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Abstract

The Lambda cold dark matter (ACDM) model is enormously successful at predict-
ing large scale structure in the Universe. However, some tensions still remain on
small scales, specifically regarding observed satellites of the Milky Way (MW) and
Andromeda. Foremost among the problems have been the missing satellite, too big
to fail, and cusp/core problems, which concern the expected abundance of satellites
and their inner structure. This Ph.D. thesis consists of a series of studies using dark
matter only cosmological N-body simulations of MW-mass galaxies to address topics
related to these issues.

In light of the recent Planck mission, I investigate how changes to cosmological
parameters affect dark matter halo substructure. I find that the process of contin-
uous subhalo accretion and destruction leads to a steady state description of most
subhalo properties in a given host, unchanged by small fluctuations in cosmological
parameters. Subhalo concentration, maximum circular velocity, and formation times,
however, are somewhat affected. One way to reduce the central density of satellites, as
needed to solve the cusp/core and too big to fail problems, is through self-interacting
dark matter (SIDM). I search for new implications of SIDM and find that stars in
satellites spread out to larger radii and are tidally stripped at a higher rate in SIDM
than CDM, even though the mass loss rate of dark matter is unchanged. These sig-
natures should be particularly prominent in ultrafaint dwarf galaxies for the class of
otherwise difficult to constrain velocity-dependent SIDM models.

I also helped carry out the Caterpillar project, a suite of 36 high mass resolution
(~ 10* My, /particle) simulations of MW-like galaxies used to study diversity in halo
substructure. To these, I apply abundance matching and reionization models to make
novel predictions about the abundance of satellites in isolated dwarf galaxies out to 8
Mpc to help guide future searches. Applying the same techniques to predict satellites
within 50 kpc of the LMC, I discover large discrepancies with the observed stellar
mass function, which may lead to new constraints on the galaxy stellar mass-halo
mass relationship, and the ability of reionization to leave dark matter halos entirely
dark.
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Chapter 1

Introduction

1.1 (Galaxies and their Satellites

1.1.1 The Milky Way and the Local Volume

The Milky Way galaxy in which our solar system resides has been observed for millen-
nia as a streak of light amidst stars on the night sky. Not until Galileo’s observations
in 1610 did anyone identify that it consists of individual stars, and not until pioneer-
ing work of Harlow Shapley and Edwin Hubble in the 1910s and 1920s did anyone
begin properly understanding the Milky Way (MW) as a rotating spiral galaxy (van
den Bergh, 2011). In the past 100 years, sophisticated telescopes, satellites, and
analysis have revealed a more complete description of the MW . Our galactic system
consists not only of the spiral arms which are visible on the night sky, but a large
encompassing gravitationally bound volume, the “halo”, that consists of dark matter,
globular clusters, halo stars, and smaller satellite galaxies. A diagram of this is shown
in Fig. 1-1. At the center of the MW is a supermassive black hole estimated to be
4 x 10° Mg, (Reid, 2009; Falcke and Markoff, 2013). Surrounding that is the bulge, a
roughly spherical distribution of predominately old stars orbiting the Galactic Center
with a ~ 1.5 kpc radius (Gonzalez and Gadotti, 2016). Extending from the bulge is a
flattened disk of stars roughly 15 kpc in radius, in which our Sun is situated 8.5 kpc
from the Galactic Center (Carraro, 2015). It is divided into two structurally different
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layers, the thin disk which is 0.3 kpc in scale height, and the thick disk which is 0.9
kpc in scale height (Jurié et al., 2008; Chang et al., 2011; Carraro, 2015; van Vledder
et al., 2016). From a top down view the disk is organized into spiral arms, and in
total has a stellar mass of 6 x 10! My, (Licquia and Newman, 2015), or about 10!

stars.

In the 1930s, Fritz Zwicky measured velocity dispersions of galaxies in the Coma
cluster, finding that the velocity of stars indicated more gravitational mass than could
be explained by visible stars (van den Bergh, 1999). One early hypothesis to explain
this “dark matter” was that it is in the form of massive astrophysical compact halo
objects (MACHOs), such as black holes, neutron stars, and brown dwarfs. How-
ever, microlensing studies (Schmidt and Wambsganss, 1998; Tisserand et al., 2007;
Wyrzykowski et al., 2011a,b), black hole-neutron star merger rates Capela et al.
(2013), and Planck CMB data Chen et al. (2016) collectively rule out nearly all mass
ranges for MACHOs. A more promising proposal and still the leading theory today
is that dark matter is in the form of weakly interacting massive particles (WIMPs)
(Drees and Gerbier, 2012; Bergstrom, 2012). These are particles beyond the stan-
dard model which hypothetically formed and self-annihilated in equilibrium with the
hot, dense early universe. As the universe expanded and cooled, the rate of produc-
tion and destruction of particles dropped to negligible amounts, causing the density
of dark matter to “freeze out” at the correct density observed if they interact at
the scale of the electroweak force. Hence WIMPs are proposed to interact via the
weak force (weakly interacting), have non-zero mass in order to interact gravitation-
ally (massive), but do not interact with the electromagnetic force in order to remain
dark. Along with galaxy rotation curves, evidence for a collisionless dark matter like
WIMPs has independently come in the form of explaining mass distributions mea-
sured by gravitational lensing in the Bullet Cluster (Clowe et al., 2006; Angus et al.,
2007), and is an essential ingredient in explaining the cosmic microwave background

radiation Komatsu et al. (2011); Planck Collaboration et al. (2016b).

The MW galaxy sits at the center of a so-called dark matter halo, which is a

roughly spherical distribution of dark matter whose density is highest at its center,
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Figure 1-1 Left: The Milky Way galaxy consists of a central supermassive black hole,
a spheroidal bulge of orbiting stars, and a disk organized into spiral arms. The disk
has a radius of 15 kpc, or ~ 50,000 light years. Our solar system is located 8.5 kpc
(or 28,000 light years) into the disk. The galaxy is centered in a large encompassing
dark matter halo which contains stars, globular clusters, and satellites. The halo has
a radius of ~ 300 kpc. Image credit: Addison Wesley. Right: The MW has many
satellite galaxies orbiting it within the halo. This diagram shows a selection of MW
satellites within 250 kpe of the galactic center. In blue are the largest satellites, the
Large and Small Magellanic Clouds. In purple are 7/9 of the classical dwarfs. Not
included are Leo I and Leo IT which are located beyond 250 kpc. In red are a few of
the earliest discovered ultrafaint dwarfs (UFDs). Figure based on image by M. Geha,
2007.
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and drops as p(r) o< 72 beyond some characteristic scale radius Hernquist (1990);
Navarro et al. (1997). The scale radius of the MW is around 40 kpc, and the full
radius about 300 kpc. The halo has a combined dark matter and baryonic mass of
0.5 — 2.5 x 1012 M, Wang et al. (2015). Within this halo are halo stars and globular
clusters that make up the stellar halo (Helmi, 2008). There are also galaxies orbiting
the MW, the satellite galaxies. The largest of these, the Large Magellanic Cloud
(LMC) and the Small Magellanic Cloud (SMC), are visible to the naked eye. In the
1920s, Harlow Shapley identified that they are close to the MW center (known now
to be ~ 50 kpc away) and are likely orbiting the MW (Shapley, 1922, 1924). From
then until 1994, 9 more satellites were discovered that are collectively known as the
“classical” dwarf spheroidal galaxies. These all have stellar masses with M, > 10° M
(McConnachie, 2012). Seven of the nine (Leo I and Leo II are excluded due to their
larger galactocentric distances) are depicted in the right-hand panel of Fig. 1-1 as

purple ellipses.

Since the classical dwarfs, more faint satellites were discovered with stellar masses
between 102 My and 105 Mg, the ultrafaint dwarfs (Willman et al., 2005b; Zucker
et al., 2006b; Belokurov et al., 2006, 2007, 2008, 2010; Irwin et al., 2007; Walsh et al.,
2007; Bechtol et al., 2015; Drlica-Wagner et al., 2015; Kim et al., 2015; Kim and
Jerjen, 2015; Koposov et al., 2015a; Laevens et al., 2015; Martin et al., 2015; Luque
et al., 2016; Torrealba et al., 2016b; Drlica-Wagner et al., 2016). Even fainter galaxies
below 103 Mg, have been found and are named the hyper-faint dwarfs (Willman et al.,
2005a; Zucker et al., 2006a; Belokurov et al., 2009). Satellite galaxies are not exclusive
to the MW, with more satellite galaxies known in the MW’s similar sized neighbour,
Andromeda (M31) (Zucker et al., 2004, 2007; McConnachie et al., 2008, 2009; Majew-
ski et al., 2007; Irwin et al., 2008; Martin et al., 2009; Bell et al., 2011; Slater et al.,
2011; Richardson et al., 2011), and several nearby galaxies and clusters (Jang and
Lee, 2014; Sand et al., 2014; Crnojevié et al., 2016). Explaining the abundance and
properties of satellite galaxies, both for the purpose of theoretically understanding
galaxy formation and for understanding the fundamental physics involved in galaxy

formation (such as the properties of dark matter) are the core motivators of this
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thesis.

1.1.2 Milky Way’s Place in Cosmology
1.1.2.1 The Early Universe

The formation of galaxies, including their dark matter halos and satellite galaxies,
is explained well within the Lambda cold dark matter (ACDM) model of cosmology
(see Springel et al. (2006); Yoshida (2010) and Frenk and White (2012) for reviews).
This explains how the universe and its constituent components evolved over time
since the Big Bang. A refers to dark energy, a mysterious energy that is driving the
expansion of the universe. “Cold” refers to the non-relativistic thermal velocities of
dark matter particles in the early universe (Armendariz-Picon and Neelakanta, 2014).
The very beginning fractions of a second of the universe remain an area of active
research and even philosophical discussion. However, just 10736 seconds after the
Big Bang, the hot, dense universe likely underwent a period of exponential expansion
in spacetime. Between 10736 and ~ 10732 seconds, the theory of inflation posits
that the linear scale of the universe increased by a factor of > 10%. The particle
associated with the driving energy behind this expansion, the inflaton, then decayed
into particles including the standard model particles, dark matter, and perhaps others
that make up the universe today. At the time though, temperatures were too high
for hadrons (composite quark particles) to form, meaning most standard model mass
was distributed in quarks, anti-quarks and gluons.

The matter distribution in this early universe was isotropic, and nearly fully ho-
mogeneous (uniform density). However, owing likely to quantum vacuum fluctuations
in the early universe, the matter density contained small inhomogeneities. The pri-
mordial power spectrum of these density fluctuations is described by a power law,
Po(k) o< k™1, where the wavenumber k describes different physical size scales, and
the exponent ng is named the scalar spectral index. Observations of light from the
early universe indicate a value of ny, = 0.965 + 0.006 Planck Collaboration et al.

(2016b). While favored, the theory of inflation is not verified. What is known is the
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primordial matter power spectrum at the beginning of the universe and its isotropy.
Possible alternate explanations for this density distribution, as well as inflation, are

described in Brandenberger (2011).

Due to the driving force of dark energy, the universe continued to expand and
cool. Between 10 and 103 seconds, quarks coalesced into protons and neutrons, and
protons and neﬁtrons formed bound states to make the first atoms (73% hydrogen,
25% helium, 2% heavier elements by mass). At this point the universe consisted of a
hot, dense ionized plasma of protons, neutrons, electrons and photons. Due to high
number densities, photons would travel a short mean free path between Thompson
scattering off one electron and the next. During this phase, the matter distribution
changed under the influence of the expanding universe, gravity, and radiation pressure,
thus beginning the first steps of galaxy formation. Dark matter and baryons spread
out along with the expansion of the universe. In time though, the mutual gravitational
pull of masses began pulling clumps of matter together in overdense regions (regions
where the local density is higher than the mean density of the universe). Due to the
finite speed of gravity (equal to that of light), there is a delay from the Big Bang until
distant masses can feel each other’s mutual gravitational pull. Thus matter started
to collapse on small distance scales first, and later on larger distance scales. Being
collisionless and not interacting with photons, dark matter collapsed with no outward

pressure to withstand its collapse.

Baryonic matter (astronomers’ term for ordinary standard model matter) on the
other hand, experienced an outward radiation pressure. As baryons collapsed they
became hotter, releasing more photons, which exerted an outward pressure through
Thompson scattering on electrons. Consequently, baryons alternately collapsed and
heated, expanded and cooled, then collapsed again in what are called baryonic acous-
tic oscillations (Bassett and Hlozek, 2010). This process for baryons stopped once the
universe expanded and cooled below 3000 K, enough for electrons to become bound to
protons thereby diminishing Thompson scattering and the radiation pressure needed
to counteract gravitational collapse. This moment of the formation of the first atoms

is called recombination, and occurred ~ 380,000 years after the Big Bang.
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The process of dark matter overdensities growing in their density contrast relative
to mean of the universe, and baryonic matter overdensities growing and oscillating is
mathematically described by a transfer function, T'(k). This transforms the primor-
dial power spectrum as a function of wavenumber %k to a new power spectrum. The
power spectrum at recombination is thus P(k) = Py(k)T(k)2. The full functional
form is dependent on the cosmological parameters, of which we focus on O, 2, £2,,
Qa, ng, og, and Hy. Q, is the normalized present day matter energy density of the
universe (dark matter + baryons), (2, is the baryonic matter energy density, (2, is the
energy density from radiation, €2, is the dark energy density, n, is the scalar spectral
index already introduced, og is a measure of the amplitude of the power spectrum, and
H, is the present day expansion factor for the universe. Without a high density of free
electrons for light to scatter off at recombination, the universe became optically trans-
parent and photons were able to travel unimpeded. That light from recombination can
still be observed today on earth as the cosmic microwave background radiation, and
has been measured in detail with the COBE (Smoot et al., 1992), WMAP (Bennett
et al., 2012), and Planck (Planck Collaboration et al., 2016b) satellite missions.

Measuring the power spectrum of the CMB at recombination and fitting it with
theoretical transfer functions has allowed these missions to pinpoint the cosmological
parameters. It also confirmed the early universe physics as described above, revolu-
tionizing the field of cosmology. Current measurements indicate the energy density
of the universe is 2, = 0.69, Q,, = 0.31, € = 0.05, and 2, ~ 10~4. This means
69% of the energy of the universe is in the form of dark energy, and the remaining
31% is in the form of matter. Radiation makes up a negligible fraction today. Of
the matter fraction, only 16% is composed of ordinary baryonic matter, and the rest
of the 84% is dark matter. The spectral index value of n, = 0.965 is close to 1,
which would generate equal power at all scales. Instead, being slightly < 1 means
power decreases for smaller scales in the primordial universe. The Hubble factor is
Hy = 68km/s Mpc™!, meaning from the Hubble Law, v = HD, that objects 1 Mpc
away from each other are moving away from each other at 68km/s. The factor is

sometimes expressed as H = 100hkm/s Mpc~!, in which case h = 0.68. Finally, the
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amplitude of the power spectrum is measured in terms of the standard deviation in
the matter density field within spheres of radius 8/h Mpc. Its value measured from
the CMB then linearly extrapolated to present day is og = 0.8. The influence of
the cosmological parameters on the number of dark matter halos as a function of
mass (the halo mass function) and in particular the population of halos within halos

(subhalos) is the topic of Chapter 2.

1.1.2.2 Halo Virialization

As the universe continued to expand after the recombination, overdensities of dark
matter and baryons continued to grow in density relative to the diminishing mean
background density of the universe. Eventually, self-gravitation wins against the
initial outward flow, and mass begins retracting, leading to the collapse of matter
into a self-bound halo. Since dark matter makes up 84% of the mass in the universe,
its overdensities dominate those of baryons, which make up the other 16%. Hence,
as dark matter collapses into denser clumps, baryonic matter follows. Rather than
collapsing on radial trajectories to the center of mass, gravitationally bound clumps of
dark matter undergo a process of virialization. Random thermal tangential velocities
provide angular momentum which prevents total collapse. An equilibrium state is
reached when the time averaged kinetic energy is half the potential energy, 2T = U,
by the virial theorem.

A schematic of the virialization process is shown in Fig. 1-2. The overdensity
of matter is approximated as a sphere (or spherical tophat), whose overdensity is
6 = (pp — pv)/po Where p, is the density of the evolving density perturbation, and
Py is the mean density of the “background” expanding universe in which it resides.
Solving equations for the motion of the outer shell of halo mass as it expands and then
turns around yields a solution for when the virialization condition 27" = U is satisfied.
At this point § = 187% = 178 Peebles (1980). It is therefore common to define the
somewhat arbitrary radius of a dark matter halo as the “virial radius,” Ra, which is
the radius in which the mean density of the halo is A times that of the background

density of the universe. For a geometrically flat universe, which describes our universe,
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Figure 1-2 Spherical tophat model of dark matter halo growth, turnaround, and
collapse until it is stabilized by virialization. § = (pp — pv)/pp Where p; is the density
of the evolving halo, and py, is the mean density of the expanding background universe.

the background density equals the critical density of peis = 3HZ/87G, which today is
~ 1072 kg/m® or 148 My /kpc®. Rather than directly using A = 1872, it is common
to use a rounded number of A = 200, although other values are motivated and used as
well. Another common way to define the radius is where A follows a fitting function
from Bryan and Norman (1998) which accounts in detail for the dependence of A on

cosmology while solving the spherical top-hat perturbation problem.

Over time, more dark matter is pulled into a virializing halo, and the radius at
which it is virialized grows. Since dark matter is collisionless (although small rates
of collisions are not ruled out, see Chapter 3) and it does not emit photons, it has
no efficient mechanism to lose its thermal energy. Baryonic matter, mostly in the
form of Hydrogen and Helium, however, is able to cool. Collisions excite molecular
vibrational states like those of Hy and excite electrons into higher energy shells which
then fall back, emitting photons and dissipating energy. Collisions also transfer angu-
lar momentum and leave some particles with less angular momentum. Consequently,
baryonic matter becomes more concentrated at the center of the growing dark matter
halo and increases in density. If, in the process of radiating away energy and col-
lapsing, it reaches a large enough critical mass, the Jean’s mass (Jeans, 1902), it will
undergo unstable gravitational collapse and eventually become hot and dense enough
for fusion to begin. In this way stars and then galaxies are born (see (Larson, 2003)

for more details).
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The clumps of dark matter which evolve into halos do not form in isolation. Near
a large halo for instance are smaller clumps of dark matter which also virialize. The
gravitational pull of the larger halo can drag the smaller ones into it. Once they pass
within the virial radius of the larger “host” galaxy they are called subhalos. This
process of entering the halo of a host is called “accretion” or “infall”. If the dark
matter subhalo hosts stars, it is called a satellite galaxy. Over time, two processes,
dynamical friction and tidal stripping, can cause subhalos to be entirely disrupted.
Dynamical friction refers to an effect in which particles are attracted to a massive
object’s center of mass, but since that object is moving, it will pull ahead of the
location where mass was just dragged. Thus it creates a slight overdensity in its wake,
which in turn exerts a backward gravitational force on the halo, slowing it down and
reducing its angular momentum (Binney and Tremaine, 2008). The radius of its orbit
around the host is therefore diminished. Tidal stripping refers to a process where the
gravitational force of a host halo exceeds the force of a subhalo at a point within the
subhalo’s radius, thus removing mass from the subhalo (Binney and Tremaine, 2008).
As a subhalo orbits closer and closer to the center of its host, tidal stripping increases
and can completely disrupt the previously self-bound halo. This results in a stream
of stars and dark matter, or a complete merger of the galaxies. The process of halo
formation in which smaller halos are accreted onto larger halos and merge into them
is called hierarchical galaxy formation.

The Milky Way and its satellite galaxies are a product of this long 13.8 billion year
journey of growing density perturbations, halo virialization, and hierarchical galaxy

formation.

