman et al. 2005, Walsh et al. 2007, Irwin et al. 2007, Belokurov et al. 2007b,
Drlica-Wagner et al. 2015; 2016, Torrealba et al. 2018; 2019). Observational studies
such as McConnachie (2012), Drlica-Wagner et al. (2020), Albareti et al. (2017), Aguado
et al. (2019), Martin et al. (2016), Abbott et al. (2018) have further contributed to the
exploration of dwarf galaxies in the Milky Way. Some of the newly discovered dwarf

galaxies include Bootes V, Leo Minor I, and Virgo II (Cerny et al. 2022).

1.2.2 The Local Volume

CENTAURUS
SUPERCLUSTER

VIRGO
SUPERCLUSTER

SOUTHERN
SUPERCLUSTER

Figure 1.4: This figure illustrates the galaxies in Local Volume. Circled region shows the
Cen A and Local Group (Colvin,A.Z. 2020).

While LG dwarf galaxies provide vital information to understand the nature and evo-

10



lution of dwarf galaxies, galaxies in the local neighborhood alone cannot provide a bigger
picture since both the Milky Way and M31 have similar mass environments (Pawlowski
et al. 2014). The dwarf satellites of the Local Group also show similar characteristics
(Sawala et al. 2012), though recent work has shown some potential differences between
the quenching times of dwarfs in the Milky Way and M31 (Weisz et al. 2019). Given
the variations in the satellite systems, there is a possibility that studying just the Milky
Way and M31 could lead to a bias. Therefore, we need to look beyond the LG. The
Local Volume (LV) is the region within 10 Mpc of the Milky Way. It contains multiple
massive galaxies and their dwarf satellites, providing numerous systems to study star
formation in dwarf galaxies in a variety of environments. The LV is composed of a few
hundred galaxies, major galaxy clusters such as Virgo and Fornax, the Local Group, and
individual galaxies such as Centaurus A (Cen A, see the circled region in Figure 1.4).

Ongoing and upcoming surveys are pushing the frontiers of observational studies of
dwarf galaxies beyond the Local Group. These include, among others, targeted surveys
of Cen A (Taylor et al. 2016, Crnojevic 2020, Miiller et al. 2015; 2017; 2019), M81/M82
(Sorgho et al. 2019), and wider surveys such as SAGA that explore satellites around
Milky Way analogs (Geha et al. 2017, Mao et al. 2021).

In addition, Ferrarese et al. (2012) and Eigenthaler et al. (2018) have surveyed cluster
scale environments such as Virgo (~ 10 My) and Fornax (~ 10 M), respectively.
While there is an effort to extend observations beyond the LG, the extent of observations
beyond the LG is not nearly as complete compared to observations around the Milky
Way. Observational and theoretical studies on dwarf galaxies are focused on systems

similar to the LG (~ 10*2 Mg, McConnachie 2012, Richardson et al. 2011, Geha et al.
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2017, Mao et al. 2021) and cluster scale environments such as Virgo (~ 10 Mg, e.g.
Ferrarese et al. 2012, Paudel et al. 2017) and Fornax (~ 10 Mg, e.g. Eigenthaler et al.
2018, Rong et al. 2019, Venhola et al. 2019). However, few have explored dwarfs of
intermediate mass hosts like Cen A (Miiller et al. 2015; 2017; 2019).

Larger hosts can change the star formation physics of dwarf galaxies in many ways,
i.e. through stronger tidal stripping, ram pressure stripping, or even reionizing at an
earlier time. These effects have been studied in galaxy clusters such as Virgo and For-
nax. Larger mass host can impose a stronger tidal field on the dwarf satellites, stripping
both dark matter and stars. This would result in low brightness of satellite galaxies
around these host galaxies. Fornax cluster is populated with giant early type galaxies
and intra cluster X-ray gas indicating strong tidal forces (Venhola et al. 2019). According
to Venhola et al. (2019) dwarfs become rounder towards the center of the cluster, thus
they conclude that the cluster environment transforms the morphology and structure of
satellite dwarfs and is dependent on the mass of the host.

Dwarf galaxies are influenced by larger hosts as they fall into their deeper gravitational
potential wells and undergo stronger ram pressure stripping effects. Ram pressure strip-
ping drain gas supply from dwarfs and change their morphology e.g., Virgo cluster galaxy
IC 3418 has transformed from a dwarf irregular into a dwarf elliptical galaxy (Kenney
et al. 2014). In addition to these quenching mechanisms, gas accretion into dwarf galax-
ies may also be affected by reionization redshift. Deeper gravitational potential wells of
higher mass hosts accrete baryons at earlier redshifts than smaller hosts and thus forms
first stars and reionize early on suppressing gas accretion at earlier redshifts. How these
mechanisms can affect star formation in dwarf galaxies hosted by larger hosts in cluster
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environments has been studied well. Yet, there is a lack of investigation of intermediate-
mass hosts in dwarf galaxies. Therefore, the question of how dwarf galaxy physics is
affected by different mass hosts needs to be explored further in the intermediate mass

host environments.

1.2.2.1 Centaurus A

Cen A also known as NGC 5128, provides the most accessible opportunity to study dwarf
galaxies within a higher mass host and in an environment that sits in between the group
and cluster scales. It is the closest observable elliptical galaxy, located 3.8 Mpc from
the Milky Way (Harris et al. 2010), and has a poorly constrained mass of 4.7 x 10 M,
-1.8 x 10"¥ M, (van den Bergh 2000a, Pearson et al. 2022).

In recent years, the halo of Cen A has been targeted by several surveys including
Survey of Cen A’s Baryonic Structures (SCABS, Taylor et al. 2016; 2017; 2018) and the
Panoramic Imaging Survey of Cen & Sculptor) (PISCeS, Sand et al. 2014, Crnojevié
et al. 2014, Crnojevic et al. 2016). These are the first systematic surveys of the dwarf
satellites of Cen A. As a result of these surveys, the number of known dwarf galaxies has
almost doubled over the 5-10 years.

Several studies have predicted Cen A’s virial mass? using a variety of methods. For
example, Woodley et al. (2007) have computed the mass of Cen A (pressure supported
and rotational supported mass) using a Globular Cluster (GC) population within 50 kpc
(1.3 x 10" Mg). van den Bergh (2000a) has calculated it using the virial theorem (1.4 x

10" Mg) and projected mass method out to 640 kpe (1.8 x 103 M,). Miiller et al. (2022)

4Virial mass is the mass of a gravitationaly bound astrophysical system, where M, ir = %ﬂ'rfirp(<

T’UiT)'
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estimate a dynamical mass of 1.2 x 10'® M, within 800kpc. Pearson et al. (2022) have
constrained the lower limit (4.7 x 10> M) on the mass of Cen A using stellar stream
models. The upper range of virial masses measured for Cen A is ~ 103Mg (van den
Bergh 2000a, Peng et al. 2004b, Woodley et al. 2007, Lokas 2008, Harris et al. 2015a),
which falls between the masses of the Milky Way and large clusters such as Virgo and

Fornax.

1.3 Properties of Dwarf (Galaxies

Dwarf galaxies and their properties can be illustrated in many ways to better understand
the relations that exist between them. Some of these relations include the luminosity
function, luminosity-metallicity, half-light radii, velocity dispersions, mass to light, etc.
Cumulative Luminosity Function: The luminosity function is the cumulative
distribution of luminosities for a sample of galaxies. This gives the number of galaxies
per absolute V band magnitude bin (N(< My)). Typically, the number of satellites
decreases with increasing brightness. This shows that we should observe more fainter
galaxies and fewer brighter galaxies at a given point in time. The cumulative luminosity

function for absolute V band scale is given by

N(< My) = /°° ¢(My)dMy, (1.1)

7MV
where ¢(My ) gives the fraction of galaxies per unit magnitude.
Luminosity-metallicity: The luminosity-metallicity relation is an excellent con-

straint for our model since it forms a smooth function across luminous spiral galaxies to
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less luminous dwarf galaxies. Metallicity gives the proportion of elements heavier than

Helium in stars of the satellite dwarf galaxies. Metallicity for observations is defined by,

NFe NFe
Fe/H| =1 — | =1 1.2
e/ ) = oo ) = 1o (52 (12)

where N is the number of atoms of each species. Unlike luminosity, which depends on
stellar mass of the galaxies at the present day, metallicity leaves an imprint of the peak
mass of galaxies even if tidal and ram pressure strips stars and gas. This is because the
metallicity of a galaxy is determined by the depth of the potential well and Mpegp. °

Half Light Radii: Sizes of galaxies and their boundaries are difficult to measure.
Galaxies also get fainter further away from their centers. In order to overcome this
problem, astronomers define the half light radius or the effective radius. The half light
radius is the radius at which half of the light is observed in a galaxy. This is a measure of
galaxy sizes. Observed half-light radii are derived by integrating under the appropriate
profile (e.g. exponential profile, Sérsic profile, etc.) and ellipticity.

Velocity Dispersions: The stellar central velocity dispersion (o) of a galaxy mea-
sures the random line-of-sight motion of stars due to the gravitational potential of the
total mass enclosed in within the radius of the stars. It is used to measure the mass
of a galaxy, probing the depth of galactic gravitational potential wells where stars are
captured, and hence is a good indication for how dark matter dominated a galaxy is.

Mass to Light Ratios: The total mass relative to the total light within a given

radius specifies the strength of the dark matter component to the mass of a particular

®Mpeqr, is the maximum mass a halo gains during its evolution and the galaxy’s subsequent ability
to hold onto enriched ejecta from supernova.
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galaxy. It can be used to convert observed light distributions in galaxies into estimates of
mass distributions, thereby providing information for dynamical analysis. Mass to light
ratios of the Milky Way satellites fall in the range 10 < M/L < 1000 M,/ L.

Star Formation Histories (SFHs): The cumulative star formation history provides
the total stellar mass of satellite galaxies from past to the present. Each point in time
represents the sum of stellar mass at time ¢ from 0 Gyrs to ¢ Gyrs. Stellar mass at
any point across history presents evidence for quenching effects throughout the galaxy’s
history. The SFH of a galaxy can be used to compute quenching times such as 799 which
is the time taken to gain 90% of stellar mass we see today and 75, the time taken to gain
50% of stellar mass we see today.

All these observed properties of galaxies discussed above give valuable information on
their star formation, metallicity, history, sizes, etc. These properties have to be compared
with theoretical models that test various star formation physics to further understand
them. In this next section, we will discuss the computational methods that are used to

study galaxies.

1.4 Computational Methods

Observations are crucial to our understanding of dwarf galaxies, but they only provide us
one snapshot in galaxy evolution. Therefore, observed data alone cannot give us a clear
picture of their star formation physics. However, we can use computational techniques
such as simulations and models to evolve galaxies in a simulated universe. Such tech-

niques include N-body simulations, hydrodynamic simulations, and SAMs among others.
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These are extremely useful in modeling physics of star formation and their evolution in

dwarf galaxies, which cannot be achieved in real time.
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Figure 1.5: This figure shows a plot by Nelson et al. (2019). Baryonic mass resolution
vs. number of galaxies that resolves stellar mass > 10° M for several hydrodynamic
simulations. Notice that higher resolution small box simulations are in the top left corner,
while the low resolution simulations providing larger statistics are on the right hand side.
Also notice the limitations of hydrodynamic simulations to gain higher resolution and
larger statistics/box sizes simulataneously. The upper right hand corner shows where the
next generation of high resolution cosmological simulations are expected.
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1.4.1 Cosmological Simulations of Dwarf Galaxies

In concert with our increased understanding of the observational properties of dwarf
galaxies, theoretical studies of the fossils of the first galaxies (Bovill and Ricotti 2009,
Ricotti et al. 2016, Wheeler et al. 2019) and of dwarf satellites around the Milky Way
using hydrodynamical simulations have come of age (Hopkins et al. 2018b, Applebaum
et al. 2021). Hydrodynamic simulations are simulations that model the interaction of dark
matter, stars, and gas using smooth particle hydrodynamics (Springel et al. 2005). They
self consistently resolve hydrodynamics, star formation, stellar evolution and feedback,
black holes, etc. These simulations are much more complex when compared to N-body
simulations, and capture non-linearities and non-equilibrium processes that simpler mod-
els cannot. These complexities are challenged with limitations in the dynamic range of
simulations. Dynamic range for any simulation are factors that limit a simulation: e.g.,
mass resolution limits, simulation box size, etc. Thus, hydrodynamic simulations are ex-
tremely computationally expensive when simultaneously resolving dwarf galaxies while

evolving them in a larger simulation box (Qin et al. 2019).

The advanced physics in these simulations involve challenging computations. There-
fore, one must compromise either resolution or complexity of the physics simulated. Their
cost limits the freedom to explore parameters governing physical processes (Coté et al.
2018). As a result, most hydrodynamic simulations fall into two categories: (1) simula-
tions with larger volumes to study statistics and (2) simulations with smaller volumes

with sufficient mass resolution and softening to study small scale structures.
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The Milky Way dwarfs have been simulated with hydrodynamical simulations (Hop-
kins et al. 2018b, Akins et al. 2021, Applebaum et al. 2021, Wetzel et al. 2022). Hopkins
et al. (2014a; 2018a), Wetzel et al. (2022) simulates Milky Way analogs resolving star
formation physics down to low mass dwarfs (My < —8, M, > 1.6 x 10> Mg). The Mint
Justice League simulations have reproduced properties of the Milky Way satellite system,
including the half-light radii, velocity dispersions, and metallicity of the ultra-faints (Ap-
plebaum et al. 2021). These simulations have small box sizes and high mass resolutions
that can resolve dwarf galaxies. While they are able to resolve these smaller dwarfs, any
physics that occurs below parsec scales or the resolution limit is calculated via a semi-
analytic approach. Thus any calculation of star formation, feedback, and AGN treatment
is at a “sub-grid” level where effects of small scales are introduced by solving differential

equations.

Simulations of massive systems outside our galaxy neighborhood up to z = 0 do
not meet the resolution required to resolve star formation physics in these dwarfs. How-
ever, these types of simulations provide large statistical samples of galaxies. Such large
scale simulations include Ilustris-TNG (Weinberger et al. 2017, Pillepich et al. 2018b),
TNG300, TNG100 (Nelson et al. 2018, Naiman et al. 2018, Pillepich et al. 2018a, Springel
et al. 2018, Marinacci et al. 2018), TNG50 (Nelson et al. 2019, Pillepich et al. 2019), Mille-
niumTNG (Hernandez-Aguayo et al. 2022). Both TNG300 and TNG100 are simulations
with larger box size of 300 Mpc and 100 Mpc respectively, and resolve larger galaxies
and clusters. TNG5H0 has a smaller box of 50 Mpc, resolving galaxies down to Small

Magellanic Cloud (SMC) - Large Magellanic Cloud (LMC) scale dwarf galaxies.
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The limitations in simulating large volumes present the challenge of modeling dwarf
galaxies in these larger mass environments. Given the similarities of dwarfs in the LG
and their properties, it is imperative that we look beyond the LG to understand whether
properties in dwarf galaxies are independent of the environment or not. With the up-
coming unprecedented amount of observations through Roman, it is essential that we
explore dwarfs beyond the Local Group with theoretical models. Yet, simulating larger
systems that resolve the stellar physics of dwarf galaxies with hydrodynamic simulations
is still beyond current capabilities. As our observational sample of dwarf galaxies expands
beyond the Local Group, there is a need to simulate dwarf satellite systems in a wider
range of environments that currently cannot be explored by hydrodynamical simulations.
It is crucial to model the baryonic physics in dwarf galaxies in order to understand the
effect of the local environment on the dwarf galaxies’ feedback mechanism. Therefore,

we need to use alternative methods of modeling these dwarf galaxies.

1.4.2 SAMs To The Rescue

With the limitations of hydrodynamic simulations to resolve star formation physics of
dwarf galaxies noted above, we need to use other techniques to model these fainter
dwarfs. One of the most efficient and feasible methods for this task are SAMs. They
are computationally inexpensive and allow us to explore the parameter space of larger
systems beyond the Milky Way. In SAMs, the baryonic physics is approximated by a

set of interconnected differential equations to model the baryonic evolution of galaxies
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through cosmic time. This is an efficient way of modeling galaxies (e.g. Henriques et al.
2009, Benson and Bower 2010, Bower et al. 2010) and permits rapid modeling of dwarf
galaxies in a range of environments. While SAMs are computationally efficient and use
relatively straightforward physics, formulated via simple Ordinary Differential Equations,
their underlying assumptions and simplifications must be tested against more sophisti-

cated hydrodynamic simulations.

Various studies have used SAMs to model galaxies. These analytic models were
first proposed by White and Rees (1978), and advanced by White and Frenk (1991),
Kauffmann et al. (1993), Somerville and Primack (1999), Cole et al. (2000b), Hatton
et al. (2003), Monaco et al. (2007), Somerville and Davé (2015), and others. While
the first SAMs were built on Extended Press-Schechter (EPS) merger trees (Press and
Schechter 1974), they can now be applied to merger trees from N-body simulations (e.g.
Kauffmann et al. 1999, Helly et al. 2003). Previous studies modeling dwarf galaxies with
SAMs include Li et al. (2010), Font et al. (2011), Starkenburg et al. (2013), Lu et al.
(2017), Pandya et al. (2020), Bose et al. (2020), Jiang et al. (2021), Chen et al. (2022).
Maccio et al. (2010) have reproduced the luminosity function of the Milky Way satellites
down to the ultrafaints. Starkenburg et al. (2013) reproduce the luminosity function and
the luminosity-metallicity relation down to My < —5. They also reproduce the SFHs
of some satellites, although models do not match all of their observed properties. Jiang
et al. (2021) have used SatGen to produce a statistical sample of Local Group satellites.
Bose et al. (2020) have used the Durham SAM with high resolution N-body simulations
to explore the relation between the abundance and the assembly history of the host.
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These authors have also reproduced the radial distribution of satellite galaxies. Pandya
et al. (2020) have tested the Santa-Cruz SAM (Somerville and Primack 1999) against
the FIRE-IT cosmological simulations (Hopkins et al. 2018b; 2014b, Wetzel et al. 2022).
Although their stellar-halo mass relations and stellar mass assembly histories agree well
with FIRE-II, Inter Stellar Medium (ISM) masses agree only for higher mass halos. In
order to reproduce gas accretion efficiencies of FIRE-II dwarfs, they implement a mass
dependent preventative feedback model to suppress accretion of gas into halos. Note that
“preventative feedback” here means preventing accretion of gas onto halos via stellar
feedback (Lu et al. 2017, Pandya et al. 2020). However, details between implementations
in the Santa Cruz SAM (Pandya et al. 2020) and the SAM by Lu et al. (2017) vary.
The recent study by Chen et al. (2022) has reproduced the stellar mass to halo mass
relation of the Milky Way satellites at z = 0 down to the ultra faints while providing
a framework to study stellar properties and SFHs of metal-poor stars. These previous
studies show that SAMs are an efficient method to study dwarf galaxies and their star
formation processes. Therefore, in a time where hydrodynamic simulations are limited
by their resolution or volume to solve dwarf galaxy physics in larger hosts along with

their host environment, SAMs come to the rescue.

