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Chapter 1

Introduction

Over the last several decades, numerous studies have expanded our knowledge of dwarf
galaxies in the Milky Way (Albareti et al. 2017, Abbott et al. 2018), Andromeda (e.g.
Aguado et al. 2019, Martin et al. 2016), and beyond the Local Group in larger mass
galaxy clusters like Fornax (Rong et al. 2019) and Virgo (Cantiello et al. 2018). The Local
Group (LG) is the region up to 1 Mpc from the center of Milky Way. It is dominated by
the Milky Way and Andromeda (M31) galaxies (Karachentsev et al. 2002). The dwarf
satellites of the Local Group show similar characteristics (Sawala et al. 2012), though
recent work has shown some potential differences. Do these similarities extend across all
environments? What about dwarf galaxies that live in intermediate mass environments
between groups and clusters? Our final goal is to explore the dependence of stellar
physics of dwarf galaxies on host environments. To specifically assess whether or not
star formation in dwarf galaxies is universal across different environments. We begin
the exploration of these concepts by modelling stellar physics of the well studied dwarf

satellites of the Milky Way.



This Master’s thesis focuses on constraining the parameter space for star formation
physics of the Milky Way satellites, as our galaxy and it’s satellite population are very
well studied, and the properties of its dwarf satellites are well known. Therefore, the
Milky Way satellites are perfect laboratories to calibrate our model for low mass dwarf
galaxies, since default parameters are not known for dwarf galaxies. They are lower mass
compared to galaxies like the Milky Way. Thus, the physics governing star formation in
dwarf galaxies is likely to be different from massive galaxies. Therefore, the purpose of
our project is to calibrate a Semi Analytic Model (SAM). We use the SAM Galacticus
by Benson (2011) to explore the physics of star formation in Milky Way satellites. The

complete process we use to model galaxies is shown in Figure 1.1.



Observations

Stellar Physics

Figure 1.1: We model the dwarf satellites of Milky Way in several stages. First, we run
a dark matter only N-body simulation from ~ 100 million years after the big bang to
present day. Next, we identify the halo boundaries and their properties using a halo
finder. The, we use a merger tree code to explore the merger history of the simulation.
Finally, we introduce the stellar physics and galactic physics into the dark matter halos in
the simulation using a Semi-Analytic Model (SAM). Properties of these galaxy models are
then compared with observations from from McConnachie 2012 (October 2019 version).
Figures in circled observations from (Taylor et al. 2016, Crnojevic 2020).

1.1 Cosmology

Before discussing the details of the star formation physics of dwarf galaxies and how we

model it, we will outline the underlying cosmology we assume for these simulations.

1.1.1 Dark Matter

Dark matter plays an important role in the formation and evolution of dwarf galaxies as

they are the most dark matter dominant galaxies known. Specifically dwarf spheroidal



galaxies have few stars and little gas, and their velocity dispersions suggest that > 99%
of their mass is made up of dark matter (van Dokkum et al. 2016). Dark matter is non-
baryonic matter is observed only through its gravitational interactions with stars and
gas. Roughly 90% of all the mass in the universe is thought to be dark matter as mass of
gas and stars alone cannot account for the observed dynamics within galaxies. The most
likely candidates for dark matter is the Weakly Interacting Massive Particles (WIMPs),

while another possibility is Massive Compact Halo Objects (MACHOs) (Griest 2002).

1.1.2 Dark Energy

While dark matter plays an important role in the formation and evolution of dwarf
galaxies, only 27% of the energy density of the universe is made of baryons and dark
matter. The remaining 68% consists of dark energy (Planck Collaboration et al. 2016).
Dark Energy is the energy associated with the vacuum of “empty” space itself that causes
acceleration of the expansion of the universe. It is a repulsive force that counteracts
gravity. While dark energy does not affect the evolution of dwarf galaxies, it governs
the rate of expansion in the universe. The expansion of the universe causes the distance
between galaxy clusters to increase with time, and determines how the universe will

evolve with time.



1.2 Hierarchical Structure Formation of

The Universe

Hierarchical structure formation is the process by which larger structures are formed
through continuous merging of smaller structures. Lambda Cold Dark Matter Theory
(ACDM) suggests that the universe was intensely hot (~ T > 10'°K), smooth, and
uniform just after the Big Bang (White 1988). This hot universe started out expanding
relatively slowly for 1073%s until the period known as inflation. During inflation time,
subatomic quantum fluctuations became macroscopic, creating slight (107°) overdensities
and underdensities of dark matter. When underdensities grow to five times the average
density of the universe they became gravitationally unstable and collapse to form dark
matter halos (Dalal et al. 2010). Since baryons follow gravity, gas and dust condense into
potential wells of the dark matter to form stars. Over time, these first galaxies merged to
form the galaxies seen today. Hence, small galaxies rich in dark matter are the building

blocks of the observable universe (Frebel et al. 2010).

The hierarchical structure formation suggested by ACDM has been observed for large
scale structure of the universe. Observers have seen filament like structure of galaxies
in surveys such as 2dF Galaxy REdshift Survey (Colless 2002) and Sloan Digital Sky
Survey (Albareti et al. 2017) (See Figure 1.2) and cosmological simulations reproduce
the structure (Millenium (Boylan-Kolchin et al. 2009) and Illustris (Vogelsberger et al.
2014)). However, how structures form on the small scales of dwarf galaxies is not well

constrained. Therefore, we need models and observations of these small galaxies to



expand our knowledge in structure formation of the universe.

Figure 1.2: Comparison of galaxy distribution of the universe as predicted by the Mille-
nium 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).

1.3 Dwarf Galaxies and their Role in the Structure

Formation of the Universe

A dwarf galaxy is type of a galaxy that is fainter than Mg ~ —16 mag in absolute B band
magnitudes (Tammann 1994) and at least ten thousand times smaller than the size of the
Milky Way. Note that the absolute magnitude is a measure of the luminosity of a celestial

object, on the inverse logarithmic astronomical magnitude scale. They have low surface



brightness and are the most abundant type of galaxies in the universe, and their observed
number density of dwarf galaxies is largest near massive galaxies. However, the exact
criteria for how low the luminosity and mass can be is not well understood and defined
(McConnachie 2012). In addition, faint nature makes it harder to detect them without
deep, targeted observations. According to Simon (2019), the faintest dwarf galaxies are
less than < 10°L¢, (in units of solar luminosity) with dark matter masses ~ 10°M (in
units of solar masses). There are three main types of dwarf galaxies, dwarf spheroidal
(dSph), dwarf irregulars (dIrr), and dwarf ellipticals (dE), based on their morphology
(Lin & Murray 1994). Despite their low brightness and mass, they play a major role in

the structure formation of the universe.

Dwarf galaxies have very shallow gravitational potentials (Lin & Murray 1994). Grav-
itational potential wells are responsible for capturing baryons inside galaxies. The shallow
depth of the potential wells cause them to be very sensitive to feedback processes such
as stellar winds, and supernova explosions. Their sensitivity to feedback makes them
excellent probes of their local environment. Dwarf galaxies are the building blocks of
larger galaxies. Dwarf galaxies surround their host galaxy eventually falling into the
potential well of the host contributing to the growth of the host, forming a larger galaxy
by accumulation of many dwarf galaxies. Stellar activity varies within greatly within
these galaxies during this process it can greatly impact their structure. Even a relatively
small scale stellar feedback process can expel stars and dust off a dwarf galaxy’s poten-
tial. Shallow gravitational potentials of dwarf galaxies make them wvulnerable to stellar

feedback and turbulance. Hence, changes to their star-formation physics such as star
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formation rate, supernovae feedback, are very apparent. Therefore, they are excellent

probes of star formation physics in galaxies.

1.4 Baryon Cycle

The cycle of inflow and outflow of gas in galaxies, and the subsequent star formation,
is fundamental to the evolution of galaxies. This baryon cycle describes how galaxies
acquire, store, and expel baryons (e.g. gas, stars, dust) (Chisholm & Matsushita 2016).
The baryon cycle (Figure 1.3) determines the star-formation in dark matter halos and
establishes the star-formation history of the universe (Chisholm & Matsushita 2016, Op-

penheimer & Davé 2008).

The first stage of the cycle starts with cooling gas into and in dark matter halos.
As the gas in the Intergalactic Medium (IGM) cools down, gas accretes onto halos.
Furthermore, galaxy mergers and interactions speed up the inflow process (Chisholm &
Matsushita 2016, Springel et al. 2005). Once there is enough gas in halos, molecular
hydrogen, atomic collisional ionization equilibrium processes, and metals in the halos
cool the gas inside the halos. molecular gas clouds containing the effective coolant CO
form, further gas cooling and precipitating star formation in the halos. Turbulence within
these cold gas clouds gives rise gravitational instabilities within the cloud, that eventually
collapse the gas cloud and form stars. The matter ejected by the feedback mechanisms
such as supernova explosions goes back into the Interstellar Medium (ISM) of the galaxy

and surrounding IGM to start the cycle again.
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Figure 1.3: Baryon cycle for the Milky Way dwarf galaxies. Stage 1: cooling of gas inside
the hot halo. Stage 2: cooled gas flows into the halo. Stage 3: the accreted material
then form gas clouds. These gas clouds then start cooling due to molecular hydrogen
and collisional ionization equilibrium. Stage 4: cooling of gas aids in the process of star
formation. Stage 5: finally, some of the material inside halo flows back into the hot halo
due to feedback effects such as tidal stripping, ram pressure stripping and supernovae.