1.1.3 Outstanding Problems with Local Group Satellites

The ACDM paradigm is impressively successful at explaining and predicting prop-
erties of structure formation in the universe. It can explain the number of galaxies,
the mass function of these galaxies, their spatial correlation functions, shapes of large
galaxies, and the occurrence of filaments, voids, clusters, and halos (Frenk and White,

2012). For instance, modeling the early distribution of dark matter in the universe and
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its subsequent gravitational evolution in simulations naturally produces large scale
structure that looks like the distribution of galaxies in our actual universe. Fig. 1-3
shows filamentary structure of galaxies in the Sloan Digital Sky Survey, the second
CfA survey, and the 2dF Galaxy Redshift Survey in blue and purple. In comparison,
mock observations of the equal sized volumes were made from the Millennium simu-
lation (Springel et al., 2005) and are shown in red. They reproduce the same patterns
of filaments and voids, and are visually strikingly similar.

In spite of so many successes on large scales, tensions still exist on the small scales.
These tensions drive much of the research on low mass galaxies and satellite galaxies
of the MW. The most prominent of them are the “missing satellite” problem, the
“Too Big to Fail” problem, and the “cusp/core” problem.

1.1.3.1 Missing Satellite Problem

The missing satellite problem (Moore et al., 1999; Klypin et al., 1999b), refers to
the fact that the number of satellites known to be orbiting the MW is vastly smaller
than the number of dark matter subhalos in simulations of Milky Way-sized galaxies.
Moore et al. (1999) initially estimated that the Milky Way should contain ~ 500
satellites equal to the size of the Draco dwarf spheroidal satellite galaxy or larger,
whereas only 11 such satellites are actually known in the MW. The magnitude of this
problem has garnered much attention and effort to resolve it. In the past 17 years, the
problem has been largely solved from two avenues. First, more satellite galaxies have
been found, suggesting that dark matter subhalos host smaller galaxies than initially
proposed, and bringing the known number of galaxies closer to the predicted value.
Whereas only 10 satellites were known in 1999 when the missing satellite problem
was identified, a proliferation of discoveries of ultrafaint dwarf satellites by the Dark
Energy Survey, Pan-STARRS, ATLAS, and MagLiteS surveys has increased the count
to 53 total candidates at the time of writing (see online version of McConnachie
(2012) for a regularly updated list and for references within http://www.astro.
uvic.ca/~alan/Nearby_Dwarf_Database.html). The names and galactic positions

of the majority of the UFDs are included in Fig. 1-4.
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Figure 1-3 Mock surveys conducted on the cosmological galaxy simulation “Millen-
nium”, shown in red, are able to reproduce the filamentary structure and density of
galaxies seen in the CfA2, SDSS, and 2dFGRS surveys, shown in blue. This is an
indicator of the remarkable success of the ACDM model of the universe on which the
simulations were based. The simulations begin with a realization of the early uni-
verse that matches the CMB power spectrum, meaning the mock universe should be
statistical similar to the real universe, but not identical. Figure from Springel et al.
(2006).
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Figure 1-4 Known ultrafaint dwarf satellites in early 2015 in galactic coordinates on
the sky. Image from Helmut Jerjen 2015.

Second, mechanisms to suppress star formation in dark matter halos have been
proposed and theoretically verified. After the very first stars in the universe were born,
between a redshift of 6 < z < 14, they began emitting UV photons. These photons
are of the right energy to dissociate molecular hydrogen, and ionize neutral hydrogen,
making the the period of time known as the “Epoch of Reionization” (Zaroubi, 2013).
Gas clouds that would otherwise cool and collapse to form stars lose Hy and H cooling
mechanisms and are heated by UV photons, preventing star formation (Efstathiou,
1992; Thoul and Weinberg, 1996; Gnedin, 2000; Wiersma et al., 2009; Pawlik and
Schaye, 2009). In low mass galaxies, the radiation pressure can be strong enough
and the gravitational pull weak enough to lead to photoevaporation, where gas is
expelled from the halo. This process halts star formation, leaving low mass galaxies
with a small ratio of stellar mass to dark matter mass. Additionally, halos that were
not sufficiently large to form stars before reionization lose their gas or cannot cool it
enough to ever form stars (Barkana and Loeb, 1999; Shapiro et al., 2004; Okamoto
et al., 2008). This can leave dark matter halos entirely devoid of stars, an effect

simulated in Sawala et al. (2013, 2015, 2016), and initially proposed in Bullock et al.
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(2000); Somerville (2002); Benson et al. (2002).

Yet another consequence of weaker gravitational energy in low mass galaxies is
that supernova from the first generation of stars can expel surrounding gas, preventing
it from ever collapsing and forming stars in the halo (Wyithe and Loeb, 2013; Power
et al., 2014). This contributes to very low and stochastic stellar mass to halo mass
ratios. Thus the missing satellite problem can be explained by allowing for hundreds
of dark matter subhalos to exist, but stipulating that only a small fraction of them
host luminous galaxies due to reionization, and that most of the luminous galaxies

are rendered very faint by reionization and supernova feedback.

While the number of MW satellites is no longer a serious challenge to the ACDM
paradigm, the simple question of how many luminous satellites exist remains an
uncertain and debated question in theory. The mass of the MW, which affects the
number of satellites it should host, is unknown up to a factor of a few. Various
estimates place its mass between 0.5 — 2.5 x 10!2M, Wang et al. (2015). Factors
that control the fraction of galaxies which do and do not form stars, including the
redshift of reionization, the halo size necessary for the first stars to form, the duration
of reionization, the number of ionizing photons that escape galaxies, etc. are all too
poorly constrained to enable precise estimates (Tegmark et al., 1997; Madau et al.,
2008; Okamoto and Frenk, 2009; Bovill and Ricotti, 2009; Peter and Benson, 2010;
Bovill and Ricotti, 2011a,b; Bromm and Yoshida, 2011; Lunnan et al., 2012; Power
et al., 2014; Garrison-Kimmel et al., 2014b; Ofiorbe et al., 2016; Griffen et al., 2016b).
Furthermore, there are open questions about the number of stars that occupy each
galaxy as a function of galaxy mass (Ural et al., 2015; Sawala et al., 2016; Garrison-
Kimmel et al., 2016; Read et al., 2016b; Dooley et al., 2016b). Gas accretion rates,
reionization, the rate of supernovae, the coupling of supernovae winds to gas, the
geometry of supernovae explosions, etc. all effect the rate of star formation. Further
complicating the picture is the fact that satellite galaxies are tidally stripped and
have gas removed by ram pressure stripping (Emerick et al., 2016). Uncertainty also
remains over quenching mechanisms for satellites, i.e. mechanisms that stop star

formation van den Bosch et al. (2008); Lu and Mo (2015); Fillingham et al. (2016).
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These questions must all be answered and understood before accurate theoretical
predictions can be made about the number of satellites that ought to exist.

Even without modelling the physics with sufficient accuracy, simplified models
calibrated to observations can provide constraining estimates of the abundance of
satellite galaxies (Moster et al., 2013; Behroozi et al., 2013a; Brook et al., 2014;
Garrison-Kimmel et al., 2014b, 2016). Chapters 4 and 5 make predictions about the
number of satellite galaxies in the MW and around isolated dwarfs throughout the

Local Volume.

1.1.3.2 Too Big to Fail and Cusp/Core

In addition to the abundance of satellites, questions regarding their internal density
structure exist. When considering dark matter halos produced in simulations, a plot
of its density as a function of radius (averaging over spherical shells) results in a
profile known as a “cusp” (Navarro et al., 1997; Bullock et al., 2001; Wechsler et al.,
2002). Specifically, at small radii, d In p(r)/dIn(r) = —1 for a cuspy density profile.
In contrast, observations of Milky Way satellite galaxies (Walker and Pefnarrubia,
2011; Salucci et al., 2012; Breddels and Helmi, 2013) as well as more distant low mass
galaxies (de Blok and McGaugh, 1997; de Blok et al., 2001; Gentile et al., 2004; Simon
et al., 2005; Kuzio de Naray and Spekkens, 2011; Oh et al., 2011; Castignani et al.,
2012; Adams et al., 2014) indicate a density profile known as a “core”. In a cored
profile, the central density is reduced relative to a cusp, and dlnp(r)/dIn(r) = 0. A
diagram of a “cuspy” compared to a “cored” profile is presented in Fig. 1-5. This
discrepancy is referred to as the “cusp/core” problem (Flores and Primack, 1994;
Moore, 1994).

An additional related issue concerns the circular velocity profiles of dark matter
halos in simulations. The circular velocity profile measures the typical velocity of
stars (or dark matter particles in simulations) as a function of radius. For instance,
in a spherically symmetric halo with circular orbits, the circular velocity would be
Veire = m In simulations of Milky Way mass galaxies, it was identified

that a population of subhalos exists which have circular velocity profiles that are
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Figure 1-5 Diagram contrasting a dark matter halo “cusp” and “core.” These refer
to the shape of the density profile of a halo at low radii. In a cuspy halo, the central
density rises steeply as r — 0, whereas in a cored profile, the density remains nearly
constant. More precisely, dIn p(r)/dIn(r) & —1 at low radii for a cuspy density profile,
but is = 0 for a cored profile.
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larger in magnitude than any known Milky Way satellite. If such subhalos did exist
as simulated, they would be too big to fail to form stars, and as such there should
be large visible satellite galaxies observed that match the simulated circular velocity
profiles. This discrepancy was dubbed the “too big to fail” problem (Boylan-Kolchin
et al., 2011, 2012), in a timely reference to the banks of the 2008 financial crisis.
Fig. 1-6 highlights this problem. It plots the circular velocity profiles of the 15 largest
subhalos in a simulation of a Milky Way mass galaxy, along with the measured circular
velocity at specific radii of the largest Milky Way satellites. As seen, none of the

largest simulated subhalos are consistent with the largest Milky Way satellites.

Solutions to the cusp/core problem simultaneously help resolve the too big to
fail problem. By lowering the central density of halos, the mass enclosed M(< r)
functions are reduced, and hence so are the circular velocity profiles. The too big to
fail problem, however, could be solved without requiring cores in halos. A lower mass
Milky Way for instance, would contain in general smaller subhalos with diminished

circular velocity profiles (Gonzalez et al., 2014).

Commonly proposed solutions to these two issues involve either creating cores
through baryonic means, or through adjusting the properties of dark matter. For
baryonic matter, mechanisms include the reduction of central mass via supernovae
(Navarro et al., 1996b; Read and Gilmore, 2005; Governato et al., 2010; Oh et al., 2011;
Governato et al., 2012; Pontzen and Governato, 2012; Teyssier et al., 2013; Madau
et al., 2014; Amorisco et al., 2014; Pontzen et al., 2015), tidal stripping (Zolotov et al.,
2012; Brooks and Zolotov, 2014), bursty star formation (Ofiorbe et al., 2015), and
baryon loss due to reionization (Sawala et al., 2014). A potential non baryonic solution
is that of relaxing the assumption that dark matter is collisionless, and allowing for
a low rate of scattering between dark matter particles. This “self-interacting dark
matter” and its signatures are discussed in more detail in Chapter 3, as are details of

the cusp/core and too big to fail problems.
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Figure 1-6 The circular velocity profile of the 15 largest subhalos in a simulation of
a Milky Way-like galaxy (black curves) are all too high to be consistent with any of
the Milky Way satellites. Values of measured circular velocity at specific radii for
the largest Milky Way satellites are indicated by black dots with error bars. This
discrepancy is known as the “too big to fail” problem. Figure from Vogelsberger
et al. (2012).
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1.2 Simulating Galaxies

1.2.1 N-body Galaxy Simulations

Understanding galaxies in our Local Group is advanced by an interplay of observations
and interpretation of those observations in light of theory. In the early universe, the
theory of structure formation can be understood analytically with the primordial
power spectrum, the transfer function, and linear growth of overdense regions of
matter, as discussed in Section 1.1.2.1. However, by z ~ 127, or 11 Myr after the
Big Bang, nonlinear growth of halos and halo-halo interactions become important.
These are chaotic processes that cannot be modeled analytically, making simulations
necessary for further study.

Since dark matter makes up 84% of the mass of the universe and galaxies form at
the center of dark matter halos, the first step towards understanding late-epoch struc-
ture formation is to follow the evolution of dark matter in the universe. Thus, there is
considerable value in running simulations with only dark matter (“dark matter only
simulations”) and no baryons. Semi-analytic methods can then be applied to estimate
how stars and baryons in general are distributed on the dark matter backbone. Sim-
ulations that include baryons and solve the hydrodynamic equations governing their
motion also exist, but are more computationally expensive and require implementing
uncertain physics of star formation, reionization, supernovae, black hole accretion, etc.
(O’Shea et al., 2004; Hopkins et al., 2014; Vogelsberger et al., 2014a; Muratov et al.,
2015; Schaye et al., 2015). Which type of simulation is best to use depends on the
science questions being asked, and computational resources available (see Somerville
and Davé (2015) for a review of hydrodynamic and semi-analytic codes). This thesis
focuses on the dark matter only simulations, as described further below.

The basic idea of cosmological simulations is to distribute discrete particles in a
volume that mimics the early universe, and then to evolve them under the influence
of gravity. More precisely, the initial conditions of the simulation are a list of (z,y, 2)
positions and (v, vy, v,) velocities of massive particles generated in such a way to

satisfy the known early universe power spectrum at a chosen time (or cosmologi-
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cal redshift). The velocities of the particles are determined by the gradient of the
gravitational potential, ¢, which is in turn determined by solving Poisson’s equation,
V2¢ = 47Gp, on the discretized matter density field (Hahn and Abel, 2011). There
is no one unique set of initial conditions that satisfy the power spectrum. An initial
density field is generated randomly with white noise, and then transformed so as to
meet the necessary requirements. There are an infinite set of possible initial white
noise fields, and thus initial conditions.

After establishing the initial conditions, numerical integration schemes evolve all
of the particles in time steps, determining their next position and velocity according
to the gravity exerted on each and every particle. A brute force implementation of
computing the force of gravity on every particle from every other particle would be an
O(N?) algorithm, which does not scale well for large numbers of particles. Instead,
more sophisticated O(N log N) algorithms are used to accurately compute short range
forces, and quickly estimate long-range forces. For instance, particles can be organized
into quad-trees, reducing the effective number of particles needed to compute short
range forces. For long range forces, they can be placed onto the nearest nodes of
a mesh which allows for a Fourier transform to solve Poisson’s equation for gravity.
Additionally, care must be taken in close encounters to use small enough time steps
so as to conserve energy and angular mbmentum. More details on the algorithms of
N-body codes can be found in Springel (2005); Dolag et al. (2008).

The mass of each particle is determined by the volume of the mock universe
simulated, the mean density of the universe, and the number of particles used. Due to
regular improvements in computational ability, the power of cosmological simulations
has evolved tremendously. While the earliest simulation of a ACDM universe had
32, 768 particles in 1984 (Davis et al., 1985), it is now common for simulations to use

over one billion particles.

1.2.2 Caterpillar Simulation Suite

Since initial conditions are generated randomly, the locations and sizes of galaxies

that will form in a simulation are not known ahead of time. Therefore, a special
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technique known as a “zoom-in” simulation (Katz et al., 1994; Navarro and White,
1994; Diemand et al., 2007; Springel et al., 2008) is required to simulate galaxies
similar to the Milky Way (MW). In this method, a large cosmological volume is
simulated first (e.g. a box with 100/h Mpc side length at z = 0) and then halos are
selected within according to their desired 2z = 0 mass and formation history. The
particles of interest in and around the chosen halo are then traced back to their
initial conditions, and a bounding box, sphere, or ellipse is made around them with
some extra spatial padding allocated. The initial conditions in that region are then
re-sampled with higher resolution particles, and a new simulation is run. This time
high resolution particles make up the selected halo, and increasingly lower resolution
particles are used at larger radii to include the effect of long range forces. This
technique allows for an efficient simulation of a MW-like galaxy with high particle

resolution, while still preserving the full cosmological setting.

A set of zoom-in simulations run and analyzed as part of this thesis is the Cater-
pillar simulation suite (Griffen et al., 2016b), a set of 36 and growing dark matter
only simulations of Milky Way-like galaxies. This suite provides the means to tackle
a diverse set of questions about the formation history and structure of the Milky
Way, Andromeda, and other Local Group galaxies. Uniting all questions is the need
to understand the diversity and variance of characteristics of Milky Way-like halos.
For instance, the occurrence of two large satellites as big as the LMC and SMC is
expected in only ~ 5% of MW mass galaxies (Boylan-Kolchin et al., 2009). The stel-
lar halo, satellite mass functions, number of UFDs, spatial distribution of satellites,
and reionization, formation, accretion, and merger history of component galaxies are
all subject to similar variance which can only be properly understood with a large

sample of simulated MW-like galaxies.

A guideline to quantify how many a “large sample” needs to be is to produce at
least three halos as rare as one which contains and LMC/SMC pair. This results in
a number of ~ 70. An additional key design requirement is to have a small enough
particle mass to study the stellar halo and UFDs. Since part of the stellar halo is

composed of stars that were tidally removed from infalling galaxies(Pillepich et al.,
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2015), the motion of different mass elements representative of the stars in satellites
need to be traceable. A way to do this in dark matter only simulations is via “particle
tagging” in which the innermost dark matter particles of a halo are followed as tracers
fof the motion of stars (Bullock and Johnston, 2005; De Lucia and Helmi, 2008;
Le Bret et al., 2015). A sample of ~ 100 tagged particles per halo is roughly the
number needed to begin tracing the diverse motion of stars from a single halo, and
the smallest halos that need to be tagged have a total mass of ~ 108 M. Following a
the lower limit recommendation to tag 1% of the innermost particles (Cooper et al.,
2010; Rashkov et al., 2012; Bailin et al., 2014), a mass resolution of ~ 10* My per
particle is therefore required. Furthermore, another goal of the Caterpillar project
is to identify the formation sites of the very first stars and track their subsequent
evolution. The first stars are estimated to form in halos when they reach a total
mass of 10° Mg, (Tegmark et al., 1997; Madau et al., 2008; Power et al., 2014). Since
the existence of a self-bound halo can only be reliably identified in simulations if it
contains at least 100 particles (Onions et al., 2012), a particle mass of ~ 10* Mg, is
once again needed. Having a low particle mass is valuable for many other studies as
well, such as measuring density profiles and circular velocity profiles of halos at small
radii, and research goals not yet identified. High particle resolution is thus important
for the immediate goals of the Caterpillar project, usefulness to other researches, and

the longevity of the project.

Running a large simulation suite requires a significant investment of resources.
If possible, it can be advantageous to use existing simulations to answer scientific
questions. Fig. 1-7 shows the state of the art of zoom-in simulation suites at the
time of writing along two axes: the number of simulations (x-axis) and the particle
resolution (y-axis). To satisfy- the goal of studying the diversity and variance of
MW-like halos down to the few % level, a suite of least > 30 simulations is needed.
Before the start of Caterpillar in 2012, no suite existed with so many halos. Since
then, two suites, those of Mao et al.(Mao et al., 2015) and ELVIS(Garrison-Kimmel
et al., 2014b), have surpassed 40 halos. However, these two sets of simulations have

a particle mass that is a factor of 10 times larger than needed for the Caterpillar
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Figure 1-7 State of the art zoom-in simulations of Milky Way-mass galaxies, shown
in terms of their particle mass and the number of simulations in each project. No
existing simulations satisfied our research team’s desire for 70 halos with a particle
mass resolution of ~ 10* M, per particle. Consequently, the Caterpillar simulation
suite was developed to fill this gap. Indicated is the present day progress of the suite
at 36 halos, and the final goal of 70 halos. Figure adapted from an image by Brendan
Griffen, 2016.

project goals. Of the simulations that do have a mass resolution < 10* Mg, the
largest number of halos is only 6 from the Aquarius project (Springel et al., 2008).
Thus there was a need for a new simulation suite, and Caterpillar was born. At the
time of writing, there are 36 halos fully completed, as indicated in Fig 1-7, 8 more
still running, and initial conditions generated for a full 70. The highest resolution
particle mass in each simulation is 2.99 x 10* M. A density projection of the first
four halos at z = 0 is presented in Fig. 1-8.