1.5 Outlook for This Thesis

This dissertation investigates the star formation physics of the dwarf galaxies across dif-
ferent mass environments, i.e., environments with different local volume densities (see

Figure 1.6 for systems with a range of mass environments) using the GALACTICUS (Ben-
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son 2012). Chapter 2 describes the N-body simulations and development of merger trees
used to model dwarf galaxies of the Milky Way and Cen A. Chapter 3 presents the
observations and constraints of the star formation physics of the Milky Way satellites.
Chapters 4 and 5 present the properties of the Milky Way satellites at z = 0 followed
by their SFHs. Chapter 6 describes the observational sample of Cen A dwarf galaxies
and the resulting dwarf galaxy models for Cen A satellites, their properties at z = 0
and SFHs. Chapter 7 explores the curious case of dwarf galaxies within the inner region
of Cen A. These dwarf galaxy models test whether the star formation physics of dwarf

galaxies is universal or if is dependent on their host galaxy environment.

Milky Way
M31

Centaurus A Fornax Cluster Virgo Cluster

0S5, PAndAs, DES PISCeS, SCABS surveys Next Generdon Virgo Survey
. ' ! | -
~1012 ~1013 ~101*/10%

Mass of Galaxy/Cluster Group
( Msolar)

Figure 1.6: This figure shows the mass range of galaxies and clusters available through
SDSS (Kollmeier et al. 2017), PAndAS, PISCeS (Crnojevic et al. 2020), SCABS (Taylor
et al. 2016, Taylor et al. 2018), NGFS (Rong et al. 2019), NGVS (Cantiello et al. 2018).
Left: Milky Way and Andromeda, middle: Cen A, right: Fornax and Virgo cluster.
This figure is assembled with figures from Ferrarese et al. (2012), Ordenes-Briceno et al.
(2018), Taylor et al. (2017; 2018)
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Chapter 2

Simulations

In this Chapter, we describe the process of generating merger trees in our simulation and
methods of processing them before applying baryonic physics using a SAM in Chapter 3.
We are building merger trees using two methods; N-body simulations and EPS formalism.

Parts of this chapter are extracted verbatim from Weerasooriya et al. (2023; in prep. a;b).

2.1 N-body Simulations

An N-body simulation models a dynamical system of N particles. The N-body code
integrates and solves the equations of motion for N particles under gravity. The dynamic
range of N-body simulations are dependent on mass resolution and volume or box length.
Mass resolution is the mass of a dark matter particle in the simulation while the softening
length is a trick used in cosmological N-body simulations to avoid close encounters of

particles that would result in unphysical motion of particles. The non compact force for
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particles F/™ is given by,

A (r; +e2)? |rijl '

where ¢ is the softening length.

Thus softening length limits the substructure resolved in an N-body simulation.
Therefore, both of our simulations have dark matter particles of mass m,, = 1.4 x 10° M,
and softening length ¢ = 200kpc in the highest resolution region since we are inter-
ested in halos of ~ 107 — 10®* M. Note that these cosmological simulations can suffer
from overmerging due to inadequate softening. For example, van den Bosch and Ogiya
(2018) recommend sub-halos be simulated with at least 10° particles with softening length
0.03 times their Navarro-Frenk-White (NFW) scale radius (Rs = Ry;-/c, where ¢ is the
concentration parameter) in order to properly track their dynamics and disruption. How-
ever, implementing that level of resolution is computationally prohibitive. We use dark
matter only N-body simulations with Nine-Year Wilkinson Microwave Anisotropy Probe
(WMAP9) cosmology (os ~ 0.821, Hy ~ 70.0km/s/Mpc, Q, ~ 0.0463, Qy ~ 0.721,
Bennett et al. 2013, Hinshaw et al. 2013). All simulations described in this work were
run on the Maryland High Performance Computer Cluster Deepthought 2 1). All dark
matter halo densities in our simulation are assumed to follow a NFW profile (Navarro
et al. 1997),

p(r) = %
71+ %)

Y

where 1 is the distance from the center, R, is the scale radius of the halo, and p, is the

Thttp://hpec.umd.edu
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density parameter unique to each halo.

2.1.1 Simulation Box

Particles of an N-body simulation are in a cubic box with comoving coordinates. This is
because proper physical distances can change with time due to expansion of the universe.
Comoving coordinates accounts for this expansion and make sure galaxies remain at the
same position in space, i.e. simulation coordinates moves with the galaxy as its position
is changing. Comoving distance x is related to physical distance r by x = r/a, where
a(t) = 1/(1+ 2) is the scale factor. Then the comoving velocity is given by dx/dt. Each
simulation box is given a box length L in comoving coordinates in units of Mpch™'. The
effective resolution of the simulation box is given by Ns; = /Ny, and thus an effective

resolution of N,;; = 4096 is higher than N,j; = 256°.

2.1.2 Generating Initial Conditions

Initial conditions for all N-body simulations are generated with Multi Scale Initial Con-
ditions (MUSIC) by Hahn and Abel (2011). The first step is to run a pre-flight simulation
with desired resolution, random seed, starting redshift, cosmological parameters, and in-
put transfer function. Note that the set random seed cannot be changed, nor can new
seeds be added. Once the simulation is run, we then identify the Lagrange region. This
is the region where the particles of the desired halo at z = 0 are found back in time at
the starting redshift (see Figure 2.1). Positions of these particles are then saved to an

initial conditions file. Finally, we compute the bounding box of the simulation and set
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boundaries.

2.1.3 Building a Zoom Simulation

1) Run a low-resolution 3) Identify the 4) MUSIC recenter
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Figure 2.1: Process of producing a zoom simulation. Step 1: Run a low resolution
simulation and run the halo finder, Step 2: Identify candidate halos with the correct
mass and right local environment, Step 3: Identify the Lagrange region. This is the
region where progenitor particles of the present day host halo resides in the past, Step 4:
Recenter the simulation box on the halo of interest using MUSIC (Hahn and Abel 2011),
Step 5: Rerun the simulation with a higher resolution in the region of interest including
a buffer zone.

Simulating a single Milky Way galaxy is computationally expensive and simulating the
entire simulation volume is even more computationally expensive. Therefore, a feasible

way to achieve the required resolution is to zoom into specific regions of interest within
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a low resolution cosmological simulation and rerun at a higher resolution in a smaller
region as shown in Figure 2.1. The first step is to identify dark matter halos with correct
mass and local environment based on the mass of the host halo and the volume with
no large halos in the region. Then, the host halo particles are traced back in time from
z = 0 to the beginning of the simulation (z = 150). This region where these progenitor
particles reside is called the Lagrange region. Next, the host halo is recentered on the
Lagrange region and new initial conditions are generated using MUSIC (Hahn and Abel

2011). Finally, the new zoom-in simulation is rerun at a higher resolution.

2.1.4 Halo Finding

The next step after running a simulation is to identify the halo boundaries and calculate
their properties. We identify the dark matter halo boundaries in our simulations and
calculate their halo properties such as virial radius, mass, circular velocity, etc. using halo
finders. We achieve this using two types of halo finders, Robust Overdensity Calculation
using K-Space Topologically Adaptive Refinement, (ROCKSTAR, Behroozi et al. 2013a)
and Adaptive Mesh Investigations of Galaxy Assembly, (AMIGA, Knollmann and Knebe
2009). The two halo finders use distinct algorithms, specifically the phase space Friends

of Friends (FOF) and the spherical overdensity algorithms.

2.1.4.1 Friends Of Friends (FOF)

As illustrated in Figure 2.2, Friends of Friends algorithms employ 6D space positions
and velocities to identify particles within an adaptive linking length and group them into

halos. In particular, ROCKSTAR (Behroozi et al. 2013a) uses this algorithm by initially
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Figure 2.2: Process of halo finding using Friends of friends (FOF) algorithm. Left:
Simulation snapshot with dark matter particles: First, particles are grouped together
based on their physical proximity and velocities. Here, the distance between particles and
their velocities are used to calculate a linking length. If distance between a particle and
a halo or two particles is less than this linking length, then they are grouped together.
Right: Loosely bound particles are unbound using relative error in potential energy.
Once, halo boundaries are identified the algorithm then calculate various properties of
dark matter halos such as their mass, velocity, radius, etc.

dividing the simulation volume into 3D FOF groups, where particles are positioned within
the linking length. Subsequently, for each 3D FOF group, particle velocities and positions
are normalized by the group positions and velocity dispersion. This process continues
for each subgroup, and a new level of substructure is computed. Once all levels of
substructure have been identified, particles are assigned to the nearest halo in both
position and velocity space in a hierarchical manner. Unbound particles are subsequently
eliminated based on their minimum gravitational potential. Finally, halo properties such

as maximum circular velocity, virial mass, virial radius, etc., are determined.
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2.1.4.2 Spherical Overdensity Algorithms

Contours Halo boundary Dark Matter particles

g
0 0 0 Calculate density at each point
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Figure 2.3: Cartoon of a spherical overdensity algorithm process. Top part of the figure
shows how a halo boundary is identified. First, it calculates the density of the dark
matter particles in the simulation and draws density contours. Once a threshold density
is reached, it identifies the region enclosed as a halo. Loosely bound particles are unbound
if the velocity of the particles are greater than their escape velocity. The plot below shows
the density profile which gives the density of halos as a function of radius. Black dotted
lines shows the density profile of the host halo while the red peaks shows density peaks of
the sub halos. The algorithm identifies the density peaks of the sub-halos easily if they
are located away from the center of the host halo.

Spherical overdensity algorithms identify density peaks and establish density contours
around them until a particular overdensity threshold is achieved (Knollmann and Knebe
2009, see Figure 2.3). The AMIGA halo finder, developed by Knollmann and Knebe

(2009), employs a spherical overdensity algorithm and analyzes the simulation utilizing
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Adaptive Mesh Refinement (AMR). AMR technique selectively refines the current mesh

in regions of higher density where precision is required.

2.1.4.3 Rockstar vs. AMIGA

10°

~ ROCKSTAR
AMIGA

104 |

103

No. of Galaxies

10!

10°

10° 10’ 108 10° 1010 101t 1012 1013

Mass (Mg)

Figure 2.4: Dark matter halo mass function of all the halos in the simulation for AMIGA
and ROCKSTAR. AMIGA halo mass function is plotted in green color and ROCKSTAR
halo mass function is colored in blue.

The halo mass function of the number of galaxies per mass of each galaxy in the

Milky Way analog for the two halo finding algorithms (in solar units, see Figure 2.4).
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Note that Rockstar halo finder identifies smaller mass halos down to ~ 10°® Mg, while
AMIGA has halo masses down to ~ 10" M. Based on the the time taken to run each
halo finder, ROCKSTAR is ~ 16 times more efficient than AMIGA. Despite being an
efficient algorithm, ROCKSTAR and similar FOF algorithms may suffer from the issue

of breaking large halos into smaller components.

Halo finder  Algorithm — Time per snapshot

ROCKSTAR FOF 10 min

AMIGA Overdensity 2.61 hrs

Table 2.1: This table summarizes information on the halo finders, their type of algorithm,
and time required to analyze one snapshot on a Mac mini. Note, each simulation has
> 200 snapshots.

2.1.5 Merger Tree Evolution

Once we identify the halo boundaries and their properties using a halo finder, next we
determine the merger history of halos through cosmic time using the merger tree code,
consistent_trees (Behroozi et al. 2019) (see Figure 2.5 for a schematic representation of
a merger tree). Merger trees link each halo to their respective progenitors and allows
exploration of their history. They identify the particles of each halo at 2 = 0 and track
them back in time. At each time step in the simulation, the algorithm identifies and links
halos that contain particles from a halo in the previous timestep. The halos with the
highest number of particles in common with the previous halo are considered the most

massive progenitor. This process is repeated for each snapshot until all the progenitor
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particles in the
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Figure 2.5: This figure shows the process of linking halos in the merger tree code consis-
tent trees (Behroozi et al. 2019). First, it identifies the dark matter particles in a halo
at the present day (descendant halo). Then, it goes back in time to previous snapshot in
the simulation to locate the halo which contains the most number of these same particles.
Halo that contain these particles is called the progenitor halo. This process is repeated
until the algorithm reaches the beginning of the simulation. If certain progenitors cannot
be located, then positions and velocity of halos are used to gravitationally evolve their
future/past positions and velocities to fix these links. Once every dark matter halo in
the simulation is linked to their progenitor, a complete merger history of the simulation
can be obtained.

halos are identified from the formation of the first halos in the simulation. If a halo falls
below the resolution limit in one snapshot, the algorithm approximates its properties in
each time step, and connect broken links if necessary. It is removed if a halo has no
descendants and its existence has low statistical significance.

Note that most dark matter halo properties (total mass, NFW scale length) used in
GALACTICUS are preset from the N-body trees with the exception of halo spins. Halo

spins are typically not well-measured in halos with fewer than of order 40,000 particles
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(Benson 2017b).

2.1.6 Milky Way Analog

We run an N-body simulation of a Milky Way analog from z = 150 to z = 0. Here 2
refers to the cosmological redshift?. z = 150 correspond to about 9 mega years after the
big bang and z = 0 correspond to present day. Initial conditions were generated with
MUSIC (Hahn and Abel 2011) and the simulation was run with GADGET 2 (Springel
2005).

We select an isolated Milky Way analog from a 50 Mpch~! box with Nz = 2563
run from z = 150 to 2z = 0, resolving the Milky Way candidates at z = 0 with
N > 1000 dark matter particles. Our isolation criteria is a M,; ~ 1020 halo, with
no halos greater than M,; ~ 102Mg within 3Mpch~! at = = 0. We select a Milky
Way analog with M,;, ~ 1.8 x 102 My, (M, ~ 1.2 x 10 Mg /h) following the above
conditions. Note that our simulation has only one such Milky Way analog with the
surrounding environment. Neither M31 or the Milky Way are within each others virial
radii. Therefore, it is safe to assume that presence (or absence) of an M31 analog in our
simulations will not affect the properties and distribution of the dwarf satellites within
the virial halo of the Milky Way. In addition, we are constrained by the computational
resources. Even if we have a Local Group analog in our low resolution box, it might
not remain as a Local Group analog when the simulation is rerun at higher resolutions.

As a result, it is standard practice to simulate isolated analogs of the Milky Way (e.g.

2% is the cosmological redshift defined by z = , where ), is the observed wavelength and A is

the emitted wavelength.

Ao—Ae
Ae
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Springel et al. 2008, Gottloeber et al. 2010, Bovill and Ricotti 2011, Akins et al. 2021).
The effects of small number statistics will be minimized if multiple zoom-in simulations
were run. However, such exploration is a subject of future work.

Once a Milky Way analog is identified at z = 0, we rerun a dark matter only zoom
in simulation centered on that chosen halo. The high resolution region at z = 150 is
defined by the particles within 5 Ry;, from the Milky Way analog at z = 0. The highest
resolution region has Neg = 40962, resolving M,;. ~ 107 M halos with at least 100

particles and softening of € = 200 kpc (physical units).

2.1.7 Cen A Analog

We use a high-resolution cosmological N-body simulation of an isolated Cen A halo from
Bovill et al. (2016). This simulation is run from z = 150 to z = 0 with WMAP9
cosmology (og ~ 0.821, Hy ~ 70.0km s~ Mpc™, Q, ~ 0.0463, Qp ~ 0.721). Initial
conditions were generated with MUSIC (Hahn and Abel 2011) and the simulation run
with GADGET 2 (Springel 2005) and analyzed with the AMIGA and CONSISTENT.TREES
(Behroozi et al. 2013b). The Centarus A analog is selected to be a ~ 10 M, halo with
no halos M > 10'2 M, within 3 Mpc h™! at z = 0. Cen A simulation suite include two
resimulations. CenA.100M.8192 has a comoving periodic box of 100Mpch™! with 81923
particles run from z = 150 to z = 0. All initial conditions are generated with MUSIC
(Hahn and Abel 2011). First, a simulation is run with 100 Mpc A~! box with N = 2563,
resolving Cen A candidates at z = 0 with > 1000 particles. Then Cen A analog halo

with total virial mass of 10'3 M, is chosen. This value corresponds to the upper range of
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virial masses measured for Cen A van den Bergh (2000b), Peng et al. (2004a), Woodley
et al. (2007), Lokas (2008), Harris et al. (2015b). We estimate the LV and environment
around Cen A using an isolation criterion of no dark matter halos M,; > 10'2M . within
3 Mpc h~! from a Cen A analog at z = 0. However, our simulation do not consider the
existence of M83, which is located roughly 1 Mpc away from Cen A. Yet, it is unlikely
to bias our results, given that M&3 is situated at a distance of approximately 2-3 times

the virial radius away from Cen A.

Next, we identify the Cen A analog using a halo finder and resimulate the Lagrangian
region of approximately 4 times the virial radius (2.4 Mpc) at z = 0 to produce a
higher resolution region that covers two times the virial radius at z = 0. The two
resimulations has effective resolutions N,y = 4096® and N,y = 8192°, respectively, and
particle masses of m, = 1.13 x 10°M, and m, = 1.4 x 10°M, respectively. In addition,
we set the corresponding force softening lengths to e = 500 pc physical and € = 200 pc
h~!. These resolutions ensure that halos greater than 107,108 M, are resolved with at

least 100 and 1000 particles, respectively.

Run Neff my € Npart Mhost Umax Rvir
(Mo) (pc h™) (10°Mg)  (km s71)  (kpch™)

MW.50M.4096 4096 1.4 x 10° 200 529  0.104663 177.61 165.11

CenA.100M.8192 8192 1.4 x 10° 200 437 1.17269  437.78 369.46

Table 2.2: Summary of simulation characteristics for Milky Way and Cen A. Columns
in order are (1) label for the simulation, (2) maximum effective resolution, (3) minimum
dark matter particle mass, (4) physical softening length in pc/h, (5) Number of particles
in the host halo, (6) Virial mass of the host halo in units of 10"*M,, (2) maximum circular
velocity of the host halo in km s™! | and (7) Virial radius of the host halo in kpc/h. Note
that values for Cen A is from Bovill et al. (2016).
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2.2 Extended Press Schechter Trees

As seen above N-body simulations require high-performance computers, especially for
higher mass galaxies like Cen A. Merger trees are inherently statistical. Another efficient
method to generate merger trees is via Extended Press Schechter (EPS) theory.

EPS theory approximates the mass functions of virialized dark matter halos based on
statistics of the density field. The concept behind this theory is that virialized structures
form in regions where the density is above some threshold. It is an extension of the
theory introduced by Press and Schechter (1974). Several studies have shown that the
Press-Schechter formula agrees well with the results of N-body simulations (Efstathiou
et al. 1988, Efstathiou and Rees 1988, Cole et al. 2008, Benson 2017c). The density field
is filtered around a radius above a certain threshold. These models inherently do not
have positional information.

EPS method uses a Monte Carlo Algorithm to populate a merger tree statistically. A
progenitor halo (M,.,) that is less massive than its parent halo (Mj,,) is generated
as follows. First, it calculates P, the mean number of fragments with masses M, in
the range M,cs < Mprog < Mpaio/2, where M,., is the mass resolution of the merger
tree. Then, a time step is chosen such that P << 1 and a random number R is also
generated between 0 and 1. If R < P, then the halo fragments into progenitor mass
M,y,0q, and if R > P, then a particular halo M4, does not fragment at that timestep. If
a fragmented halo is less than zero, the loop is broken, and the next halo is processed.