Chapter 2

Computational Methods

2.1 Simulations

We use a N-body simulation of a Milky Way analog run with Gadget 2 code (Springel
2005) and analyzed with AMIGA (Knollmann & Knebe 2009), ROCKSTAR (Behroozi
et al. 2013a), and consistent_trees (Behroozi et al. 2013b). Code testing and prelim-
inary simulations were performed on the University of Maryland High Performance
Computer Cluster Deepthought 2 (University of Maryland supercomputing resources
(http://hpcc.umd.edu)). The host galaxy is selected to be a ~ 10'* M, halo with no

massive halos within 3 Mpc (about 3 times the size of the Local Group).

2.1.1 Building a Zoom Simulation

While simulating a single Milky Way mass galaxy at the required resolution is com-
putationally expensive, simulating a large representative volume of the Universe at the

required resolution is computationally prohibitive. Hence, we zoom into the specific re-
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gions of interest within a lower resolution cosmological simulation and rerun it at higher
resolution. The procedure is as follows (Figure 2.1). First, we run a large low-resolution
simulation and identify a candidate dark matter halo with the correct mass and local
environment. Once the candidate halo is identified, we trace back the halo particles from
the present day (z = 0) to the beginning of the simulation (z = 150). The region
where these particles reside is called the Lagrange Region. Following the identification of
the Lagrange Region, we recenter the host halo and generate new initial conditions using
Multi Scale Initial Conditions (MUSIC) by Hahn & Abel (2011) and rerun the simulation

at the higher resolution required.

2.1.2 Milky Way Analog

We run the Milky Way analog from about 100 million years after the Big Bang (z = 150)
to the present day (z = 0), outputing a snapshot every 100 Myr. The simulation is
initially run on a 50 Mpc h~!'box with a low resolution (N = 2563), resolving Milky
Way candidates at z = 0 with > 1000 particles. We select Milky Way analogs with
M, > 10" My, 2within 3 Mpc h™! of Milky Way analog at present day (z = 0), with a
region of interest four times the radius of the Milky Way dark matter halo (R,;.). Both
Milky Way and Andromeda galaxies are located in dark matter halo of about 10'? M
and located ~ 800 kpc apart (Garrison-Kimmel et al. 2014). Neither M31 or the Milky
Way are within each others virial radii. Therefore, it is safe to assume that presence

(or absence) of an Andromeda galaxy (M31) analog in our simulations will not affect the

'Mpch™! gives the distance in comoving units. It factors out the expansion of space.

2Virial radius (R,;,) is the radius at which the dark matter particles are gravitationally bound to the
dark matter halo. It is the radius at which the enclosed density drops below 200 times the background
density. Virial mass (My,) is the mass enclosed within the virial radius
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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 & Abel 2011),
Step 5: Rerun the simulation with a higher resolution in the region of interest including
a buffer zone.

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 may not remain as a Local Group analog when
simulation is rerun at higher resolutions. As a result, it is standard practice to simulate
isolated analogs of the Milky Way (e.g. Springel et al. 2008, Gottloeber et al. 2010, Bovill
& Ricotti 2011, Hopkins et al. 2014, Akins et al. 2020). Only the proprietary simulations

ELVIS suite of simulations simulate Local Group analogs (Garrison-Kimmel et al. 2014).
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Once Milky Way analog is identified at z = 0, particles belonging to that halo are traced
to the z = 150 snapshot. We then perform a resimulation on the lagrangian region up to
with new initial conditions at a higher resolution (N3 = 4096°) resolving all halos with

M,;, > 10" M, in the highest resolution region.

2.2 Halo Finding

Halo finders identify dark-matter halos in the simulation and calculate the halo properties
such as virial radius, mass, circular velocity, etc. We use two halo finders: (1) Robust
Overdensity Calculation using K-Space Topologically Adaptive Refinement, (ROCK-
STAR, Behroozi et al. 2013a) and (2) Adaptive Mesh Investigations of Galaxy Assembly,
(AMIGA, Knollmann & Knebe 2009) to identify the dark matter halos. These two halo
finders use two different algorithms, phase space Friends of Friends (FOF) and spherical

overdensity algorithms, respectively. See Appendix A for more details of the halo finders.

2.2.1 Friends Of Friends (FOF)

Friends of Friends algorithms use positions and velocities in 6D space to identify particles
within an adaptive linking length and group particles into halos (Figure 2.2). Specifically,
ROCKSTAR (Behroozi et al. 2013a) applies this algorithm as follows. First, the simu-
lation volume is divided into 3D FOF groups, groups in which particles are within the
linking length in position space. For each 3D FOF group, particle positions and velocities

are divided by the group positions and velocity dispersion. This process repeats for each

3N is the number of particles in the simulation as if the entire 50 Mpch ™! box were simulated at the
highest resolution.
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subgroup and a new level of substructure is calculated. Once all levels of substructure
are identified, particles are assigned hierarchically to the closest halo in both position
and velocity space. Then, unbound particles are removed based on which particles have
the minimum gravitational potential. Finally, halo properties such as virial radius, virial

mass, maximum circular velocity etc. are calculated.

Particles with sam . .
¢ ¢ Snapshot of simulation
velocity V2 / \

@ @ ® @®

8% %

L Unbind particles

o
° \ Calculate halo properties
0
o

Identify particles
that belong to the
same halo

Dark matter particle

Virial mass, circular velocity,
Virial radius etc

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.
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2.2.2 Spherical Overdensity Algorithms

According to Knollmann & Knebe (2009), spherical overdensity algorithms locate density
peaks and identify density contours about them until a certain overdensity threshold is
reached (Figure 2.3). The Amiga Halo Finder (AMIGA) by Knollmann & Knebe (2009)
uses a spherical overdensity algorithm and analyzes the simulation using Adaptive Mesh
Refinement (AMR), identifying halos based on the locations of dense regions. Adaptive
mesh refinement is a technique used to selectively refine the current mesh in regions of
higher density.

Both halo finders find and determine the properties of halos. However, as shown in

Table 2.1, ROCKSTAR is faster than AMIGA (~ 10 min vs. 2 hours per snapshot).

2.2.3 ROCKSTAR vs AMIGA

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.

ROCKSTAR halo finder identifies smaller mass halos down to ~ 105 M, while AMIGA
has halo masses down to ~ 107 M, (Figure 2.4). Although, ROCKSTAR is efficient, like

many FOF algorithms it may be artificially breaking large halos into smaller components.
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Figure 2.3: This figure shows how a spherical overdensity algorithm work. 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.

Parameters of ROCKSTAR halo finder needs to be explored in order to alleviate this
problem. Halo mass function plots the number of galaxies per mass of each galaxy (in

solar units) in the simulation as shown in Figure 2.4.
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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.

2.3 Merger Tree Evolution

Once halo properties are calculated, we determine the evolution of the halos through
cosmic time using the merger tree code, consistent_trees (Behroozi et al. 2013b). This
is done by identifying particles which are members of each halo at z = 0 and tracking
the particles back in time. At each snapshot the halos which contain particles found in
a halo in the previous snapshot are identified and linked to each other. Halos that have
the highest number of particles in common with the halo in the previous snapshot are

identified as the most massive progenitor. This process is repeated for each snapshot until
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all progenitor halos are identified back to formation of the first halos in the simulation. If
a halo drops below the resolution limit in one snapshot, then the algorithm approximates
halo properties in each time step linking broken links if necessary. If a halo have no
descendants *and the statistical significance for that halo’s existence is low, a halos is

removed.

2.3.1 Consistent Trees

Consistent_trees uses the following steps to determine the merger history of halos (Figure
2.5). First, it identifies the descendant halo based on the halo at which the next time
step receives the largest fraction of particles for a certain halo. Next, it calculates the
gravitational acceleration between two halos, which is gravitationally evolved to calculate
the velocities and positions at the previous time step. After identification of the descen-
dants, it removes the links to spurious descendants. Now that the position and velocity
of the previous time step are known, it proceeds to link halos with likely progenitors. If
a progenitor is missing, then a new halo is created with position and velocity calculated
by gravitational evolution. However, if progenitors are missing for several time steps,
then such halos are removed. The code also assumes a merger has occurred, exerting
a strong tidal field across a halo, if halos at previous time steps have no descendants
and are located close to other halos. Otherwise, such halos are removed (Behroozi et al.

2013b).

4A descendant halo is a halo that contain the particles from a parent halo in a previous snapshot.
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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. 2013b). 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 mereger history of the simulation
can be obtained.