The flagship publication announcing the Caterpillar project and presenting initial
science results is included as Chapter 6. More technical details of the project can be
found there. Additionally, a website with more information, images, and videos can
be found at http://www.caterpillarproject.org/. In addition to making up a

chapter of this thesis, the Caterpillar project is connected to the work presented in
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Figure 1-8 Density projections of the first four Caterpillar simulations at present day.
Mass is integrated in the viewing direction and color coded according to the log,, of
its density. Virial radii are indicated by white circles, and are typically between 250
and 350 kpe. The high density center of the Milky Way-like halo is where the spiral
arm disk galaxy in which our solar system resides would be located. Surrounding this,
clumps of dark matter can be seen within the virial radius. These are the subhalos,
of which a subset host luminous satellite galaxies. The diversity of substructure in
just four simulations is visually apparent.



all other chapters. The code developed to analyze results from the Caterpillar suite
branched off of the work presented in Chapter 2. Additions to the Caterpillar analysis
code, particularly regarding the merger history of halos, were developed in tandem
with the work in Chapter 3. In Chapters 4 and 5, 33 of the Caterpillar simulations
were used directly for science results. Finally, in Chapter 7 30 simulations were used

to study the formation sites and evolution of the first galaxies.
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Chapter 2

The Effects of Varying
Cosmological Parameters on Halo

Substructure

The content of this chapter was published in Astrophysical Journal Volume 786, Issue
1 in May 2014. It has an arXw location of https: // arziv. org/ abs/ 1403. 6828.
The authors are: Gregory A. Dooley, Brendan F. Griffen, Phillip Zukin, Alexander
P. Ji, Mark Vogelsberger, Lars E. Hernquist, and Anna Frebel.
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Abstract

We investigate how different cosmological parameters, such as those delivered by the
WMAP and Planck missions, affect the nature and evolution of dark matter halo
substructure. We use a series of flat A cold dark matter (ACDM) cosmological N-
body simulations of structure formation, each with a different power spectrum but the
same initial white noise field. Our fiducial simulation is based on parameters from
the WMAP Tth year cosmology. We then systematically vary the spectral index,
ngs, matter density, 25, and normalization of the power spectrum, og, for 7 unique
simulations. Across these, we study variations in the subhalo mass function, mass
fraction, maximum circular velocity function, spatial distribution, concentration, for-
mation times, accretion times, and peak mass. We eliminate dependence of subhalo
properties on host halo mass and average over many hosts to reduce variance. While
the “same” subhalos from identical initial overdensity peaks in higher og, ngs, and €2,
simulations accrete earlier and end up less massive and closer to the halo center at
z = 0, the process of continuous subhalo accretion and destruction leads to a steady
state distribution of these properties across all subhalos in a given host. This steady
state mechanism eliminates cosmological dependence on all properties listed above
except subhalo concentration and V4., which remain greater for higher og, n; and
., simulations, and subhalo formation time, which remains earlier. We also find
that the numerical technique for computing scale radius and the halo finder used can
significantly affect the concentration-mass relationship computed for a simulation.

2.1 Introduction

The cold dark matter (ACDM) model of our universe has been well constrained
to be flat, dark energy dominated, and filled predominantly with cold, collisionless
dark matter (Bennett et al., 2012; Planck Collaboration et al., 2014). It is partly
parametrized by four quantities: the matter fraction of the universe at present day,
(m, the primordial power spectrum scalar spectral index ng, the Hubble constant

at present day Ho = 100h km s~' Mpc™ | and the amplitude of the linear power
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spectrum at the scale of 8 h™! Mpc, og. In a flat universe the dark energy content
Q4, is constrained by Qx +Qp; = 1. While adherence to ACDM has not changed, the
best estimates of these parameters have varied between recent Planck and WMAP
measurements from WMAP values of €, = 0.27, n, = 0.96, og = 0.80, and h = 0.71
to Planck values of Q,, = 0.32, n, = 0.96, 0 = 0.83, and h = 0.67 (Spergel et al.,
2003, 2007; Dunkley et al., 2009; Larson et al., 2011; Bennett et al., 2012; Planck
Collaboration et al., 2014).

For over a decade now, numerical simulations adopting the ACDM paradigm have
shown that large dark matter halos contain substructures or subhalos which survive
to the present day (e.g., Moore et al. 1999; Tormen et al. 1998; Diemand et al. 2007;
Springel et al. 2008; Giocoli et al. 2010). Various studies which attempt to connect
the properties of dark matter halos to present day observables have yielded some
conflicting results. There remain two key problems: the so-called “missing satellite
problem” where there is a dearth of observed low V,.x subhalos when compared to
simulations (Moore et al. 1999), and the “too big to fail” problem where there is a
lack of dark (Ly < 10°Lg,), dense, high V;,.x subhalos when compared to simulations
(Boylan-Kolchin et al., 2011). While these issues depend critically on the influence of
baryonic and radiative processes (Brooks et al., 2013), as well as the possible warm
(Lovell et al., 2013) or self-interacting nature of dark matter (Vogelsberger et al., 2012;
Zavala et al., 2013; Vogelsberger and Zavala, 2013), a more complete understanding of
the characteristics of the dominant dark matter structures is also required, including

the effect of changes in cosmological parameters on halo properties.

Recently, Angulo and White (2010) developed a technique, whose accuracy was
tested by Ruiz et al. (2011), to transform large simulation results into those of a
slightly modified cosmology by adjusting length, mass, and velocity units as well
as changing time time scale and amplitudes of large scale fluctuations to successfully
reproduce the mass power spectrum of a given target cosmology to better than 0.5 per
cent on large scales (k < 0.1 h~! Mpc). Guo et al. (2013) recently used this technique
to compare WMAP1 and WMAPT cosmologies on the Millennium and Millenium-
II simulations (Springel et al. 2005, Boylan-Kolchin et al. 2009). Assuming a halo
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mass-luminosity relationship, they determined that the differences were not significant
enough to be found observationally. Wang et al. (2008) conducted a similar study
between WMAP1 and WMAP3 cosmologies, but used two distinct simulations instead
of transforming one into another cosmology. While the cosmologies produced minimal
observable differences at low redshifts, they had to use significantly different star
formation and feedback efficiencies in their models to match results to observational
data. Furthermore, they concluded observational differences should be noticeable at
high redshifts (z > 3). A number of studies have also been made of the concentration,
spin and shape of dark matter halos across various WMAP cosmologies (Duffy et al.
2008, Maccio et al. 2008) and within the larger hierarchical framework (e.g., Zhao
et al. 2009). These studies all focused on host halos and have largely ignored subhalo
properties across cosmologies. Guo et al. (2013) did examine subhalos, but only their

global abundances, not as a function of their host halos.

The dependence of host halo abundance on cosmological parameters is well under-
stood within the Press-Schechter (Press and Schechter, 1974) and improved Extended
Press-Schechter (see Sheth and Tormen (2002) for example) formalism of halo mass
functions. Subhalo mass functions (SHMFs), however, are not as well predicted ana-
lytically and have not been studied extensively with respect to changing cosmologies.
Zentner and Bullock (2003) did partially investigate the effect of input cosmology on
substructure using their merger history, destruction rate and survival probability as a
function of spectral index, ng, as well as a running spectral index model. They did not,
however, investigate how these properties depend on other cosmological parameters

(e.g., og or Q).

Several studies have investigated more general subhalo properties. Oguri and Lee
(2004) developed an analytic model for the subhalo mass function based on the Ex-
tended Press-Schechter formalism and took account of the effects of tidal disruption
and dynamical friction to estimate that the subhalo mass function is virtually inde-
pendent of host halo mass. But since they used the host mass at the present day
to calculate the impact of dynamical friction they inaccurately predicted the SHMF.

In turn, van den Bosch et al. (2005) examined the SHMF, mass fraction, and ac-
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cretion history and found that the SHMF may not be universal, arguing that the
slope and normalization depend on the ratio of the parent mass to that of the char-
acteristic non-linear mass, M*. M* indicates the typical mass scale of halos that are
collapsing as a function of redshift and is defined by o(M*, z) = 6.(z) where (M, 2)
is the rms density fluctuation for a spherical volume of mass M at redshift z, and
5e(2) = 0.15(127)2/3[Q, (2)]%0%%% ~ 1.68 is the critical threshold for spherical collapse
(Navarro et al., 1997). The value of M* depends on cosmology and is larger for cos-
mologies where objects collapse sooner, i.e., higher og, ny and €2,,. van den Bosch
et al. (2005) along with Giocoli et al. (2010) and Gao et al. (2004) however, further
found that the SMHF per unit host halo mass at z = 0 is universal.

Whilst these studies have determined many of the fundamental properties of sub-
structures, they ultimately do not systematically investigate the effect a varied cos-
mology has on their properties. Those that attempt to, only focus on the variance of
their properties using one cosmological parameter (e.g., Zentner and Bullock 2003).
In this work, we vary three key cosmological parameters (og, n,, {1,) systematically
and quantify the effect it has on the substructure population using simulations. In
this manner, we help quantify what effect these variations have on the subhalo mass
function, mass fraction, maximum circular velocity function, spatial distribution, con-
centration, formation times, accretion times, and peak mass in a self-consistent man-

ner.

This paper is organized as follows. In Section 2.2, the simulations and halo finders
used in this work are presented. Section 2.3.1 presents the known major effects
of cosmology on host halos. In Sections 2.3.2 and 2.3.3, we discuss the averaged
statistical properties of substructure as a function of cosmology. In Section 2.3.4
we discuss the differences in substructure that is directly matched between each of
our cosmological simulations. A summary of the effects of cosmology on subhalo

properties is given in Section 2.4 and conclusions are given in Section 2.5.
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2.2 Numerical Methods

2.2.1 Simulations

For our fiducial simulation we adopt an approximately WMAPT cosmology charac-
terized by the present-day matter density parameter: €2,, = 0.27; a cosmological
constant contribution, Q24 = 0.73; and Hubble parameter: h = 0.7 (Hy = 100 h km
s71 Mpc™!). The mass perturbation spectrum has a spectral index, n, = 0.95, and
is normalized by the linear rms fluctuation on 8 Mpc h~! radius spheres, gg = 0.8.
Six of our seven simulations adopt cosmologies which are identical to our fiducial run

except for individual variations in n,, €2,, and o5g.

Cosmological initial conditions were generated at redshift z = 127 using the public
code GRAPHIC (Bertschinger 2001) with an Eisenstein-Hu transfer function (Eisen-
stein and Hu 1998). All seven simulations employed N = 5123 dark matter particles,
a Plummer-equivalent comoving softening length of 1.22 h~! kpc, the same comoving
box size, Lyox = 25 h™! Mpc, and were evolved using an unreleased version of GAD-
GET3 (Springel 2005). Our particle masses across the seven runs range from 6.14 to
11.3 x 105 h~! M, and all simulations were written out at 64 snapshots. Our entire

suite with all pertinent parameters are listed in Table 2.1.

Rather than performing convergence test runs, we only investigate halos above an
appropriate minimum number of particles as determined by previous studies for each
halo property. We also note that our small simulation volume could lead to different
absolute results than those obtained from larger simulation volumes that contain
larger wavelengths of the power spectrum, particularly for halo mass functions (Sirko,
2005; Power and Knebe, 2006; Bagla et al., 2009). However, we are only concerned
with the relative differences in results between cosmologies for halo substructure as a
function of its host halo. In light of the conclusion by Power and Knebe (2006) that
the internal properties of CDM halos are relatively unaffected by a finite box size,
it is reasonable to assume that our box’s lack of larger wavelength modes does not

affect any of our conclusions.
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Table 2.1 Summary of the cosmological simulations
Run Q, o0z N h my, (R~ Mg)

Q,=03 035 0.8 095 0.7 11.3 x 108
Q,=019 019 0.8 095 0.7 6.14 x 108
og = 0.9 0.27 0.9 095 0.7 8.72 x 10°
og = 0.7 0.27 0.7 095 0.7 872 x 10°
ne=1.0 027 08 1.0 0.7 872 x 10
n, = 0.9 0.27 0.8 0.9 0.7 8.72 x 108
NOTE. — Q, = 0.045 in all runs. Q4 + Q,, = 1.
The cosmological parameters used in the seven simu-
lations are shown above. Each uses WMAPT values
with one parameter (highlighted in boldface) varied
at a time.
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Figure 2-1 Projected dark matter column density (log p) of corresponding halo objects
in the WMAP7T cosmology simulation with o5 = 0.8 at z = 0 (left panel) and the
og = 0.9 simulation (right panel). The largest four halos in each visualization are
matched pairs, as explained in Section 2.2.4. The cosmology with higher oy results
in the “same” halos forming earlier and merging earlier. This is visually exemplified
by the pair of halos in the right side of each panel that are in the process of merging
in the og = 0.9 simulation, but not in the WMAPT, oz = 0.8 simulation.
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2.2.2 Halo Finders

Two different halo finders are used throughout our analysis so as to not bias our
results by using a particular algorithm: ROCKSTAR (Behroozi et al. 2013b) and SUB-
FIND (Springel et al. 2001). As each halo finder produced the same conclusions for
the relative effect of cosmology, all figures present data from ROCKSTAR only. Any
important systematic differences due to the halo finder are discussed in the text of

the results.

e ROCKSTAR (Robust Overdensity Calculation using K-Space Topologically. Adap-
tive Refinement) is a phase-space halo finder which considers the position and velocity
of all particles to determine the location of halos in an N-body simulation. The al-

‘ gorithm initially selects groups of particles based on a 3D Friends-of-Friends (FOF)
algorithm with a large linking length (b = 0.28). Within each FOF group, ROCKSTAR
builds more FOF groups in a hierarchical fashion by adapting the linking length such
that a user-specified percentage of the particles contained within a subgroup is also
contained within the parent group. Once complete, these FOF groups are used to
generate seed halos from the innermost level of the tree. This process is repeated until
all particles at every level of the FOF group have been assigned to a halo. A further
unbinding procedure is carried out to determine the final list of particles contained

within each halo. For more details, see Behroozi et al. (2013b).

e SUBFIND defines halos as locally over-dense, gravitationally bound groups of
particles and begins by conducting a FOF search of the simulation volume. The local
density around each particle is calculated using a smoothing Kernel over its nearest
neighbors. Whenever a saddle point in a density contour which bridges two regions is
reached, the smallest of the two is considered a subhalo candidate. As with the other

- halo finders, these candidates then undergo an unbinding procedure to produce a list

of halos and subhalos. For more details, see Springel et al. (2001).

It is now well established that different halo finders have various strengths and
weaknesses depending on the environment in which they are used (Knebe et al. 2011,

Onions et al. 2012, Knebe et al. 2013). For example, since SUBFIND is based upon an
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over-density criterion, its ability to identify substructure is strongly dependent on the
radial position of the structure from the host (Muldrew et al. 2011). ROCKSTAR is
based on a phase space algorithm and thus it does not suffer from the same problem.
Onions et al. (2012) found that for properties which rely on particles near the outer
edge of the subhalo (e.g., total halo mass), the majority of available halo finders
agree to within 10 per cent. Basic properties such as mass or the maximum circular
velocity can also be reliably recovered if the subhalo contains more than 100 particles.
To ensure we are not resolution limited, we only include halos and subhalos which
have 300 particles or more, unless otherwise specified.

The mass and radius of host halos used throughout this work are rogp and Maqg.
rooo is defined such that the average density of a halo within 7990 is p = AppPerit
where A, = 200, independent of cosmology as in Jenkins et al. (2001), and peir =
3H,? /8mG. The mass Moy is then simply found as My = %wrgooAhpmt.

For subhalos, which experience tidal stripping, mogg is a less meaningful quantity.
We therefore define subhalo mass, Mgy, as the total bound mass. This is computed as
an extra parameter within ROCKSTAR’s source code. Defining the radius of a subhalo
is even more troublesome. The distance to the furthest bound particle depends on
the random kinematics of a few particles, and the tidal radius is not a spherically
symmetric value. Since defining a useful measure of the outer edge of a subhalo is
difficult, we avoid using it. In the one analysis where it could be used, in finding
subhalo concentration, we instead use a concentration definition that is independent

of outer radius.

2.2.3 Merger Trees

For the merger tree component of this work (Section 2.3.3), we use only the merger
tree generated by ROCKSTAR CONSISTENT TREES on the 64 snapshots per simulation.
Behroozi et al. (2013c) have shown that the merger tree catalogues produced by
ROCKSTAR are consistent in determining halo masses, positions, and velocities when
compared to merger trees constructed via different methods, e.g., BDM (Klypin et al.,

1999a, 2011) and SUBFIND.
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2.2.4 Halo Matching Across Simulations

Since the same white noise field was used in each simulation, particles tagged with
the same ID in each simulation have a low mean displacement from each other, ~ 4
h=! kpc at 2 = 0. The aggregate of these similarly distributed particles are halos
of similar size, position, and formation history between simulations. These “same”
halos can be matched to each other, enabling a direct assessment of how cosmological
parameters affect properties of individual halos and subhalos. This analysis is carried
out in Section 2.3.4. Figure 2-1 shows a visual example of matched halos in two

different simulations.

Halos are matched by their particle content. In a given set of two simulations,
one halo from each — a halo pair — is compared and given a matching strength value
based on the number of particles they have in common (same ID), weighted by the
gravitational boundedness of each particle. For a pair of (sub)halos A and B, there
are two match values, one where particles are weighted by boundedness within A,
and one where particles are weighted by boundedness within B. In order for a pair to
qualify as a match, (sub)halo B must be the best possible match out of all (sub)halos
in its simulation to (sub)halo A, and (sub)halo A must be the best possible match
to (sub)halo B. This dual requirement eliminates cases when a small fragment of a

halo matches to a larger encompassing halo.

The particle weighting of the *» most bound particle (starting from 0) in a

(sub)halo is

(2.1)

where n is the number of particles in the halo. The total match value is given as
> W, for all particles in common to the (sub)halo pair. In order to sum to unity
for a perfect match, the normalization constant is chosen as :—fl A perfect match is
when all particles in (sub)halo A are found in (sub)halo B or vice-versa. Additional
constraints of > W; > 0.2 and n > 40 are imposed to eliminate uncertain matches.
Host halos are matched first, then subhalos are matched within matched host halo

pairs.
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2.3 Results

This section presents results on the differences and lack of differences induced by
varying cosmology on halo and subhalo properties. Effects on host halos are presented
in Section 2.3.1. Section 2.3.2 shows results for subhalo characteristics at z = 0,
Section 2.3.3 presents subhalo characteristics from merger tree analysis, and Section

2.3.4 compares subhalo characteristics for matched subhalos.

2.3.1 Averaged Properties of Host Halos

While the focus of this paper is on how cosmological parameters affect substructure,
we first verify and summarize for reference how cosmological parameters affect the

host halo mass function and concentration.

2.3.1.1 Mass Function

In accordance with Jenkins et al. (2001), we compute dn/d log M where dn(M) is the
number of host halos on an infinitesimal mass interval centered at M, and dlog M is
the logarithm of the width of the mass interval. This function shows a characteristic
monotonic trend of higher abundances of low mass objects. Rather than presenting
the mass function directly, we compute the ratio of the mass function at redshift z = 0
in each cosmology to our fiducial simulation mass function in order to accentuate
any differences. This is shown in Figure 2-2. We also use the Extended Press-
Schechter formalism developed by Sheth and Tormen (2002) with the Eisenstein-Hu
transfer function (Eisenstein and Hu, 1998) to compute analytic estimates of these
mass function ratios. We compute error bars using a jackknife method (Tinker et al.,
2008). We create five sub-volumes, each with % of the original volume, by removing a
different fifth of the original volume for each sub-volume. Error bars are then the 1o
standard deviation of the mass function ratio as computed in each sub-volume. Our
data agree with analytic estimates except on the high mass end above 10?2 A~ M,
where there are fewer halos and Poisson noise becomes important.

In the top panel of Figure 2-2, we show that higher og, which means higher ampli-
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tude for primordial density fluctuations, produces more halos above the characteristic
mass scale of collapse at z = 0, M* ~ 10'* h~1M,,, and fewer halos below. Intuitively,
a higher initial density amplitude causes more mass to end up in large halos after hi-
erarchical merging, leaving less mass available for low mass halos. This agrees with

a study by Guo et al. (2013). The reverse is true for lower os.