This process is repeated over steps back in time to build a merger tree Cole et al. (2000a).
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EPS models are significantly more efficient compared to N-body simulations. For
example, EPS model of a Cen A analog takes ~ 1 day to run on a laptop whereas, a
N-body simulation takes approximately three weeks on a supercomputer. However, EPS
trees are unreliable for halos with < 10'°M, due to dynamic range limitations of EPS
(Somerville and Kolatt 1999, Zhang et al. 2008). Mass fragmentation in a merger tree
depends on the time step. Thus, larger step sizes could limit the dynamic variations in
mass of halos in EPS merger trees. Consequently, limitations in mass result in limitations

in the size of halos and their respective half-light radii.

We model several Cen A mass analogs using EPS merger trees for 5 — 9 x 102 Mg
and 1 x 103 M, masses. We build the EPS merger tree using Cole et al. (2000a) method
with an accretion limit of 0.1, merge probability of 0.1, mass resolution 1.408407 x 107 M,
and recalibrated merger rates from Parkinson et al. (2008). Then we generate the EPS
merger tree halo mass functions by implementing the method by Tinker et al. (2008)

available in GALACTICUS.
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Chapter 3

Constraining Star Formation

Physics of The Milky Way Satellites

In this chapter, we describe the process of constraining the star formation physics of the
Milky Way satellites using the SAM GALACTICUS. Large components of this chapter are

drawn verbatim from Weerasooriya et al. (2023).

We determine the set of GALACTICUS’ parameters that best fits the observed luminosity
function and the luminosity metallicity relation for dwarf satellites of the Milky Way. We
compare the galaxy models to the updated McConnachie (2012) table as of Jan 2021.
!. In addition, we have added a few satellites from Drlica-Wagner et al. (2020) that are
missing from McConnachie (2012). Note, we do not do any formal fitting. Instead, we

run a grid of models and choose the ones that produce the best match based on a “by-

thttps:/ /www.cadc-ccda.hia-iha.nre-cnre.ge.ca/en/community /nearby /
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eye” judgement. We start from GALACTICUS’ standard set of parameters ? constrained
to match the baryonic physics of massive galaxies. Unless mentioned below, we use the
parameters given in the file above. The parameters for massive galaxies have been cal-
ibrated to observational datasets, including the stellar mass halo relation of Leauthaud
et al. (2012) and its scatter from More et al. (2009), the z < 0.06 stellar mass function
of galaxies from the GAMA survey (Baldry et al. 2012), the z = 2.5 — 3.0 stellar mass
functions of galaxies from the ULTRAVISTA survey (Muzzin et al. 2013), the z = 0 HI
mass function of galaxies from the ALFALFA survey (Martin et al. 2010), the z = 0
black hole mass-bulge mass relation of Kormendy and Ho (2013), size distributions of
SDSS galaxies from Shen et al. (2003), Ha luminosity functions from HiZELS (Sobral
et al. 2013) and GAMA (Gunawardhana et al. 2013), g and r-band luminosity functions
of SDSS galaxies (Montero-Dorta and Prada 2009), the gas-phase mass-metallicity rela-
tion (Blanc et al. 2019), and the morphological fraction as a function of stellar mass from

GAMA (Moffett et al. 2016).

In the following sections, we discuss how we systematically modify the parameters
(Figure 3.1) and reproduce the observed luminosities and metallicities of the Milky Way
satellites. We divide our discussion of the modified parameters into two subsets, those
that are well-constrained by astrophysics governing dwarf galaxies or their properties

(Section 3.1), and those that are not (Section 3.2).

Zhttps://github.com/galacticusorg/galacticus/blob/889ab5d347001c9623d74609b51850c080829f96 /
parameters/baryonicPhysicsConstrained.xml
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Figure 3.1: Diagram of the baryon cycle. Stage 1: Inflow of gas into the satellite’s subhalo
from CGM of parent Milky Way halo. Stage 2: Cooling of CGM gas in the subhalo and
inflow to subhalo center to form a galaxy. Stage 3: the accreted material then provides
gas for spheroid/disks. Stage 4: cold gas forms stars. Stage 5: finally, some of the gas
within the satellite’s subhalo flows back into the Milky Way halo’s diffuse CGM due to
tidal stripping, ram pressure stripping, and supernova feedback.
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3.1 Parameters with Astrophysical Priors

We begin with parameters whose values are determined, or at least limited, by the as-

trophysics governing dwarf galaxies or the derived properties of the Milky Way.

3.1.1 Cooling velocity

Atomic hydrogen cooling is suppressed for low mass halos with virial temperatures below
~ 10* K. This is known as the atomic hydrogen cooling limit, which corresponds to a
virial velocity of ~ 16 km/s (Fitts et al. 2017, Graus et al. 2019). To suppress star forma-
tion in the least massive halos, GALACTICUS uses a minimum v.;, below which gas in a
halo will be unable to cool and form stars (veeoling). It this work, we choose veooling Values
to approximate this atomic cooling limit since gas accretion onto and star formation in
halos below the atomic cooling limit is inefficient. Similar thresholds have been used
in several high resolution hydrodynamic simulations (Sawala et al. 2016, Munshi et al.
2017, Benitez-Llambay et al. 2017, Fitts et al. 2017, Maccio et al. 2017). Note that the
Collisional Ionization Equilibrium (CIE) cooling function does not drop entirely to zero
below this threshold due to contributions from metal cooling. Modeling star formation
in halos below the atomic cooling threshold requires accounting for the stochastic effects
of H, cooling, and is beyond the scope of the current work. Therefore, we only con-
sider halos that are above the atomic cooling limit and narrow our choices of velocities

(Ucooling =15 — 20 km 8_1).
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3.1.2 Reionization redshift

The redshift of reionization for the Milky Way and its local environment is set at
Zreion = 9. This value falls within the range of reionization redshifts calculated by

previous works (Gnedin 2000, Bullock et al. 2000, Alvarez et al. 2009, Busha et al. 2010,

Iliev et al. 2011, Spitler et al. 2012, Ocvirk et al. 2013, Li et al. 2014, Aubert et al. 2018).

3.1.3 Filtering velocity

During and after reionization the reheating of the IGM suppresses the accretion of gas
onto low mass halos below the filtering mass (Ricotti and Gnedin 2005). GALACTICUS
parameterizes this with the reionization suppression velocity vgier- Therefore, accretion
of gas is suppressed in halos with vyia < vgier. Note that in this case accretion is com-
pletely turned off. When modelling the effects of reionization on halos across a range of
redshifts, this criterion is the superior choice (compared to, for example, a halo mass-
based criterion) since the virial velocity of a halo is a direct and redshift-independent

measure of the depth of the potential well.

3.1.4 Star formation law in disks

We calculate the star formation rate density for the disks using the model of Blitz and
Rosolowsky (2006). We choose this prescription because it is based on the astrophysics

of molecular hydrogen as opposed to fits of observed data from more massive galaxies
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(Kennicutt 1998, Shi et al. 2011). This method describes a star formation prescription
based on hydrostatic pressure. It uses the linear relation between pressure and the ratio of
molecular to atomic gas in galaxies. The star formation rate surface density is computed
by

Z*(R) = VSF(R)ZHQ,diSk(R>‘ (31)

q
Here the star formation frequency is given by vgp(R) = vsr [1 + <ZE—IZI> ], where Y, is
the critical surface density for formation of molecules and ¢ is an exponent. Note that

the star formation efficiency is suppressed in ‘subcritical’ regions where Yy < ¥3. The

surface density of molecular gas is given by

Pex ¢
Y, = < P0t> X, (3.2)

where P, is the characteristic pressure and « is the pressure exponent (we use o = 0.92
as suggested by Blitz and Rosolowsky (2006)). External hydro-static pressure within a

gas cloud in the disk is calculated by

™
Pext = ZGEgas

Sgas + <0gas)2*] , (3.3)

where o, = V7Gh,2, is the surface density of the stars and h, is the disk scale height.
Note that this equation is valid only under the condition X, > ¥.,s. We do not vary any

parameters for this prescription.
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3.1.5 Star formation in spheroids

Star formation rates in spheroids are calculated using dynamical times with the same
parameters used for the best fit to the more massive galaxies. The timescale for star

formation is given by

_ Ven o
1 char
* — namical \ 5~~71._ /_ ) 4
TG Ty l(200km/s> (3:4)

where €, (efficiency) and o (exponent velocity) are default input parameters, and Tqynamical =
r/V where r and Vi, are the characteristic radius and velocity of the spheroidal compo-
nent, respectively. This timescale cannot fall below a minimum value of 7.579 Gyrs. Gas
can be added to the spheroid via mergers and disk instabilities. In a major merger, both
galaxies are destroyed and a new spheroid is created with combined gas from destroyed
galaxies, while in a minor merger, gas from the merging satellite is added to the more
massive spheroid. Note that we do not vary any parameters for this method. We use the

default values for each parameter given in GALACTICUS documentation.

3.1.6 Accretion mode onto halos

Gas can accrete onto halos in one of two ‘modes’: ‘cold’” and ‘hot’. In ‘hot-mode’ accretion,
all accreted gas is shock heated to the virial temperature of the halo. Although this model
describes the process of accretion well for higher mass halos, gas accretion in low mass
halos (dwarfs) is never shock heated to the virial temperature (Fardal et al. 2001, Keres
et al. 2005; 2009). Studies such as Keres et al. (2005; 2009) show that ‘cold-mode’ gas

accretion dominates low mass galaxies (i.e. < 10'"3 M) while ‘hot-mode’ accretion of
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gas occurs in higher mass systems. In ‘cold-mode’ accretion, the gas accreted never forms
a hydrostatic halo, and so does not need to cool and radiate its thermal energy before
flowing into the galaxy. It instead flows into the galaxy on order of the dynamical time.
Therefore, we implement ‘cold-mode’ accretion onto low mass halos, ‘hot-mode’ accretion
onto high mass halos, and a mixture of both to intermediate mass halos. The transition
between two modes is determined by two ‘shock’ parameters.

According to Birnboim and Dekel (2003), Benson and Bower (2010), the cold-mode
fraction is defined by

feora = (1+73)7", (3.5)

where 4 is the shock stability transition width, r = eqi/e and € = r,Ap,v3 where ry is
the accretion shock radius (set to the virial radius), A is the post-shock cooling function,
ps and v are pre-shock density and velocity (at the virial radius) respectively, and €.

is the accretion shock stability threshold. Here, the pre-shock density is defined by

713 W M[ (a+3)(10+97) -

_ 3 3.6
v+ 147 Q13 * 4 ’ (3.6)

Ps

where M is the total halo mass, v = 5/3 is the adiabatic index of gas, and « is the
exponent that corresponds to initial density perturbation (Birnboim and Dekel 2003).
Note that while we choose the cold-mode method for accretion, the parameters above

are not, variable and are set by internal calculations.
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3.2 Parameters without Astrophysical Priors

We next describe the parameters that are unconstrained by the underlying astrophysics
of either dwarf galaxies or the Milky Way. Ram pressure and tidal stripping were con-
strained by comparisons to the observed and simulated (Applebaum et al. 2021, Shipp
et al. 2022) luminosity functions of the Milky Way satellites. The physics of star forma-
tion feedback is constrained to best fit the slope and scatter of the luminosity-metallicity

relation.

3.2.1 Ram Pressure Stripping

We use the model of Font et al. (2008) to model ram pressure stripping of hot halo gas
in our dwarf galaxies as this method sets a physical radius within the dwarf galaxy halo.

The ram pressure stripping radius of Font et al. (2008) is a solution to

Oérp satellite (Trp,z Phot,satellite (Trp) _ fram7hot,host : (3 . 7)
rp

where Fram hot,host 15 the ram pressure force due to the host halo, geometric factor a,,.
Bram = Fhot,host/ Fyravity, and the total mass of the satellite within radius r, Matenite(7)-
Phot satellite 18 the hot halo density profile of the node’s host at pericenter radius r,,. The

ram pressure force due to the hot halo is defined by

fram,hot,host = phot,host(r>v2 (T) (38)
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Mass loss rate in disks are computed using the equation

, (3.9)

. . «Fhot,host Mgas,disk
Mgas,disk = min R X

27T-G(Zgas("al/Q)Ztotal(rl/2) 7 Tdyn,disk

where Sram = Fhot,host/ Fyravity 15 the ram pressure stripping efficiency that scales the

mass loss in the disk, Ygq(r) is the gas surface density in the disk, Yoq:(7) is the total
surface density in the disk, 7/, is the disk half mass radius, Myqs s, is the total gas mass
in the disk, Tayn.disk = Tdisk/Vaisk 18 the dynamical time in the disk, R, is a unitless
constant that determines the maximum rate of gas mass lost. A maximum flow rate
is chosen as it is difficult to remove gas on a scale that is less than the sound crossing
time. If the timescale for gas removal is too short, the step sizes becomes extremely
small making it difficult to numerically solve equations. Therefore a minimum of two
quantities for a flow rate is used. G is the gravitational constant.

In spheroids, the rate of gas mass loss is calculated using

Mgas,sph = - max(ﬁram; Rmax)Mgas/Tspha (310)

where My, is the mass of gas in spheroid and 7y, is the dynamical time of the spheroid,

and Bram = Fhot,host/ Fyravity- Lhe gravitational restoring force at half mass radius is given

by,

4 G Miotal(71/2)
Fgr(wity = gpgas<r1/2)—/

(3.11)

T1/2
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3.2.2 Tidal Stripping

There is evidence for tidal stripping in dwarf satellites embedded in the scatter of the
halo-stellar mass relation (Jackson et al. 2021) and the presence of tidal streams and
debris (Bullock and Johnston 2005). Previous studies have shown that more dark matter
must be stripped in order for stripping of stars to occur in galaxies with smaller disks
(Penarrubia et al. 2008, Smith et al. 2013). Simulations suggest that stars in dwarf
spheroids are only stripped after 80 — 90% of the dark matter is stripped (Smith et al.
2013). In addition, galaxies that lose 80% of dark matter mass lose about 10% of their
stellar mass (Smith et al. 2016). As such, tidal stripping of dark matter precedes tidal
stripping of stars.

We approximate stellar mass and ISM gas loss via tidal stripping treatment using
the ‘simple’ model in GALACTICUS. This model assumes the stellar mass loss rate scales
with the ratio of tidal force to restoring force in a galaxy at half mass radius, and is
inversely proportional to the dynamical timescale

Fiigal 1

M* = Btidal—_
Fres Tdyn

M,, (3.12)

where fSiiqa is the strength of tidal stripping of ISM and stars, Fijqa is the tidal force,
Fes is the restoring force, Tqyy is the dynamical time of stars, and M, is the stellar mass.
Note that this model only captures the effects of tidal stripping on the total mass and

ignores the effects on the shape of the galaxy’s density profile.
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3.2.3 Stellar Feedback

We next determine the parameterization of stellar feedback that best produces the ob-
served luminosity-metallicity relation. Stellar feedback from the disk and spheroid com-
ponents are treated separately, but with the same model, parameterized by a charac-
teristic velocity and exponent. The characteristic velocity defines the scale at which
supernovae feedback results in a mass loading factor (the ratio of the outflow rate to the

star formation rate) is one. The outflow rate is then given by

Qoutflow -
) charac E*
Moutﬁow = (U s > —, (313)

Urs €cannonicalx

where Ucharae (the circular velocity at which the mass outflow rate driven by supernovae
equals the star formation rate in the disk/spheroid) at scale radius, vy is the disk /spheroid
circular characteristic velocity at scale radius, and aufow, the disk/spheroid exponent.
These are tunable parameters except for v,s. E, is the rate of energy input from stellar
populations, and €cannonicals = 4.517 x 10°(km/ 3)2 is the total energy input by a canonical
stellar population normalized to 1 Mg after infinite time (Note that GALACTICUS calcu-
lates €cannonicalx for a Salpeter IMF and it serves only as a plausible scale). For a typical
low mass dwarf, the ratio of veparee/vrs would be higher, thus more mass would escape
its potential well, whereas a higher mass dwarf would have a lower ratio. The best fit
parameters described above are summarized in Table 3.2.3.

We initially explore whether there is a set of input parameters for which running
GALACTICUS on high resolution N-body merger trees can reproduce the luminosities and

metallicities of the Milky Way dwarfs.
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Table 3.1. Summary of the Semi-analytic Model Parameters

Notation Meaning of Parameter Range of Parameters Best fit value
Vfilter Reionization suppression velocity 20, 25,30 km/s 25km/s
Veooling Cooling rate cut off velocity 15— 20 km/s 19km/s
ESF Star formation rate surface density Extended Schmidt ex = 0.5, egas = 1.09
e e Blitz Rosolowsky Blitz Rosolowsky a = 0.92
a=0.92

Kennicutt Schmidt
ex = 0.5, egas = 1.09
Krumholz McKee Tumlinson
f=038,C=5
Veharae Characteristic velocity (disk) 60,160, 260 km/s 160 km/s

Veharac Characteristic velocity (sph) 51,151,251 km/s 151 km/s
Qoutflow,disk ~ Qutflow velocity exponent (disk) 1.7,2.2, 2.7 1.7
Qoutflow,sph ~ Outflow velocity exponent (spheroid)  0.3,0.8,1.3 0.3
Bram Ram pressure stripping efficiency 0.01,0.1,1.0 1.00
Btidal Tidal stripping efficiency 0.01,0.1,1.0 0.01
Note. — The first column lists the notation for parameters used in the SAM. Second column explains the meaning

of each parameter. Third column lists the range of tested values. Fourth column lists the best fit values found.

3.3 Cumulative Luminosity Function

We begin our exploration of the best fit GALACTICUS parameters by determining the com-
bination of veoeling and vgier that best reproduce the observed luminosity function of the
Milky Way dwarfs and the simulated luminosity functions from the Mint Justice League
(Applebaum et al. 2021) and FIRE II mock observations (Shipp et al. 2022). For Mint
Justice League, we use Sandra (2.4x10'? M) and Elena (7.5x 10" M) since they are the
only simulations run at Mint resolution (My < —5). They also have virial masses closest
to our Milky Way analog (1.8 x 10'2 M, or 1.2 x 10'2 M, /h). We compare our models to
3 Milky Way analogs (m12f, m12m, m12i) of FIRE II hydrodynamic simulations These
simulations resolve halos down to mass scales corresponding to a hosted galaxy luminosity
of My < —8. Masses of m12f, m12m, m12i are 1.7x 102 My, 1.6 x10'2 My, 1.2x10™ M,

respectively. While the luminosity functions of the hydrodynamical simulations might
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Figure 3.2: Cumulative luminosity function of the Milky Way dwarf satellite galaxies.
My denotes the absolute V band magnitude and A denotes the cumulative number of
galaxies fainter than My . The dark green dashed line shows the observed data from Mec-
Connachie (2012), Drlica-Wagner et al. (2020). Each figure corresponds to GALACTICUS
runs with cooling rate cutoff velocities from 15 — 20 km s~!. These predicted luminosity
functions correspond to vger = 20,25,30 km/s are then are compared to Justice League
hydro simulations (shown in orange and coral), and mock observations of FIRE II hydro
simulations (in shades of green) along with observations.
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undercount the number of ultra-faint dwarfs due to over merging (Graus et al. 2019),
they do not have the completeness issues of the observation sample (Drlica-Wagner et al.
2020). However, these Milky Way analogs of hydrodynamic simulations are of different
masses and merger histories, thus may not necessarily resemble the exact Milky Way
satellite population. Therefore, we cannot perform a quantitative comparison of curves
for observations and different models. Instead, we compare all the luminosity function
curves and determine an expected best fit curve ‘by-eye’.