2.4 Modelling Physics of Star Formation

2.4.1 Semi-Analytic Modelling

Semi-analytic modelling is a modelling technique where the baryonic physics is approx-
imated by a set of interconnected differential equations, and the baryonic evolution of

galaxies is solved through cosmic time. In the SAM we use , star formation physics is
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formulated for a various options for stellar feedback, star formation rate, stellar winds,
etc. This physics is applied to a dark matter only simulation. This method is efficient and
allows a more effective exploration of parameter space than hydrodynamic simulations.
However, it also has some setbacks. Since the computational formulations of physics are
approximations, SAMs have trouble with the stochastic processes such as star formation

during the epoch of reionization.

2.4.1.1 Galacticus

We use a semi-analytic model Galacticus (Benson 2011). This provides a powerful toolkit
to model the physics of how galaxies form. Galacticus takes in merger tree outputs of
a simulation and formulates stellar physics. Details of these how Galacticus determines

the baryonic physics is in Chapter 4.

20



Chapter 3

Observational Sample

The number of dwarf satellites of the Local Group has more than doubled over the past 15
years (e.g. Karachentseva & Karachentsev 1998, Karachentseva et al. 1999, Whiting et al.
1997, Zucker et al. 2006, Belokurov et al. 2006, Willman et al. 2005, Walsh et al. 2007,
Irwin et al. 2007, Belokurov et al. 2007, Drlica-Wagner et al. 2015; 2016, Torrealba et al.
2018; 2019). Some of the newly discovered dwarf galaxies includes Segue I (Belokurov
et al. 2007), Segue II (Belokurov et al. 2009), Piscesll and Seguelll (Belokurov et al.
2010). We use a set of observed data of all nearby dwarf galaxies within 1 Mpc (the
dwarf satellites of the Milky Way, M31 galaxies, and the quasi-isolated dwarfs in the outer
regions of the Local Group) listed (in the October 2019 version of the McConnachie 2012).
From this sample, we select a subset of satellite galaxies within 400 kpc of Milky Way
(Table 3.1). This selected sample consist of 142 dwarf satellites of the Local Group, 62 of
which are satellites of the Milky Way. We then use the distribution of various properties
of dwarf satellites such as the luminosity function, luminosity metallicity relation, mass

to light ratio, velocity dispersion, so forth to constrain our models of dwarf galaxies. See
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Table 3.1 for details of the observations.
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Radial Distribution: Figure 3.1 shows the radial distribution of dwarf satellite galaxies

orbiting within 400 kpc of the Milky Way.
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Figure 3.1: Cumulative radial distribution of dwarf satellite galaxies orbiting within 400
kpc of the Milky Way. Y axis shows the number of galaxies (N) as a function of their
distance from the galaxy’s center in kilo parsec (kpc). The observations are from updated

102

Distance [kpc]

data (October 2019) from McConnachie (2012).

Distribution of Milky Way Dwarf Satellites: Figure 3.2 shows a distribution of

satellites within 400 kpc of Milky Way projected onto the sky. Note the zone of inclusion

~ 30deg north and south of the galactic plane where high foreground densities of stars

preclude the detection of dwarf satellites.
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Figure 3.2: Aitoff projection of the observed Milky Way Satellites. This figure marks
dwarf satellites hosted by the Milky Way as seen in the sky from Helmut Jerjen. Jerjen,
H., 2010, PASA, 29, 383.
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Luminosity Function: The luminosity function is the cumulative distribution of lumi-
nosities for a sample of galaxies. We plot the luminosity function of the dwarf satellites
orbiting within 400 kpc of the Milky Way in Figure 3.3. As expected, there are more
halos with low luminosity and few with higher luminosities. We use the use luminosity
function as the primary constraint to our model. The dashed line in Figure ?? shows the
luminosity function of the Milky Way satellites when we exclude the Small Magellanic
Cloud (SMC) and the Large Magellanic Cloud (LMC). This is done because the presence
of an SMC/LMC around a Milky Way mass halo is rare (Liu et al. 2011, Busha et al.

2011, Tollerud et al. 2011).
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Figure 3.3: Cumulative luminosity function for the Milky Way satellite dwarf galaxies
orbiting within 400 kpc as a function of absolute V band magnitude (My ). The black line
shows the luminosity function that includes the Magellanic Clouds. Magellanic clouds are
excluded since The dashed black line shows the luminosity function that do not include
the Magellanic Clouds. N denotes the number of satellites galaxies per brightness bin.
The observations are retrieved from updated data (October 2019) from McConnachie
(2012)

Luminosity Metallicity Relation: The luminosity metallicity relation is an excellent
constraint for our model since it forms a smooth function across luminous spiral galaxies
to 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

30



2.0

— MW without LMC/SMC
1.5

1.0+

0.5+

—3.51

—-4.0

2 0 -2 -4 -6 -8 -10 —-12 -14 -16 —-18 —-20

My (mag)

Figure 3.4: Luminosity metallicity relation for the Milky Way satellite dwarf galaxies
orbiting within 400 kpc as a function of absolute V band magnitude (My ). The data
points do not include the Magellanic Clouds. The observations are retrieved from updated
data (October 2019) from McConnachie (2012).
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Nu N

[Fe/H] = logio (NFE) — logio (Ni;) (Figure 3.4). 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 Mpeq *
and the galaxies subsequent ability to hold onto enriched ejecta from supernova. Tidal
stripping is the stripping of matter from satellite galaxies due to the tidal field of the
host galaxy, while ram pressure stripping is the loss of mass due to ram pressure created
as satellite galaxies fall into the halo of the host.

Mass to Light Ratio: 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 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 My /L. Figure 3.5 gives
the mass to light ratio of satellite dwarf galaxies orbiting the Milky Way. Mass to light
ratio within the half light radius M o/ L1, is calculated with M5 = 3G~ < o7, > 712

(Wolf et al. 2010).

! Mpear is the maximum mass a halo gas during its evolution.
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Figure 3.5: Mass to light ratio of satellite dwarf galaxies orbiting Milky Way within 400
kpc (in solar units) as a function of absolute V band magnitude. The observations are
from updated data (October 2019) from McConnachie (2012).

Velocity Dispersion: The stellar velocity dispersion (o,) of a galaxy measures 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. In Figure 3.6, We

plot the velocity dispersion as a function of absolute V band magnitude.
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Figure 3.6: Velocity dispersion o, of satellite dwarf galaxies orbiting Milky Way within
400 kpc as a function of absolute V band magnitude. The observations are retrieved
from updated data (October 2019) from McConnachie (2012).
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Chapter 4

Results

We present the best fit parameters of the SAM Galacticus for dwarf galaxies constrained

using observations of the Milky Way dwarf satellites.

4.1 Dependence on the Halo Finder

Galacticus is run on the outputs of both the ROCKSTAR and AMIGA halo finders pro-
duces similar trends in parameter space with the exception of tidal stripping. However,
the luminosity functions produced from AMIGA outputs better matches with observa-
tions, (Figure 4.1). Although halos of both algorithms produce luminosities extending
over the observed luminosities, ROCKSTAR results do not produce sufficient halos with
absolute V band magnitude (My ) between -8 and -13 magnitudes. This may be due to
ROCKSTAR artificially splitting high mass halos into smaller halos in its 6D FOF algo-
rithm, whereas AMIGA identifies halos based on density peaks and does not have this

issue. However, as ROCKSTAR uses a fraction of the resources of AMIGA, ROCKSTAR
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parameters need to be explored to produce results similar to those of AMIGA. In the
remainder of this work, we will show Galacticus run on merger trees generated AMIGA

being the halo finder for the best fit parameters of the of Milky Way dwarfs.

102
C—21 MW without SMC/LMC
_____ o 1 AMIGA
[——1 ROCKSTAR
1]
= 10
i
]
0 !
10° +
il

2 0 -2 -4 -6 -8 -10 -12 -14 -16 —18 -20

My (mag)

Figure 4.1: We plot the cumulative luminosity function for the Milky Way satellite dwarf
galaxies orbiting within 400 kpc as a function of absolute V band magnitude (My).
The dashed black line shows the luminosity function that do not include the Magellanic
Clouds. N denotes the number of satellites galaxies per brightness bin. The observations
are retrieved from updated data (October 2019) of McConnachie (2012). Green curve
shows the galaxy models based on AMIGA halo finder (best fit for observed luminosity
function) and the blue curve shows the models based on ROCKSTAR halo finder
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4.2 Gas Cooling

4.2.1 Cooling Rate Cutoff Velocity

Cooling of gas inside the hot halo in the simulated dwarf galaxies can be controlled by
introducing a parameter called cooling rate cut off velocity (vVepoting). The cooling-rate
cutoff velocity is the maximum velocity of halos below which no gas in the halos will cool.
As the cooling cutoff increases, cooling is turned off in halos with higher virial velocities

! (higher virial masses).