In the middle panel, we plot the scalar spectral index, ns, which controls the
slope of the initial power spectrum, Py(k) o< k™. Larger values of n, correspond to
more initial power on small scales (and less on large scales), and thus more collapsed
objects early on. The earlier collapsing small objects then hierarchically merge into
larger objects. As evidenced by Figure 2-2 larger ng continues to correspond to more

collapsed objects by z = 0 for the mass range considered.

We also show the effect of more exaggerated variations in €2,,. More matter
content in the universe translates into objects of higher mass, and more objects, as

demonstrated in the bottom panel.

Since z = 0 subhalos form independently of their hosts at high redshifts, these
qualitative mass function differences apply just as well to subhalos before accretion.
Any changes in mass and abundance are due to the dynamics of subhalo-host interac-

tions, including tidal stripping, dynamical friction, ad collisions with other subhalos.

2.3.1.2 Host Concentration

The density profile of dark matter halos are well approximated by the spherically
symmetric Navarro, Frenk, & White (NFW) Profile (Navarro et al., 1996b). The

profile is defined by
0,

p("') = Perit (T/Ts)(]. + T/T’s)z,

(2.2)

where the dimensionless . is the characteristic overdensity, r; is the scale radius,
and pgri; is the critical density of the universe. Concentration, defined by cag =
T200/Ts, gives a measure of how centrally concentrated the particles in the halo are.

Concentration could also be defined in terms of the spherically symmetric Einasto
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density profile, given as

ptr) = st | -2 () -1)]. (23)

where r_5 is the radius at which the logarithmic slope of the profile is —2, the shape
parameter « is an extra free parameter to fit to, and p(r_s) is the density at r_
(Einasto, 1965). In this case the concentration would be cypg = 7r200/7—2. Furthermore,
many studies use outer radii other than ry. Since each definition quantifies the same
qualitative idea, we consider only the first definition in terms of the NF'W profile. We
use the default r99g as determined by the halo finder, but compute r; directly from
the particle data of the halo. To facilitate a direct comparison to past studies, we
find r, by fitting an NFW profile to the density profile of each halo, determined by
binning particles in 16 bins equally spaced in log space from 1og10(é5) = —1.25t0 0,
as in Duffy et al. (2008).

Host halo concentrations have been studied extensively (e.g., Zhao et al. 2009). It
is now well established that halos which collapse earlier have higher concentrations
(Neto et al. 2007, Duffy et al. 2008, Maccid et al. 2008, Giocoli et al. 2010). This is
simply because the universe was of higher density at early times. One would then
expect cosmologies with a higher M* to have higher concentrations. Similarly, halos
with a higher mass should have smaller concentrations since they formed later. In
particular, for increasing values of og we expect the concentration to increase since it
reflects the background density of the universe at the time when the halo formed.

To test this, we consider all “relaxed” halos whose hosts satisfy the following

criteria similar to Neto et al. (2007):
e The host must contain at least 600 particles.
e The substructure mass fraction of a given host must be, f; < 0.1.

e The offset parameter or center of mass displacement must be s < 0.07 where
8 = |Te — Tem|/T200- Te and Teom are the center of halo peak density and mass

respectively.
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e The virial ratio, 27/|U|, must be less than a pre-set value of 1.35, where T is
the total kinetic energy and U is the gravitational potential self-energy of the
host halo.

This combination of mass and kinematic information encoded in the substructure
mass fraction, offset parameter, and virial ratio ensures that the hosts in our relaxed
sample are well fitted by NF'W profiles (Navarro et al., 1996b). Unrelaxed halos are
more difficult to accurately fit a scale radius to. Figure 2-3 shows the concentration-
mass (¢ — M) relation for each of our simulations. Using the mean and rms deviation

of log;o(c200), we fit the binned ¢ — M relation using,

loglo(CQOO) = A 10g10(Muir) + B, (24)

where logio(ca00) and M, are the mean values in each bin. For the error of the mean
in each bin, ., we use the rms deviation of log;¢(c200) divided by the square root of

the number of objects in each bin. For each fit, we define

Uéj

o % (10%10(0200) - 1og10(0200fz‘t]-))2’ (2:5)
7=1

where N, is the number of bins over which the fit is performed and cagofis, is obtained
from the best fit of Equation (2.4), and find the values of A and B such that the
reduced chi-squared, x* (x* divided by the number of degrees of freedom), is mini-
mized. All error bars and best fit functions in future figures are found using this same
method.

Our data and best fit functions for the relaxed sample are shown in Figure 2-3.
We also add for comparison the relation for cyqq derived by Duffy et al. (2008) who
used WMAPS5 data (05 = 0.796, ny = 0.963, Q,,, = 0.258). The data confirms that
higher M™ cosmologies and smaller host halos do in fact have higher concentrations.
The slopes of each ¢ — M relation range from —0.060 to —0.097 with a typical value of
—0.083, but do not vary systematically with cosmological parameters. Furthermore,

the slope is sensitive to within £0.008 to how the host halos are binned and the halo

61



mass range considered. Therefore we can only definitively confirm how the amplitude
of the ¢ — M relation is affected by cosmological parameters, and not the slope. The
slopes obtained do agree, within error, with the slope of —0.092 obtained by Duffy
et al. (2008) for relaxed halos.

We further note that the slope and magnitude of the c— M relation is very sensitive
to the method for finding rs and the halo finder. By default, ROCKSTAR computes
rs by fitting an NFW profile to a density profile found by dividing particles into 50
radial bins such that each bin contains the same mass (Behroozi et al., 2013b). This
results in a much steeper slope for all cosmologies, with a typical slope of —0.15.
Furthermore, the concentrations computed using ROCKSTAR’s rg90 and particle as-
signments are systematically higher than those found using SUBFIND’s parameters.
Using SUBFIND, our fiducial simulation’s ¢ — M relation is very similar to the Duffy
et al. (2008) relationship in magnitude and slope, which was also computed using
SUBFIND. The ¢ — M relationships found using ROCKSTAR, however, are on average
12% greater in overall magnitude. Both halo finders do, however, agree on the rel-
ative differences between cosmologies. The large dependencies of concentration on
its method of computation are examined in greater detail by Meneghetti and Rasia

(2013).

2.3.2 Averaged Properties of Subhalos

Subhalo abundances and properties depend dramatically on the size of their host
halo. Any useful comparison between simulated and observed subhalo distributions
thus requires comparing distributions within hosts of the same size. In this section,
we explore the effects of cosmology on averaged subhalo properties as a function of

their host halo mass.

2.3.2.1 Subhalo Mass Function

Similar to the host halo mass function, the subhalo mass function, SHMF, counts

subhalo abundance within a chosen host halo as a function of mass. Whereas the
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Figure 2-3 The averaged host halo concentration as a function of host halo mass and
cosmology. Best fit lines and best fit parameters as described in Eq. 2.4, and error
of the mean bars are shown. The ¢ — M relation derived by Duffy et al. (2008) (solid
black line) is consistent in its slope to our findings. Its overall magnitude, however, is
lower primarily due to its computation using SUBFIND and our data using ROCKSTAR.
Cosmologies with higher M* lead to more concentrated halos, but do not affect the

slope of the ¢ — M relation.

63

1013



host halo mass function has been studied extensively by numerical simulations and
agrees well with fully analytic predictions, see Figure 2-2, only semi-analytic models
exist for the SHMF (Oguri and Lee, 2004; van den Bosch et al., 2005; Springel et al.,
2008; Zentner and Bullock, 2003; Gao et al., 2004). This is due to the more complex
effects of collisions, dynamical friction, and tidal stripping changing subhalo masses

over time.

We investigate the SHMF, dn/dM gy, vs Mgy, where dn is the number of subhalos
in a mass interval dM,;,. Within each particular cosmology, we find that the SHMF
per unit host halo mass (i.e., dividing the differential abundance by the mass of the
host halo), yields a universal function. This confirms the same result found in Gao
et al. (2004) and van den Bosch et al. (2005). We use this trait to average the
normalized subhalo mass functions for all hosts halos with M}, > 102° h=IM to
account for halo-to-halo variance of the SHMF. Lowering the M}, mass threshold
simply increases variance, due to resolution effects, without changing the value of the
average mass function. The top panel of Figure 2-4 shows the SHMF per unit host
halo mass scaled for a Milky Way sized host of Mj.s; = 0.84 x 1012 h=1M, (1.2 x 10'?
My). We also indicate the magnitude of 1 halo-to-halo variation with bars on each
point to compare changes due to cosmology with inherent variance between halos.
This strategy of handling variance by finding characterizations that are independent
of host halo mass, then averaging the characterizations over all host halos, is used

throughout the remainder of Section 2.3.2.

Varying the parameters og and (2,,, has no noticeable effect on the subhalo abun-
dance at z = 0. Our simulations with higher values of ns have a greater abundance of
subhalos in each bin. However, the error on this overall trend is equal to the magni-
tude of the trend so it may have arisen due to chance. Additionally, variations from
halo-to-halo in the SHMF exceed any possible small cosmological effect. The best fit

to the data produced from ROCKSTAR data is given by

dTL Msub - Mhost
_K 2.6
My <h—1M®) h-IMg, (26)
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Figure 2-4 Top Panel: Subhalo mass function normalized to host halo mass and
scaled to a Milky Way sized host of 0.84 x 102 h~ 1M, (1.2 x 10'2 M), averaged
over all host halos above 10'*% h='M, for cosmologies with different og. Resolution
constraints on low masses and large Poisson errors for high masses constrain the
subhalo mass range considered. Best fit lines and 1 ¢ halo-to-halo variation bars, not
error bars, are shown. Bottom Panels: Ratio of subhalo mass function to the fiducial
WMAP7 subhalo mass function. Data points for the non WMAPT cosmologies are
shifted slightly left and right of their true values to help distinguish them. The effects
of varying oz and (1, are consistent with no change in the SHMF. A small trend
of higher abundance with higher ng exists but is also consistent with no change in
the SHMF within error. Variation on a halo-to-halo basis dominates any effects of
cosmology on the SHMF as seen in the 1 o variation bars.
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Figure 2-5 Top Panel: Subhalo V,,,, function normalized to host halo V/,,,, and scaled
to a Milky Way sized host of 220 km s~!, averaged over all host halos above 10125
h~ M, for cosmologies with different og. Best fit lines and 1 o halo-to-halo variation
bars are shown. Bottom Panels: Ratio of subhalo V,,,, function to the fiducial
WMAPT subhalo V)., function. Data points for the non WMAPT7 cosmologies are
shifted slightly left and right of their true values to help distinguish them. Higher
values of each of the cosmological parameter (higher M*) result in higher abundances
of V,nae subhalos over the mass range considered. The cosmologies chosen correspond
to ~ 18% greater abundance for the higher M* cosmologies and ~ 10% less abundance
for the lower M* cosmologies. Variation on a halo-to-halo basis dominates any effects
of cosmology on the V},,, function as seen in the 1 ¢ variation bars.
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Where K = 4.5+ 0.3 x 107°h M;' and o = 1.78 + 0.04. The same results and
fit values were reproduced within error using SUBFIND, the halo finder used in most
previous studies. The power law exponent of —1.78 falls between the values of —1.73
reported by Helmi et al. (2002) and —1.9 reported by Springel et al. (2008), van den
Bosch et al. (2005) and Gao et al. (2004). Individual halos in this study have SHMFs
with o ranging from 1.65 to 1.95, encompassing the range of values reported in the
literature.

Following from an unchanging SHMF per host halo mass, the subhalo mass frac-
tion is also not changed by variations in cosmological parameters. This was directly

confirmed by simulation data.

2.3.2.2 Maximum Circular Velocity

While mass may be the most intuitive description of a subhalo’s size, the maximum
circular velocity, V.., is a related measure that is easier to ascertain observationally
and more robust to measure from simulations. It is defined as the maximum velocity

of an orbiting body in the potential of a halo:

(2.7)

T

1
Vinar = max (G—]MM) ’ .

Unlike mass, V4, is not sensitive to the poorly defined boundary between the halo
and the background (Kravtsov, 2010). Additionally, it avoids the arbitrariness that
plagues any definition of mass. While closely related, V;,,, does not just trace mass,
but also has a weak dependence on concentration: higher concentration leads to higher
Vinae (Bullock et al., 2001). Thus, if there is no cosmology dependence on the SHMF,
there should in principle still be a weak dependence on V,,,, due to the dependence
of subhalo concentration on cosmology (see Figure 2-9). For these reasons, we repeat
the subhalo abundance analysis done for subhalo mass with subhalo V,,,, instead.
The subhalo V;,,, function is computed for each host halo, normalized to the host’s
Vinaz, averaged over all host halos with M}, > 10'2° h=!M, then scaled to a host

with V.. = 220 km s™!. The resulting function and the ratio of it to our fiducial
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simulation’s function for each cosmology are shown in Figure 2-5. We indeed find that
this Vj4. function depends weakly on the cosmological parameters considered. The
greater value of each cosmological parameter increases the abundance of subhalos
as a function of V,,,, by ~ 18% and the lower values of each parameter decreases
abundance by ~ 10%. Still, the’error on this trend is substantial at ~ 10%, and
variation from halo to halo exceeds this effect.

Just as for the SHMF, we fit an exponential function to the data. This equation

is

dn Vmaw sub o mazx, host
— =K, d . 2.
dVinae, sub % ( km s—! ) km s—1 (28)

and the best fit parameters to the fiducial simulation are K, = 12.54+0.9 km~! s and
a, = —2.31+0.2.

Vinaz is of particular interest in relation to the Missing Satellite Problem. Wang
et al. (2012) discuss the disparity between subhalo abundance above V4, = 30 km s1
observed in the Milky Way and the abundance predicted in simulations of a 102
h~ Mg halo. The Aquarius simulations predict eight subhalos, whereas the Milky
Way has only three with V., above 30 km s™! (the Large Magellanic Cloud, the
Small Magellanic cloud, and the Sagittarius Dwarf). They discover that this number
is very sensitive to the host halo mass and very insensitive to the cosmology. With
the data to test this more explicitly, we show in Figure 2-6 the average number of
subhalos with V., > 30 km s™! as a function of host halo mass. We find that this

Vinae function is consistent with being independent of the variation in cosmological

parameters considered, confirming the result of Wang et al. (2012).

2.3.2.3 Spatial Distribution

The subhalo spatial distribution in terms of its number density as a function of radius
is also studied. Following Springel et al. (2008), we first investigate the number density
profile, n(r)/<n>, where n(r) is the local number density of subhalos, and <n> is
the average subhalo number density within the virial radius. With the radial distance

normalized to rog9, we discover that this distribution takes on a characteristic form for
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Figure 2-6 Top Panel: Average number of subhalos with V., > 30 km/s as a function
of host halo mass and cosmology for variations in og. The number of subhalos above
this threshold is not affected by cosmology, but is substantially affected by the mass
of the host halo. Halo-to-halo variation is shown in the 1 ¢ variation bars. Bottom
Panels: Ratio of the number of subhalos with V,,,, > 30 km/s in a given cosmology to
that of the fiducial WMAP7 cosmology. Data points for the non WMAPT cosmologies
are shifted slightly left and right of their true values to help distinguish them. All
changes in cosmology tested are consistent with having no effect on this function.
Variation on a halo-to-halo basis dominates any effects of cosmology as seen in the
1 o variation bars.
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all host halos, regardless of mass, for r/ry > 0.4. We tested for this independence
of mass by computing the average distribution over several host halo mass intervals
in the range 10'° A~1Mg < Mo < 10'3¢ h=!My. No mass dependent difference was
found in the profiles above 7 /7900 > 0.4. Below this threshold, corresponding to only
6.4% of the halo volume, there is a clear mass dependent trend with smaller host halos
having higher number densities than larger host halos. However, this region is also
one where halo finders have difficulty identifying subhalos, so it is unclear whether
the effect is real, or a halo finding artifact. We resolve to exclude this range from the
cosmology comparison analysis.

Figure 2-7 shows the characteristic subhalo radial distribution averaged over all
host halos with Mj,oe > 1025 h~'M,, for each cosmology. Once again, this distribu-

tion is found to be independent of the cosmological parameters studied.

2.3.2.4 Subhalo Concentration

Using similar methodology presented in Section 2.3.1.2, we examine the subhalo c-
— M relation for subhalos within relaxed hosts at redshift z = 0. Due to difficulty
in defining subhalo mass, we also explored the subhalo ¢ — V4, relation and found
all of the same results. Since both options lead to the same conclusions, we choose
to present only the ¢ — M relation in order to compare to previous literature and the
host halo ¢ — M relation. The concentration, ¢, is once again defined by the ratio
¢ = To00/7s. However, directly computing rago and r, for subhalos is troublesome. As
noted in Section 2.3.1.2, the ¢ — M relation is very sensitive to how rs in computed.
Whereas for host halos the method used by Duffy et al. (2008) of dividing particles
into 16 logarithmic bins to make a density profile, then fitting an NFW profile to
find r, works consistently well, this method does not work reliably for subhalos which
typically have too few particles to populate all 16 bins. The default method from
ROCKSTAR overcomes this issue by choosing 50 bins such that each contains an equal
number of particles. However, we find that this method results in erratically varying
subhalo concentrations with standard deviations of concentration per subhalo mass

interval exceeding 80.
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Figure 2-7 Top Panel: The averaged subhalo number density as a function of r/r;,
normalized to the mean subhalo number density for cosmologies with varied gg. This
function is found to not vary with the mass of the host halo nor the cosmological
parameters considered for r/ry;,; > 0.4. At smaller radii, halo finding becomes too
uncertain to make any claim. Variation bars show 1o variations in the density profiles
of individual halos. Bottom Panels: Ratio of the subhalo spatial distribution as in the
top panel to that of the to the fiducial WMAPT cosmology for all cosmologies. Data
points for the non WMAPT cosmologies are shifted slightly left and right of their true
values to help distinguish them. All changes in cosmology tested are consistent with
having no effect on this function. Variation on a halo-to-halo basis dominates any
effects of cosmology on subhalo spatial distribution as seen in the 1 ¢ variation bars.
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We therefore avoid computing rs directly and instead use other parameters and
properties of an NFW profile to infer c¢. (Klypin et al., 2011) uses Va0, and Mgy
to numerically solve for ¢ assuming an NFW profile. While we did test out this
method, Myqq is nonsensical for very tidally stripped subhalos where rq9q exceeds the
furthest bound particle. This occurs in ~ 5% of subhalos above 10° h~'My. We thus
finally turn to the method used by Springel et al. (2008) which also assumes an NFW
profile, but uses V., and the radius where V,,,, occurs, rymaez, to compute c. The

concentration is found numerically from the equation

3

C Vmaa: 2
=.21639 [ — | . 2.9
11’1(1 + C) — C/(l + C) (Horvmax> ( )

The ¢ — M relation from this method for all subhalos with greater than 500
particles is shown in Figure 2-8. As a function of cosmology, we discover that the
differences in concentration demonstrated in Figure 2-3 still last in the subhalo pop-
ulation. Cosmologies with higher M* (higher og, ng, and €,,) lead to subhalos with
higher concentration. We further fit the form of Eq. 2.4 to the data and find con-
centrations similar to the host halos but with more shallow negative slopes. Due to
a more limited sample of subhalos than host halos after the selection criteria, ~ 900
vs. ~ 6000 in the 10%%* — 1012 h=!M,, interval, and density profiles that deviate fur-
ther from NFW, the strength of each fit is worse and the variation in slopes between
simulations is much greater for subhalos. Furthermore, using the Klypin method of
computing subhalo concentration yields steeper negative slopes than the host halo c¢-
— M relation (it yields a median slope of —0.122, in agreement with the slope of —0.12
found by Klypin et al. (2011)), and a 70 — 95% increase in concentration relative to
hosts for the mass range considered. We therefore cannot definitively claim a charac-
teristic slope value or magnitude for subhalo concentrations and caution that results
are very sensitive to the method used to compute halo concentration. The Klypin
method does nonetheless agree with the relative differences between cosmologies, and

we conclude that varying cosmology does have a real effect on subhalo concentrations.
With a consistent computation of concentration for host halos and subhalos ac-
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cording to Fq. 2.9, we find that the median slope of the ¢ — M relation for hosts is
—0.06, which is consistent with the slopes found for the subhalos. The concentration
of subhalos in the same mass intervals is typically ~ 15% greater. Merger tree histo-
ries of subhalos demonstrate that their concentrations do in fact continually rise after
accretion, and at a faster rate than host halos. This can be explained by a change in
subhalo density profiles due to tidal stripping and tidal heating. Hayashi et al. (2003)
models the density profiles as a modified NFW function that changes over time as a
function of the ratio of current subhalo mass to its mass at infall. The modified NF'W
profile and supporting fitting functions are given in Hayashi et al. (2003) as equations
8, 9, and 10. Following this model, both V,,,, and 7., decrease as a function of
mass loss, and thus time since accretion. However, since r,,,,, decreases faster than
Vinaz, sSubhalo concentration as computed in Eq 2.9 increases monotonically. These
trends are confirmed in the merger tree histories of the subhalos, but with significant
variance. Since the subhalo profile is no longer NFW in this model, Eq 2.9 only
approximates the original definition of concentration, ¢ = 7900/rs. We therefore also
study the poorly defined r; and ryye. This similarly shows r; decreasing at a faster
rate than rqo9y. Below the limit of 500 particles, the concentration of subhalos and
host halos systematically and unrealistically decreases as a function of mass, but the

relative differences between cosmologies remains.