Figure 3.2 shows the luminosity function of the satellites in our Milky Way analog
modeled by GALACTICUS with Veeoting = 15 — 20 km st and vgiey = 20 — 30 km s~
It shows the effect of our choices of Veooting and Vgiter, fOr 2reion = 9. The filtering velocity
is only allowed to range from 20 km s™! to 30 km s™! (Gnedin and Kravtsov 2006, Bovill
and Ricotti 2011). The choice of the range of Veooling and vgier approximates the known
physics that suppresses gas accretion and cooling in low mass halos. In this work, we
hold the reionization redshift of the Milky Way constant.

To determine the combinations of veooling and vsier that produce the best agreement
with the known Milky Way satellite population, we compare our models to the observed
luminosity function (McConnachie 2012, Drlica-Wagner et al. 2020) and the simulated
luminosity function from the two halos in the Mint Justice League (Applebaum et al.
2021) simulations. The latter minimizes the complications due to the incompleteness of
the sample of Milky Way satellites, especially at M, > — 10 (Willman et al. 2004).
Note that we use the updated version of McConnachie (2012) as of January 2021. Drlica-
Wagner et al. (2020) attempts to correct for the survey incompleteness to find the total

number of dwarfs in DES and Pan-STARRS1(PS1) surveys. We find that veooling plays
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a critical role in producing the correct number of dwarf galaxies fainter than My > —8,
while vger primarily affects brighter dwarfs. Our model produces the best fit to the
luminosity function of the Milky Way satellites (My < —6) and Sandra (Applebaum
et al. 2021) for veooling = 18 — 19 km s7! with vger = 25 km s7%.

We note that the observed Milky Way satellites are certainly incomplete below My ~

—10. For our best fit model, we match galaxies brighter than M, = —6 and fainter
than My = —12. Note that we slightly overproduce the number of galaxies in the
range of My = —12 and My = —16 (Figure 3.2 bottom left panel, Milky Way -

Viiter = 25km/s, Veooling = 19km/s). In addition, the number of brighter satellites
are under-predicted in comparison to observations and hydrodynamic simulations (mid-
dle line shown in pink). As the number of bright satellites around a Milky Way mass
host is low, this might simply be due to small number statistics.

Notice that there is more than one set of parameters for veooling and vgier that will pro-
duce a reasonable fit to the luminosity function of the observed Milky Way satellites and
the Mint Justice League. Specifically, our fit is not improved markedly for vger = 25—
30 km/s and Veooling ~ 18-20 km/s. We consider a reasonable fit/curve as a model that
lies within observed luminosity function and the number of dwarf satellites predicted by
hydrodynamic simulations of MW analogs. Note that we cannot perform direct compar-
isons among our models, hydrodynamic simulations and observations using simultaneous
fitting as these MW analogs have different masses/merger histories. However, they are
sufficient to estimate the number of satellites based on ‘eye-judgement’. See Starkenburg
et al. (2013), Font et al. (2011), Applebaum et al. (2021) for similar comparisons. In this

work, we choose our best fit value for veooling to approximate the atomic cooling threshold
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during the epoch of reionization. Our ‘best fit” vgye, is chosen to be the average of the
values used in Ricotti and Gnedin (2005) and Bovill and Ricotti (2011).

In Figure 3.3 we compare the cumulative luminosity function for the Milky Way
satellites computed with the Font et al. (2008) ram pressure stripping model (pink), to

that computed in a model with no ram pressure stripping (purple).
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Figure 3.3: Cumulative luminosity function of the Milky Way satellites computed with
ram pressure stripping methods (Font et al. 2008, pink) and f,4, = 1.00 (pink), no ram
pressure stripping (purple), and the same method implemented with S,4,, = 0.01 (blue).
Other colors are the same as in Figure 3.2.

We now look at the effect of ram pressure stripping for our best fit cooling and

filtering velocities. We vary the efficiency of the ram pressure stripping through its full
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range from 0 to 1. However, the effect of 3., = 0.01 seem to be same as B4, = 1.00
i.e. the efficiency at which gas is stripped upon infall does not have a major effect on the
luminosity except in the more massive dwarfs (see blue and pink curves of Figure 3.3).
Note that, with the exception of some minor differences at high luminosity (My < —14),
changing the efficiency of the ram pressure stripping does not significantly affect the
luminosities of our modeled galaxies. This is expected, as only the most massive Milky
Way dwarfs formed significant amounts of stars after their infall into the Milky Way halo
(Rocha et al. 2012). While the effect of ram pressure efficiency is negligible, we chose
the maximum ram pressure stripping efficiency of 1.0 as dwarf satellites undergo ram
pressure stripping as they fall into their host galaxy.

We now move onto tidal stripping using the ‘simple’ model in GALACTICUS. Since,

in the N-body simulation, there is already stripping of the dark matter halos, we do not
implement any additional stripping of the dark matter.
The strength of tidal stripping of ISM gas and stars (4. can be varied from 0 to 1.
Unlike ram pressure stripping, which was insensitive to our choice of f3,4,, Figure 3.4
shows the effect on our luminosity function when the efficiency of tidal stripping is varied.
While figa ~ 0.1 seems to better match with observed luminosity function, we select
the model that is closest to Mint Justice League to account for the incompleteness of
intermediate Milky Way satellites. We reproduce the observed and simulated (hydro-
dynamic) luminosity functions with Siqa ~ 0.01. We find a strong and direct, inverse
relationship between the efficiency of the tidal stripping and the luminosity function of
the Milky Way satellites (see Figure 3.4).

Note that the tidal force in the model is calculated at the pericenter of satellite’s orbit.
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Figure 3.4: Luminosity function of Milky Way dwarfs for varying tidal stripping efficien-
cies. Three colors violet, fuchsia, and purple indicate tidal stripping efficiencies for stars
and ISM gas (Biqar = 0.01, 0.1, and 1 respectively). Lower efficiency is in agreement with
observations and results of ‘Mint’ resolution Justice League, and FIRE-II hydrodynamic
simulations (colors are the same as in Fig 3.2).

Therefore the actual tidal force will likely be lower than our estimate. This means that
Biigar < 1 is reasonable. In addition, models suggest the majority of the dark matter
must be stripped before the stars are stripped (Peniarrubia et al. 2008, Smith et al. 2016).
Since all the dwarf galaxies in our simulation exist in intact dark matter halos, this is
in line with expectations from Penarrubia et al. (2008) that > 90% of the dark matter
halo needs to be stripped before the stars are significantly affected. Our model currently

includes only a few halos that have been stripped to this level, thus low efficiency of tidal
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stripping used here is in agreement with previous work.

We also note that our dark matter-only simulations may suffer from the missing satel-
lite problem (Kauffmann et al. 1993, Klypin et al. 1999, Moore et al. 1999) and lack of
modifications to halo concentrations due to baryonic effects. As such, correction models
such as Schneider and Teyssier (2015) can be used to mimic the effects of baryons on the

underlying dark matter halos.

3.4 Luminosity Metallicity

We next determine the combination of stellar feedback parameters that best repro-
duces the slope of the observed luminosity-metallicity relation (McConnachie 2012).
We tune our model for vUeparacdisk = 60,160,260 km/s for the disk and vcharacsph =
51,151,251 km/s for the spheroidal component. Note that the values used in the
standard set of parameters for the baryonic physics of higher mass galaxies described
in section 2.1 are VUeharacdisk = 160 km/s and vcharacsph = 151 km/s. Thus, we vary
+100km s~! those values. We find that by tuning the existing stellar feedback recipes in
GALACTICUS we can reproduce both the trend and scatter in the observed luminosity-
metallicity relation (Figure 3.5). Critically, metallicities of the modeled dwarfs match
well with observations down to the ultra-faint dwarfs. The two exponents, autfiowdisk
and Qoutfiow,spheroid, and the characteristic circular velocity at the scale radius (Venarac)
determine the scaling of the outflow rate of the corresponding disk/spheroid measured
at the scale radius of that component. The characteristic velocity determines normal-

ization of the luminosity-metallicity relation, and exponent of the disk, tunes the slope
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Figure 3.5: Iron abundance of the dwarf satellite galaxies as a function of absolute V-
band magnitude. Observed data from McConnachie (2012) are green and dwarfs modeled
with GALACTICUS are pink. Existing stellar feedback recipes in GALACTICUS have been
calibrated to reproduce the luminosity-metallicity relation.

(Figure 3.6). Higher exponents correspond to steeper slopes and vice versa. In particu-
lar, low mass dwarf galaxies are sensitive to exponents controlling their supernova-driven
outflows. We determine the slopes for luminosity metallicity relations using a Monte
Carlo Marcov Chain (MCMC) fit and compare them ‘by eye’ judgement. The closest
match to the slope to observed luminosity-metallicity relation is obtained for exponents

Oéoutﬂowydisk = 17 and aoutﬂow,spheroid = 03 (see Figure 36)
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Figure 3.6: Modeled luminosity-metallicity relations for various characteristic velocities
and exponents of stellar outflows. Top left and right figures show the effect of the
characteristic velocity for the disk and spheroid components respectively. Bottom left
and right figures show the effect of exponents on disk and spheroid components. Note that
this relation is sensitive to both characteristic velocity (normalization) and exponents of
the disk component (slope). The green dashed line shows the best fit line for the observed
luminosity metallicity relation of McConnachie (2012).

As seen in Figure 3.6, while the exponent for the spheroid only marginally affects the
slope of the luminosity-metallicity relation, the effect of tuning stellar feedback in the disk
component is far greater. We find stellar feedback outflows to be a significant component

for tuning the luminosity-metallicity relation. This agrees with Lu et al. (2015) who
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demonstrated that metallicity of galaxies provides a constraint on the maximum outflow
velocity (~ 141 km/s).

We have shown that with the correct set of astrophysical prescriptions and parameters
GALACTICUS is able to reproduce the observed luminosity function and luminosity metal-
licity relation for the Milky Way dwarfs down to the ultra-faints. In Chapters 4 and 5
we explore whether those can reproduce other observed properties of the dwarfs at z =

0 and their star formation histories.
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Chapter 4

Properties of The Milky Way

Satellites at z = 0

In this chapter we present the properties of the Milky way satellites at z = 0 pre-
dicted by our dwarf galaxy models. Large parts of this chapter are drawn verbatim from
Weerasooriya et al. (2023).

We have determined a set of parameters for GALACTICUS that reproduce the observed
luminosities and metallicities of the Milky Way dwarfs. In this section, we determine if
these parameters can reasonably reproduce other properties of the Milky Way dwarfs.
Unlike the luminosity function and luminosity-metallicity relation discussed above, we
have not tuned GALACTICUS to reproduce any of the dwarf galaxy properties below.
All the observational data in this section comes from the updated table as of Jan 2021

originally published in McConnachie (2012).
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4.1 Half Light Radii

As seen in Figure 4.1, we are able to match the observed half-light radii for the Milky
Way satellites down to My < —6. However, our modeled dwarfs have larger half-light
radii for fainter, smaller dwarfs, and our modeled half-light radii do not reach below
200 pc. This ‘floor” in our half-light radii roughly corresponds to the physical softening
of our simulations (orange line in Figure 4.1).

In order to investigate this, we look at the half light radii as a function of dark
matter halo mass (Figure 4.2). The vertical lines in Figure 4.2 show the dark matter
halo masses for various numbers of particles per halo. Note that halos whose half-light
radii are below the ‘floor’ corresponding to the physical softening of our simulation all
have > 1000 particles. As GALACTICUS calculates the 7y of the halos by allowing the
disk and spheroidal components to evolve within the gravitational potential of a dark
matter profile, the determination of 7y, relies on a robust determination of the dark
matter profile. The underlying NFW profile is set from scale radii of the simulation,
where concentrations are calculated using the model by (Gao et al. 2008). The NFW
profile describes the equilibrium radii for the disk and the spheroid components, and half-
light radii are calculated in gspgs luminosity band. While the global properties of halos
with N < 1000 particles are relatively certain (Trenti et al. 2010, Benson 2017a), the
details of their dark matter profiles are not robust. For example, Mansfield and Avestruz
(2021) show that convergence in measurements of half-mass radii of halos from N-body
simulations requires > 4000 particles. As the low mass halos that host the faintest

dwarfs in our model have N < 500 particles, the uncertainties in the determination of

63



104

103 i

102 i

Half Light Radius (pc)

101 i

°
° % ° ¢
] [
L 2 ) - PY
e o
e o
Y
%0 P
L .
- Softeningnaie _ _ ____ |

e MW (McConnachie 2012)
e MW (Galacticus)

100

0

_2

—4

—6

—8 —-10 —-12 —14 —16 —18 —20 —22
My

Figure 4.1: Half light radii of the dwarf satellite galaxies as a function of absolute V band
magnitude. Observed data from McConnachie (2012) are colored in green, and simulated
data are colored in pink. Orange dashed line shows the softening of the halo at 200 kpc

in the N-body simulation.

their dark matter profile coupled with the physical gravitational softening used in the

simulation produces a ‘floor’ of ~ 200 pc. Similar effects of resolution are seen in the

half-light radii of Mint Justice League simulations by Applebaum et al. (2021).
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Figure 4.2: Half-light radii of the dwarf satellite galaxies as a function of dark matter
halo mass. Here we show the dark matter mass of halos with 100 (light grey dotted), 1000
(dotted dashed line in dark grey), and 2000 (dashed line in black) particles. The orange
dashed line shows the softening of the halo at 200 kpc in the N-body simulation. Note
that most halos need ~ 1000 dark matter particles in order to form luminous galaxies.

4.2 Velocity Dispersion
In this section, we look at the velocity dispersions of our modeled dwarfs at half-stellar
mass radii compared to observations of McConnachie (2012) (updated as of Jan 2021)

without any fitting. We determine any agreement between observations and our model

‘by-eye’. Note that GALACTICUS calculates the velocity dispersion of each satellite galaxy
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at its half mass radius. As seen in Figure 4.3, the stellar velocity dispersions of our
predicted dwarfs agree well with observations. However, note that velocity dispersions

of galaxies below My ~ —8 may be affected by the the floor in half-light radii discussed

above.
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Figure 4.3: Velocity dispersion of the modeled and observed dwarf satellites as a function
of absolute V band magnitude. Observed data from McConnachie (2012) are colored in
green, and simulated data are colored in pink. Our model agree well with observations
without additional tuning (‘by-eye’ judgement).
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4.3 Mass to Light Ratios

Given that we are able to reasonably reproduce the half-light radii and velocity dispersion
of the Milky Way dwarfs, we can estimate the mass-to-light ratios of the modeled Milky

Way satellites using the equation 2 in Wolf et al. (2010).

< o? > T
M, b =930 —=— )= 4.1
1/2 ( km?2s—2 ) (pc) (4.1)

where r, = 3/4rpqy is the 2D projected half light radius. While GALACTICUS does
not calculate mass-to-light ratios directly, we use stellar velocity dispersions and half-
light radii to calculate mass-to-light ratios. Our modeled mass-to-light ratios are in good
agreement with values derived from observations (Figure 4.4). Critically, we are able
to produce the dark matter domination of the ultra-faints dwarfs (Simon 2019). We
quantify the offset in observational and simulation data using two regression lines (see
Figure 4.4). The observations follow a slope of -0.182 and model follows a slope of -0.276.
See Table 4.1 for slope and intercept of both model and observations. We find the root
mean square error of 0.84 in log scale. While our model does not produce a good fit, this
level of agreement is produced without further tuning of astrophysical prescriptions and
parameters to our model. Previous SAMs have not reproduced or compared mass-to-light
ratios of the Milky Way satellites. Therefore, this level of agreement with observations

still exceeds our expectations.
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Mass to Light Slope Intercept

Observations -0.182 10528
Model -0.276 107-04

Table 4.1: Linear regression fit to mass to light ratios of observed and modeled dwarf
galaxies of the Milky Way satellites.
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Figure 4.4: Mass to light ratios of the Milky Way satellites as a function of the velocity
dispersion along the line of sight. Mass to light is calculated using the half mass with
velocity dispersion and half-light radii as described in Wolf et al. (2010). We compare
the modeled dwarfs (pink) to observed data from McConnachie (2012) (green). Green
and pink lines show the linear regression lines for the observed and modeled dwarfs
respectively. Mass to light ratios of the Milky Way satellites are in agreement down to
the ultra faints, though our mass to light ratios are a bit higher than observed values.
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4.4 Discussion

The well-studied Milky Way satellites are an ideal data set for constraining parameters
of GALACTICUS to best model dwarf galaxies. The initial goal of this study was to build
a viable model of the classical dwarfs in the Milky Way and explore predictions for their
star formation histories with the standard implementation of GALACTICUS. However, in
addition to successfully modeling the properties of the classical Milky Way satellites, we
are also able to match the properties of the more luminous ultra-faint dwarfs. Repro-
ducing the stellar properties of the Milky Way satellites, including the ultra-faint fossil
galaxies, was unexpected due to the stochastic star formation processes that govern the
evolution of the lowest mass galaxies (Guo et al. 2016).

Several previous studies of dwarf galaxies have been made using SAMs, most of which
have found it challenging to reproduce a broad range of dwarf galaxy properties without
significant modification to the SAM (e.g. Li et al. 2010, Maccio et al. 2010, Font et al.
2011, Lu et al. 2017, Starkenburg et al. 2013). For example, Lu et al. (2017) found that
their SAM could not simultaneously produce a good match to the dwarf galaxy mass
function and mass-metallicity relation without the introduction of a preventative feed-
back model that reduced the fraction of baryons accreting into a halo as a function of
its mass and redshift of that halo. Note that Lu et al. (2017) use a relatively simple
treatment of subhalos: their model removes Circum Galactic Medium (CGM) gas from
a halo and transfer to the parent halo as soon as a halo becomes a subhalo. While
GALACTICUS does stop accreting gas onto subhalos, it retains the remaining CGM gas

that will continue to cool and supply gas to the subhalo, removing it only gradually via
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ram pressure stripping etc.

The study by Pandya et al. (2020) found their SAM predicted gas accretion rates or-
ders of magnitudes higher than those found in the FIRE II simulations (Hopkins et al.
2014a; 2018a), and were driven to allow stellar feedback to heat gas surrounding ha-
los and thereby preventing it from accreting at such high rates. They also emphasized
the possibility of obtaining the same final stellar/ISM mass with different combinations
of outflows (e.g. high inflow + high outflow, low inflow + low outflow). Thus, they
highlighted the importance of comparing the gas accretion, and outflow rates between
models/simulations and observations rather than just bulk integrated properties. Note
that their study focused on relatively isolated central dwarfs not satellites of Milky Way
analogs. While we have not explored gas accretion rates in this paper, we have examined
the luminosity function and mass-metallicity relation—essentially the diagnostics used
by Lu et al. (2017). Interestingly, we do not find the need for any preventative feedback
to simultaneously match both of these quantities.