We plot the luminosity function for all of the runs above to explore the simulated
Milky Way satellite luminosity function best fitting vcoering With the observed luminosity
function within 400 kpc (Figure 4.2). Further exploration of cooling velocities with other
parameters reveal that vUepoing = 17 km/s is the best value for the cooling rate cut off
velocity. The best fit model is obtained by comparison of luminosity functions with the

observed luminosity function of the Milky Way dwarf galaxies by eye.

GMyir

Tvir

Virial velocity is the velocity of the halo at virial radius. vy, =
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Figure 4.2: Cumulative luminosity function for the Milky Way satellite dwarf galaxies
orbiting within 400 kpc as a function of absolute V band magnitude (My ). The dashed
black line shows the luminosity function that do not include the Magellanic Clouds.
N denotes the number of satellites galaxies per brightness bin. The observations are
retrieved from updated data (October 2019) of McConnachie (2012). Colored curves
shows the galaxy models for various cooling rate cut off velocities with red curve showing
the best fitting model

4.3 Inflow of Baryons into Halos

The inflow of baryons into halos governs the star formation in galaxies by determining

the amount of gas available for star formation. We implement several methods of gas
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accretion, and stellar and tidal feedback to simulate the inflow of baryons to our Milky

Way satellites.

4.3.1 Mass Accretion:

Mass accretion into halos is determined by several parameters such as reionization sup-
pression redshift (2,eionization), filtering velocity (vyier), and cooling rate cut off velocity
(Veooting)- 1t is also regulated by preventive feedback mechanisms. Preventive feedback
prevents baryons from accumulating onto halos or their dark matter counterparts (Lu

et al. 2017).

The epoch of reionization is the era during which hydrogen atoms were ionized by the
light emitted by the first stars (Zaroubi 2013). The universe was dense and opaque before
the first stars formed roughly a hundred million years after the big bang. At this time,
the IGM was neutral and opaque to many wavelengths. As the first stars emitted light,
primarily in the UV, they ionized hydrogen atoms and the IGM became transparent.
This is the process of reionization. Accretion of mass into halos was effected by reioniza-

tion, especially the lowest mass galaxies. In Galacticus this process is parameterized by

Zreionization and Urilter

4.3.1.1 Reionization Suppression Redshift

The region around the local group is believed to have reionized around z = 9. We run
several models with different reionization suppresion redshifts (Figure 4.3). Before intro-

ducing stellar feedback effects into the galaxy models, reionization suppression redshift
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of z = 10 provides the best match with the observed luminosity function. However,
upon introducing star formation feedback such as supernovae, a reionization redshift of
z = 9 is found to be the best fit in agreement with other work. Note that best fit model

is primarily constrained by the luminosity function which is the primary constraint.

1 MW without SMC/LMC

101 i

——

100 i
|

2 0 -2 -4 -6 -8 -10 -12 -14 -16 —-18 —-20

My (mag)

Figure 4.3: Cumulative luminosity function for the Milky Way satellite dwarf galaxies
orbiting within 400 kpc as a function of absolute V band magnitude (My ). The dashed
black line shows the luminosity function that do not include the Magellanic Clouds.
The observations are from (McConnachie 2012, see table 3.1). N denotes the number
of satellites galaxies per brightness bin. Colored curves shows the preliminary galaxy
models for different reionization suppresion reshifts.

4.3.1.2 Reionization Suppression Velocity

Reionization suppresses the accretion gas into halos from the IGM. When hydrogen atoms

are reionized by the first stars and galaxies, the temperature of the IGM increased to
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2 x 10* K. The reheated IGM sets a minimum halo mass, M riter (Gnedin 2000) below
which a halo will be unable to accrete additional material from the IGM. As the maximum
circular velocity, v,,4., of a halo scales with the mass but does not scale with redshift,
a filtering velocity vyiier is used. The v,,q, of a halo is proportional to its virial mass
given by U = % Hence, reionization suppression velocity allows us to set a
minimum v,,,, for halos to form stars, analogous to setting a minimum mass to form
stars. Although, there are established values in the literature, we test several filtering
velocity values from 10, 20, 25, 30, 35,40, 50 km/s (Figure 4.4). We find 30 km/s to be

the best fit value which is also the value suggested in literature (Ricotti & Gnedin 2005,

Bovill & Ricotti 2011).
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Figure 4.4: We plot the cumulative luminosity function for the Milky Way satellite dwarf
galaxies orbiting within 400 kpc as a function of absolute V band magnitude (My).
The dashed black line shows the luminosity function that do not include the Magellanic
Clouds. N denotes the number of satellites galaxies per brightness bin. The observations
are retrieved from updated Table 1 (October 2019) of McConnachie (2012). Colored
curves shows the galaxy models for various reionization suppression velocities

4.4 Molecular Clouds/Hot Halo Gas Cooling:

While star formation is dependent on factors such as self gravity of the gas cloud and
pressure, cooling of gas plays a major role in this process. We use two implementations in
Galacticus to formulate gas cooling in halos: cooling due to atomic collisional ionization

equilibrium and cooling due to molecular hydrogen.
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4.4.1 Cooling Functions:

We incorporate different cooling functions available in Galacticus for our simulated dwarf
galaxies. These include cooling due to collisional ionization equilibrium and cooling due
to molecular hydrogen. Cooling rates for collisional ionization equilibrium cooling is cal-
culated using the radiative trasfer code CLOUDY (Ferland et al. 2017). This method
assumes collisional equilibrium without any molecular contribution. “Abundances are
Solar, except for zero metallicity calculations which uses CLOUDY s “primodial” metal-
licity” (Galacticus Documentation). Galacticus formulates Hy — e~ , H — H, cooling
fitting functions from Suchkov & Shchekinov (1978) and cooling due to molecular hydro-

gen H — Hs cooling fitting functions from Galli & Palla (1998).

logio (%) = Cy + Cilogio (%) + Oy [50910 (%)] 2

Our default method of gas cooling in Galacticus is cooling due to atomic collisional
ionization equilibrium where Cy, C, Cy are coefficients of H, appearing in the fitting
function given above. Cy, C;, Cy values for H,y — e~ are -33.33, 5.565, and 0.4675, while
that of H — H; are given by -35.28, 5.862, -0.5124 (Galacticus Documentation). We
ran models with cooling due to molecular hydrogen together in addition to collisional
ionization equilibrium, however, there minimal effect in the observable properties of the
halos resulting models (Figure 4.5 and Figure 4.6). Therefore, we incorporate both

cooling functions in our simulated dwarf galaxies.
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Figure 4.5: Cumulative luminosity function for the Milky Way satellite dwarf galaxies
orbiting within 400 kpc as a function of absolute V band magnitude (My ). The dashed
black line shows the luminosity function that do not include the Magellanic Clouds. N de-
notes the number of satellites galaxies per brightness bin. The observations are retrieved
from updated data (October 2019) of McConnachie (2012). Colored curves shows the
galaxy models for different cooling functions incorporated. Turquoise curve shows the
model with cooling due collisional ionization equilibrium of atomic gas together with
molecular hydrogen cooling while the blue curve shows cooling due to atomic collisional
ionization equilibrium cooling. Both curves overlap with each other.
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Figure 4.6: This figure shows the luminosity metallicity relation for the Milky Way satel-
lite dwarf galaxies orbiting within 400 kpc as a function of absolute V band magnitude
(My ). The black dots shows the observed metallicity values. Note that these data do not
include the Magellanic Clouds.The observations are retrieved from updated data (Octo-
ber 2019) of McConnachie (2012). Left: Turquoise dots shows the model with cooling
due collisional ionization equilibrium of atomic gas together with molecular hydrogen
cooling while the blue dots shows cooling due to atomic collisional ionization equilibrium
cooling.

4.5 Star Formation:

The number of stars formed in halos depends on several factors: cooling of IGM onto the
halos, gas cooling the halo, and quantity of gas available. The luminosity of any halo in
the simulation is determined by the number of stars formed. Star formation is determined
by several methods. Star formation rate densities, time scales, and gas cooling are a few
of them. We formulate star formation laws using the star formation rate densities for the

disk component and star formation time scales for the spheroid component.
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4.5.1 Metal Recycling:

We implement two types of metal recycling for our models, instantaneous and non-

instantaneous.

4.5.1.1 Instantaneous

Instantaneous metal recycling consists of stars with the same chemical composition and

age. “Given star formation rate ¢(t), this method assumes a rate of stellar mass of

M(t) = (1 - R)¢(t)

with a corresponding decrease in fuel mass. The rate of change of metal content from

stars follows from the fuel metallicity while that of fuel changes according to

Miuez(t) = =(1 = R) Zpuad(t) = p o(t)

In the above R is the instantaneous recycled fraction and p is the yield, both of which are
supplied by the IMF subsystem.” (Galacticus Documentation). Rate of change of mass is
given in Mgt /Gyr

4.5.1.2 Non-Instantaneous

For this method Galacticus assumes fully non-instantaneous recycling and metal en-

richment. “Recycling and metal production rates from simple stellar populations are
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computed, for any given IMF, from stellar evolution models
/ P )VR(t —t'; Zsyer(t'))dt’

Mfuel / QZS t —t; quel( ))dt
V2 (8) = Zpuad (1) / SV Zgua€)R(E 15 Zua())
Mfuel,Z( ) quel¢ / ¢ quel (t - t quel( )) + p<t - tlu quel(t/))dt/

where R(t,Z) and p(t, Z) are the recycling rate and metal yield rates respectively from a
stellar population of aget and metallicity Z” (Galacticus Documentation).