We further investigate the subhalo concentration as a function of host mass in
Figure 2-9. We find that the average subhalo concentration is weakly dependent on
the host mass, with larger hosts having more concentrated subhalos. We account for
the bias of larger hosts having a different distribution of subhalos by only considering
subhalos in dlog,(My) = 0.5 mass intervals from 10® to 10" h™'M,. In every case
we observe the same positive slope. We also rule out the possibility that larger hosts
tend to have halos which were accreted earlier through studies of the merger tree
history, as presented in Sections 2.3.3.1 and 2.3.3.2. Without a strong theoretical
motivation for any functional form, we abstain from making a best fit. We speculate
that the trend may be due to stronger tidal forces in larger hosts. This would indicate

that the subhalo profile models from Hayashi et al. (2003) should depend weakly on
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the host halo’s size in addition to the fraction of remaining bound subhalo mass. A

full explanation is beyond the scope of this paper.

2.3.3 Merger Tree Analysis

While the previous subsection focused on static distributions at z = 0, we now in-
vestigate the evolution of subhalos as a function of cosmology through merger tree
analysis. Halos that become subhalos go through a trajectory of forming, gaining
mass, reaching a maximal mass, losing mass due to tidal stripping from a nearby
halo, entering rago of their eventual host (accretion), and ultimately merging with
their host through stripping and disruption. Subhalos detected at z = 0 are ones
that have not yet been fully torn apart by their host. The following sections explore
these steps with the approach of finding average distributions for subhalos within a
host. Rather than presenting results for all cosmologies, we highlight only simulations
with varied og, which has historically been the least well constrained parameter of

the three studied in this paper.

2.3.3.1 Formation Time of Subhalos

Numerous definitions exist for the formation time of dark matter halos. As discussed

in Li et al. (2008), these definitions generally fall into two classes:

1. When a halo reaches a fraction of its final mass or V...

2. When a halo first reaches a threshold mass or V4.

While both types of definitions can be applied to host halos, the first class does not
apply well to subhalos. Subhalos do not monotonically grow in mass, but rather reach
a peak before the effects of tidal stripping from a nearby host removes mass. Thus,
the time when a subhalo reaches a fraction of its final or maximal mass intertwines
its formation and post-accretion history. We therefore use the definition that a halo

forms once it first surpasses a threshold mass of My, = 3 x 108 h~1M, corresponding
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Figure 2-8 The averaged subhalo concentration as a function of subhalo mass and
cosmology. Concentration is computed using 7ymee and Vi, according to Eq. 2.9
which assumes an NFW profile. The differences in concentration due to cosmology
seen in the host halos remain in the subhalos. Cosmologies with higher M* lead to
subhalos with higher concentration. The same trend holds for the ¢ — V},,, relation-
ship. The magnitude of the subhalo concentrations cannot be reliably compared to
the host halo concentrations of Figure 2-3 since they were computed differently. Vari-
ation bars show large 1 ¢ variations in the concentration of individual subhalos. Best
fit lines and best fit parameters as described in Eq. 2.4 are also shown. Difficulty in
computing concentration reliably below 500 particles per subhalo sets the low mass
cut-off in the plot.
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Figure 2-9 The averaged subhalo concentration as a function of host halo mass and
cosmology for subhalos between 10° and 10 h~!M, in relaxed hosts. The slight
positive trend suggests that larger host halos cause a greater increase in subhalo
concentration than smaller host halos, possibly due to stronger tidal forces. Without
a theory to predict a form of this trend, no function is fit to the data. Variation bars
show large 1 o variations in the concentration of individual subhalos.

76



to ~ 35 particles. Changing the mass threshold shifts when halos have “formed”, but
does not influence how cosmology affects formation times. This mass was chosen to
minimize the number of halos which were first detected above the threshold mass, and
those which form but never reach the threshold mass. It succeeds in characterizing
~ 55% of subhalos at z = 0. The remaining 45% of subhalos typically have incomplete
mass histories, so their formation time would be hard to deduce under any definition
of formation time. The threshold mass definition has the useful property that the
formation time of subhalos is a tracer of formation time of the oldest stars in each
subhalo (Li et al., 2008).

We use the merger trees to study the probability density distribution of subhalo
formation times for all surviving subhalos at z = 0 within a host. This distribution
is' similar for all host halos in a simulation, and thus averaged over all z = 0 host
halos within the mass range 1012 < M < 1037 h~'M, to characterize a particular
cosmology. A comparison of the averaged distribution is seen in the top panel of
Figure 2-10. Note that the distribution is computed as a function of look-back time
for the given cosmology, not redshift. A small effect is seen demonstrating that in
cosmologies with higher og, z = 0 subhalos tend to be older. The mean age of
subhalos in the og = 0.9, 0.8, and 0.7 simulations are 11.1,11.0, and 10.6 billion years
respectively. Higher og indicates that halos of the same mass should collapse sooner,
so this result is expected for host halos. For subhalos, the age distribution can change
due to their destruction over time, but evidently this effect is not enough to erase the

difference in ages between lasting z = 0 subhalo populations in different cosmologies.

2.3.3.2 Accretion Time of z = 0 Subhalos

In addition to formation time, the same analysis is applied to subhalo accretion time.
The probability density distribution of subhalo accretion times is similar for all host
halos and thus averaged to reduce scatter. The accretion time is defined by when
the center of an eventual 2z = 0 subhalo crosses its host’s 7y, defined at the time
of crossing, and remains inside. This characterization is relevant in that it roughly

indicates the time when ram pressure stripping and tidal stripping become important
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Figure 2-10 Top Panel: Average formation time probability density distribution of
z = () subhalos within a host for cosmologies with varied og. Formation time defined
by when halos first reach a mass of Myy = 3 x 10* h~'Mg. Subhalos lasting to
2z = 0 typically formed earlier in higher og cosmologies by .1 to .4 billion years for
a 0.1 increment in og. Bottom Panel: Average accretion time probability density
distribution of subhalos within a host for cosmologies with varied og. No significant
differences are found between the cosmologies. Error bars show 1 ¢ uncertainty of
each data point.
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mechanisms of gas loss, which suppresses star formation (Mayer et al., 2006; Nickerson
et al., 2011). The accretion time probability density distribution is shown in the
bottom panel of Figure 2-10. Unlike formation time, no difference inconsistent with
scatter is observed between cosmologies. This indicates that subhalos are destroyed
as a function of when they were accreted in a process that is independent of small

variations in cosmology.

2.3.3.3 Maximal Mass

Finally, we study the averaged mass function per unit z = 0 host halo mass for the
maximal masses of eventual z = 0 subhalos. As in Figure 2-4, this mass function
is scaled to a host of mass 0.84 x 102 h='M,,. The total stellar mass/luminosity is
related to the maximum mass obtained by the subhalo. Since the more concentrated
luminous matter is less easily stripped than dark matter, the maximal mass is a much
better indicator of stellar mass than the z = 0 mass of a subhalo (Springel et al., 2001,
Gao et al., 2004; Guo et al., 2013).

Figure 2-11 compares the M,, ., mass function for two different cosmologies, show-
ing no dependence on og. This suggests varying og has no effect on the stellar mass/-

luminosity functions.

2.3.4 Properties of Matched Subhalos

In order to ascertain the difference between specific subhalos due to cosmology, host
halos are matched to each other by a procedure described in Section 2.2.4. About
90% of hosts above 10'® h~!M,, are successfully matched. Subhalos within matched
hosts are then matched to each other, and their history is compared. The fraction
of subhalos from one host successfully matched to subhalos from the other matched
host are shown in Fig. 2-12. The remaining unmatched subhalos either are the re-
sult of an imperfect matching system, or are ones that correspond to subhalos whose
counterpart in the other simulation have already merged with the host, or have not

yet been accreted into the host, and are thus not identified as subhalos. The follow-
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Figure 2-11 Top Panel: Average mass function of M,,,, for subhalos that survive
until z = 0, normalized by z = 0 host halo mass, and scaled to a host of 0.84 x 10'?
h='M,, for cosmologies with different og. 1 ¢ halo-to-halo variation bars are shown.
Bottom Panel: Ratio of the subhalo M,,,, function for each cosmology to the fiducial
WMAPT cosmology. Data points for the non WMA P7 cosmologies are shifted slightly
left and right of their true values to help distinguish them. The subhalo M,,,, function
is found to not vary with og. Large variation on a halo-to-halo basis is seen in the

1 o variation bars.
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Figure 2-12 Fraction of subhalos in a matched pair of hosts between simulations of
different. cosmology that are successfully matched to each other as a function of their
halo mass. Stronger dynamical processes in the larger halos inhibit subhalo matches
more than in smaller host halos. 1o error bars also shown.

ing subsections investigate the same averaged distributions as done in Section 2.3.3,
except with only the subset of subhalos that have been matched to each other at
z = 0. Additionally, all figures show only the data matched between o3 = 0.8 and
og = 0.9 boxes for conciseness. All of the same trends are prevalent in the g = 0.7

and og = 0.8 matches.

2.3.4.1 Formation and Accretion Time

Figure 2-13 shows the probability density distributions of matched subhalos for sub-
halo formation time and accretion time for two different cosmologies. As expected,
matched subhalos from the higher M* simulation, og = 0.9, form earlier on average
as seen in the top panel of the figure. The difference in the mean ages of the matched
subhalos between gz = 0.9 and oy = 0.8 is 0.2 billion years, slightly greater than the
0.1 billion year difference found in the general sample.

In addition to forming earlier, the matched subhalos in the higher og simulation
are accreted earlier. This is seen in the bottom panel of Figure 2-13. Comparison
with Figure 2-10 shows that the matching process preferentially selects subhalos in

the og = 0.9 simulation that were accreted ~ 2 billion years earlier than the typical
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subhalo.

Thus, in a direct subhalo to subhalo comparison, varying cosmological parameters
do have significant effects on the life of a subhalo, even though there are small or no
differences found when averaging over all subhalos. Reconciliation of Figure 2-13 and
Figure 2-10 indicates that the unmatched subhalos in the og = 0.9 simulation must
be ones that were very recently accreted. Following the trend of earlier formation
and earlier accretion with higher og, the counterparts of these unmatched subhalos
must be ones that have not yet accreted in the og = 0.8 simulation. Similarly,
the unmatched subhalos in the og = 0.8 simulation are ones that are close to the
end of their life. Their counterparts in the og = 0.9 simulation are ones that were
already tidally destroyed. Therefore, the majority of unmatched subhalos are not
stragglers from a faulty matching scheme, but rather the necessary result of different
cosmologies leading to a shift in the formation, accretion, and thus destruction of
subhalos. Evidently, when studying the accretion times of all subhalos in a host, this
accretion and destruction process erases hints of the cosmology the subhalos formed

in.

2.3.4.2 Maximal Mass and z = 0 Mass

Comparison of the mass function of the maximal mass of matched subhalos, as seen
in the top panel of Figure 2-14, shows a weak dependence on cosmology. Subhalos
in the og = 0.9 simulation have their life cycle shifted earlier, forming and accreting
earlier. The earlier accretion leads to less mass at its peak. Likewise subhalos in the
og = 0.7 simulation peak at a higher mass than in the og = 0.8 simulation. Knowing
that such subhalos in the higher og simulations accrete earlier, one can expect them
to reach z = 0 at an even smaller mass due to more time spent being tidally stripped.
This is confirmed in the mass function displayed in the bottom panel of Figure 2-14.
Matched subhalos are on average 25% less massive in the og = 0.9 simulation than
the og = 0.8 simulation, and 50% more massive in the og = 0.7 simulation than the

og = 0.8 simulation.
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Figure 2-13 Top Panel: Average formation time probability density distribution of
subhalos matched between oz = 0.9 and o3 = 0.8 simulations. Matched subhalos in
the higher og simulation form earlier on average, just as in the general case. Bottom
Panel: Average accretion time probability density distribution of subhalos matched
between og = 0.9 and og = 0.8 simulations. Unlike the general case, matched subhalos
in the higher og simulation are accreted significantly earlier. Error bars show 1 o
uncertainty of each data point.
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Figure 2-14 Top Panel: Ratio of the average mass function of M,,,, normalized by
the z = 0 host halo mass for matched subhalos that survive until z = 0 to the M,
function of the fiducial WMAPT simulation for cosmologies with varied og. Higher
og results in lower peak masses in each pair of cosmologies tested. Error bars show
1 o uncertainty of each data point. See Fig. 2-11 for the true M,,,, function. Bottom
Panel: Ratio of the average SHMF normalized to host halo mass for matched subhalos
to the SHMF of the fiducial WMAPT simulation for cosmologies with varied og.
Unlike the general SHMF, the matched SHMF is significantly affected by cosmology.
Subhalos in higher og simulations end up less massive. Error bars show 1o uncertainty
of each data point. See Fig. 2-4 for the true SHMF.
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Figure 2-15 The averaged subhalo number density for matched subhalos as a function
of /7y, normalized to the mean matched subhalo number density for cosmologies
with varied og divided by the same function for the fiducial WMAPT simulation.
This demonstrates the trend that matched subhalos in higher o5 cosmologies are
closer to the halo center on average. Subhalos are 3.5% closer to the halo center in
the og = 0.9 simulation than in the oz = 0.8 simulation on average. Variation bars
show 1 ¢ halo-to-halo variation for each data point.

2.3.4.3 Spatial Distribution

The spatial distribution of matched subhalos, characterized by number density as a
function of 7/ryg as in Figure 2-7, is shown in Figure 2-15. The local density is
normalized by <n>, the average number density of matched subhalos within ragq.
Relative to the og = 0.8 simulation, the matched subhalos within the o3 = 0.9
simulation are closer to the center of their host: the number density is higher below
/200 = 0.5 and lower above r/rayp = 0.8. The o5 = 0.9 subhalos which accreted
earlier on average have more time for dynamical friction effects to slow down their
orbits and thus drag them closer to the halo center. The net average change of
position is 3.5% closer. This result helps further confirm the conclusions made at the
end of Section 2.3.4.1 that matched subhalos in the oz = 0.9 simulation are closer to
the end of their life and may be destroyed earlier, leaving their counterparts in the

ag = 0.8 simulation matchless.
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2.4 Summary of Subhalo Property Changes

In this investigation, we found that the way in which og,ns and €2, affect subhalo
properties can be more concisely summarized in terms of changes in M*, which is
positively correlated to all three parameters. The following list details how subhalo
properties change with higher M* cosmologies for all properties that vary with cos-

mological parameters:
e Subhalo V., function as a function of host halo mass is greater.
e Subhalo concentration is greater.

e Subhalo formation time is earlier on average and on a matched subhalo to

subhalo basis.
e Subhalo accretion time is earlier on a matched subhalo to subhalo basis.
e Subhalo peak mass is smaller on a matched subhalo to subhalo basis.
e Subhalo mass at z = 0 is smaller on a matched subhalo to subhalo basis.

e Subhalo radial distribution (number density as a function of r/rgg) is shifted

toward the host’s center on a matched subhalo to subhalo basis.

Individual subhalos in cosmologies with higher M* are shown to have formed earlier,
accreted into their eventual host earlier, both in agreement with Zentner and Bullock
(2003); van den Bosch et al. (2005), and as a result of spending more time within
their host, lost more mass due to tidal stripping and moved closer to the center of
the host due to dynamical friction. This leads to subhalos in higher M* cosmologies
having, on average, less mass at z = 0. This is opposite of the trend for host halo
masses, where large hosts have more mass in higher M* cosmologies.

Including subhalo abundances, the averaged subhalo properties that remain un-

changed under variations in cosmological parameters are:

e subhalo mass function as a function of host halo mass,
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e subhalo abundance above V,,,, = 30 km s™" as a function of host halo mass,

e subhalo mass fraction as a function of host halo mass,
e radial distribution of subhalos (number density as a function of r/raq),
e subhalo accretion time probability distribution function, and

e distribution of maximal mass attained by subhalos before they enter their host’s

tidal field.

2.5 Discussion and Conclusion

Changes in the cosmological parameters og, ng, and 2, affect the abundance of dark
matter halos in the universe. Larger values of ng and 2, lead to a larger abundance
of halos. Larger values of og lead to a higher abundance of halos above the current
characteristic mass scale of collapse, M*, and a lower abundance below that threshold.
These differences, however, as tested by a suite of cosmological dark matter only sim-
ulations, are erased when considering local subhalo populations (all subhalos within a
given host halo) as a function of their host halo mass. For any given host halo mass,
the average subhalo mass function is independent of small variations in cosmological
parameters on the order of the changes in the best estimate values of WMAP and
Planck (Planck Collaboration et al., 2014). Thus, the expected abundance of dark
matter subhalos by mass in the Milky Way, for example, should not change with the
recent revision of parameters by Planck.

Subhalo concentrations, Vi, functions, and formation times, on the other hand,
retain the same trends in cosmological dependence as the host halos. In cosmologies
where objects tend to collapse sooner (higher values of og, ng, and Q,,), both host
halos and subhalos have systematically more concentrated cores for all mass ranges
considered and form earlier. More concentrated cores lead to subhalos with higher
Vimaz relative to less concentrated halos of the same mass. Other cosmology induced

differences arise on a subhalo to subhalo basis. Since all simulations used the same
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initial random white noise field, it was possible to identify halos and subhalos which
arose from the same density fluctuation. A comparison of these “matched” subhalos
indicates that cosmological parameters do in fact have a significant effect on individual
halos, even ones that become subhalos. In the higher og simulation, matched subhalos
formed earlier, accreted earlier, are located closer to the host halo center, are more

concentrated, and are smaller in mass.

Clearly, there is a disparity of results between averaging properties of all subhalos
within a host and averaging only the subset of matched subhalos. This indicates that
the mechanisms of subhalo accretion, mass loss, and ultimately destruction lead to
a cosmology independent steady state distribution of subhalos within a host. While
subhalos in the higher M* simulations are accreted earlier on average, there is a
steady rate of subhalo accretion that is the same in all cosmologies at low redshift for
hosts of the same size. In addition, even though the overall mass function of halos
changes, the mass function of subhalos at accretion for a given host halo does not
change. Since subhalo mass and angular momentum loss is governed by cosmology
independent physics, it follows that the resulting size, position, number, and accretion
time of subhalos will be unaffected by cosmology. In contrast, the formation time and
concentration, and thus V,,,,, of subhalos at accretion do vary with cosmology. These

differences are not erased subhalo-host interactions.