The reasons preventative feedback is not necessary are not immediately clear. While the
physics ingredients of the GALACTICUS SAM are fundamentally very similar to the SAMs
of both Lu et al. (2017) and Pandya et al. (2020), there are differences in the details of
the physics models. Additionally, there are differences in the numerical implementations
of models (e.g. GALACTICUS uses an adaptive timestep ODE solver, while the SAMs of
Lu et al. (2017) and Pandya et al. (2020) use fixed steps, often with each physical process
applied in succession, rather than simultaneously). Identifying the primary reason pre-
ventive feedback is not needed in GALACTICUS is a key question, but one that requires an

extensive study that is beyond the scope of this present work. Fortunately, the flexible,
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modular nature of GALACTICUS allows the possibility of constructing models that mimic
the SAMs of Lu et al. (2017) and Pandya et al. (2020)—this will allow us to explore in
detail which physical or numerical choices lead to these different conclusions. We intend

to undertake such a detailed study in a follow-up work.

4.5 Conclusions

Our conclusions on z = 0 properties are as follows.

e Despite the lack of Hy cooling in our current model, we successfully model the

properties of the most luminous of the ultra-faint fossil dwarfs.

e When our model is tuned to reproduce the observed luminosity function and
luminosity-metallicity relation, we are able to independently reproduce several
z = 0 properties of the Milky Way dwarfs, including half light radii, velocity

dispersion and mass to light ratios without any additional tuning of the physics.

This chapter shows that the same astrophysical prescriptions and parameters that repro-
duce luminosity function and the luminosity metallicity relation down to the ultra faint

dwarfs can also reproduce additional z = 0 properties of the Milky Way dwarf galaxies.
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Chapter 5

Star Formation Histories of The

Milky Way Satellites

In this chapter, we present the star formation histories of the dwarf galaxy models of
our Milky Way analog. Large components of this chapter are drawn verbatim from

Weerasooriya et al. (2023).

5.1 Cumulative Star Formation Histories (SFHs)

We have shown that by constraining (FALACTICUS to reproduce the luminosities and
metallicities of both the classical and ultra-faint dwarfs, we are able to successfully re-
produce a wide range of observed Milky Way dwarf properties at z = 0. As a final test,
we determine whether we are able to reproduce star formation histories that match those
derived from observations (Weisz et al. 2014; 2015). Cumulative star formation history

gives the total accumulated mass of stars in a particular galaxy throughout time.
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We begin by looking at the cumulative star formation histories of the Milky Way
dwarfs grouped by z = 0 absolute V band magnitude (Figure 6.7). Each curve is

color-coded by absolute V band magnitude of a particular halo at z = 0.
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Figure 5.1: Cumulative star formation histories (SFHs) of the Milky Way satellites col-
ored by absolute V band magnitude. The left panel shows the SFHs modeled with
GALAcTICUS and the middle panel shows observed SFHs for Leo A, Sagittarius, Sex
A, and Sculptor by Weisz et al. (2014). Note that we plot only the SFHs of the Milky
Way satellites from a list of combined SFHs of dwarfs of the LG with multiple fields in
Weisz et al. (2014). While not intentional, brightness of this observed sample of galaxies
are similar. The shaded regions in the middle and right panels show the region between
the 16th and 84th percentiles in SFH uncertainties (grey for random uncertainty and
blue for total uncertainty). In the right panel we plot SFH of models that have similar
brightness to dwarfs of Weisz et al. (2014) along with observed SFHs from the 2nd panel
(models are shown in thick lines while observations are shown in thin lines with envelopes
for percentiles). While most observed dwarfs quench later except Sculptor, our models
quench early (~ 11 Gyrs ago). Note, that Weisz et al. (2014) use isochrones older than
the age of the universe, and sets the cumulative SFHs to 0 at log(t) = 10.15 Gyrs. We
have not made any correction to account for this in the modeled SFHs. Our cumulative
SFHs are somewhat consistent with these results and the SFHs of the ultra-faints (Brown
et al. 2014). However, since our models exclude Hs cooling, we preclude comparison of
modeled ultra faints to dwarfs of Brown et al. (2014).

As expected (Brown et al. 2014, Sacchi et al. 2021), fainter dwarfs (My > —6) accu-
mulated the majority of their current stellar mass more than 11+1 Gyrs ago. In contrast,
the more luminous model dwarfs at z = 0 form their stars over longer periods of time,

including some systems which are still star forming today. We note that some of the
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modeled cumulative SFHs plateau around 0.1, 0.3, and 0.6 which is similar to observed
SFHs of Weisz et al. (2014) shown in Figure 6.7. Note that all observed SFHs of dwarfs
plotted in the middle and right panels of Figure 6.7 have similar luminosities. All of these
dwarfs, other than Sculptor, quench later. However, our modeled dwarfs quench early,
at ~ 11 — 12 Gyrs. Cumulative star formation histories derived from GALACTICUS are
consistent with the results of Mint Justice League simulations (Figure 11 of Applebaum
et al. (2021)). Note that these ‘mint’ resolution DC justice league hydrodynamic simula-
tions have the highest mass resolution Milky Way-like mass environments run to z = 0.
Their SFHs agree well with observations of Brown et al. (2014), Weisz et al. (2014).

The faintest modeled dwarfs all have their star formation cut off at about the same time.
This is expected as the faintest observed Milky Way satellites are the fossils of the first
galaxies (Bovill and Ricotti 2011, Brown et al. 2012b). The larger range of the lookback
time of the truncation of star formation for the more luminous dwarfs is consistent with
their star formation being shut off upon accretion into the Milky Way halo. Note that

these dwarfs are reflective of the surviving sample of dwarfs that we observe.

5.2 Tog VS. Ty

We next look at quenching times of these dwarf galaxies, specifically, the time for a galaxy
to gain 90% its current stellar mass (790) and for a galaxy to gain 50% its current stellar
mass (750). We reproduce the g versus 759 plot from Figure 3 of Weisz et al. (2019)

to compare the overall distribution of star formation histories of the modeled versus ob-
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Figure 5.2: Look back time at which 90% of the stellar mass formed (79g) versus the look
back time at which 50% of the stellar mass formed (750). Each point is colored by its
absolute V-band magnitude at z = 0 and sized relative to their half light radii in pc.
The grey dot shows a point with half light radius of 500 pc. The solid line shows constant
star formation history. The two dashed lines correspond to exponentially declining SFH
(e.g. SFH(t) = to-e /26y and SFH(t) = to - e /106G¥"s respectively, where t, is a
constant. Compare this plot to the Figure 3 in Weisz et al. (2019). Weisz et al. (2019)
uses the rectangle shown in blue to show the region within which there are no Milky Way
satellites, in contrast to the M31 system.

served dwarfs. Interestingly, we are unable to reproduce the lack of galaxies inside the
blue dotted rectangle in Figure 5.2, which is a feature Weisz et al. (2019) identifies in

the Milky Way dwarfs, however no such feature is seen for the M31 dwarfs, in agreement
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with Figure 5.2.

Despite our overall good agreement, there are interesting distinctions between the
modeled and observed 199 — 759. Figure 5.2 shows that our 79y values match well with
quenching times for Milky Way satellites by Weisz et al. (2019). In Figure 5.3, we compare
the 1o distributions of Weisz et al. (2015) for the Milky Way, M31, and the Local Group
as a whole using two-sample Kolmogorov—Smirnov (KS) test to determine if they come
from the same distribution. A two-sample KS test on the observed distributions with
models results in a p = 0.28 for the Milky Way, p = 0.98 for the Local Group, and
p = 0.66 for M31 with a = 0.05 respectively. Since all p—values are not less than « values
the modeled distributions come from distributions of 799 that are not very different. Yet,
there may be disagreement between the modeled and observed star formation histories
or inherent scatter in m9g between halos. However a further exploration of this is beyond

the scope of this work.

0.5

Local Group (Weisz et al. 2015) [0 MW satellites (Weisz et al. 2015) =0 M31 satellites (Weisz et al. 2015)
EZ1 MW satellites (Galacticus) MW satellites (Galacticus) MW satellites (Galacticus)
0.4
0.3
0.2
0.1
X
0.0 4 6 8 10 12 10 12
Too (Gyrs ago) Too (Gyrs ago) Tgo (Gyrs ago)

Figure 5.3: Normalized distribution of 79g in Gyrs. Two curves show the predicted values
from observations of Weisz et al. (2015) (green) and models (pink) respectively. Left
panel: comparison of our model to the Local Group dwarfs. Middle panel: comparison of
our model to Milky Way dwarfs. Right panel: comparison of our model to M31 dwarfs.
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In contrast, we find a systematic delay of 750 in our model of about 500 Myrs for the
ultra-faint dwarfs. This delay may be due to the lack of molecular hydrogen cooling in
our models, delaying the start of star formation until a halo has vyiy > Vcooling, With Veooling
chosen to approximate the atomic cooling threshold. While delaying star formation until
after the atomic cooling limit does not create the same systematic effect for 7o, it will
take the halos longer to form 50% of their z = 0 stellar populations. We also find the
most luminous satellites in our model to have 759 < 2 Gyrs. This is a peculiar case since
most recent star formation in the Milky Way satellite system took place 3 — 6 ~ Gyrs

based on Weisz et al. (2019).

5.3 Discussion & Conclusions

Well-studied Milky Way satellites are an ideal data set for constraining parameters of
GALACTICUS to best model dwarf galaxies. The initial goal of this study was to build a
viable model of the classical dwarfs in the Milky Way and explore predictions for their
star formation histories with the standard implementation of GALACTICUS. However, in
addition to successfully modeling the properties of the classical Milky Way satellites, we
are also able to match the properties of the more luminous ultra-faint dwarfs. Repro-
ducing the stellar properties of the Milky Way satellites, including the ultra-faint fossil
galaxies, was unexpected due to the stochastic star formation processes that govern the
evolution of the lowest mass galaxies (Guo et al. 2016). In addition to the properties at
z = 0, we also reproduce the star formation histories and quenching times (799 vs 750)

of the Local Group dwarfs.
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Despite the success of GALACTICUS in modeling the dwarfs, the match between the z = 0
properties and star formation histories for the classical and brightest ultra-faints breaks
down for the dwarfs below My ~ —6). Dwarf galaxy halos modeled with GALACTI-
CUS cool via atomic processes. As discussed in Section 3.1, we choose the minimum
Uypir to approximate the atomic cooling cut off during reionization. The lowest mass
dwarfs (M < 10% M) initially cooled via the rotational and vibrational transitions of
H, (Bromm et al. 2009). The lack of Hy cooling in our model delays the start of star
formation in all our dwarfs. Since the majority of stars in the more luminous dwarfs
(My > —38) formed when their host halos were above the atomic cooling threshold, we
are able to model their properties and star formation histories.

In contrast, as the luminosity, and halo mass (Santos-Santos et al. 2022), of the faintest
dwarfs decreases, the fraction of the stars formed with v,;, < Vgooling inCreases. Since our
model does not currently account for gas cooling via Hs, we are less able to reproduce
the properties and star formation histories of the latter group. In addition, a subset
of the faintest dwarfs never reach vyi; > Ucooling. As a result, they remain completely
dark in our model, an effect seen by the turnover of the modeled luminosity function at
My > —4. The question on whether star formation in halos with masses < 10® M
at reionization (below the atomic cooling limit) is required to reproduce the observed
properties of Ultra Faint Dwarfs (UFDs) is still an open question. A robust test of what
is the minimum halo mass hosting luminous galaxies has been proposed in (Kang and
Ricotti 2019, Ricotti et al. 2022) and relies on detecting (“ghostly”) stellar halos in iso-
lated dwarf galaxies in the Local Group (e.g., Leo A, WLM, IC 1613, NGC 6822). The

first results using this new method seem to indicate that halos with masses as low as
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10" Mg, at 2z ~ 7 should be luminous. This is also in agreement with results from Dark
Energy Survey (DES) (Nadler et al. 2020) using halo-matching (Behroozi et al. 2019).
The inclusion of models of Hy into GALACTICUS, and how it effects our modeling of the

faintest dwarfs, will be a subject of parallel work.

Our conclusions are as follows.

e We reproduce star formation histories that are consistent with observations (Weisz
et al. 2014; 2019). As with the additional z = 0 dwarf properties, this is done

without any additional tuning of the baryonic physics.

e We find the quenching timescales (750 and 799) of our modeled dwarfs are in rea-

sonable agreement with those for the M31 dwarfs.

This chapter shows that the same astrophysical prescriptions and parameters that re-
produce z = 0 properties of the Milky Way dwarfs can reproduce their star formation

histories as well.
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Chapter 6

Modeling The Cen A Satellites

Previous Chapters 3,4,5 showed that GALACTICUS can reproduce the properties and
SFHs of the Milky Way satellites. In this chapter, we present the modeling of dwarf
galaxies of Cen A using the constrained astrophysical prescriptions and parameters of
the Milky Way dwarfs discussed in Table 3.2.3, Chapter 3. Large components of this

chapter are drawn verbatim from Weerasooriya et al. (in prep. a).

We run GALACTICUS (Benson 2012) on the N-body and EPS merger trees of Cen A
analogs with the same star formation physics that reproduces the properties of observed
dwarfs of the Milky Way down to ultra-faint dwarfs (Weerasooriya et al. 2023). This
work aims to test whether our model can reproduce the observed cumulative luminosity
function and the luminosity metallicity relation of Cen A dwarf satellites and make
predictions of other properties and SFHs of Cen A satellites. This will allow us to

investigate the effects of the host environment on dwarf galaxies.
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6.1 Observational Sample

The observations for properties of dwarf galaxies of the Milky Way are well explored
through many surveys and studies (Aguado et al. 2019, Albareti et al. 2017, Drlica-
Wagner et al. 2020). However, as it is more distant, Cen A has fewer observations,
scattered across different surveys and databases. In this section, we describe a sample of
observational data of Cen A taken from the literature that we will compare to our models.
We use observational data for Cen A satellites from a variety of sources Crnojevic et al.
(20105 2014), Crnojevic et al. (2016), Crnojevi¢ et al. (2019), Karachentsev et al. (2013),
Miiller et al. (2015; 2017; 2019), Taylor et al. (2016; 2018). A compilation of observations
from a variety of sources used in this study, along with their references, can be found
in Appendix A. In addition to the dwarfs in the above sample, we also include 38 new
dwarf galaxy candidates from Taylor et al. (2023, in prep.) in our overall analysis, but
on do not list their properties in Appendix A. This sample only includes dwarfs with
distance or velocity measurements that verify them as members of Cen A with distances

< 5.8 Mpc (Appendix A).

The current sample of observations of Cen A is incomplete due to three major rea-
sons: 1.) The lack of systematic surveys of Cen A and spatial incompleteness of current
surveys. For example the PISCeS survey is spatially incomplete, and biased toward cov-
erage of the Northeastern region of Cen A’s halo. These non-uniformities in design or
analysis make completeness calculations more complex. 2.) The detectability limits of

different surveys, e.g. SCABS is limited to My < —7.2 within 150 kpc covering an area
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of 50 square degrees and a surface brightness limit of 27.8 magarcsec™2 in the g-band
(Taylor et al. 2016; 2017; 2018), while PISCeS can detect dwarfs down to My < —8
within 150 kpc and a surface brightness limit of 28.5 mag arcsec™2 in the g-band (Crno-
jevié et al. 2014; 2019). Detectability also limits the number of fainter dwarfs observed
by current surveys. 3.) The lack of distance measurements in the outskirts (Miiller
et al. 2017, Taylor et al. 2018) also hinder determination of membership. Distances are
essential to determine the membership of satellites, their shapes and brightness. Thus
lack of distances can cause the data to have higher errors in their sizes and magnitude
measurements. Note that while the virial radius of Cen A is ~ 409 kpc, most of these
satellites are beyond that limit, yet within Cen A’s ‘splashback radius’= 1.1 Mpc (Diemer
and Kravtsov 2014). The splashback radius is a physically motivated halo boundary that
eliminates spurious evolution of radius and mass caused by standard definitions of virial

radius (Diemer and Kravtsov 2014).

The observational properties of known Cen A satellites are still largely unknown.
Thus, our knowledge of these galaxies and their properties is nowhere near as extensive
as of the Milky Way system. Quantitative estimates of incompleteness of Cen A dwarfs
have not been made by previous studies, and such exploration is beyond the scope of
our current work. A preliminary quantitative exploration of the completeness limits in
SCABS limits Cen A satellites is currently underway by Leahy et al. (private com-
munication). Their exploration of completeness using 5000 Monte Carlo dwarf galaxy
realizations reveals a completeness of 96% for dwarf galaxies of < 18 mag in the g-band.

They report 50% completeness at g-band magnitudes of 20.01 and 50% completeness at
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surface brightness of ~ 27.8 mag arcsec 2. In Figure 6.1, we compare our models within
150 kpc to the number of galaxies expected to be observed by this completeness test by
Leahy et al. (private communication) for the SCABS data. Based on the comparison,
our galaxy models agree with the observed luminosity function for dwarfs fainter than
16 mag (M, = —10) and overproduces the brighter dwarfs.

Mg
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Figure 6.1: The number of galaxies per apparent magnitude in the gpgg filter. The
seagreen curve shows our N-body galaxy models within 150 kpc, the olive green curve
shows the number of satellite galaxies expected to be observed based on completeness
tests run by Leahy et al. (private communication) for SCABS, and the purple dashed
curve shows SCABS dwarfs (Taylor et al. 2018, Taylor et al.), and the solid line shows
the observed luminosity function within 150 kpc.
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6.2 Semi-Analytic Model

Despite the influx of observational data, high-resolution hydrodynamic simulations of a
Cen A analog have not yet been run to z = 0, and are on the edge of current computa-
tional capabilities. Note that previous studies we discussed in the introduction 1.2.2 use
a variety of methods to determine the mass of Cen A, while in this work we defined the
virial mass of a halo in terms of the spherical overdensity given by Bryan and Norman
(1998). Thus other studies are not necessarily consistent with methods used in our mod-
els. Due to significant uncertainties in the observational mass estimates of Cen A, we
do not perform any conversion to our preferred mass definition. Instead we investigate a

wide range of possible halo masses for Cen A.

Following the same method in Chapter 3, we model the baryonic properties of the
Cen A system using the Semi-Analytic Model (SAM) GALACTICUS (Benson 2012). We
apply the same astrophysical prescriptions and parameters that reproduced the Milky
Way satellites. These include a reionization redshift of 9, filtering velocity of 25 km s~
a cooling velocity of 19km s~!. Please refer to Chapter 3 for further details. Of these
parameters, quenching from ram pressure stripping, and tidal stripping, primarily effects
determines how dwarf satellites are affected by a host environment. For example ram
pressure stripping can strip gas out of galaxies resulting in a shortage of gas supply and
eventually quench star formation. However, we would like to remind the reader that

the effect of ram pressure stripping efficiency was negligible for the Milky Way satellites

(Weerasooriya et al. 2023). Regardless, we implement a ram pressure with the same high
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efficiency as in Weerasooriya et al. (2023).