Although the luminosity functions look the same (Figure 4.7), the luminosity metallic-
ity relation of models with non-instantaneous metal enrichment is a better match with
observations (Figure 4.8). Therefore, from the above two methods, we ran our galaxy

models with a non-instantaneous form of metal enrichment.
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Figure 4.7: Cumulative luminosity function for the Milky Way satellite dwarf galax-
ies orbiting within 400 kpc as a function of absolute V band magnitude (My). The
dashed black line shows the observed luminosity function that do not include the Mag-
ellanic Clouds. These observations are retrieved from updated data (October 2019) of
McConnachie (2012). N denotes the number of satellites galaxies per brightness bin.
Colored curves shows the galaxy models for different metal enrichment types. Blue curve
shows the model with non-instantaneous form of metal enrichment while the yellow curve
shows instantaneous form of metal enrichment.
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Figure 4.8: Luminosity metallicity relation for the Milky Way satellite dwarf galaxies
orbiting within 400 kpc as a function of absolute V band magnitude (My). The black dots
shows the observed metallicity values from updated data (October 2019) of McConnachie
(2012). Note that these data do not include the Magellanic Clouds.The observations are
retrieved from updated table 1 (October 2019) of McConnachie (2012). Left: red dots
shows the model with non-instantaneous metal enrichment. Right: blue dots shows
instantaneous metal enrichment

4.5.2 Star Formation Rate

The star formation rate is the rate of stars formed in galaxies over time. It determines
the number of stars formed, luminosity, and metal enrichment in a galaxy. We use star
formation rate density methods available in the Galacticus to form stars in the disk and
star formation timescales to determine star formation in the spheroid. Accordingly, stars
can form only in halos with gas mass with a surface density higher than a certain thresh-

old.
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To determine star formation rate using densities, Galacticus provides several meth-
ods including Extended Schmidt 2011 (Shi et al. 2011), Blitz Rosolowsky 2006 (Blitz &
Rosolowsky 2006), Kennicut-Schmidt (Kennicutt 1998), and Krumholz (Krumholz et al.
2009). Each of these methods implements different formulations to calculate star forma-
tion rate densities. As, Extended Schmidt and Blitz-Rosolowsky are known to behave
well for dwarf galaxies. While we tested all all four methods of these, we focus our

discussion on these two.

4.5.2.1 Extended-Schmidt

The Extended-Schmidt method assumes a star formation rate given by (Shi et al. 2011).

5 M v e
S, = Al gy =
(xH Mg pc—2> <M® P0_2>

Paramter A denotes the normalization coefficient while N; and Ny are exponents cor-
responding to gas and stars. We implement two versions of models for the FExtended-
Schmidt method for different values of N7 and N; suggested by Shi et al. (2011) and Shi
et al.(2018). N; = 1.13, Ny = 0.36 (Shi et al. 2011) and N; = 1.09, Ny = 0.5 (Shi et al.

2018).

4.5.2.2 Blitz-Rosolowsky 2006

The star formation method Blitz-Rosolwsky implements a star formation empirical law
based on pressure following the the study by (Blitz & Rosolowsky 2006). This method

calculates pressure of the Inter-Stellar Medium (ISM) in high and low pressure regimes
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based on whether the gas is atomic or molecular (Blitz & Rosolowsky 2006).

The star formation law is given by:
E*(R) = vsp(R) X H,.disk(R)

Here the star formation frequency is given by vsr(R) = vspo [1 + (%—T)q} where X
is the critical surface density and ¢ is an exponent. The molecular surface density of gas

is calculated by

Pea: @
EH2 = ( P0t> EHh

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

cloud in the disk is given by,

m
Pe:vt = Zngas

s (22
O«

¥, = V/7Gh,X, represent the surface density of the stars with ¥, >> Ygas for h, disk
scale height.

Blitz-Rosolowsky empirical relation overpredicts the luminosity function (Figure 4.9)
and luminosity metallicity relation (Figure 4.10). From the above methods we find the

Extended-Schmidt to match better with observations (Figure 4.9).

51



3 MW without SMC/LMC
—————— N [ Extended Schmidt
Blitz 2006

101 i

109 -
i

2 0 -2 -4 -6 -8 -10 -12 -14 -16 —18 —-20

My (mag)

Figure 4.9: Cumulative luminosity function for the Milky Way satellite dwarf galaxies
orbiting within 400 kpc as a function of absolute V band magnitude (My ). The dashed
black line shows the observed luminosity function that do not include the Magellanic
Clouds. These observations are from updata data (October 2019) of McConnachie (2012).
N denotes the number of satellites galaxies per brightness bin. Colored curves shows
the galaxy models for different star formation methods. Red curve shows the model
with Extended-Schmidt empirical law while the orange curve shows Blitz Rosolowsky
empirical law.

52



e Observations e Observations
1.5 1.5
1.0 Extended Schmidt 1.0 Blitz 2006
0.5 0.5
0.0 e e o ° 0.0
-0.5 . +—F — 05 +—F
. iy
-1.0 ° . Y T -0 b .
° e
2_ L @ ~

-15 _— — _15 e

a e g' ®
-2.0 s -2.0 . sz “;*
=25 \ —25{ ++ 4 ¢t
-3.0 ° -3.0
-35 ° -3.5
-4.0 -4.0

2 0 -2 -4 -6 -8 -10 -12 -14 -16 -18 -20 2 0 -2 -4 -6 -8 -10 -12 -14 -16 -18 -20
My (mag) My (mag)

Figure 4.10: Luminosity metallicity relation for dwarf satellites galaxies of the Milky
Way within 400 kpc. Observed values are shown in black dots. Observations from
updated data (October 2019) of McConnachie (2012). Left: Galaxy model where star
formation is determined by Extended-Schmidt empirical law. Right: Galaxy model with
star formation determined by prescription Blitz Rosolowsky empirical law.

4.6 Outflow of Baryons

Outflow processes are vital for understanding galaxy formation and constraining the
properties of dark matter, as the kinematic effects of the outflows can influence the
distribution of dark matter (Pontzen & Governato 2012, Sawala et al. 2016). Galacticus
has several ejective feedback processes including ram pressure stripping and supernova

feedback.

4.6.1 Tidal Stripping

Tidal stripping is the process by which large galaxies strip off gas and . Many dwarf

galaxies are subjected to tidal stripping, including the “fossils” which are known to be
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relics of the first galaxies (Bovill & Ricotti 2011). Most dwarf spheroidals are shielded
from tidal stripping of their stars until > 90% of the dark matter is lost (Penarrubia
et al. 2008). Tidal stripping, it also instigate metal production and star formation by
compressing existing gas reservoirs (Williamson et al. 2016). Hence, these mechanisms

have significant effects on the number and luminosity of dwarf galaxies.

According to Williamson et al. (2016), tides can give rise to several effects on a galaxy.
They can remove gas from the exterior of a galaxy, produce extended outflows, and de-
crease velocity dispersion and star formation. However, Williamson et al. (2016) also
suggest that tidal stripping from varying tidal fields can create gravitational instabilities
fueling star formation and metal production by driving gas towards the halo. Study by
Ibata et al. 1994 state that the Saggitarius dwarf is in the process of shedding stars due
to interactions with the Milky Way. This shows role of tides in formation and evolution
of dwarf galaxies (Williamson et al. 2016). However, studies suggest that the faintest
of dwarf galaxies, the ultra faints are less likely to be affected by tidal stripping (Simon
2019). Another study by Errani & Penarrubia (2020) states that some of the particles
bound to cuspy dark matter halos reacts adiabatically to tidal perturbation. Moreover,
according to Hayashi et al. (2003), the specific rate of tidal stripping will also depend on

the host potential and subhalo orbit.

In order to analyze effects of tidal stripping on Milky Way satellites, we run models

with and without tidal striping. Galacticus assumes host halo to be spherically symmet-
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GMpost (Srp)
3

p

ric and calculates it’s tidal field given using the formula F = — AT Phost (1) —|—w12),

with pericentric radius r,. Galacticus calculates the mass loss rate due to tidal stripping

o Ms;f (>Ttidal)
orbital

by using the formula M, = — with orbital time T}, pita; = % with

mazx(w/2m,0r /7

orbital radius r, angular velocity w, radial velocity v,, and tidal radius of the satellite

1/3
galaxy Ttidga = <$§7w> :

Both types of models are run with a reionization suppression redshift of z = 9
and filtering velocity of 30 km/s. We compare the simulated luminosity functions and
luminosity-metallicity relations to observations. The number of luminous satellites are
increased (Figure 4.11). This is probably due to induction of gravitational instability in
the the gas clouds that gives rise to star formation. Figure 4.12 shows the luminosity

metallicity relation for satellites within 400 kpc of Milky Way for runs with tidal stripping.
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Figure 4.11: Cumulative luminosity function for the Milky Way satellite dwarf galaxies
orbiting within 400 kpc as a function of absolute V band magnitude (My ). The dashed
black line shows the observed luminosity function that do not include the Magellanic
Clouds. Observations are from updated data (October 2019) of McConnachie (2012). N
denotes the number of satellites galaxies per brightness bin. Colored curves shows the
galaxy models for galaxy models with non-tidal stripping and tidal stripping respectively.
Green curve include only tidal stripping of dark matter while the red curve include tidal
stripping of both dark matter and baryons.