The results of this study indicate that in simulations with pre-Planck cosmological
parameters, characterizations of subhalo mass function, mass fraction, spatial distri-
bution, accretion time, and peak mass at infall are all still correct. This indicates
that expensive high resolution simulations remain valid when used to study subhalos
as long as the properties are appropriately normalized to the mass of the host. There
are a few exceptions for when subhalo concentration matters, such as in computing a
dark matter annihilation rate estimate from substructure, or when subhalo formation
time (defined by when halos first reach a threshold mass) is important, or to a lesser
extent when the subhalo V4, function matters. In such cases a simple way to esti-
mate how these properties change is to compute M* for two cosmologies and know

that in higher M* cosmologies subhalos will be more concentrated and have formed
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earlier. For example, between WMAPT7 and Planck, M* increased by an amount
similar to the effect of an increase of og of 0.07. The results also indicate that varia-
tions in cosmological parameters should have negligible effect on the magnitude of the
missing satellite problem, and some affect on the too big to fail problem. Decreases
in predicted subhalo V., and concentration, which could come from lower values
of ng, og, and €,,, both serve to alleviate the too big to fail problem. Polisensky
and Ricotti (2013) confirms this for the cases of ng, og. Still, based on the study of
subhalo properties over many host halos, the mass of the host halo and variations
from halo to halo are much more important in controlling the distribution of subhalo

properties within a galaxy than cosmological parameters.
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Abstract

We investigate the effects of self-interacting dark matter (SIDM) on the tidal strip-
ping and evaporation of satellite galaxies in a Milky Way-like host. We use a suite
of five zoom-in, dark-matter-only simulations, two with velocity-independent SIDM
cross-sections, two with velocity-dependent SIDM cross-sections, and one cold dark
matter (CDM) simulation for comparison. After carefully assigning stellar mass to
satellites at infall, we find that stars are stripped at a higher rate in SIDM than in
CDM. In contrast, the total bound dark matter mass-loss rate is minimally affected,
with subhalo evaporation having negligible effects on satellites for viable SIDM mod-
els. Centrally located stars in SIDM haloes disperse out to larger radii as cores grow.
Consequently, the half-light radius of satellites increases, stars become more vulner-
able to tidal stripping, and the stellar mass function is suppressed. We find that the
ratio of core radius to tidal radius accurately predicts the relative strength of enhanced
SIDM stellar stripping. Velocity-independent SIDM models show a modest increase
in the stellar stripping effect with satellite mass, whereas velocity-dependent SIDM
models show a large increase in this effect towards lower masses, making observations
of ultrafaint dwarfs prime targets for distinguishing between and constraining SIDM
models. Due to small cores in the largest satellites of velocity-dependent SIDM, no
identifiable imprint is left on the all-sky properties of the stellar halo. While our
results focus on SIDM, the main physical mechanism of enhanced tidal stripping of
stars apply similarly to satellites with cores formed via other means.

3.1 Introduction

The cold dark matter (CDM) paradigm is part of a simple model that successfully de-
scribes the Universe on large scales. Assuming that gravity alone acts on dark matter
particles, the theoretical CDM framework has been shown to adequately explain halo
mass functions, correlation functions, and shapes of large galaxies, clusters, and fila-
ments (for a review, see Frenk and White 2012). On smaller scales, however, tensions
with observations still arise when using CDM to predict properties of substructure

and dwarf galaxies. For instance, whereas simulations predict high central density
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cusps in dark matter haloes (Navarro et al., 1997; Bullock et al., 2001; Wechsler et al.,
2002), observations of low surface brightness galaxies (de Blok and McGaugh, 1997;
de Blok et al., 2001; Kuzio de Naray and Spekkens, 2011), low-mass spiral galaxies,
(Gentile et al., 2004; Simon et al., 2005; Oh et al., 2011; Castignani et al., 2012; Adams
et al., 2014), and Milky Way dwarf spheroidal galaxies (Walker and Pefiarrubia, 2011;
Salucci et al., 2012; Breddels and Helmi, 2013) indicate that such galaxies have lower
central densities and more shallow, or cored, inner density profiles. This problem
of the central density of haloes is referred to as the cusp/core issue, initially iden-
tified by Flores and Primack (1994) and Moore (1994). Specifically, at low radii,
dlnp(r)/dIn(r) = —1 for a cuspy density profile and d1n p(r)/dIn(r) =~ 0 for a cored
profile.

These discrepancies have renewed interest in the idea that dark matter may not
be collisionless, but could scatter with particles of the same species. The idea of self-
interacting dark matter (SIDM) was first proposed by Carlson et al. (1992), Machacek
et al. (1993), de Laix et al. (1995), and further explored by Spergel and Steinhardt
(2000) and Firmani et al. (2000) in part to explain the cusp/core issue. In these

models, the local particle scattering rate scales as

T(r) o p(r)%—vrms(r) (3.1)

T

where p is the local density, ;n"—z is the interaction cross-section per unit mass, and
Urms 18 the rms speed of dark matter particles. Increased scattering in high-density
regions transfers energy from the outer halo to the inner halo, increasing velocity
dispersion and decreasing density (Burkert, 2000; Yoshida et al., 2000a,b; Davé et al.,
2001; Colin et al., 2002). Thus SIDM naturally leads to lower density cores that may

better fit observations.

SIDM also provides a solution to the so-called too big to fail problem (Boylan-
Kolchin et al., 2011, 2012), which refers to a population of high-density subhaloes
in Milky Way-like simulations with no observed analogues. If such haloes did exist

as simulated, they would be too big to fail to form stars, and as such should have
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visible counterparts. More specifically, these haloes have a circular velocity profile
which is too large to match the kinematics of known satellites. The problem exists
for both the largest haloes at z = 0, initially pointed out in Read et al. (2006), and
the largest haloes at infall and before reionization. For certain cross-sections, SIDM
offers a solution to this issue by reducing the circular velocity profile of all haloes

(Vogelsberger et al., 2012; Zavala et al., 2013; Vogelsberger et al., 2016).

Other solutions to the cusp/core and too big to fail issues have also been pro-
posed that require no modifications to dark matter. Supernova driven outflows could
erase cusps, as suggested and described by Navarro et al. (1996a); Read and Gilmore
(2005); Governato et al. (2010); Oh et al. (2011); Governato et al. (2012); Pontzen
and Governato (2012); Teyssier et al. (2013); Madau et al. (2014) and Pontzen et al.
(2015). In order to simultaneously solve “too big to fail” though, it may require
an impossibly large number of supernovae (Garrison-Kimmel et al., 2013). However,
sufficiently early supernovae might create cores large enough to solve the problem
(Amorisco et al., 2014). Zolotov et al. (2012) and Brooks and Zolotov (2014) also ar-
gue for early supernovae, adding in a further reduction of satellite central density due
to tidal stripping to explain Milky Way observations. Additionally, late and bursty
star formation could alleviate both cusp/core and too big too fail problems (Ofiorbe
et al., 2015), but not solve them entirely. Further possibilities include a combination
of a reduced mass Milky Way (as proposed in Gonzilez et al. 2014), baryon loss due
to reionization and supernova outflows (Sawala et al., 2014), or other combinations of
these effects (Pontzen and Governato, 2014; Brook and Di Cintio, 2015; Wetzel et al.,
2016).

In spite of several plausible purely baryonic explanations, the too big to fail prob-
lem extends to the Local Group (Garrison-Kimmel et al., 2014a), and may extend to
the nearby field (Klypin et al., 2015; Papastergis et al., 2015), although that claim is
sensitive to the methodology used (Brook and Shankar, 2016). Ultimately, uncertainty
still remains whether or not baryonic mechanisms alone can systematically erase all
concerns. Read et al. (2016a) for instance argue that supernovae form cores in field

galaxies the size of ultrafaint dwarfs, but rely on a stellar mass to halo mass relation
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consistent with the abundance matching model of Behroozi et al. (2013a), which may
greatly overpredict the relationship for low-mass galaxies (Garrison-Kimmel et al.,
2014b). When using lower stellar masses, Pefiarrubia et al. (2012) find no cores. Con-
sequently, SIDM remains of interest as it could provide an attractive non-baryonic

solution.

Several studies have set constraints on the strength of the SIDM interaction cross-
section by searching for observable signatures. Since SIDM produces more spherical
halo distributions, Miralda-Escudé (2002) used measurements of the ellipticity of
galaxy clusters to enforce a stringent constraint of o/m, < 0.02cm?/g. Randall
et al. (2008) set another constraint by considering the offset between the galaxy
centroid and peak position of total mass in the Bullet Cluster. Yoshida et al. (2000b)
used simulations of core sizes in clusters, and Gnedin and Ostriker (2001) considered
increased rates of subhalo evaporation due to SIDM to set constraints. A set of
companion papers, Rocha et al. (2013) and Peter et al. (2013), reassessed these limits
and added their own constraints through studying the expected core sizes of haloes
and halo shapes, respectively. They relax previous constraints, concluding that a
cross-section o/m, between 0.1 and 1cm?/g is sufficient to produce large enough

cores in dwarfs to match observations and still withstand constraints.

At higher cross-sections, tension arises with the measured ellipticity of galaxy
clusters and with overproducing cores in large haloes. These tensions can be obvi-
ated with a velocity-dependent cross-section. Motivated from particle theory, such
particles could have a Yukawa potential in which the cross-section decreases for higher
relative particle velocities, as proposed by Feng et al. (2010); Buckley and Fox (2010);
Loeb and Weiner (2011), simulated initially by Vogelsberger et al. (2012), and recently
incorporated in an encompassing effective theory of structure formation by Vogels-
berger et al. (2016) and Cyr-Racine et al. (2015). This velocity dependence results
in cores on the small scales as needed, while mitigating effects on large scales where
constraints are stronger (Rocha et al., 2013; Elbert et al., 2015; Kaplinghat et al.,
2016).

Since velocity-dependent cross-sections are as of yet not well constrained, and
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velocity-independent models are still viable, we seek to highlight a new approach
where their effects could be observed. First, we investigate whether the presence of
a core influences how stars in satellites of a Milky Way-like host are tidally stripped.
The reduced central density of dark matter in satellites and increased central velocity
dispersion both occur where stars reside. These two effects should have an impact on
the stripping and distribution of stars based on the dynamics of tidal stripping and
tidal steams (see Bovy (2014) for instance). Pefiarrubia et al. (2010) have already
demonstrated that cored satellites lose mass more quickly than cusped ones. They,
however, assign cores manually and do not consider SIDM. They also emphasize tidal
interactions of satellites with the disc of their host galaxy, whereas we predominantly

study tidal forces arising from the host halo only.

Secondly, we investigate whether cores or subhalo evaporation change the total
mass-loss rate of dark matter in satellites. Particles bound to subhaloes may be
ejected after colliding with a dark matter particle in the background environment.
The resulting mass-loss is called subhalo evaporation. Rocha et al. (2013) demonstrate
hints of this, with the subhalo maximum circular velocity function suppressed in the

inner half of a host’s virial radius.

Finally, we search for signatures of SIDM imprinted on the stellar halo, and ob-
servable implications of any changes in stellar and total mass-loss rates. With these
goals in mind, we run simulations of four different models of SIDM to search for their
impact on the disruption of satellites. By running our simulations with DM only,
we isolate the effects of SIDM core formation. A complete picture would require
including baryons in addition to SIDM, but such simulations are computationally
more expensive and sensitive to the strength of the baryonic feedback implemented
(Vogelsberger et al., 2014b; Fry et al., 2015). As such, a suite of full hydrodynamic
simulations with SIDM that resolve Milky Way-like substructure is beyond the scope
of this paper.

This paper is organized as follows. Section 3.2 introduces the simulations, Section
3.3 discusses our method of tagging stellar mass to dark matter particles, Section 3.4

presents the differences in stellar tidal stripping between CDM and SIDM, Section
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3.5 discusses subhalo evaporation, Section 3.6 provides a simple theory to explain and
predict SIDM-driven enhancements in stellar stripping, and Section 3.7 investigates
how these in turn affect the stellar halo, stellar mass function, and half-light radii.

Finally, Section 3.8 summarizes our results.

3.2 Simulations

We use a suite of five simulations, each of which takes its initial conditions from the
Aquarius Project Ag-A-3 halo of Springel et al. (2008). Two simulations are run with
a velocity-independent cross-section (the v-i models), two with a velocity-dependent
cross-section (the v-d models), and one is run with pure CDM as the baseline for
comparison. Using the same initial conditions allows us to isolate the effects of each
SIDM model. All of the simulations are the same as those initially used in and
described in Vogelsberger et al. (2012). A summary of the simulations is found in
Table 3.1. In the v-i cases, 05 /m, is the collisional cross-section per unit mass.
In the v-d cases, it is the cross-section achieved when the relative particle velocity is
Umax,o, Which is the velocity at which the quantity ov is maximized.

The transfer cross-section as a function of relative particle velocity for each of
our four models is shown in Fig. 3-1, similar to fig. 1 of Zavala et al. (2013). Our
velocity-dependent cross-sections scale approximately as o oc v~ at high velocity, and
o x v %7 at low velocity for the range plotted. The full form of the transfer cross-
section can be found in equation 1 of Vogelsberger et al. (2012). Our SIDM10 model,
with a constant-cross section of 10 cm? /g is ruled out by constraints on the ellipticity
of galaxy clusters, but we include it simply to more easily highlight the effects of
SIDM. Each of the other three models are not ruled out, and are compatible with
observed kinematics of the Milky Way dwarf spheroidal galaxies, including resolving
too big to fail, as shown in Vogelsberger et al. (2012).

Each simulation has a particle mass of m, = 4.911 x 10* M, and Plummer equiv-
alent gravitational softening length of ¢ = 120.5pc. The cosmological parameters

used are Q, = 0.25, Qp = 0.75, h = 0.73, 03 = 0.9, and ng = 1.
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Table 3.1 Summary of Simulations

Name  o*/m, (cm?/g) Umax o (km/s)
CDM - -
SIDM10 10 -
vdSIDMa 3.5 30
vdSIDMb 35 10
SIDM1 1 -

NOTE. — CDM and SIDM simulations listed with
cross-section parameters used in this study. Umaxe, 18
the velocity at which the quantity ov is maximized
in the velocity-dependent cases. Naming scheme
adopted from Vogelsberger and Zavala (2013) and
Zavala et al. (2013) for consistency.
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Figure 3-1 Cross-section as a function of relative particle velocity for each SIDM model
considered (see Table 3.1). The colour scheme used here is repeated throughout the
paper to more easily identify each model.
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All self-bound haloes are found using a modified version of ROCKSTAR HALO
FINDER (Behroozi et al., 2013b). The modifications include adding full iterative
unbinding to improve halo finding accuracy, as described in Griffen et al. (2016b),
and returning all bound particle IDs for each halo in order of boundedness. Merger
trees were produced by ROCKSTAR CONSISTENT TREES (Behroozi et al., 2013c). We
use the Bryan and Norman (1998) definition of the virial radius, 7y, which at z =10
for our cosmological parameters is the radius such that the mean enclosed halo density
is 94.2 times the critical density of the universe, 3HZ/87G. Unless otherwise clarified,
any mention of mass refers to my;, the gravitationally bound mass within r;,. The
main halo at redshift 2 = 0 in each simulation has a mass of ~ 2.2 x 1012 Mg, and

radius of 330 kpec.

3.3 Methods

3.3.1 Particle Tagging

To study the stellar component of satellites in dark-matter-only simulations, we tag
particles with stellar mass. We choose to use particle tagging over hydrodynamical
simulations due to the tremendous computational time saved. This allows us to
better explore SIDM parameter space via running more simulations. Additionally,
while particle tagging is an imperfect method, hydrodynamical simulations are not
without their own uncertainties that depend on which baryonic physics models are
implemented.

In developing a tagging technique, we take guidance from a long precedent of
particle tagging in simulations. Dark matter particles in the most central part of
subhaloes have been assigned stellar mass at the time of subhalo accretion (De Lucia
and Helmi, 2008; Rashkov et al., 2012), subhalo peak mass (Bailin et al., 2014), and
through live tagging where mass is added at each snapshot (Bullock and Johnston,
2005; Cooper et al., 2010; Le Bret et al., 2015). The fraction of stars tagged varies
from the most bound 1% (Cooper et al., 2010; Rashkov et al., 2012; Bailin et al.,
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2014), to 5% (Le Bret et al., 2015), to 10% (De Lucia and Helmi, 2008). Mass may
be split evenly among particles per halo (De Lucia and Helmi, 2008; Rashkov et al.,
2012; Bailin et al., 2014), or may be split differently among dark matter particles to
mimic the light profile of galaxies (Bullock and Johnston, 2005; Cooper et al., 2010).

A consensus on what fraction of particles is best to tag does not exist. Bailin et al.
(2014) find that tagging 1% versus 10% results in little qualitative difference in the
stellar halo, Cooper et al. (2010) recommend 1 — 3 per cent to avoid stellar profiles
that are too concentrated or too diffuse, and Le Bret et al. (2015) suggest 5% is better
than 1% to reproduce realistic stellar density profiles. Furthermore, there are cautions
that particle tagging generically produces less concentrated, more structured, and
more prolate galaxies (Bailin et al., 2014) and that live tagging schemes are superior

at reproducing realistic stellar density and energy profiles (Le Bret et al., 2015).

While these studies demonstrate that particle tagging is an imperfect method
for producing reliable quantitative results, they are still able to pick up on trends
and qualitative results, which are of interest to the present study. The diversity
of tagging prescriptions and conflicting recommendations on what fraction of most
bound particles to tag suggests that any scheme needs to be tested within the context
of the project goals.

We aim to tag enough particles for good resolution, and to probe a realistic range
of where stars reside, particularly making sure to target where a core forms in SIDM.
For field haloes at z = 0, we find that cores extend to ~ 3% of the most bound
particles in 108 Mg, haloes. In 10 M, haloes, cores extend to 0.5% in vdSIDMb on
the low end, and 1.5% in SIDM10 on the high end for our models (see Section 3.6 for
our calculation of core sizes). Thus, based on previous studies of tagging, to probe
satellite cores, and to ensure good resolution, we would ideally tag all stars up to
the ~ 2% most bound particle in all satellites, satellites of satellites, etc. throughout

cosmic history.

However, tagging particles in SIDM simulations introduces a new obstacle. Dark
matter particles can elastically scatter, whereas stars should never scatter. We deal

with this problem by only assigning mass to particles which do not scatter between
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their time of tagging and the final z = 0 snapshot. Consequently, only a fraction of the
central 2% most bound particles can be tagged. In order to avoid resolution problems,
we resort to still tag 2% of the total bound particles, tagging all unscattered ones in
order of boundedness until we reach our 2%. This, however, creates an additional
problem. In haloes with high rates of interaction, stellar mass would be assigned
at unrealistically large distances from the halo’s centre. We solve this new issue by
enforcing a cut-off at 5%. No particles that are greater than 5% in their boundedness
ranking can be tagged. If fewer than 2% of the total number of halo particles can
be tagged within the interval of the 5% most bound particles, then fewer than 2%
afe tagged. This represents a compromise between resolution and tagging the truly

central regions of satellites.

The distribution of particles that remain unscattered within the 5% most bound
interval varies between each SIDM simulation, and as a function of halo mass and
infall time. For an unbiased comparison with CDM, it is imperative to tag particles in
CDM in as similar a fashion as possible to the corresponding SIDM case. We divide
all haloes into bins according to their infall time and infall mass. Each halo has a dis-
tribution recorded for it, cataloguing the fraction of particles that remain unscattered
as a function of rank order particle boundedness. We consider particles, starting with
the most bound, in intervals of 0.5% of the total number of bound particles, recording
the fraction of unscattered particles in each interval. The distributions of all haloes
within an infall scale and mass bin are then averaged. An example of four averaged
distributions for the SIDM1 and vdSIDMa simulations are shown in the left-hand
panel of Fig. 3-2. As expected, satellites which are more massive (higher central den-
sity) and fall in earlier experience more scattering and have fewer remaining particles
to tag. This procedure results in a look-up table used to tag the CDM simulation
in four ways, once for each of the four SIDM simulations. An infalling satellite in
the CDM simulation is tagged to reproduce the right look-up table distribution, with
specific particles within a particle boundedness interval being selected uniformly at
random. In cases such as the 0.99 < zimny < 1.47, 109" My < M < 10195 M, bin in

the left-hand panel of Fig. 3-2, fewer than 2% of all bound particles can be tagged on
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Figure 3-2 Left-hand panel: distribution of the fraction of particles that do not scatter
between infall and z = 0 (and can thus be tagged) as a function of their rank order
boundedness in satellites at infall. A sample of two infall time bins and two infall
mass bins are shown for the SIDM1 simulation in magenta (dashed lines), and the
vdSIDMa simulation in green (solid lines). See Table 3.1 for differences between the
SIDM models. The unscattered distributions of all satellites within an infall mass
and time bin are averaged to produce a look-up table used to tag the corresponding
CDM case. Right-hand panel: the normalized distribution of the fraction of tagged
particles per boundedness percentile at the time of tagging for all tagged particles
in the simulation. We verify that our tagging of the CDM simulations mirror that
of the target SIDM simulation. The dashed-line CDM distribution mirrors that of
the corresponding SIDM1 distribution (dashed magenta line) and the solid-line CDM
distribution mirrors that of the corresponding vdSIDMa distribution (solid green line).

average. Correspondingly, such haloes in the CDM simulation are tagged with fewer
than 2% of all particles.