While a few studies have explored the star formation histories of Cen A dwarfs (C6té
et al. 2009, Crnojevic¢ et al. 2011), these SFHs remain largely unknown. Given the lack
of known star formation histories and Cen A dwarf physics, we assume the astrophysics
governing the star formation histories of the Cen A dwarfs is the same as for the Milky
Way satellites. We apply the astrophysical prescriptions and parameters which repro-
duce the star formation physics and star formation histories of the Milky Way satellites
(Weerasooriya et al. 2023) to the N-body merger trees and EPS merger trees of Cen A
analogs. However, the models run with merger trees from the N-body simulation probe
only one possible mass of Cen A. Therefore, we run several EPS trees with different mass
Cen A analogs spanning the full range of possible Cen A halo masses. While the EPS
trees allow us to efficiently probe a range of M,,;,. for the Cen A halo, they do not provide
positional information on the satellites. As such, EPS trees do not allow us to look at

the dependence of satellite populations on their distance from the host.

6.3 Results

In this section, we compare different properties of the modeled Cen A dwarfs with ob-
servational data described in Section 6.3.0.1. We start by exploring the properties of the

Cen A dwarfs including the luminosities, half-light radii, and velocity dispersions.
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6.3.0.1 Cumulative Luminosity Function at z = 0
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Figure 6.2: Luminosity functions for the Cen A satellites within r,;. = 600 kpc for models
and observations. Purple plot shows the observational sample within 600 kpc projected
radius. The predicted luminosity functions for Cen A satellites within 600 kpc and
My < —4 in the y-z plane are shown in green (N-body). Plots shown in shades of blue
represent EPS trees with different Cen A masses. Each blue line shows the median per
My, bin for 30 different EPS trees, and a shaded region of minimum and maximum.

In Figure 6.2, we plot the cumulative luminosity function of Cen A satellites for ob-
servations within r,;, = 600kpc of the projected radius and for dwarfs modeled with

GALACTICUS out to 600 kpc in the y-z plane. For the purpose of comparison of Centau-

86



rus A dwarfs, we analyze satellites viewed “in projection”. This is because observations
are viewed from a 2-D plane. We show models using two types of merger trees, N-body
and EPS. We remind the reader that this selection can be done only when using N-body
trees since positional information is available. Since we do not know the viewing angle
of our modeled Cen A, we rotate the line of sight relative to the & direction of the sim-
ulation in 5-degree steps (note that the step size and direction of rotation chosen here
is arbitrary). This essentially accounts for uncertainty in the luminosity function. The
median luminosity function over all potential viewing angles is shown in green, while the
maximum and minimum number of luminous galaxies per bin in My is shown by the

shaded envelope.

We also run models using merger trees generated by Extended Press Schechter (EPS)
to explain the mass range of Centaurus A’s halo. EPS models for different mass merger
trees are shown in shades of blue. These models inherently do not have positional infor-
mation. We run EPS models for 5 — 9 x 102 Mg, and 1 x 10'¥ Mg, halos with 30 merger
trees for each halo mass. The solid curve shows the median per My, bin with shaded areas
indicating the minimum and maximum over 30 EPS trees. All of these models follow the
general shape of the luminosity function for observations within 600 kpc. However, note
that there is some variation in the shape of the luminosity functions between N-body

and EPS merger trees.

While we cannot constrain the mass of Cen A from the models due to poorly under-

stood completeness in the observations for fainter dwarfs, comparison with models at the

87



bright end of the luminosity function suggests that Cen A is likely to have a higher mass
because the Cen A analogs with higher mass match with the observed luminosity func-
tion better. We find our models overproduce the number of dwarfs at all luminosities.
However, the observed luminosity function within 600 kpc is still likely to be incomplete.
However, our modeled dwarfs reproduce the overall shape of the observed cumulative
luminosity function for N-body merger trees and EPS trees traced at all modeled host
masses. Note that any such inference on the mass of Centaurus A halo from this approach

is subject to the caveat that GALACTICUS predictions could be inaccurate.

Poorly understood completeness limits of the observations within 600 kpc of Cen
A make exploration of these satellites and their properties limited. However, the ob-
servational sample is relatively complete within 200 kpc (Miiller et al. 2019) down to
My = —10. SCABS and PISCeS surveys cover a spatial region within a projected
radius of 150 kpc down to dwarfs as faint as My < —7.2 (Taylor et al. 2016) and
My < —8 Crnojevi¢ et al. (2014). We can assume completeness within 200 kpc down
to My ~ —10.0 (see section 6.3.0.1 for a detailed completeness discussion). We plot
the luminosity function within 150 kpc, which has a fairly complete sample of satellites
from SCABS, PISCeS and other observations and match the number of luminous satel-
lites within 150 kpc. However, our models do not match the steep slope of the observed
luminosity function (Figure 6.3). Specifically, there is a dearth of observed luminous
satellites with My, < —13 mag steepening the brighter end of the luminosity function.
This is consistent with other studies of the inner 200 kpc of the Cen A halo (Miiller et al.

2019). The full implications of this result will be explored in Chapter 7.
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Figure 6.3: Left panel: Number of luminous satellites around Cen A brighter than My <
—6 predicted within 150 kpc for different lines of sight as y-z plane is rotated (shown in
green). Purple line shows the total number of satellites in the observed sample. Right
panel: cumulative luminosity functions for the Cen A satellites within 150 kpc in the y-z

plane are shown in green. We plot the median of the cumulative luminosity in green and
shade within our uncertainty budget.

6.3.1 Properties of The Cen A Dwarf Galaxies at z = 0

Now that we have compared the luminosity function for Cen A satellites within 600 kpc of
Cen A for both models and observations, let us explore other properties of these satellites

at z = 0.

6.3.1.1 Half Light Radii

In Figure 6.4, we show the luminosity and half-light radii for the observed Cen A dwarfs
and dwarfs modeled with EPS merger trees with ~ 1 x 101®* M,. We compare our re-
sults with available Cen A dwarfs (Taylor et al., Crnojevic et al. 2016, Crnojevi¢ et al.
2019) and Milky Way dwarfs, M31 dwarfs (McConnachie 2012). Majority of observa-

tions beyond the Local Group do not go below 0.01 Lg, pc=2. We calculate the half light
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Figure 6.4: Half flight radii vs the absolute gpgrs band magnitude of the Cen A satellites
(green). We show the observed half light radii of Cen A dwarfs from Taylor et al. in
prep (g’ band), and Crnojevic et al. (2016), Crnojevi¢ et al. (2019) (V band). Peak
wavelengths in DES g’ and V bands are ~ 550 nm and ~ 551 nm respectively. Given the
small differences in peak wavelengths among g’ and V bands, we plot data available in
respective bands. The observations of McConnachie (2012) for the Milky Way (V band)
and M31 (V band) are also shown in blue stars and grey circles. Iso-surface brightness
lines are shown in grey dashed lines. Linear regression lines for observations and our
model is shown in purple and blue respectively. These results are consistent with models
that we predicted for the Milky Way satellites (Weerasooriya et al. 2023).

radii of the modeled Cen A satellite galaxy in the gprs band. We use DES filters since
SCABS data are calibrated to the SDSS photometric system (Taylor et al.). We quan-
tify the observations and our model using two regression lines in purple (slope = 0.22)

and blue (slope = 0.15) respectively. We find a root mean square error of 0.19 in log scale.

90



At high luminosities, the modeled sizes of the dwarfs agree with observations of the
Cen A dwarfs. However, modeled sizes for the fainter dwarfs are higher than that of
the observed values. This is consistent with the systematically larger sizes of the fainter
modeled dwarfs compared to observations of the Milky Way satellites (see Figure 6.4).
GALACTICUS tends to overpredict the half-light radii with merger trees generated from
EPS and N-body simulations. This likely results from limitations in the dynamic range
of EPS merger trees (Somerville and Kolatt 1999, Zhang et al. 2008). Consequently,
limitations in mass would result in limitations in the size of halos and their respective
half-light radii. N-body trees can also overestimate half-light radii if a halo has N' < 1000
particles (Weerasooriya et al. 2023). A study of how the resolution affects the size of the

modeled dwarfs will be a subject of future study.

6.3.1.2 Metallicity

The current observed metallicities of the Cen A dwarfs are limited. In Figure 6.5 we
have shown the observations of iron abundance for Cen A satellites from Crnojevié¢ et al.
(2010; 2019), Miiller et al. (2019). We show two linear regression lines for the observa-
tions (purple) and 30 EPS tree models (blue) with slopes 0.13 and 0.04 respectively. We
find a good root mean square error of 0.27 between the two lines. Note that hexagonal
bins with more satellites follow the observed linear regression line. Notice that Miiller
et al. (2019) finds a metallicity floor between -8 and -10. However, their error bars are
~ 0.5 dex. Thus, these values are still consistent with our modeled values. While spec-

troscopic measurements of metallicities by Miiller et al. (2021) agree well with Milky Way
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Figure 6.5: Luminosity—metallicity relation for the Cen A satellites. The observed values
are shown by non-circle markers Crnojevi¢ et al. (2010; 2019), Miiller et al. (2019; 2021).
Metallicities of the Milky Way satellites are shown as grey triangles (McConnachie 2012).
Predicted abundances for satellites from 10 M, EPS merger tree are shown in blue.
Each hexagonal bin may contain a number of satellites from 0 (light blues) to 14 (dark

blues).

dwarfs, their photometric measurements are reported to have a larger scatter. The au-
thors state that the scatter might be due to the age-metallicity degeneracy and incorrect

assumptions of uniform old (~ 10 Gyr) populations.

Using the same astrophysical prescriptions and parameters as those that reproduced
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the luminosity-metallicity relations of the Milky Way dwarfs, we present the modeled
metallicities of the Cen A dwarfs in the 1 x 10" M, EPS tree. The metallicities of the
modeled dwarfs in this work agree well with currently available observations of Cen A
satellites (Crnojevié¢ et al. 2010; 2019, Miiller et al. 2019). This could potentially mean
that the Cen A satellites have a similar enrichment history to that of the Milky Way’s
satellites. This could also imply that dwarf metallicities are independent of their local
environment. Based on our models, we expect 38 new fainter dwarfs of SCABS (Taylor

et al. 2023, in prep) to have a metallicity of -2.0 dex at My ~ —7 mag.

6.3.1.3 Velocity Dispersions

Velocity dispersion of satellite galaxies probes the dark matter mass of the host Wake
et al. (2012), Bogdédn and Goulding (2015), Schechter (2015), and consequently its gravi-
tational potential. However, velocity dispersions of Cen A satellites are unknown except
for KK197. As such, additional data is required to comment on the velocity dispersions

of the Cen A dwarfs population as a whole.

In Figure 6.6, we show the velocity dispersion of KK197 (Miiller et al. 2021), and those
of the Milky Way satellites (McConnachie 2012). We calculate the velocity dispersion
of the modeled dwarfs (o4,) at stellar half-mass radii for the modeled dwarfs. While
no theoretical studies have looked at the velocity dispersions of the Cen A dwarfs, most
of our modeled sample fall within the observed velocity dispersions of the Milky Way
satellites (McConnachie 2012). Note that the scatter increase for dwarfs My > —10.

This might be due to the stochastic nature of star formation histories in the low mass
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Figure 6.6: Predicted o, of Cen A satellites (blue hexagons). These o4, are calculated
at radii enclosing half of the stellar mass of each satellite galaxy. Grey triangles show
the observed velocity dispersion of the Milky Way satellites (McConnachie 2012). Note
that the predicted values of Cen A satellites are consistent with the velocity dispersion
of the observed Milky Way satellites.

dwarfs, and uncertainties coming from half light radii. Given that velocity dispersion
probes dark matter halo mass and evolution of these galaxies, it might be possible that
Cen A dwarf galaxies evolved in a way that was similar to that of the Milky Way dwarf

satellites.
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6.3.2 Predicted SFHs of The Cen A Dwarfs

Next we explore the modeled star formation histories of dwarfs for our modeled dwarfs.
We remind the reader that due to dearth of SFHs for the known Cen A satellites, we
have used the star formation physics of Weerasooriya et al. (2023). Given our success
reproducing the star formation history of the Milky Way satellites in Weerasooriya et al.
(2023), overall shape of the luminosity function, and properties at z = 0 of Cen A
satellites, we consider it worthwhile to present SFHs for the Cen A dwarfs.

Unlike the Milky Way satellites, extensive observational studies on star formation his-
tories of Cen A satellites are not available, except for KK197, ESO-269066, ESO-381018
(Makarova et al. 2007) and five dwarf irregulars KK182 (Cen6), ESO269-58, KK196
(AM1318-444), HIPASS J1348-37, ESO384-16 (Crnojevi¢ et al. 2012). Both KK197
and ESO-269066 are dwarf spheroidals, while ESO-269066 is a dwarf irregular. Dwarf
spheroidals typically have old Red Giant Branch (RGB) stellar populations while dwarf
irregulars are metal-poor and have little ongoing star formation. Crnojevié et al. (2012)
states KK197 and ESO-269066 have unusual RGB color scatter, which shows active star
formation with high metallicity, while ESO-381018 is a typical dwarf irregular. Two of
the dwarf irregulars KK196 and ESO269-58 studied are within 600 kpc (see Figure 6 of
Crnojevi¢ et al. (2012)). Positioned in the middle of Cen A’s southern radio lobe, KK196
has a SFR of 0.0046 £ 0.0004 Mg, yr—! and formed more than 60%2°% of stars 5 Gyrs

—30%

ago (Crnojevié et al. 2012).

Meanwhile, ESO269-58 located 300 + 50 kpc has few blue-loop, red supergiants and
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Figure 6.7: Cumulative star formation histories of the Cen A satellites (within 600 kpc)
as a function of look back time colored by their luminosity in the DES g-band. The
star formation histories are divided into four panels —8 < My < —4, —10 < My < =8,
—14 < My < —10, and —18 < My < —14. Each line is colored by the galaxy’s absolute
V band magnitude at z = 0 (faintest in blue and brightest in yellow). The majority of
the faintest dwarfs quench very early on. Most luminous galaxies are quenched later (6
Gyrs ago or later). Note that the galaxies on the upper left panel have not been observed
yet. However, we predict their SFHs given observations, will reach those magnitudes in
the era of Roman.

very broad red giant branch stars, and dense asymptotic giant branch zone. This dwarf

has a higher SFR compared to KK196 with 0.0740.04 My yr~!, and has formed 50%1“1?;2
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Figure 6.8: The distributions of 79¢ (time taken for a particular galaxy to reach 90% of its
stellar mass at z = 0) for the panels shown in Figure6.7. The faintest satellites quenched
12 Gyrs ago, while satellites between —14 < My, < —8 quenched after 11.2 Gyrs ago.
The most luminous galaxies quench much later ~ 8.8 Gyrs ago.

of stars 5 Gyrs ago. While its star formation activity has been enhanced between 3-5
Gyrs ago, Crnojevié¢ et al. (2012) also states that Cen A has lowered its star formation

rate in the last 1 Gyr.

In Figure 6.7, we show the modeled cumulative star formation histories of the Cen A
satellites as a function of look back time colored by their absolute V band magnitude at

z = 0 for our N-body model. As expected, our Cen A modeled SFHs are similar to that of
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the Milky Way satellites in Chapter 5 given our assumptions of astrophysical prescriptions
and parameters. In the upper left panel, we show dwarfs with —8 < My < —4. These are
the faintest galaxies. Most ultra faint dwarfs quench after 8 — 12 Gyrs ago as expected
since the faintest observed Milky Way satellites are the fossils of the first galaxies (Bovill
and Ricotti 2011, Brown et al. 2012a). Upper right panel shows the satellites in the
range —10 < My < —8. Majority of these satellites reached 90% of their present stellar
mass 12 Gyrs ago. Most dwarfs in the upper right (=10 < My < —8) and lower left
panel (—14 < My < —10) reached 90% of their present day stellar mass ~ 11.2 Gyrs
ago. Known SFHs from observations of Cen A dwarfs discussed earlier would fall in the
lower left panel of Figure 6.7. Most of the brightest galaxies in the lower right panel

(—18 < My < —14) acquired 90% of their stellar mass 8.8 Gyrs ago.

6.4 Discussion & Summary

We model these dwarf galaxies using GALACTICUS. We have explored properties such as
the cumulative luminosity function, luminosity-metallicity, and half-light radii from ob-
servations of the Cen A system. We also predict their velocity dispersions, star formation

histories, etc. We summarize the results of this chapter as follows,

e The same astrophysical prescriptions and parameters allows GALACTICUS to re-
produce the Milky Way dwarfs for the global properties of the Cen A satellites.
However, in the inner 200 kpc of the galaxy the picture is more complex. While
being cognizant of the lack of observations in the Cen A system, we conclude that

overall properties and trends of the Cen A satellite population are similar to the
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dwarf galaxies around the Milky Way.

e Our N-body models within 600 kpc and EPS 10 M, of Cen A reproduce luminosity
functions that follow the overall shape of observations. However, we do observe a
slight variation in the luminosity functions between the N-body and EPS merger

trees.

e Cen A satellites follow a similar metal enrichment and stellar feedback to the Milky
Way satellites. That is we obtain similar luminosity-metallicity relations for both
the Milky Way and Cen A as expected. This could mean metallicity might not

depend on environment.

e Assuming similar star formation physics of the Milky Way satellites for Cen A,
SFHs, and quenching times of the Cen A satellites also follow similar trend to the

Milky Way satellites.

In this chapter we have shown that the same astrophysical prescriptions and parame-
ters that reproduced the properties of the Milky Way satellites, can reproduce the overall
shape of the luminosity function of Cen A dwarfs. We will discuss the inner dwarfs of

Cen A and their implications for environmental quenching in the next chapter.
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Chapter 7

The Curious Case of Centaurus A

In this chapter, we further explore the curious case of the dwarf galaxies within 200 kpc
of Cen A. Weerasooriya et al. (b.) will draw from this work.

As seen in Chapter 6, comparisons between theoretical models and Cen A observations
reproduce the correct number of dwarfs and the shape of the luminosity function within
600 kpc. However, simulations cannot reproduce the steep Cen A luminosity function
within 200 kpc (see Chapter 6). In this region, our modeled luminosity function over-
predicts the number of brighter (My < —13mag) satellites. While there aren’t many
studies on the effects of the host environment on Cen A dwarfs, Crnojevié et al. (2012)
finds dwarfs have lower SFR in the denser inner region of Cen A. Crnojevi¢ et al. (2012)
concludes that the environment does play a role in star formation in dwarfs. They find
the dwarf irregulars closest to Cen A have lower SFR within the last 1 Gyr. They also
find that the fraction of gas mass to stellar mass and gas mass to average SFR is much

lower in these dwarfs.
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We use the merger trees from the N-body simulation of Cen A described in Chapter
2. The positional information from N-body merger trees allows us to study the dwarf
galaxies closest to the host (within 150 kpc and < 600kpc). In this chapter, we explore
what combination of the astrophysical prescriptions and parameters can reproduce this
steepening effect in the luminosity function within 150 kpc. In order to inspect this fea-
ture in detail, we look at how the luminosity function depends on distance from Cen A

in more detail.