Since dark matter is tidally stripped when the N bodysimulation is run, the rest of
baryonic matter is stripped by Galacticus when tidal stripping is turned on, but when
this mode is turned on it either strips stars from halos very quickly or overproduce stars.
Although models run with Galacticus’s tidal stripping produces physical stellar masses,
they overestimate the number of satellites between -5 and -8 V band magnitudes. We

find the runs without gas/stellar tidal stripping to better match with observations.
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Figure 4.12: Luminosity metallicity relation for the Milky Way satellite dwarf galaxies
orbiting within 400 kpc as a function of absolute V band magnitude (My ). The black
dots shows the observed metallicity values. Note that these data do not include the
Magellanic Clouds. The observations are retrieved from updated data (October 2019) of
McConnachie (2012). Left: green dots shows the model without tidal stripping while the
red dots shows galaxy models that include tidal stripping of baryons.

4.6.2 Supernova Feedback

Supernova feedback processes are galactic winds that create massive outflows of gas and
dust from galaxies, quenching star formation (Henriques et al. 2019). They play a sig-
nificant role in star formation physics of dwarf galaxies (Heesen et al. 2019). Given this
shallow gravitational potentials of dwarf galaxies, stellar feedback processes can easily
expell gas from these galaxies Supernova explosions, the deaths of massive stars are one
of the most powerful events in the universe. They play a significant role in the evolution
of dwarf galaxies since they can potentially blow away stars and gas from their shallow
potential wells and compress nearby gas to form new stars. There are several classes of

supernova based on different progenitors and mechanisms.
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Galacticus implements all three types of supernova, Type Ia, II and pair-instability
supernovae. Type la supernovae are ones that do not exhibit any hydrogen lines but
have significant Si II lines in their spectra (Hillebrandt & Niemeyer 2000), while type
IT contains strong hydrogen lines. Type Ia supernovae are resulted when carbon-oxygen
white dwarf in a binary star system goes beyond the Chandrasekhar limit. Typically,
the companion star accumulates matter from a donor or they both merge (Hillebrandt

& Niemeyer 2000).

Galacticus uses the results from Nagashima et al. (2005) to compute the metal en-
richment due to Type Ia supernova (Nagashima et al. 2005). Type II supernova are
significantly fainter than type la supernova and are the result of core-collapse of massive
stars. Their progenitors retain hydrogen and helium envelopes prior to the explosion
(Fischera & Schmidt 2009). Pair instability supernova are the explosions of Population
IIT stars. They are believed to be the first stars that enriched the universe with heavy
metals (Jeon et al. 2014). Galacticus calculates their properties by computing the ener-
gies of pair instability supernovae from the results of Heger and Woosley (2002) (Benson
2011). Pair instability supernova are caused by explosion of stars with cores of about
~ 40 — 63 Mg, 140 M, — 260 M, (Heger & Woosley 2002). The burning of excess he-
lium release thermal energy, which is used up in production of electrons and positrons.
Creation of these particles develops a runaway collapse increasing the core temperature.
The energy created by fusion exceed the infall collapse which cause the star to explode
(Heger & Woosley 2002).
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Galacticus provides two types of stellar feedback methods, fixed and power law. These
methods calculates the rate of outflow of material from the halos.
Fixed:

If the stellar feedback method is set to fixed, Galacticus assumes an outflow rate of

E.

)
E canonical*

Moutflow = foutflow

“where foutfiow 15 the fraction of the star formation rate that goes into outflow, E, is
the rate of energy input from stellar populations and E.unonicals 1S the total energy input
by a canonical stellar population normalized to 1My after infinite time” (Galacticus

Documentation).

Power Law:

In the power law method, Galacticus calculates the outflow rate of stellar mass using

Qout f1 ;
M o Vout flow outftow E*
out flow — B
c

v anonical*

“where Voutfiow =disk/spheroid outflow velocity (in km/s) and coutfiow =disk/spheroid
outflow velocity exponent are input parameters. v s the characteristic velocity of the
component, E, is the rate of energy input from stellar populations and Eegnonicats 15 the
total energy input by a canonical stellar population normalized to 1 Mg after infinite

time” (Galacticus Documentation).
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From the above two implementations, we do not see a difference in two galaxy models

(Figure 4.13). Therefore, we implement the power law method.
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Figure 4.13: Cumulative luminosity function for the Milky Way satellite dwarf galaxies
orbiting within 400 kpc as a function of absolute V band magnitude (My ). The dashed
black line shows the observed luminosity function that do not include the Magellanic
Clouds.These observations are from updated data (October 2019) of McConnachie (2012).
N denotes the number of satellites galaxies per brightness bin. Colored curves shows the
galaxy models for galaxy models for different stellar feedback models. Power law in red
and fixed method in green (with a fraction of 0.5).

4.7 Best Fit Parameters

Our best fitting model as November 20, 2020 was run with 2,cionization Ufiter = 30 km/s on
AMIGA halo finder outputs. Other notable parameters include Vipping = 17 km/s, with

a non-instantaneous stellar population following a Chabrier Initial Mass Function (IMF
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is the initial distribution of stars for a stellar population), and feedback effects following
a power law with characteristic velocity 250 km/s and outflow velocity exponent 2.5. A

summary of the models we explored and our best fit parameters are shown in Table 4.1.

Notation Meaning of Parameter Range of Parameters Best fit value
Vieooling Cooling rate cut off velocity 15—25 km/s 17km/s
Zreionization Reionization suppression redshift 7 —11, 20, 40, 100 9
Vieionization ~ Relonization suppression velocity 10, 20, 25, 30, 35, 40, 50 km/s 30km/s
IMF Initial mass function Chabrier 2001 Chabrier 2001

Kennicutt 1983
Kroupa 2001

Miller-Scalo 1979

PO Star formation rate surface density Extended Schmidt ex = 0.5, egas = 1.09
Blitz Rosolowsky;, a=0.92
Kennicutt Schmidt, €. = 0.5, egqs = 1.09
Krumholz McKee Tumlinson, f=0385C=5
Veharacteristic Characteristic velocity 50, 70,00, 250 km/s 250 km/s
e Outflow velocity exponent 2.0, 2.1, 2.2, 2.3, 2.4, 2.5 2.5
€rampressure  hotHaloOutflowStrippingEfficiency Ram pressure stripping efficiency 0.1

Table 4.1: Summary of best fit parameters for satellite dwarf galaxies orbiting within
400 kpc of Milky Way. Note that these simulated models are based on AMIGA’s halo
finder.
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Chapter 5

Discussion

5.0.1 Gas Cooling

We find reionization to be a major contributor for the cooling of gas from the IIGM and
the hot halo. Our model agrees with the epoch of reionization at z = 9 with preventive
feedback effects turned on. However, each parameter set alone does not result in physical
stellar masses. They interplay with each other to produce correct stellar masses especially

in low mass halos.

5.0.2 Mass Accretion

Comparison with observed luminosity functions and luminosity metallicity relations for
dwarf satellites suggests that mass accretion does not follow separate hot or cold com-
ponents. We find it important to include preventive feedback in our models in order
to simultaneously match the luminosity function and the luminosity metallicity relation.

Similar results are also found by previous studies (e.g. Lu et al. 2017, Font et al. 2011).
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5.0.3 Star Formation

The stellar population of Milky Way satellites is best matched by a non-instantaneous.
Recycling and enrichment of metals. The star formation rate density of the dwarf satel-
lites follow the Extended Schmidt law by (Shi et al. 2011). This law has been tested on

low brightness galaxies and hence is known to work well for dwarf galaxies.

5.0.4 Outflow of Baryons

Stellar material takes place due to tidal stripping, and stellar feedback.

Most of the dark matter contained in the satellite galaxies are already tidally stripped
in the N-body simulation. Therefore, we find it counterproductive to turn on tidal strip-

ping in the Galacticus since it strips off most of the stars in halos.