After completing this procedure, we verify that our tagging did not introduce
significant biases. Omne particular test is shown in the right-hand panel of Fig. 3-2.
This shows the normalized distribution of the boundedness percentile at which par-
ticles were tagged for all tagged particles in all subhaloes. We present the cases of
vdSIDMa (solid green line), SIDM1 (dashed magenta line), and each of their corre-
sponding CDM instances (solid black and dashed black lines respectively). Whereas
the left-hand panels shows the unnormalized distribution of unscattered particles,
this panel shows the normalized distribution of actually tagged particles. Impor-

tantly, the CDM simulation is tagged in different ways to mimic the features of the
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different SIDM cases. The dashed CDM line mirrors that of SIDM1, and the solid
CDM line mirrors that of vdSIDMa. Imperfections in the match are due mostly to

slight differences in merger history.

Other tagging attempts which did not produce matches between CDM and SIDM
pairs resulted in biases, such as stars tagged at systematically larger radii in SIDM
than in CDM, resulting in them being more easily tidally stripped. For full confidence
in our tagging method, we perform a variety of additional tests verifying that our
primary results are not simply an artefact of our tagging technique. A summary of

these robustness tests can be found in Appendix 3.9.

Upon selecting particles for tagging, we assign to them each a stellar mass accord-
ing to the abundance matching prescription of stellar mass to halo mass in Moster
et al. (2013). Since this defines a relationship for haloes at infall, we tag particles at
infall. Infall is the snapshot before a halo first becomes a subhalo of the main host.
A subhalo is defined as a halo that resides within the virial radius of its larger host.
Given the virial mass of a halo at infall, we use the abundance matching relationship
to specify total stellar mass, then split that evenly among particles tagged within the
halo. This means particles within a halo have the same stellar mass, but particles in

different haloes have different stellar masses.

At a halo mass of 108 M, the stellar mass is only 80 M. Due to this negligible
contribution, we do not tag haloes with an infall mass below that value. In fact, the
more recent stellar mass to halo mass investigation by Brook et al. (2014) suggests
that 80 My is a great overestimate. They find a much steeper slope going towards
lower stellar masses below a halo mass of 10'%3 M. Models by Behroozi et al. (2013a)
and Sawala et al. (2015) on the other hand, predict much higher stellar mass to halo
mass values. Sawala et al. (2015) for instance predicts a stellar mass of 8 x 10* Mg
for 108 M, DM haloes at z = 0 that host galaxies, but argue that nearly all haloes
that size and smaller remain dark since reionization suppresses star formation entirely.
None the less, the uncertainty in what stellar mass to assign to low mass galaxies does
not affect our primary results in Sections 3.4-3.6 since they are based on the ratio of

mass in a satellite after infall to the mass at infall, which is independent of the stellar
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Figure 3-3 Logarithmic density projections of dark matter and tagged stellar mass in
our simulations. From left to right: dark matter in the CDM simulation, dark matter
with overlaid tagged stellar mass in the CDM simulation, dark matter with overlaid
tagged stellar mass in the vdSIDMa simulation, dark matter with overlaid tagged
stellar mass in the SIDM1 simulation. Due to core formation in the host of SIDM1,
orbits are altered relative to the CDM simulation and the stellar halo deviates in
appearance from that of CDM. In vdSIDMa, only a small core forms in the host,
resulting in little difference in the stellar halo’s appearance. All images have a box
length of 500 kpc.

mass to halo mass ratio used. Uncertainty in this relationship does somewhat impact
the implications of our findings in Section 3.7, and is accordingly discussed there.

A visual of a sample of our haloes with and without stellar tagging is shown in
Fig. 3-3. Dark matter is shown from low to high density in blue to silver, and stars

in magenta to yellow.

3.4 Stellar Stripping

Using the particle tagging technique described in Section 2.2, we quantify the stripping
of stars in each of our SIDM models compared to the baseline CDM simulation. In
Figs 3-4-3-6, we present the fraction of stellar mass remaining in satellites as a function
of time since infall for the models vdSIDMa, vdSIDMb, and SIDMI, respectively.
Since stripping will depend on the satellite orbit, infall time, and mass, we divide our
samples into bins of different infall mass and mean pericentre achieved. The fraction
of stars remaining versus time is then averaged over all subhaloes within each bin.
All satellites that fell into the host, whether extant at z = 0 or destroyed, are
included in the sample. In total, there are around 800 satellites considered per simu-

lation. Most satellites eventually merge with the host, i.e. they are no longer found
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by the halo finder, or fall in more recently than 10 Gyr ago. Consequently, as time
increases, there are fewer and fewer remaining satellites to average over for each data

bin. We enforce a cut-off beyond 10 Gyr where the data become particularly limited.

The mean pericentre of satellite orbits is well correlated with the strength of
disruptive tidal forces exerted on a satellite, even though it ignores the complexity of
a full orbit. We therefore divide our sample into bins of 0 — 30kpc, 30 — 70kpc, and
> 70 kpc mean pericentre crossing. We choose 30 kpc as the upper limit of the first bin
since it corresponds approximately to the radius at which a Milky Way-like disc causes
divergent tidal stripping in cored versus cuspy subhaloes as studied in Penarrubia
et al. (2010). Both cored and cuspy satellites experience more disruption with a
disc, but cored satellites with low pericentres experience a much greater increase in
disruption than cuspy ones. Since our simulations do not include a disc in the host,
the effects of stripping in both CDM and SIDM cases in the dpei < 30kpe bin will
be underestimated relative to the other bins.

We choose our infall mass bins as 1039 My < Mipran < 108°Mg, 108°Mg <
Mingan < 101 Mg, and 109! Mg < My < 10'° Mg to highlight interesting ranges
of the halo mass dependence for each SIDM model, and to have enough satellites
per bin to see trends of the average effect. Specifically, the mass My < 10%! Mg
is chosen to highlight a transition in tidal effects on the v-d models from significant
to insignificant. On halo mass scales above 10'° M, there are only ~ 10 subhaloes
that ever enter the host. In these cases, the specific orbits of the satellites drive the
differences in evolution more than SIDM, and cannot be averaged out. Additionally,
dynamical friction drags massive haloes more rapidly to low pericentre orbits, leaving
few examples with large orbits.

Due to the difficulty of particle tagging in a simulation with scattering particles,
there are a few considerations that must be taken into account.

First, in the model SIDM10, there are too few non-scattered particles to tag as
stars to extract meaningful results. Our goal of tagging 2% of all bound particles
within the interval of the 5% most bound particles can only be achieved for satellites

falling into the host within ~ 0.9 Gyr of z = 0. Tagging 1% of particles is no longer
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Figure 3-4 Fraction of stellar mass remaining in satellites as a function of time since
infall, averaged over all satellites for vdSIDMa compared to CDM. Satellites are
divided into different bins according to their mean pericentre distance, dpey (columns),
and infall mass, Miypn (rows). Satellites with dyei < 30kpe would pass through
the host’s disc in a real Milky Way analogue, but do not in our dark-matter-only
simulations. Stripping in both CDM and SIDM should therefore be increased in this
interval. Stellar mass stripping is enhanced in the vdSIDMa model relative to CDM
for all orbit bins, particularly for lower-mass satellites.
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Figure 3-5 Same as Fig. 3-4, except for model vdSIDMb. Stellar mass stripping is
enhanced for all orbit bins in vdSIDMb relative to CDM, with a strong dependence
on satellite mass. The effect is the largest of all our models for low-mass haloes, and
the smallest for high-mass haloes.
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Figure 3-6 Same as Fig. 3-4, except for model SIDM1. Stellar mass stripping is en-
hanced in SIDM1 relative to CDM for orbit bins with d,ei > 30kpc, with a weak
dependence on satellite mass. More massive satellites experience a greater enhance-
ment. Below 30kpc, a reduced tidal field due to the host halo’s core in SIDM coun-
teracts the effects of a core in the subhaloes. The combined effect makes stripping
looks similar to CDM.
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possible for infalls earlier than ~ 2.5 Gyr before z = 0. At earlier times, the fraction
of particles that can be tagged quickly approaches 0%. We therefore do not include
SIDM10 in our results here, but expect that its effects will be a more extreme version

of SIDM1.

Secondly, due to the different distributions of particles tagged in each SIDM model,
it is important to only make comparisons with the CDM data tagged in accordance
with the corresponding SIDM model. In spite of this caution, the stripping of particles
in CDM is not substantially altered between different tagging instances, as seen by
the black lines in Figs 3-4-3-6. Any differences that do exist are small compared to
the difference in stripping due to the SIDM effects. This indicates that primarily dark

matter physics drives the signals we study, not our tagging technique.

Thirdly, we combine all satellites regardless of infall time. Satellites with an earlier
infall time have systematically higher rates of stripping in both SIDM and CDM. This
is not physical, but instead due to particles being tagged further from the subhalo
centre as compared to recently accreted satellites. Fewer unscattered particles remain
in satellites that fall in early since there is more time for scattering to occur between
infall and z = 0. Consequently, we must go to larger distances on average to find
unscattered particles. In spite of this effect, the relative difference between SIDM and
CDM stripping remains the same independent of infall time. It does, however, mean
that the fraction of stars stripped in our simulation data is likely an overestimate of
the fraction that would be stripped in a real Milky Way satellite.

With concerns of tagging artefacts assuaged, we look at the physical effects of
SIDM. In the v-d models, we see a large effect of SIDM enhancing tidal stripping
relative to CDM for low mass haloes, and the effect diminishing for higher mass
haloes. The high cross-section in vdSIDMb at low relative velocities typical for haloes
with Mippn < 108° Mg (for vmax < 13.5km/s, o/m, > 25.6 cm?/g), results in a very
large effect, even for haloes with a mean pericentre > 70kpc, where tidal forces are
small. The strength of stripping for halo masses below 10%! M, in vdSIDMa is weaker

in comparison, particularly for mean pericentres above 30 kpc.

In SIDM1, for our intermediate range of mean pericentres, there is a clear enhance-
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ment of tidal stripping relative to CDM. This effect gradually increases with larger
mass haloes. Furthermore, this enhancement overtakes the effect seen in vdSIDMa
and vdSIDMb for haloes between 109! Mg and 10'° M.

For haloes in SIDM1 with mean pericentre above 70kpc, there is neither appre-
ciable stripping in SIDM nor in CDM. For haloes with mean pericentre below 30 kpc,
we see an interesting effect where self-interactions do not cause any additional en-
hancement in stripping. This is dramatically different than the velocity-dependent
models where a strong enhancement is apparent. A large core forms in the host in
SIDM1, reducing the local tidal field that causes stripping, whereas only a small core
forms in the host of the v-d models.

Extending the trend of diminishing enhancement of stripping towards higher halo
masses in the v-d models, there should be little difference between SIDM and CDM
for haloes above 101° M. Indeed, by matching individual haloes to each other via
identifying common particle IDs between simulations, we find no significant difference
in stripping in the few haloes that follow similar orbits. For SIDM1, the opposite effect
of enhanced stripping increasing towards higher masses exists. We therefore expect
some difference to exist for haloes above 10'° My, but the SIDM effect is sub-dominant
to the more critical orbital parameters and infall time. By matching large subhaloes
to each other in SIDM1 and CDM, we could not isolate a clear SIDM related effect.
The implications of stellar stripping in these largest systems on the stellar halo are

discussed in Section 3.7.3.

3.5 Subhalo Evaporation and DM stripping

Historical interest in SIDM stems from subhalo evaporation. As a satellite orbits
within the background dark matter in the host, high velocity collisions with back-
ground particles can eject subhalo particles. Consequently, subhalo evaporation could
suppress the subhalo mass function and alleviate the missing satellite problem, as
originally proposed in Spergel and Steinhardt (2000).

We therefore investigate the strength of subhalo evaporation in our models by
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studying the mass-loss rate of the total bound mass of subhaloes. In turn, we assess
whether it plays an important role in causing the increased rate of stellar mass-loss
in SIDM already reported in Section 3.4. Significant subhalo evaporation can reduce
the total mass of a satellite, lowering its binding energy, and increasing the likelihood
of stars being stripped. However, tidal forces alone could also increase the total
mass-loss rate of cored SIDM satellites relative to cuspy CDM ones, and we must
disentangle the two effects. Fortunately, as will become clear, we see no significant
effect of tidal forces causing divergent total mass-loss rates for the subhaloes we study,

and can therefore isolate the effects of subhalo evaporation.

Previously, Vogelsberger et al. (2012) studied the effect of subhalo evaporation on
the subhalo mass function in the models SIDM10, vdSIDMa, and vdSIDMb and found
no change in the two v-d models. They did, however, find mass function suppression
in SIDM10, especially for subhaloes closer to the host’s centre. Rocha et al. (2013)
also investigated subhalo evaporation, but in the context of the cumulative maximum
circular velocity function. They find a small suppression in SIDM1 for subhaloes in

10'2 Mg, hosts, again magnified for subhaloes in the inner regions.

We expand upon these studies, looking at total mass-loss over time as a function
of mean orbital pericentre, dperi, and mass, Miygn, as in Section 3.4, instead of a static
z = 0 subhalo count. Since we track all mass, not just stellar mass, particle tagging
does not affect the results. Whereas previously we had to eliminate haloes in which
no unscattered particles remained for tagging, now we can include all haloes in our
sample. Consequently, we can study the SIDM10 model, shown in Fig. 3-7. Here,
we see significant effects of subhalo evaporation. In all cases where dpei > 30 kpc,
there is a clear and consistent break from CDM 1 Gyr after infall. In the lowest mass
bins, the separation continues with SIDM haloes having an additional 10% of their
original mass lost. By 10 Gyr, this translates into having only half of the mass of their
CDM counterparts. In the highest mass bins, there are hints of increased mass-loss,
but with only ~ 20 subhaloes per bin, the statistics are weak and subject to orbit
dependent variations. In contrast, our lowest mass bins have ~ 200 haloes per bin.

For satellites with dyeri < 30kpc, no SIDM satellites last longer than 6 Gyr, whereas
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some CDM satellites remain throughout the duration of accretion activity for nearly

11 Gyr.

Fig. 3-8 shows results for vdSIDMa. Aside from halo finding noise at low peri-
centres, the SIDM results are strikingly similar to those of CDM. Similarly, nothing
different happens in the case of vdSIDMb. This indicates that subhalo evaporation is
not significant for the v-d models, and also that tidal stripping does not affect the DM
loss rate differently in cored versus cuspy subhaloes in the regime presented. Only for
subhaloes with low pericentre will a core cause increased tidal stripping in the total
DM mass, as discussed in Fig. 3-12. Without the added tidal forces of a disc in the
host (see Section 3.7.5) and with few subhaloes ever achieving very low pericentre,
rperi < 10kpc, the average mass-loss over time is not substantially altered by differ-
ential tidal stripping in cored and cuspy subhaloes. Lastly, in Fig. 3-9, SIDM1 shows
hints of a weak effect in some instances, with stripping increased relative to CDM by
just a few percent after 10 Gyr in orbit. However, as with SIDM10, the highest mass
bins have a limited sample of haloes and orbits are perturbed relative to CDM more
in the v-i models than in the v-d models. In particular, the extra mass-loss seen in
the highest mass and largest pericentre bin of SIDM1 arises mostly due to different

satellite orbits, not because of subhalo evaporation.

These results all fit expectations when considering the typical time-scale for a
subhalo particle to collide with the background under different orbits. Using the
scattering rate of equation (3.1), cross-sections shown in Fig. 3-1, and assuming con-
stant orbital velocity, vomit, the mean time between collisions for a given particle, 7,

is given by

7= (p(r)a—(:;ﬂﬂvorbio R (3:2)

X

This time-scale is shown in Fig. 3-10 for each of our SIDM models as a function of
radius for circular orbits. The value of p(r) is taken from each simulation’s respective
host at z = 0, averaging out spherical asymmetries, and used in turn to compute
Vorbit- Since we do not use an evolving host potential, yet host haloes grow in time, 7

is underpredicted for a true dynamical system. We draw a line at tgupple = 13.7 Gyr

112



1.0 dper <30 kpe 30 <d,,.; <70 kpc dper; >70 kpe
fz 0.8 10%° <M <1083M, N\ 1080 <M <10%M, |\ 1080 <M, <108°M,
25 0.6 1 + ]
< 04 + 1 .
2 0.2
@ 0.8 10%% <M <107 M, | 10%% <M pn<10™*M, | 108% <My <10%'M, |
2 0.6 ' 1 '
2 04| | | :
E ;
0.2} 1 1 .
=
E;, 0.8 10" <My <10°Mg 10%! <My <10'M, | — SIDM10 |
2 06 £ ! — CbM
2 oaf | | ﬁ
3 0.2
= 7 1 1109 <my, <100M,,
0_0 ] I L 1 ! I ! | ! 1 I 1 1 1
0 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10 12
Time [Gyrs] Time [Gyrs] Time [Gyrs]

Figure 3-7 Total mass remaining in satellites over time binned by mean pericentre,
dperi, and infall mass, Miygn. Scattering is high enough for subhalo evaporation to
reduce the mass of satellites in SIDM10 faster than in the CDM case.
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shows identical results with no difference with CDM.
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Figure 3-9 Total mass remaining in satellites over time binned by mean pericentre,
dperi, and infall mass, Miypn. Subhalo evaporation has a very weak effect in increasing
the rate of mass-loss in SIDM1 relative to CDM. The extra mass-loss seen in the
highest mass and largest pericentre bin arises mostly due to different satellite orbits
of a limited sample, and not due to subhalo evaporation.
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Figure 3-10 Mean time between collisions between background host halo particles
and particles within a subhalo on a circular orbit as a function of orbital radius. The
black horizontal line is the age of the universe.

to highlight the maximum length of time a satellite can spend in a Milky Way-like
system and experience evaporation. Subhalo evaporation becomes important for all

radili where 7 < tHubble-

For SIDM10, 7 < tgupble for all orbits within 60 kpe of the host. Many subhaloes
spend a large proportion of their time within this distance, meaning evaporation
should noticeably increase the mass-loss rate. SIDM1 has the next strongest level of
interaction, a full order of magnitude weaker. Here 7 = ty,phe at a radius of 25 kpe.
Haloes that spend a Hubble time within this distance will be fully disrupted due to
tidal forces and thus not exist today. Yet the radius is still large enough for satellites
to pass within during pericentre and survive with a few percent increase in mass-loss.
The v-d models have such long time-scales for scattering that this simple time-scales
argument suggests that subhalo evaporation should not have an observable effect on
total mass-loss. All three of these predictions agree with the results of Figs 3-7-3-
9. Interestingly, due to the host halo density flattening out in the core of our v-i

simulations, 7 plateaus and even rises as R decreases below 10 kpc.
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Since subhalo evaporation does not substantially affect satellites in our viable
SIDM models, we rule out the possibility of evaporation contributing to the enhanced
loss of stars. Additionally, the lack of change in total mass-loss rate in the v-d models
also indicates that tidal stripping does not affect cored SIDM subhaloes more than
CDM subhaloes with regard to total DM mass-loss. Instead, another mechanism in-
volving an outward migration of stars must exist. Since tidal stripping preferentially
removes mass from the outer halo, but stars originate in the inner halo, any out-
ward transport of stars can lead to increased stellar mass-loss without a simultaneous

increase in total mass-loss. We discuss this mechanism in the next section.