First, we plot luminosity functions within distances from 150—500 kpc (Figure 7.1) for
our modeled dwarfs and known observed dwarfs of Cen A. Distance explored are within
500 kpc, 400 kpe, 300 kpe, 250 kpe, 200 kpe, 150 kpe in shades of purple (shade lightens
as the distance decreases) for observations and N-body models in shades of green (the
smallest distance is in olive and largest distance in light green). Normalization of the
density of galaxies observed per absolute V band magnitude decrease as the distance
explored decreases for both models (green) and observations (purple). This is expected
because when the area explored decreases, the number of luminous satellites decreases
for all distances. While the number of faintest dwarfs within 500 kpc for our model is
greater than 100, the observed number density of dwarfs is ~ 100. This is likely due to
incompleteness in observations. All distances above 250 kpc produce luminosity functions

that follow the correct shape of the observed luminosity function.

We find the observed luminosity function abruptly steepens 200 kpc ~< d ~< 250 kpc

while no corresponding trend is seen in the modeled luminosity function. However, for
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dwarfs within 150 kpc, the observed number of dwarfs agrees with the models in the faint
end. The former is not expected because galaxies this massive typically have brighter
galaxies unless there exist some quenching effects at play within this region of Cen A.
We note that our results are consistent with Miiller et al. (2019). But their models are
still within 90% of the observations, and so agree with observations.

In order to investigate the lack of luminous satellites within 200 kpc of Cen A, we test
a variety of potential feedback mechanisms, however, it is likely that the lack of brighter
dwarfs is caused by a quenching effect. In this work, we determine if it may have been

caused by reionization redshift, reionization velocity, or tidal stripping effects.

7.1 Effect of Reionization Redshift

We start by determining the effect on the dwarf population if the Cen A reionized at a
different redshift than the Milky Way. Cen A is 10 times more massive than the Milky
Way and thus originated from larger overdensities than the Milky Way. Larger overden-
sities evolve more rapidly, and thus reionize earlier. Therefore, Cen A likely reionized

earlier than the Milky Way.

Our fiducial model assumes the reionization of the Milky Way to be zijon = 9
(Gnedin 2000, Bullock et al. 2000, Alvarez et al. 2009, Busha et al. 2010, Iliev et al. 2011,
Spitler et al. 2012, Ocvirk et al. 2013, Li et al. 2014, Aubert et al. 2018). The goal is to test
whether Cen A might have reionized sometime earlier than z = 9, since it is more massive

than the Milky Way and the reionization process could have occurred anywhere between
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Figure 7.1: Luminosity functions for observed and modeled Cen A satellites. Each curve
shown in shades of purple (observations) and green (models) correspond to cumulative
luminosity function within 150, 200, 250, 300, 400, and 500 kpc. 50% and 96% complete-
ness limits within 150 kpc of Cen A in g-band based on results of Leahy et al. ((private
communication)) is shown in dashed grey lines. This peculiar feature starts to emerge
for luminosity functions within 200 kpc.
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Figure 7.2: Luminosity functions for the Cen A satellites within 150 kpc. Purple plot
shows the observations within 150 kpc and My < —7 in the y-z plane are shown in green.
Models for different reionization redshifts are shown in shades of green. Reionization
redshift suppress star formation in the faintest dwarfs. But we see minimal effect on the
luminous dwarfs.

the redshifts of 6 and 14 (Fan et al. 2006, Furlanetto et al. 2006, Morales and Wyithe
2010). In Figure 7.2, we show the luminosity functions for our galaxy models within 150
kpc for different reionization redshifts z = 9,10,11. We do not test z > 11 because we
underpredict the fainter dwarfs with z = 11 compared to observations. As expected, the

fainter end of the luminosity function flattens as the redshift of reionization increases.
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This makes sense, given that reionization occurs earlier in those models, mass accretion
into those halos is suppressed longer. However, changing the reionization redshift cannot
replicate the steeper effect seen in the observed luminosity function. Reionization redshift
affects only the fainter end of the luminosity function, decreasing the fainter dwarfs as
the reionization redshift increases. Thus, there is no change to the luminosity function
in the inner region we are interested in. Therefore, inner dwarfs within 150 kpc of Cen

A cannot be explained by an earlier reionization redshift.

7.2 Tidal Effects

Another parameter that could decrease the luminosity of dwarf satellites and eject stars
from their halos is tidal stripping due to tidal forces of the host halo. Thus, is a viable
way that could have caused higher mass halos to lose their stars. Because Cen A is more
massive than the Milky Way, its tidal stripping might be more powerful than in the LG.
Therefore, we investigate the effects of both tidal stripping of stars and gas in the ISM
and the tidal destruction of halos. These two methods helps us explore whether tidal
stripping of baryons or tidal destruction of dark matter halos due to strong tidal fields

are responsible for lack of brighter satellites.

7.2.0.1 Effect of Tidal Stripping Efficiency of The ISM

We start by implementing tidal stripping efficiency of the ISM. This method assumes
that any dark matter stripping has been handled by the N-body simulation. Details on

the implementation of tidal stripping algorithm can be found in 3.2.2 and Equation 3.12.
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In Figure 7.3, we explore the luminosity function of Cen A satellites within 150 kpc
for various tidal stripping efficiencies. Note, although we use the same tidal stripping

efficiencies explored in 3.2.2, the strength of the tidal force is higher in Cen A since the

tidal field depends on M.
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Figure 7.3: This figure shows the luminosity functions for the Cen A satellites within 150
kpc. Models for different ISM tidal stripping efficiencies are shown in shades of green
and observations of Cen A dwarfs are shown in purple. Tidal stripping suppress star
formation in all dwarfs not just in more luminous dwarfs.

As expected, the number of dwarfs at all luminosities decreases with an increasing
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tidal stripping efficiency of the ISM. The effect is similar to what we saw for the Milky Way
satellites in 3.2. Therefore, the tidal stripping efficiency only changes the normalization
of the luminosity function and not the slope. This agrees with the results of Miiller et al.
(2019) since they do not find any evidence for tidal stripping in their sample either. Their
sample has 15 dwarf galaxies within —12 < My < —8. Therefore, we can rule out tidal
stripping as a possible culprit of the steepening effect of the luminosity function within

150 kpc.

7.3 Effect of Tidal Destruction of Halos

While tidal stripping efficiency for ISM does not quench the more luminous dwarfs,
the tidal stripping method implemented previously is simpler and applied only to ISM.
Because it assumes that tidal stripping of dark matter has already been dealt with in
the N-body simulation and only implements stripping a fraction of ISM gas and stars.
Would our results change if we implemented an additional model for tidal destruction of
dark matter halos? We test this tidal destruction model on our modeled Cen A dwarf
galaxies, as we expect it to be stronger for satellites closer to the center of Cen A. This
method uses a detailed model of sub-halo orbits/tidal evolution using Li et al. (2020)
model of orbital parameter distribution. Li et al. (2020) describes the orbital parameter
distribution of infalling subhalos through cosmic time. This allows us to track the orbits
of subhalos in the simulation and determine when it approaches r < f,.ir 7vir. According
to Li et al. (2020), the orbit of the satellite halo is set by two parameters for a spherical

potential of halo, infall velocity, v and angle between position vector and velocity 6.
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Thus, radial and tangential velocity is described by v, = vcosf and v, = vsinf. The
probability of normalized velocity u = v/V}, of the infalling subhalos follows a lognormal

distribution,

1
p(u)du = exp [—
2moy

) 1)

20,2 U

where the virial velocity of the halo V,, = \/GM,/R), satisfies [;° P(u)du = 1 for any
positive p; and o;.
The probability distribution of the infall angle cos?(f) = v,?/v? follows an exponential

distribution given by

n

_ exp(n cos? 0)d cos® 0, (7.2)

p(cos? O|u, v, €)d cos® O = g
e

where v is the peak height of the host, ¢ is the sub-to-host mass ratio, and 7 is given by

In?(u/p)
20'12

N = agexp {— } +A(u+1)+ B, (7.3)

with A = a1v+a2£°+aszvé. and B = by +by§°. Note that the above distribution satisfies
folp(cos2 0)dcos®* 6 = 1 for any 7.

The effect of tidal destruction is implemented such that if a subhalo reaches a certain
percentage (fyiriar) Of virial radius of their host halo, it will be destroyed. We imple-
ment three virial fraction values, 1%, 10%, and 33%. Figure 7.4 shows the effect of
tidal destruction on the luminosity function within the inner region (< 150kpc). As

the percentage of virial fraction increases, the median number density of fainter dwarfs
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Figure 7.4: This figure shows the luminosity function for Cen A satellites within 150 kpc.
Observations in purple, and models with different virial fractions (f,s4a) in shades of
green. Virial fraction radius determines the fraction of the virial radius of Cen A where

subhalos will be destroyed due to tidal destruction.
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decreases. Note that the envelope corresponding to margins between maximum and
minimum number densities at each magnitude also increases. While the drop in number
density of satellites for increasing the virial fraction from 1% —10% does not make a differ-

ence, we do see a significant drop when the virial fraction of subhalos is increased to 33%.

We observe the most flattening effect for f,;, = 33% for satellites fainter than My ~
—13mag. While some luminous dwarfs are affected, such impact is insignificant. But
is possible that our models underestimate tidal effects or underestimate the amount of
merging in the inner region. It destroys most fainter subhalos flattening the luminosity
function within 150 kpc rather than steepening it. Tidal destruction of subhalos flattens
the luminosity function but does not produce a steepening effect. Therefore, we cannot
attribute tidal destruction of Cen A satellites to the lack of luminous satellites within

inner Cen A at this time.

7.4 Effect of Filtering Velocity

Next, we investigate if filtering velocity can change the slope of the luminosity function
within 150 kpc. Reheating of the IGM during reionization suppresses the accretion of gas
into low mass halos below the filtering mass (Ricotti and Gnedin 2005). We do not use
mass because it is redshift dependent, whereas circular velocity is not. Filtering velocity
(Vfitter) corresponds to this filtering mass and the IGM temperature. Thus gas accretion
in fossil galaxies or galaxies with circular velocities < 20 — 30 km s~! (Bovill and Ricotti

2011) are suppressed by reionization.
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Therefore, we check if the luminosity function changes with changes to IGM temper-
ature from filtering velocity. We show models for three different v ;.. (40, 60, 80 km/s).
While 40 km/s is astrophysically reasonable value latter 60 km/s and 80 km/s are not
physical (> 20,000 K). In an IGM that reionizes at z = 9, virial temperature would
reach a temperature of ~ 46,000 K for vgiye, = 80 km s71. But this value is not physical
since the temperature of the IGM at reionization is ~ 2 x 10* K. Thus only halos with
~ 5 x 108 Mg, could accrete gas from the IGM, artificially suppressing accretion onto ha-
los. Although these values are not physical, they could still hint at a higher temperature
for IGM. As a result, we test these values as well.

In Figure 7.5, we show how the luminosity function changes within 150 kpc for 40, 60,
and 80 km s~!. We show that as the filtering velocity increases, the slope of the luminos-
ity function steepens. In fact, both the normalization and slope of the luminosity function
for viier = 80 km s~! match that observed for Cen A satellites with d < 200 kpc. Thus,

a filtering velocity of 80 km s~!

with a 2.e0n Of 9 successfully suppresses star formation
in brighter dwarfs.

To quantify the comparison between models and observations, we compare the luminos-
ity functions within 150 kpc using a 2-sample K-S test to determine if they come from
the same distribution. Since the null hypothesis is that the two samples come from the
same distribution, we find the following p values; 0.009 for v e, = 40 km s~ 0.02 for
Vitter = 60 km s~ and 0.57 for v e, = 80 km s™*. Since p-value of vpiyer = 80 km s~

is greater than 0.05, we cannot reject the null hypothesis, and that model might come

from the same distribution as the observations. While the temperature of ~ 46,000 K
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Figure 7.5: Luminosity functions for the Cen A satellites within 150 kpc for models
with different filtering velocities. Purple plot shows the observations within 150 kpc
and My < —4 in the y-z plane are shown in green. Models corresponding to different
reionization suppression velocities are shown in shades of green (40,60, 80 km s™1).

1'is not physical at zyeion = 9, it would be physical in Warm Hot

for viigrer = 80km s~
Intergalactic Medium (WHIM) or if there is some source such as AGN ionizing the IGM

of galaxies in the inner halo.

In summary, we find that the lack of luminous satellites within 200 kpc of the Cen

A halo is not caused by change in reionization redshift, filtering velocity, tidal stripping
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efficiency, and tidal destruction of subhalos. However, heating of the IGM by an AGN

could be possible.

7.5 Star Formation Histories

Now that we know there exists some quenching at play in the inner region of Cen A, let
us explore the SFHs of its satellites. Few observed SFHs available from Crnojevi¢ et al.
(2012) show that dwarf galaxies close to the Cen A and in a denser environment have
a lower fraction of star formation compared to isolated dwarfs. In addition, they also
find the ratio of neutral gas mass to baryonic mass and neutral gas mass to average SFR
is significantly lower for dwarfs close to the host galaxy. Therefore, the observed SFHs

further confirm presence of quenching in the inner region of Cen A.

7.5.1 Too VS. Ty

In Figure 7.6 we have shown 79y vs. 750 for Cen A satellites within 600 kpc. Each point
is colored by the absolute V band magnitude and sized by half-light radii. 79g increase
with increasing 750 as expected. Notice that some satellites that quench 50% of mass 11
Gyrs ago quench much later if they decline SFR slowly. There are two star formation
quenching events shown by dashed dot and dashed curves, which correspond to star
formation rates that decline in orders of 4 and 7 Gyrs respectively. In addition, some

of the 750 values predicted by our models agree with the observed values of KK196 and

ES0269-58 (Crnojevi¢ et al. 2012).
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Figure 7.6: 799 vs. 7509 for Cen A satellites within 600 kpc. Each point shows the time
taken to gain 90% stellar mass at z = 0 vs. time taken to gain 50% of the stellar mass
at z = 0 for a satellite galaxy, sized by their half light radii and colored by absolute
magnitude (gpgs). The curves show galaxies undergoing exponentially declining SFRs.

7.6 Discussion

As discussed in previous sections, the reason for this dearth of luminous satellites within
200 kpc of the Cen A halo is a mystery. We can observe this same feature of the lumi-
nosity function in Figure 11 of Miiller et al. (2019). Their models from Illustris-TNG

simulations for different host halo masses reveal that the host halo mass might not be a
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culprit of this issue. While we test several quenching mechanisms including reionization
redshift, filtering velocity, tidal stripping, and tidal destruction in our models, none of
these parameters seem to have caused quenching of these luminous dwarfs within 150 kpc.
Our models get closest to the observed luminosity function within 150 kpc of Cen A when
a filtering velocity of 80 km s~! is implemented with 2.cio, = 9. While higher IGM tem-
peratures are not physical at reionization, this implies that some phenomena might be
raising the IGM temperature at a later time.

Our clue to solve the mystery is the high IGM temperature. So, what is capable of heat-
ing gas to vpiger = 80 km s~'? One culprit could be AGN. This is not surprising given
there is evidence of AGN activity in Cen A (Sun et al. 2016). The second clue is Cen A’s
major merger: We know Cen A has experienced at least one major merger. According to
Wang et al. (2020), Cen A had a major merger 2 Gyrs ago. Given that major mergers can
activate Super Massive Black Holes (SMBHs), could Cen A’s AGN have been activated
after a major merger? This question remains unanswered as the merger or AGN’s effect
on its satellite population has not been quantified yet. Unraveling if or how either could
have affected the Cen A satellites requires further careful study. If AGN or a major
merger quench star formation, what other signatures would this leave? The quenching
lines that we see in SFHs of our Cen A analog could be a smoking gun of these quenching
events. However, further analysis of SFHs and signatures of quenching is a subject of

future work.
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7.7 Conclusions

We model the dwarf satellites of Cen A with GALACTICUS SAM (Benson 2012). We have
explored luminosity function of Cen A satellites around the inner halo. The summary of

our results is as follows,

e Exploration of the luminosity function within 150 kpc of the host reveals a lack of
luminous satellites that is not reflected in the models. Note that we can assume
100% completeness for these brighter dwarfs. While it is unusual to observe fewer
brighter dwarfs, our comparisons agree with results of Miiller et al. (2019). Al-
though our models can predict the correct number of dwarfs within 150 kpc of Cen

A My < —6mag, they overproduce the number of luminous dwarfs M, < —13.

e Although we do not reproduce the correct slope of the luminosity function within
150 kpc, we do reproduce the correct number of luminous dwarfs within 150 kpc
(see left panel of Figure 6.3). Note that observations are 96% complete down to
18 mag in the g band. Analysis of observed luminosity functions show that steeper

slope of the luminosity function begins to appear between ~ 200 — 250 kpc.

e In order to find the cause of missing luminous satellites, we vary parameters that

could suppress or eject stars/gas in these satellite galaxies.

e We find reionization redshift has no effect on the luminous satellites within the

inner region of Cen A.

e Implementation of different tidal stripping efficiencies for loss of ISM mass affects all
dwartf galaxies within 150 kpc and does not produce the expected observed steeper
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luminosity function.

Destruction of dark matter halos via tidal forces flattens the luminosity function
within 150 kpc of Cen A models and does not have a steepening effect for more

luminous dwarfs.

Higher filtering velocities suppress accretion of gas from IGM into halos. We find
these velocities to be not physical at 2,¢0n ~ 9. However, this could have implica-

tions for IGM temperatures caused by other phenomena at a later time.

While we do not know the exact phenomena causing this, it might be due to Cen

A’s major merger, or the activity in Cen A’s AGN due to this major merger.

Determining whether these have affected Cen A dwarf satellites at all will require

detailed and careful study.

Further analysis of SFHs of Cen A shows that despite not being able to reproduce
the correct slope of the luminosity function, we are still able to produce reasonable

SFHs within available observations of Crnojevié¢ et al. (2012).

In this chapter, we investigated the unknown phenomena that are responsible for the

dearth of luminous satellites < 200 kpc. While this work does not find the mechanism

responsible for this feature, it eliminates reionization redshift, reionization velocity, and

tidal stripping as prospects. However, a detailed investigation of other phenomena will

be a subject of a future study.
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Chapter 8

Conclusions & Future Directions

In this chapter, we summarize the results and conclusions of this dissertation and present
a brief overview of our future plans below. Components of this chapter is drawn from
Weerasooriya et al. (2023). Weerasooriya et al. (in prep. a) and Weerasooriya et al. (b.)
will draw from large components of this chapter.

In previous chapters, we presented models of dwarf galaxies around Cen A analogs
using GALACTICUS. First we constrained the astrophysical prescriptions and parameters
for the Milky Way satellite galaxies in Chapter 3. We modeled the Milky Way satellites
using the semi-analytic model GALACTICUS (Benson 2012) run on merger trees from a
high resolution N-body simulation of a Milky Way analog. Using available astrophys-
ical priors, we tuned the gas cooling in halos, star formation and feedback recipes to
reproduce the observed luminosity function and the luminosity-metallicity relation of
the Milky Way satellites (McConnachie 2012, Drlica-Wagner et al. 2020), the simulated
luminosity functions from the Mint Justice League (Applebaum et al. 2021), and mock

observations of FIRE-II (Shipp et al. 2022).
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In Chapter 6, we modeled the satellite dwarf galaxies of Cen A using the astrophysical
prescriptions and parameters for the Milky Way. Our models are able to reproduce the
overall properties of the dwarf population fairly well. Here we applied the best parameter
space that reproduced the dwarfs of the Milky Way (Weerasooriya et al. 2023) to several
Cen A analogs of both N-body and EPS models with its satellite galaxies. In Chapter 7
we explored the luminosity function within the inner region of Cen A in detail and star
formation physics that might be responsible for quenching of brighter dwarfs.