Supernova feedback and stellar winds control the amount of gas and stars in the dwarf
satellites, due to their shallow gravitational potential. Feedback effects due to type Ia,
IT and pair instability supernova expels mass from the halos at a rate that follows a
power law. This mass flow rate is inversely proportional to characteristic velocity. We
find characteristic velocity to be veparacteristic = 250 km/s for the best fitting model.
Moreover, rate of mass expelled also depends on the exponent which is e ~ 2.5. We
do not find efficiency of ram pressure stripping to have an effect on the luminosity and

luminosity relations for our models.
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5.1 Properties of Best Fit Model

Luminosity Function: Luminosity function of the best fitting model described above
matches well for faint satellites. However, our model does not produce enough luminous
satellites past -16 magnitudes to match well with observations. Luminosity function of
the simulated galaxies matches with observations once the SMC/LMC is excluded from
the sample. Our results agree with the hydrodynamic simulation, “Ruth” by (Akins et al.
2020). Further analysis shows that our Milky Way satellites do not contain the Small
Magellanic Cloud (SMC) and the Large Magellanic Cloud (LMC). Thus, comparison
of luminosity functions of observed dwarf satellites without the LMC/SMC pair yields
a better fit (Figure 5.1). Previous studies suggests that it is extremely rare to have
Magellanic clouds in Milky Way type simulations. According to Liu et al. (2011), 81% of
Milky Way analogs have no such satellites, 11% have one and 3.5% have no hosts. Given
this fact and that we have one Milky Way analog, it is reasonable for our simulation to

not include an SMC/LMC pair.
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Figure 5.1: Cumulative luminosity function for the Milky Way satellite dwarf galaxies
orbiting within 400 kpc as a function of My . denotes the number of satellites galaxies
per brightness bin. The dashed black line shows the observed luminosity function that
do not include the Magellanic Clouds. Observations are from McConnachie (2012) (see
table 3.1). Galaxy models run with AMIGA and ROCKSTAR halo finder outputs are
color coded with green and blue respectively.

Luminosity Metallicity Relation:

! The luminosity-metallicity relation of our model is well within the observed values
between —8 < My < —20 mag. However, the metallicity of fainter satellites between
—4 < M, < —8 mag are overestimated. We find it difficult to constrain the luminosity
function and the luminosity metallicity relation at the same time. Our metallicity values
are very high for some faint halos (Figure 5.2). Therefore, further exploration of the

parameter space is required to refine the fit.

'The global metallicity for the simulated dwarfs is calculated using the formula [Z/H] = logio(22) —

M
[Z/Hlo.
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Figure 5.2: Luminosity metallicity relation for the Milky Way satellite dwarf galaxies
orbiting within 400 kpc as a function of My,. The black dots shows the observed metal-
licity values retrieved from updated data (October 2019) of McConnachie (2012). Note
that these data do not include the Magellanic Clouds. Green dots shows the model the
current best fit galaxy model.

Velocity Dispersion:

Stellar velocity dispersion of the dwarf satellites for the best fit model is well within
the observed values although slightly overestimated for luminous satellites (Figure 5.3).
This suggests that our modeled satellites contain the right amount of dark matter mass
for faint halos and more dark matter on luminous satellites when compared to observed

galaxies.
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Figure 5.3: Velocity dispersion vs luminosity relation of Milky Way satellites. Black
points represents the observations while green points represents the best fit galaxy model.

See table 3.1 for observations from McConnachie (2012).

Mass to Light Ratio:

The mass to light ratio of the modelled Milky Way satellites agrees well with the

observations (Figure 5.4). This suggests that the halos produce sufficient stars at a given

dark matter mass.
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Figure 5.4: Mass to Light ratio of dwarf satellites orbiting Milky Way. We plot mass to
light ratio of galaxies in solar units as a function of absolute V band magnitude. Black
points represents the observations while green points represents the best fit galaxy model.
See table 3.1 for observations from McConnachie (2012).

Luminosity vs Half Light Radius:

Luminosity vs Half light radius of the modelled halos match well with the observed

properties (Figure 5.5).
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Figure 5.5: Luminosity vs half light radius relation of Milky Way satellites. Black points
represents the observations while green points represents the best fit galaxy model. See
table 3.1 for observations from McConnachie (2012).

Luminosity vs Distance:

The distribution of the distances of our modeled dwarfs from the Milky Way is consis-
tent with observations. (Figure 5.6). However, the majority of the modelled galaxies lie
beyond 50 kpc from the center of the Milky Way analog, as expected given the detection

biases of the halo finders.
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Figure 5.6: Distance of the dwarf satellites orbiting Milky Way (in kpc) as a function of
absolute V band magnitude. Observed distances are shown in black triangles. Green tri-
angles shows the distances predicted by the best fit model. See table 3.1 for observations

from McConnachie (2012).
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Chapter 6

Conclusion

In this project we explored the extensive parameter space of a semi-analytic galaxy for-
mation model Galacticus (Benson 2011) within the cosmological evolution of ACDM the
satellite system of a Milky Way analog. We find that galaxy models produced by AMIGA
halo finder matches better with observations. The Milky Way satellite population in our
models match well with observed luminosities, mass to light ratios, velocity dispersion,
half light radius luminosity relations and luminosity distance relations. We find it nec-
essary to suppress star formation in low mass halos in order to produce the observed
luminosity metallicity relation. Our best fit model produces luminosity functions that
match well with observations without the SMC/LMC pair. Therefore, our simulation do
not produce the SMC/LMC pair, in agreement with previous studies it is extremely rare
to have LMC in Milky Way analogs (Tollerud et al. 2011, Liu et al. 2011). Although,
our luminosity function matches well for most halos, we have a few that exhibit higher
metallicities than expected. This may be either due to over stripping of stars in halos or

overproducing metals in stars.
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Chapter 7

Future Work

In the future, we hope to test constrained star formation physics parameters of Milky
Way satellites on Centaurus A. Centaurus A is a galaxy located about 3.7 Mpc away and
host to a number of dwarf galaxies. It is much more massive than Milky Way, but less
massive than a galaxy cluster like Fornax or Virgo. Centaurus A is the closest elliptical
and its estimated virial mass places it between group and cluster scales, making it ideal
for investigating the effects of local environment on the formation and evolution of dwarf
galaxy populations. Current dwarf galaxy studies have explored only star formation
physics of Dwarf Galaxies in the Local Group and ones that reside in massive clusters.
Therefore, this project will explore the universality of the star formation in dwarf galaxies

of the Local Volume.

We will model the dwarf satellite populations of Centaurus A using a suite of high
resolution N-body simulations and Galacticus (Benson 2011). Given the relatively low

computational cost of N-body simulations and SAMs, we will be able to explore the ef-
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fects of uncertainties in the Centaurus A system, including its relatively unconstrained

virial mass.

At the time of submission several specific questions need to be answered.

e What causes the difference in galaxy models based on the two different halo finders?
We will investigate the cause for the different results produced by the ROCKSTAR
and AMIGA halo finders. Although AMIGA produced best results for Milky Way,
it is likely not feasible to process large simulations of Centaurus A. Therefore,
further analysis needs to be undertaken on ROCKSTAR in order to produce the

same results as AMIGA.

e Why do some halos have metallicity values higher than the observed? We will fur-
ther explore the parameter space to obtain a better fit for the luminosity-metallicity

relation.

e Galacticus produces galaxy models of the ultra faint dwarf galaxies fairly well. This
is contrary to what we expected. What would happen if we model the Milky Way

satellites without the ultra faint dwarf galaxy population?
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Appendix A

Halo Finders

A.1 AMIGA Halo Finder

AHF uses adaptive mesh refinement technique to identify halos in the simulation. First
the particles are grouped according to their densities. Once the particle density contours
are identified density profiles are calculated. Here, density profile is the distribution
of density of particles within halo radius. Next, halo edges are calculated and outliers
are removed based on escape velocity of dark matter particles. Unbound particles are
removed iteratively if v; > ves. = \/W , 1i.e. where ¢(7) is the potential and v is the
escape velocity of the particle respectively. One disadvantage to this algorithm is that it
may group particles belonging to a subhalo as part of the host halo if the particles are
located too close to the halo. This dependence of the algorithm density of halos and may

result in missing halos.
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A.2 ROCKSTAR Halo Finder

We use Robust Overdensity Calculation using K-Space Topologically Adaptive Refine-
ment (ROCKSTAR) by Behroozi et al. (2013a) to explore properties of the simulation.
It is a 6D FOF algorithms and runs faster compared to spherical overdensity algorithms.
Unbinding criteria is given by the minimum distance based on relative error of particle

potential 6,

where r,,,, is the maximum distance of the particle from the halo center and o, is the
standard deviation of the particle with respect to the center of the halo (Behroozi et al.
2013a). We process each snapshot in the simulation through ROCKSTAR halo finder.
ROCKSTAR takes around 10 minutes per snapshot for a total of 222 snapshots in the

Milky Way simulation.