Our conclusions are as follows.

e Our models reproduce the luminosities and metallicities of the Milky Way satellites
down to My ~ — 6 without implementation of Hy cooling in our current model.
We reproduce several other z = 0 properties of the Milky Way dwarfs, including
half-light radii, velocity dispersion and mass-to-light ratios without any additional

tuning of the physics.

e Without further tuning, our model reproduces star formation histories that are

consistent with observations (Weisz et al. 2014; 2019).

e We reproduce the global properties of Cen A satellites at z = 0 with the same
astrophysical prescriptions and parameters that reproduce the Milky Way satellites.
This suggests that SF physics governing feedback physics is independent of the
external environment. Note that we do not produce all properties due to lack of

observations for comparison.

e However, our models cannot reproduce steeper luminosity function for inner 200 kpc.
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We investigate possible quenching mechanisms in Cen A’s inner region by varying
astrophysical prescriptions and parameters pertaining to tidal stripping, tidal de-

struction, reionization redshift, reionization velocity, etc.

e While tidal effects and reionization redshift seem to affect fainter dwarfs, they
do not change the brighter end of the luminosity function. Filtering velocity of
80km s~ at Zeion = 9 produces the correct shape of the slope with effects to
brighter dwarfs. While the IGM temperature corresponding to vgiye, = 80 km st
is unphysical at reionization, a higher IGM temperature at a later time is still a

possibility.

e This might be caused by Cen A’s major merger, or the activation of Cen A’s AGN

due to this major merger.

This work shows the ability of GALACTICUS to reproduce the z = 0 properties and
star formation histories of dwarf galaxies down to the luminous ultra-faints, providing a
new tool for investigating the astrophysics of star formation and feedback in the lowest
mass systems in the Milky Way and Cen A. We conclude that while overall population
of dwarfs in Cen A is similar to that of the Milky Way, the inner region may be affected
by environmental effects. While our models cannot reproduce this effect, we hypothesis
it may be caused by quenching of brighter dwarfs in the inner halo (< 200 kpc) due to

high IGM temperature.
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8.1 Future Directions

8.1.1 Implementation of H, Cooling for The Milky Way Satel-

lites

In Chapters 3,4, and 5 we showed the properties and SFHs of the Milky Way dwarfs.
While we are able to reproduce the ultra-faints these results are obtained without imple-
mentation of molecular hydrogen cooling which is essential to the cooling of ultra faint
dwarf galaxies. Therefore, we intend to implement molecular hydrogen cooling method
that is already available in GALACTICUS to reproduce SFHs of the Milky Way satel-
lites. In addition, we also hope to apply the same parameter space to several other high

resolution simulations that will be available to us through Dr. Robyn Sanderson.

8.1.2 SFHs of Cen A Analogs

We are currently exploring a statistical sample of SFHs of Cen A EPS merger trees with
different host masses, and several merger trees of the same mass. We use the same EPS
merger trees described in Chapter 2. The goal of this investigation is to determine if
there is are visible patterns in quenching of dwarfs throughout their history. This would
allow an statistical exploration of SFHs of Cen A satellites with minimal computational

cost.
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Appendix A

Observations of Centaurus A

The table below shows a compilation of observational data for Centaurus A dwarf satel-

lites from various sources. In Table A.1, we present a compilation of observations from

a variety of sources used in this study along with their references.

Table A.1: References: (1) Lauberts and Valentijn (1989), (2) de Vaucouleurs et al.
(1991),(3) Karachentsev et al. (2003),(4) James et al. (2004), (5) Doyle et al. (2005), (6)
Sharina et al. (2008), (7) Karachentsev et al. (2013), (8) Miiller et al. (2015), (9) Miiller
et al. (2017), (10) Crnojevi¢ et al. (2014), Crnojevic et al. (2016), Crnojevi¢ et al. (2019),
(11) (Taylor et al. 2018).

Name RA Dec Mg My, D References
(hh:mm:ss) (dd:mm:ss) (mag) (mag) (Mpc)

NGC4945 13:05:26.1  -49:28:16.0 -20.34 -20.6  3.47 1,7

NGC5102 13:21:57.8  -36:37:47.0 -18.24 -20.37  3.66 1,7

E274-01 15:14:13.5  -46:48:45.0 -17.35 -19.2  2.79 2,7

NGC5253 13:37:5.0  -31:23:30.0 -17.33 -17.7 3.9 1,7

Continued on next page
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Table A.1 — Continued from previous page

Name RA Dec Mg My, D References
E383-087 13:49:17.5  -36:03:48.4 -16.83 -17.17 3.19 1,7
NGC5206 13:30:41.0  -47:53:42.0 -16.43 -16.97 3.6 1,7
NGC5408 14:00:18.0  -41:08:11.0 -15.91 -17.3 4.81 2,7
E324-24 13:27:37.4  -41:28:50.0 -1549 -15.6  3.78 2,7
E26958 13:07:38.0  -46:43:30.0 -14.99 -16.8  4.78 6,7
NGC5237 13:37:38.9  -42:50:51.0 -14.82 -15.08 3.33 3,5,7
E272-25 14:43:25.5  -44:42:19.0 -14.52 -16.4 5.8 3,6,7
NGC5011C 13:13:11.9  -43:15:56.0 -14.15 -15.8  3.73 2,3,7
E325-11 13:45:0.8 -41:51:32.0 -14.02 -14.5 3.4 3,6,7
KK190 13:13:9.2 -44:53:24.0 -13.68 -15.2 3.75 6,7
KKS54 11:37:53.4  -39:13:14.0 -13.66 -14.3  3.75 6,7
E384-016 13:57:1.6 -35:20:2.0  -13.47 -14.8  4.49 6,7
KK197 13:22:1.8 -42:32:8.0 -13.19 -12.6 3.84 7,11
PGC51659 14:28:3.7 -46:18:6.0  -13.15 999.0  3.61 7
E21910 12:56:9.6  -50:08:38.0 -12.94 999.0 4.7 7
E321-014 12:13:49.6  -38:13:53.0 -12.8 -13.43 3.33 1,7
KK196 13:21:47.1  -45:03:48.0 -12.73 -12.5  3.96 7
E269-037 13:03:33.58  -46:35:5.9  -12.67 -12.61 3.15 1,7
KKsbb 13:22:12.4  -42:43:51.0 -12.14 -124 3.85 3,7

Continued on next page
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Table A.1 — Continued from previous page

Name RA Dec Mg My, D References
KK179 13:00:41.0 -46:19:0.0 -12.13 -12.61 3.48 1,7
CenA-MM-Dwl 13:30:14.3  -41:53:36.0 -12.1  -13.8 3.91 9
KK211 13:42:5.6 -45:12:18.0 -11.99 -13.32  3.68 6,7
CenA-MM-Dw3 13:30:21.5  -42:11:33.0 -11.94 -13.1  3.87 9
HIPASSa 13:34:29.7  -39:36:59.0 -11.64 999.0  3.85 3
KKsb1 12:44:21.5  -42:56:23.0 -11.46 -16.0 3.8 7,9
KK213 13:43:35.8  -43:46:9.0 -11.41 -10.0  3.77 7,9
KK189 13:12:45.0  -41:49:55.0 -11.33 -11.2 4.23 9
KKsb3 13:11:14.2  -38:54:22.0 -11.26 999.0 3.8 7
HIPASSc 13:45:49.8  -37:43:34.0 -11.25 999.0 3.6 3
KK221 13:48:46.4  -46:59:49.0 -11.21 999.0 3.82 7
HIPASSH 13:48:5.4  -46:43:23.0 -10.94 999.0 3.6 7
CenN 13:48:9.2 -47:33:54.0  -10.93 -12.7  3.66 6
KKs57 13:41:38.1  -42:34:55.0 -10.81 -11.36  3.83 7
KK217 13:46:17.2  -45:41:5.0 -10.67 -12.3 3.5 6
KK203 13:27:28.1 -45:21:9.0 -10.62 -10.5 3.77 11
dw1341-43 13:41:37.0  -43:51:17.0 -10.54 -10.1  3.53 9
KKS58 13:46:0.8 -36:19:44.0 -1049 -11.9 3.8 7,10
CenA-MM-Dw8 13:33:34.1  -41:36:28.0 -10.19  -9.7 3.47 10

Continued on next page
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Table A.1 — Continued from previous page

Name RA Dec Mg My, D References
dw1323-40 13:24:53.0  -40:45:41.0 -10.14 -104  3.73 9
CenA-MM-Dw4 13:23:2.6 -41:47:10.0  -10.0  -9.9 4.09 10
CenA-MM-Dw9 13:33:1.5  -42:31:48.0 -9.91  -9.1 3.8 10
dw1323-40b 13:23:55.0  -40:50:9.0  -9.88  -99 3.91 9
dw1322-39 13:22:32.0  -39:54:20.0 -9.67 -10.0  2.95 9
dw1342-43 13:42:44.0  -43:15:19.0 -9.14  -9.8 2.9 9
dw1336-44 13:36:44.0  -44:26:50.0  -9.0 -8.6 3.5 9
dw1329-45 13:29:10.0  -45:10:31.0 -8.92 -84 2.9 9
CenA-MM-Dw11 13:17:49.2  -42:55:37.0 -8.73 -94 3.52 10
CenA-MM-Dw6 13:25:57.6  -41:05:39.0 -8.51  -9.1 4.04 10
CenA-MM-Dw7 13:26:28.7  -43:33:24.0 -835  -7.8 4.11 10
CenA-MM-Dw?2 13:29:57.3  -41:52:23.0 -8.05  -9.7 4.15 10
CenA-MM-Dw10  13:24:32.9  -44:44:70  -7.15  -7.8 3.27 10
CenA-MM-Dw5 13:19:52.4  -41:59:37.0  -6.6 -8.2 3.61 10
dw1325-33 13:25:41.0  -33:00:25.0  -9.57  999.0 4.9 8
dw1326-29 13:26:4.0  -29:24:16.0 -9.82  999.0 4.9 8
dw1326-35 13:26:44.0  -35:05:0.0  -9.72  999.0 4.9 8
dw1328-29 13:28:12.0  -29:28:45.0 -9.49  999.0 4.9 8
dw1329-32 13:29:58.0  -32:29:46.0 -11.19 999.0 4.9 8

Continued on next page
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Table A.1 — Continued from previous page

Name RA Dec Mg My, D References
dw1330-32 13:30:54.0  -32:18:21.0  -9.47  999.0 4.9 8
dw1330-33 13:30:4.0 -33:50:6.0  -8.12  999.0 4.9 8
dw1330-34 13:30:2.0  -34:00:14.0  -9.6  999.0 4.9 8
dw1334-32 13:34:5.0  -32:06:28.0  999.0  999.0 4.9 8
dw1335-29 13:35:46.0  -29:42:24.0 -9.6 999.0 4.9 8
dw1335-33 13:35:25.0  -33:18:0.0 -11.33 999.0 4.9 8
dw1336-32 13:36:33.0  -32:18:5.0 -10.59 999.0 4.9 8
dw1337-26 13:37:13.0  -26:48:10.0 -10.31 999.0 4.9 8
dw1337-33 13:37:2.0  -33:31:25.0 -10.66 999.0 4.9 8
dw1340-30 13:40:19.0  -30:21:35.0  -9.09 999.0  5.06 8
dw1341-33 13:41:13.0  -33:49:30.0 -10.26 999.0 4.9 8
KK195 13:21:8.2  -31:31:47.0 -11.76 999.0  5.22 7
KK200 13:24:36.0  -30:58:20.0 -12.89 999.0  4.76 7
1C4247 13:26:44.4  -30:21:45.0 -14.43 -14.9 5.18 2,7
E444-78 13:36:31.11  -29:14:5.6 -14.7  -14.7 5.42 6,7
E444-84 13:37:20.2  -28:02:46.0 -13.56 -14.0 4.61 5,7
1C4316 13:40:18.1  -28:53:40.0 -14.39 -13.6  4.35 2,3
NGC5264 13:41:37.0  -29:54:50.0 -16.02 999.0  4.79 1,7
CenA-dE4 13:46:39.5  -29:58:45.0 -10.4 999.0 4.94 1,7

Continued on next page
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Name RA Dec Mg My, D References
dw1240-42 12:40:2.0 -42:24:44.0  -9.77  999.0 3.6 9
dw1241-32 12:41:27.0  -42:53:45.0 -8.64  999.0 3.6 9
dw1243-42 12:43:13.0  -42:27:48.0 -9.32  999.0 3.6 9
dw1243-42b 12:43:11.0  -42:26:37.0 -10.03  999.0 3.6 9
dw1251-40 12:51:56.0  -40:19:53.0  -8.28  999.0 3.6 9
dw1252-40 12:52:1.0  -40:21:55.0 -11.05 999.0 3.6 9
dw1252-43 12:52:25.0  -43:05:58.0  -8.36  999.0 3.6 9
dw1257-41 12:57:45.0  -41:22:52.0 -10.44 999.0 3.6 9
dw1258-37 12:58:29.0  -37:07:21.0 -8.93  999.0 3.6 9
dw1301-30 13:01:28.0  -20:06:43.0  -9.42  999.0 4.9 9
dw1302-40 13:02:49.0  -40:08:35.0  -9.1  999.0 3.6 9
dw1306-29 13:06:48.0  -29:53:30.0 -9.79  999.0 4.9 9
dw1314-28 13:14:2.0 -28:12:12.0  -10.74 999.0 4.9 9
dw1318-21 13:18:4.0 -21:53:6.0  -10.27  999.0 4.9 9
dw1321-27 13:21:8.0 -27:44:66.0 -9.6 999.0 4.9 9
dw1322-27 13:22:6.0  -27:34:45.0 -10.54 999.0 4.9 9
dw1326-37 13:26:22.0  -37:23:8.0  -8.76  999.0 3.6 9
dw1330-38 13:30:41.0  -31:10:3.0  -8.02  999.0 3.6 9
dw1331-40 13:31:26.0  -40:15:47.0  -7.1  999.0 3.6 9

Continued on next page
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Name RA Dec Mg My, D References
dw1337-41 13:37:55.0  -41:54:11.0  -8.85 999.0 3.6 9
dw1343-34 13:43:49.0  -34:56:7.0 -84 999.0 4.9 9
dw1357-28 13:57:0.0  -28:55:15.0 -8.87  999.0 4.9 9
dw1401-32 14:01:25.0  -32:37:46.0  -9.81  999.0 4.9 9
dw1403-33 14:03:18.0  -33:24:14.0 -9.5 999.0 4.9 9
dw1406-29 14:06:41.0  -29:08:10.0 -9.79  999.0 4.9 9
dw1409-33 14:09:3.0  -33:49:40.0 -9.81  999.0 4.9 9
dw1410-34 14:10:47.0  -34:52:7.0  -10.71 999.0 4.9 9
dw1413-34 14:13:8.0  -34:23:33.0  -8.28  999.0 4.9 9
dw1415-32 14:15:41.0  -32:34:21.0 -9.58  999.0 4.9 9
dw1318-44 13:18:58.0  -44:53:41.0 -7.88  999.0 4.9 9
dw1323-40c 13:23:47.0  -40:43:17.0  -10.2  999.0 4.9 9
dw1331-37 13:31:32.0  -37:03:29.0 -9.38  999.0 4.9 9
dw1337-44 13:37:34.0  -44:13:7.0  -9.65 999.0 4.9 9
dw1315-45 13:15:56.0 -45:45:2.0  -10.44  999.0 4.9 8
dw1335-33 13:35:25.0  -33:18:0.0 -11.33 999.0 4.9 8
dw1334-32 13:34:5.0  -32:06:28.0  -10.47 999.0 4.9 8
dw1312-4246 13:12:10.18  -42:46:48.53 999.0 -9.37  999.0 11
dw1312-4244 13:12:10.93 -42:44:43.66 999.0 -8.12  999.0 11

Continued on next page
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Table A.1 — Continued from previous page

Name RA Dec Mg My, D References
dw1313-4218 13:12:22.48 -42:46:41.58 999.0 -7.54  999.0 11
dw1313-4246 13:12:42.87 -42:46:50.57 999.0 -7.95  999.0 11
dw1313-4211 13:13:34.28  -42:11:8.38  999.0 -9.79  999.0 11
dw1313-4214 13:13:34.4  -42:14:8.11  999.0 -9.58  999.0 11
dw1314-4204 13:14:8.17  -42:04:8.51  999.0 -9.11  999.0 11
dw1314-4230 13:14:21.93  -42:30:41.87 999.0 -8.96  999.0 11
dw1314-4142 13:14:44.82  -41:42:28.27 999.0 -7.74  999.0 11
dw1315-4232 13:15:2.98  -42:32:17.78 999.0 -8.91  999.0 11
dw1315-4309 13:15:33.97 -43:09:27.18 999.0 -7.42  999.0 11
dw1316-4224 13:16:42.27  -42:24:5.32  999.0 -10.32 999.0 11
dw1317-4255 13:17:48.49 -42:55:40.45 999.0 -8.46  999.0 11
dw1318-4233 13:18:5.59  -42:33:37.1  999.0 -9.14  999.0 11
dw1319-4203 13:19:21.26  -42:03:38.74 999.0 -9.15  999.0 11
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ABSTRACT

MODELING DWARF GALAXIES OF THE LOCAL VOLUME WITH THE
SEMI-ANALYTIC MODEL GALACTICUS

by Sachi Weerasooriya, 2023
Department of Physics and Astronomy
Texas Christian University

Major Advisor, Dr. Mia Sauda Bovill, Associate Professor of Astronomy

Dwarf galaxies are ubiquitous and extremely sensitive to various internal and external
feedback forms. Thus, studying dwarfs in various environments is critical for understand-
ing galaxy evolution. The best-studied dwarfs are those of the Local Group (LG). The
Local Group (LG) is home to some of the best-studied dwarfs, but thanks to recent sur-
veys like SDSS, PAndAS, and DES, we now know of more than twice as many dwarfs as
before. Concurrently, the Milky Way satellites have been successfully modeled with sim-
ulations (e.g. MINT Justice League, FIRE II); however, at a high computational cost. In
this work, we run the Semi-Analytic Model (SAM) GALACTICUS on a Milky Way analog.
We show, for the first time, with correctly chosen astrophysical prescriptions and param-
eters, GALACTICUS can reproduce the z = 0 properties and star formation histories of
the Milky Way dwarfs, including the ultra-faints, allowing efficient modeling of even the
faintest dwarfs with minimal computational cost. Recently, surveys such as SCABS and
PISCeS have extended our understanding of dwarf satellite systems beyond the LG, such
as the Centaurus A (Cen A) elliptical galaxy, which is located 3.8 Mpc away and has a

M,;, of 1013 M. By applying the same astrophysical assumptions and parameters used in



the Milky Way simulations, we can match the properties of the observed Cen A satellites
and reproduce the shape of the Cen A luminosity function at distances beyond 250 kpc.
However, our modeled luminosity function cannot replicate the steepening observed at
My, < —12 within 200 kpc. This can only be reproduced for higher temperatures of the

Inter-Galactic Medium of Cen A system, suggesting it may result from Cen A’s AGN.
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