A.3 Other Parameters for Models based on AMIGA

A.3.1 Ram Pressure Stripping

The ram pressure is an additional pressure created by movement of a galaxy through a
medium. As satellite galaxies fall into the host halo, gas is stripped off from the halos of
satellites galaxies due to ram pressure. Galacticus computes the ram pressure force due

to the hot halo using the algorithm of Font et al. (2008),

fhot,host = Phot,host (Tpem'>v2 (Tpem'> 5
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where v(r) is the orbital velocity of the node in that host, 7., is the pericentric radius
of the node’s orbit, and ppet nost(r) is the hot halo density profile of the node’s host halo.
The ram pressure stripping force is calculated using Font et al. 2008,
GMsatellite (Trp ) Phot, satellite (Trp)

Qyp = -Fhot,hosh
TTp

where Fiot nost 18 the ram pressure force induced in the hot halo, and Maenite(r) is the
total mass of a satellite galaxy within radius r. “The parameter o, is a geometric factor

of order unity” (Galacticus Documentation).

Galacticus calculates the ram pressure stripping timecale from the acceleration which

is derived from the ram pressure force following Roediger & Briiggen (2008),

Qrgmpressure — Pm,mpressure/2

“where Prampressure 1S the Tam pressure force per unit area, and ¥ is the surface density
of gas. The associated timescale to accelerate gas over a distance Toyser (the current outer

radius of the hot halo) is then:”

Trampressure — \/2Routerzouter/Prampressure>

Galacticus calculates the mass loss rate due to tidal stripping by:

Fhot,host R ) Mgas,disk
s Llmax
2zga5 (Thalf ) 2total (rhalf> Tdyn,disk

Mgas,disk = m’m(
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“where Fhot,host @5 the ram pressure force due to the hot halo of the node’s host computed
using the selected hot halo ram pressure force method” (Galacticus Documentation). Pa-
rameters Yyoq (1) represents total surface density in the disk, X,.5(7) - gas surface den-
sity in the disk, 744 - disk half-mass radius, Myes st - total gas mass in the disk,
and Tgyn disk = Tdisk/Vaisk - the dynamical time in the disk where ‘@ = Fhot nost/ Fyravity
and, Fgravity = %pgasrl/gm%fm 15 the gravitational restoring force in the spheroid at
the half-mass radius, r1/2” (Galacticus Documentation). Mass loss rate of the satellite
spheroids is given by Mgas = —max(a, Rimaz) MgasTspheroid, Where R,q, is maximum ram

pressure stripping mass loss rate Spheroid simple fractional rate (Galacticus Documen-

tation).

We use a default value of 0.1 for the ram pressure stripping efficiency. Although
models with e=0.01, 0.05, and 0.1 were run to test the effect of ram pressure stripping

efficiency, it has little to no effect on the luminosity and metallicity of the models (Figure

A1)
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Figure A.1: Cumulative luminosity function for the Milky Way satellite dwarf galaxies
orbiting within 400 kpc as a function of My . denotes the number of satellites galaxies
per brightness bin. The dashed black line shows the observed luminosity function that
do not include the Magellanic Clouds. Observations are from McConnachie (2012) (see
table 3.1). Colored lines shows the simulated dwarf galaxies for different ram pressure
stripping efficiencies.

A.3.2 Characteristic Velocity and Outflow Rate Exponent

We test two parameters for this method: characteristic velocity and exponent. Varying
characteristic velocity for 50, 70 ,100 , 250 km/s produce models with same luminosity
functions when run with rest of the best fit parameters given in Table 4.1 for both in-
stantaneous and non-instantaneous types of metal enrichment. Corresponding luminosity
metallicity relations are also the same for all models (Figure A.2, and Figure A.4). We

do not find any difference in luminosity functions for models based on non-instantaneous
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metal enrichment. Therefore we use veparacteristic = 260 km/s.

Next, we vary outflow velocity exponent for e=2.0, 2.1, 2.2, 2.3, 2.4, 2.5. These models
also seem to produce similar luminosity functions and luminosity metallicity relations.

Therefore, we choose e = 2.5 for this parameter.

———————— =71 MW without SMC/LMC
cV=50 km/s

[ cv=70 km/s

[ cv=100 km/s

[ cV=250 km/s

101 i

100 4 | | | | —'—I

2 0 -2 -4 -6 -8 -10 -12 -14 -16 —18 -20

My (mag)

Figure A.2: Luminosity function of dwarf satellites within 400 kpc of the Milky Way.
Observations are from McConnachie (2012). See Table 3.1 for details. Colored curves
represent simulated models with different characteristic velocities.
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Figure A.3: Luminosity function of dwarf satellites within 400 kpc of the Milky Way.
Observations are from McConnachie (2012). See Table 3.1 for details. Colored curves

represent simulated models with different outflow velocity exponents.
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Figure A.4: Luminosity function of galaxy models based on AMIGA with non-
instantaneous stellar population for different characteristic velocities. (b)Luminosity

function of galaxy models based on AMIGA with non-instantaneous stellar population
for different outflow velocity exponents

A.3.3 Star Formation Laws

Kennicutt-Schmidt

The Kennicutt Schmidt law is a simple gas density power law. It is known to work
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well for starburst galaxies (Kennicutt 1998). The star formation density rate is given by

. N
¥, =Al =22
(MQPC_Q) 7

where A is a normalization constant and N is the star formation exponent. We use a

value of N = 1.4 as suggested by Kennicutt (1998).
Krumbholz-McKee-Tumlinson

The default star formation rate density method for Galacticus is Krumholz-McKee-
Tumlinson. This method assumes a star formation rate given by (Krumholz et al. 2009).
This method determines the star formation rate density by Krumholz (2005). In this

model, Galacticus calculates the star formation rate surface density by

) (Sur/X0)7 Y3, if Syr/3 <1
Y. = vsr fu,(R)Xn1.disk(R)

0, if EHI/EO>1

where vgp is the star formation frequency and ¥y = 85M, pc~L.

“The molecular fraction is given by fg, = 1 — 11‘954, where § = 0.0712[0.1s71 +

0.065]"Y/5 and s = ln(ézggi;2;22X2)7 with x = 0.77[143.12"°3%%] and Xeompo = cXp1/Me pc™2”
(Galacticus Documentation).
Both simulated galaxies produced with Kennicutt-Schmidt and Krumholz McKee

Tumlinson methods overpredict the luminosities of the dwarf satellite population. (Figure

A.5)
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Figure A.5: Cumulative luminosity function for the Milky Way satellite dwarf galaxies
orbiting within 400 kpc as a function of My . denotes the number of satellites galaxies
per brightness bin. The dashed black line shows the observed luminosity function that
do not include the Magellanic Clouds. Observations are from McConnachie (2012) (see
Table 3.1). Colored curves shows the luminosity functions for different star formation
rate density empirical laws.

A.3.4 Initial Mass Function (IMF)

The initial mass function (IMF) represents the distribution of stellar masses in a cluster
of stars based on an average from observations of stars in our Milky Way (Villaume et al.
2017). Galacticus provides us with four initial mass functions, Chabrier 2001, Kennicutt
1983, Kroupa 2001 and Miller Scalo 1979. Our default IMF is Chabrier 2001. Analysis
of luminosity functions and luminosity metallicity relations reveal that they are not very

different from each other (Figure A.6 and Figure A.7). Therefore, we use the default
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IMF (Chabrier 2001) for our models.

———————— 1 MW without SMC/LMC
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Kroupa 2001
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Figure A.6: Cumulative luminosity function of the simulated Milky Way satellites within
400 kpc for different initial mass functions. Number of satellites as a function of My, .
Black dashed curve shows the observed luminosity function. These observations are from
updated data (October 2019) of McConnachie (2012). Colored curves shows luminosity
functions for different IMFs.
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Figure A.7: Cumulative luminosity function for the Milky Way satellite dwarf galaxies
orbiting within 400 kpc as a function of My . denotes the number of satellites galaxies per
brightness bin. The dashed black line shows the observed luminosity function that do not
include the Magellanic Clouds. Observations are from McConnachie (2012) (Table 3.1).
Galaxy models run with different IMFs are shown in different colors. Top left: Chabrier
2001, Top right: Kennicutt 1983, Bottom left: Kroupa 2001, Bottom Right: Miller-Scalo
1979.
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ABSTRACT

MODELING DWARF SATELLITES OF THE MILKY WAY

by Sachi Weerasooriya, MSc., 2020
Department of Physics and Astronomy
Texas Christian University

Mia S. Bovill Assistant Professor of Physics

Dwarf galaxies are the most abundant type of galaxies in the universe. They are
the building blocks of hierarchical structure formation, and their shallow gravitational
potentials make them extremely sensitive to internal and environmental feedback (e.g.
star formation, ram pressure stripping). Their sensitivity makes them excellent probes
of the physics of star formation. While the Milky Way type galaxies are well simulated
with hydrodynamic simulations, the study of dwarf populations beyond the Local Group
remains largely unexplored. Hence, how universal star formation processes are in dwarf
galaxies is undetermined. In this project, we determine the parameters of a semi-analytic
model (SAM), which will best fit the extensive observations and hydrodynamic simula-
tions available for Milky Way satellites using high-resolution N body simulation. This
will allow us to calibrate our SAM for well-known Milky Way satellites, thereby allowing

us to explore the stellar physics of local volume dwarf galaxies in the future.
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