3.6 Analytic Explanation for Enhanced Stellar Strip-
ping

To explain the results of Section 3.4 without subhalo evaporation, we turn to the
fundamental physics of tidal stripping. External to subhaloes, the strength of the
gravitational tidal field controls how much mass is stripped from satellites. This
plays a role in determining the tidal radius, 7, which defines an approximate distance
beyond which mass is no longer bound to a subhalo. Naturally, a smaller tidal radius
results in more stripping. Internal to subhaloes, which stellar particles are stripped is
controlled by dynamics at the centre of the halo. To compare CDM against SIDM, the
size of the halo core, rcqe, is critical since it correlates with the strength of dynamical
differences due to self-interactions. SIDM reduces halo central density and increases
halo central velocity dispersion, reducing the binding energy of particles within the

core. Consequently, an increase in stellar mass-loss manifests in two ways.

First, stars initially formed in the centre of the subhalo are more likely to disperse
out to larger radii, and thus more likely to pass beyond the tidal radius. In a hydro-
dynamical simulation of a field dwarf galaxy with SIDM, Vogelsberger et al. (2014b)
demonstrated that the distribution of stars within the core is tied to the dark matter

distribution, and that the dark matter halo core size grows with time. As a result,
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stars tend to spread out over time. We show this for our simulations in Fig. 3-11,
plotting the ratio of the half-mass radius of the stellar component, 7/, as a function
of time to the half-mass radius of the stellar component at infall. Just as in Figs 3-4-
3-6, we take the average of this radius ratio for all haloes belonging to a certain infall
mass and mean pericentre bin. In the vdSIDMa case, stars quickly puff out to larger
radii whereas in the corresponding CDM case, 71/7 grows at a much slower rate over
time or remains constant. The relative strength with which SIDM stars spread out in
each infall mass and mean pericentre bin is well correlated with the strength of the
enhancement of stellar stripping for all SIDM models. As such, we only include the

example of vdSIDMa.

Secondly, for a fixed subhalo mass and tidal field, the tidal radius is diminished
in cored haloes for orbits where 7y < rere. Since the tidal radius lies within the core
only for strong tidal fields at low galactocentric radii, the second effect is applicable
only for a small fraction of satellites. We highlight this effect in Fig. 3-12, showing
the tidal radius of a satellite at 30, 15, and 5 kpc from the host halo centre for a cored
SIDM and a cuspy CDM subhalo.

With r; and r.oe as controlling factors, we postulate that the relative strength of
stellar mass stripping will follow the ratio reore/7t, an indicator of how close stripping
is to where stars reside. Using simple models, we compute this ratio as a function of

subhalo mass and dark matter model.

As discussed in Rocha et al. (2013), the radius of the cores in SIDM satellites can
be estimated by the radius at which particles are expected to scatter once per Hubble
time, or approximately once per 10 Gyr halo lifetime since haloes first form after a
few Gyr. They find this predicts the magnitude of core sizes well for the equivalent
of our SIDM1 simulation. However, Rocha et al. (2013) fit haloes with a Burkert
profile (Burkert, 1995) and use the Burkert scale radius, 7y, to define the core size for
SIDM1, commenting that it is likely a lucky coincidence that this works for SIDM1,
and would not work as well for other models. We instead choose to define core sizes
as the radius at which the density profile of an SIDM satellite diverges from that of a

CDM satellite with otherwise equivalent conditions. This definition then accurately
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Figure 3-11 The ratio of the half-mass radius of stars that remain bound to a satellite
as a function of time to the half-mass radius at infall. Satellites are binned into
groups of different mean orbital pericentre and infall mass, and their distributions
averaged per bin. Stars in SIDM disperse out to larger radii than in CDM, starting
immediately after tagging. This is a primary driver of the increase in stellar mass
stripping.
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probes where binding energies will differ due to SIDM.

By matching isolated field haloes from the same initial overdensity of SIDM with
those in CDM, we find the SIDM density profile typically breaks away from that of
CDM when the slope of the log-log profile is

dlnp(r)/dInr = —1. (3.3)

Our simulation’s core sizes measured in this manner best align with the purely analytic
estimate when we choose the core size as the radius at which particles scatter once
per Gyr instead of once per 10 Gyr. Each of these two methods agree roughly in
magnitude, and agree with the scaling of r, with halo mass. Thus we define 7coe

as the distance where

P (’rcore) (

re) = -1 3.4
. V) (Teore) = 1 Gyr (34)

The value (ov)(r) is the local thermal average of the transfer cross-section times
the relative velocity, estimated as in Vogelsberger et al. (2012) by an average over a

Maxwell Boltzman distribution function:

(ov)(r) = w—lﬂ—ﬁ / (ov)pPev o2l @ (3.5)

where g,.(r) is the local velocity dispersion.

Following Vogelsberger et al. (2012), we model our haloes as Hernquist profiles
(Hernquist, 1990) with density varying as

_ Ma 1
~ 2nr (1 +a)3

p(r) (3.6)

and velocity dispersion o2,(r,a, M) taken directly from Hernquist (1990). M is an

vel
indication of the halo mass, and a is the scale radius. Using our CDM simulation
and definition of virial radius, we find that the halo concentration ¢ = r;/a varies

—1/11
as ¢ = 80.1 x (M—M@) at z = 0. The value of M in terms of our virial mass, m.;
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Figure 3-12 Approximate tidal radius of subhaloes in the gravitational field of a
2.2x 102 M, Hernquist profile CDM-like host at distances of 30, 15, and 5 kpc. Shown
in blue is the tidal radius for subhaloes with cores of the size predicted for vdSIDMb.
At low orbital distances and low halo masses, the tidal radius begins to lie within
the low density core, resulting in a reduction in ry compared to cuspy haloes (solid
black lines). If the host halo includes a disc potential (bottom panel), tidal forces
are increased at low radii and r; is reduced even further compared to cuspy haloes.
We assume a disc of mass 1 x 10 M, of the same form as used in Pefiarrubia et al.
(2010). For orbital distances larger than 30kpc in all SIDM models, 7 is negligibly
affected by cores in subhaloes.

is computed as

2
M = gt (3.7)

o2

and the scale radius is simply a = 7y /c.

Now for any m,; we use equation (3.4) to compute the core sizes of each of our
SIDM models, as shown in Fig 3-13. In the two velocity-independent models, the
core size scales with halo mass. As central density increases, scattering increases.
In the velocity-dependent models, there is a competing effect of higher densities and
higher velocity dispersions (and thus lower cross-section, see Fig. 3-1) making the
core size vary only slightly with halo mass. Consequently, core sizes of vdSIDMa and
vdSIDMb are lower than that of SIDM1 for high mass haloes, then overtake SIDM1

between 10? and 10'° M, going towards lower halo mass. Due to its cross-section’s
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steep dependence on velocity, vdSIDMb even overtakes SIDM10 for haloes smaller

than 108 Mg, in spite of having the smallest cores above 10 M.

To continue our estimate of reoe/7;, We need to compute the tidal radius. In a
three body system of host, satellite, and star, the last closed effective potential surface
indicates the region in which stars will still be bound to the subhalo. The distance
to this surface at the L3 Lagrange point is a good approximation of r;. For a circular
orbit and spherically symmetric host and subhalo, r; is given in Binney and Tremaine

(2008) and rewritten here as

dlnR

1/3
B m(ry)
et (M(Ro)(3 - ‘““MIR:RO)> | 9

where Ry is the radius of the satellite’s orbit, m(r;) is the mass enclosed by the
satellite at a distance r; from its centre, and M(R) is the mass enclosed by the host

at distance R from the host’s centre.

Isolating how the tidal radius varies with satellite mass, we compute and plot
in Fig. 3-12 the tidal radius for subhaloes within a 2.2 x 102 My CDM-like host at
various fixed distances to the host halo’s centre. The tidal radius increases with both
satellite mass, mg,¢, and galactocentric distance, Ry, closely following the approximate

equation

Mant 1/3
re & 0.7 ( Mh"‘t) Ry (3.9)

for Hernquist haloes. Since the tidal radius depends on the mass enclosed within a
satellite at a given radius, and the mass enclosed is reduced within a core, the tidal
radius is suppressed for SIDM haloes when r; < rcoe. Just beyond the core radius,
there is a buildup of excess mass in SIDM haloes relative to their equivalent CDM
haloes since mass displaced from the halo centre is not removed entirely. As a result,
the same total mass is enclosed at all larger radii, and there is no difference in r; for
SIDM and CDM haloes. We verify this effect by modifying the Hernquist profile for
our satellites to enforce dIn p(r)/dInr = —0.3 within rcoe While preserving the same

total virial mass. While a true core has a logarithmic density profile slope of 0.0, the
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Figure 3-13 Core sizes as a function of virial mass predicted for haloes in each SIDM
model. Core size is estimated as the radius where particles scatter on average once
per Gyr for an isolated halo.

profile of satellites in our simulations is rarely completely flat and instead closer to

—0.3.

As seen in the blue dashed lines of Fig. 3-12, the tidal radius of cored satellites is
reduced relative to that of a cuspy halo (black solid lines) for orbits where Ry < 30kpc,
and the reduction becomes increasingly important for lower galactocentric radii. The
effect is also magnified as the satellite core size increases relative to the tidal radius
of the same mass cuspy satellite. For the vdSIDMb model illustrated, this happens
towards lower satellite masses. The bottom panel of Fig. 3-12 illustrates how the
presence of a disc in the host halo would enhance these effects. Here, we assume a
disc of mass 1 x 10" M, of the same form as used in Penarrubia et al. (2010), and
reduce the host’s dark matter mass so the sum total of halo plus disc mass is still
2.2 x 102 M. Beyond 30kpc for all SIDM models, the change in ry is negligible even

with the presence of a disc.

In Fig. 3-14, we now compute the ratio reoe/ry with ry found for a satellite at a

distance of 45 kpc from the host. The ratio shows the intricacies of the effects of each
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Figure 3-14 Ratio of the core size of subhaloes to tidal radius in a 2.2 x 10> Mg
host with subhaloes placed at a distance of 45 kpc from the host’s centre. Higher
values of this ratio indicate a higher propensity for stellar mass stripping. The inverse
dependence of cross-section on relative velocity in vdSIDMa and vdSIDMb leads to
more enhanced stripping in low-mass satellites, while the opposite is true in constant

cross-section models.
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SIDM model and the mass dependence of the tidal radius. In the v-i models, due
t0 Teore/Tt iNCreasing as a function of halo mass, we expect the disparity in stripping
relative to CDM to increase with halo mass. Indeed, as shown in Section 3.4, SIDM1
does have a higher rate of stripping relative to CDM for larger mass haloes when
dperi > 30kpc. This is driven by core sizes that increase in size faster than the tidal
radius for more massive subhaloes. The opposite is true of the v-d models. Here,
core sizes vary only weakly with mass, allowing for larger haloes to more effectively
shield their inner region via larger tidal radii. The vdSIDMb model particularly
demonstrates this where haloes above 10 Mg should exhibit little difference with
stripping in CDM, but haloes with a mass of 108 My magnify the effects of SIDM
enhanced stripping the most of any model, including the high cross section case of
SIDM10. This is precisely what the simulation data in Figures 3-4 and 3-5 show. The
SIDM enhancement of tidal stripping is large for low mass haloes, and quickly drops

to become a small effect for more massive haloes.

By itself, Figure 3-14 does not explain the different stellar stripping behaviour in
SIDM1 from the v-d models for the interval of dye; < 30kpc. The behaviour arises
from differences in the host halo potential. In the v-i models, the host halo develops
a substantial core, as can be imagined by extrapolating the core sizes of Fig. 3-13 to
a 2.2 x 10'2 Mg halo. In SIDMI, this core causes a reduction in the mass enclosed
versus radius profile relative to CDM out to 17kpc. In the v-d models, the collisional
cross-section drops enough in the high velocity dispersion region of the host’s centre
to affect only ~ 2kpc in vdSIDMa and ~ 1kpc in vdSIDMb. Since the strength of
the tidal force, as approximated in equation (3.8), depends on the mass enclosed in
the host for a fixed radius, haloes in the SIDM1 experience a reduction in 7 relative
to the v-d models when they pass near or within 17 kpc. Since haloes have extended
distributions, a subhalo need only pass near 17 kpc for part of its extremities to pass
within the critical radius where tidal forces are reduced relative to CDM. Therefore,
any subhalo in SIDM1 orbiting in this range will face competing effects of the subhalo
core increasing the likelihood for stars to escape relative to CDM, but also the host

halo core reducing tidal forces and decreasing this likelihood. The result seen in the
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first two rows of column 1 in Fig. 3-6 suggests that these effects cancel each other out
enough to produce a CDM level of stripping. In the case of the highest mass bin at

low pericentre, low number statistics lead to more chaotic behaviour.

3.7 Implications

In this section, we highlight the consequences of SIDM on the 2z = 0 ensemble of

satellites, and the stellar halo.

3.7.1 Mass Functions

As demonstrated in Section 3.4, SIDM causes an increase in the mass-loss rate of
stellar material but does not change significantly the mass-loss rate of the total dark
matter mass. In turn, the subhalo mass function in terms of dark matter is not
affected, but the stellar mass function should be suppressed. Due to limitations of
not tagging the same total number of haloes in SIDM as in CDM, however, we cannot
directly show the suppression.

Instead, in Fig. 3-15 we show the fraction of stars stripped since infall for z = 0
satellites in SIDM, fsipm, divided by the fraction of stars stripped since infall for
z = 0 satellites in CDM, fcpwMm, versus the infall mass of satellites. For reference, we
include the approximate stellar mass per satellite on the upper axis based on Moster
et al. (2013) abundance matching. The signals seen for all satellites over the entire
accretion history of the host persist at the single snapshot of the present day. In
all three SIDM models, there is a clear increase in stellar mass stripped relative to
CDM. In the v-d models, the velocity dependence of the cross-section shows its effects
clearly. Lower mass satellites with larger cross-sections lead to increased core sizes
relative to their subhalo radius and a stronger enhancement of stripping. The effect
of SIDM1 is more constant with mass. While these trends do appear, there is also
tremendous scatter from halo to halo arising from different infall times and orbits.

In spite of nearly all stripping occurring while satellites are within 50 kpc of the

host, there is not a strong correlation of fsipy/fopm with the z = 0 galactocentric
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Figure 3-15 Ratio of the fraction of stars remaining in SIDM haloes to that in CDM
haloes at z = 0 as a function of halo infall mass. SIDM haloes lose more stars, which
in turn causes a suppression in the stellar mass function. The strength of this effect
correlates well with the size of the core radius relative to the tidal radius as a function
of mass (see Section 3.6). The upper axis shows the approximate stellar mass per
satellite based on Moster et al. (2013) abundance matching.

distance of satellites all the way out to 300 kpc. Beyond that, satellites in both SIDM
and CDM are stripped by just a few percent, if at all. Orbits are elliptical enough to
disperse affected satellites out to large radii. We caution that due to the nature of
our particle tagging, we cannot definitely declare the magnitude of the signal, only
the trends. A full hydrodynamical simulation, or careful injection of high resolution,

non-scattering star particles would be needed to establish the magnitude properly.

3.7.2 Stellar half-mass radius

In Section, 3.6 we demonstrated that stars migrate to larger distances on average
in SIDM than in CDM. This results in an increased half-light radius, /2, an effect
also seen for cored haloes in Vogelsberger et al. (2014b) and Errani et al. (2015). We

therefore measure the half-mass radius, a proxy for half-light radius, of all satellites
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Figure 3-16 SIDM to CDM ratio of the half-mass radius of stars in all satellites at
2z = 0 as a function of their infall halo mass. The half-mass radius increases relative
to that of CDM in all SIDM models due to stars drifting outwards as satellite cores
grow. The upper axis shows the approximate stellar mass per satellite based on
Moster et al. (2013) abundance matching.

in our simulations at z = 0. We then take the ratio of the half-mass radius for SIDM
to that of CDM and plot it as a function of the subhalo infall mass in Fig. 3-16.
Once again we see the same ordering of effects for each of our SIDM models. In
all cases, SIDM leads to a larger r1/,. For masses above 10" My, SIDM1 has the
largest effect, then vdSIDMa, then vdSIDMb. Towards lower halo masses, the effect
increases rapidly for the v-d models. We caution that the magnitude of the increase
relative to CDM is not independent of our tagging technique. The trends and relative
effect of each model however, reinforced visually by the dashed lines, are much more
robust. As in Fig. 3-15, we include the approximate stellar mass per satellite on the

upper axis based on Moster et al. (2013) abundance matching.
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Figure 3-17 Stellar density profile of tagged particles in our host halo due to satellite
accretion for our vdSIDMDb and corresponding CDM simulations in the outer halo. For
comparison we show the stellar density profile of the hydro Aquarius run (Marinacci
et al., 2014) when scaled down in magnitude by a factor of 11 to match the Moster
et al. (2013) stellar mass-halo mass relationship. Our tagging technique reproduces
the slope very well between 50 and 100 kpc where effects of the disc are unimportant.
We do not see differences in the stellar density profile between CDM and SIDM in of
our simulations.

3.7.3 Stellar Halo

The stellar halo consists of all stars beyond the influence of the host halo’s disc. Since
our simulations only trace stars formed in accreting satellites, we focus our predictions
on the outer halo where accreted stars dominate over stars formed within the host
halo. Pillepich et al. (2015) find that beyond ~ 30kpe, more than 95% of stellar mass
comes from accreted stars in a Milky Way-like host. We therefore consider the stellar

halo as the region between 30 kpc and 7y;, of our hosts.

One major result is the lack of an effect the v-d models have on the stellar halo.

In Fig. 3-17, we show the stellar density profile of vdSIDMb compared to the corre-
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sponding CDM case. The two profiles are remarkably similar, with no apparent effect
on the density profile due to SIDM. We find the same result for the radial velocity
dispersion profile of stars (not shown). To verify that our particle tagging properly
reflects features of the stellar halo, we compare the z = 0 stellar density profile of our
host halo to that of the Marinacci et al. (2014) simulation, which is a hydrodynamic
resimulation of the same initial conditions we used but at a lower DM particle res-
olution, Aq-A-4. From looking at their z = 0 field haloes, we find that the slope of
their stellar mass-halo mass function is consistent with that of Moster et al. (2013),
but is a factor of 11 higher in magnitude. After uniformly scaling their stellar masses
down by that factor of 11 to better mimic the Moster et al. (2013) relation, our stellar
density profile matches reasonably well the hydro run (orange line) between 50 and

100 kpc.

The v-d models make such little influence due to their small interaction cross-
sections in haloes of mass scales above 101 M. The host halo forms only a very small
core, leading to minimal perturbations of the orbits of satellites and the spherically
averaged DM dynamics of the host halo in the outer regions. As discussed in Sections
3.5 and 3.6, satellites with M,y > 10'° Mg have a low 7core /74 Tatio, experiencing
minimal enhancement in stellar stripping, and have no subhalo evaporation. Yet 90%
of the stellar mass accreted on to the host comes from such satellites. Thus the stellar
halo is dominated by of the order of 10 large satellites which are not substantially
affected by SIDM, in a host halo potential which is minimally changed, resulting in
no global changes to the stellar halo.

In order to observe any effects of the v-d models, smaller satellites must be isolated.
We highlight one such instance of extracting a signal for vdSIDMb in Fig. 3-18.
Here, we show a measure of the smoothness of tidally stripped stars across the sky
inspired by methods in Bell et al. (2008). We pixelate the sky into 12288 pixels and
find the total amount of stellar mass per pixel that is not bound to an identifiable
subhalo. We then compute the ratio of the stellar mass density, p, to the mean stellar
mass density per pixel, p, and take the logarithm to yield log,,(p/p). We plot a

histogram of these values for stars that came from satellites with infall mass between
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Figure 3-18 Histogram of the density of all stripped stellar mass beyond 30 kpc relative
to the mean stellar density, as observed in 3.4 deg? pixels. Stars are divided into four
samples according to the infall mass of the satellite where they came from. We remove
stars bound, thus not yet stripped, in subhaloes above 108M_, in this sample. Density
is given as log,,(p/p). Shown is the case of vdSIDMb.

108 < Miygan < 10° Mg, (top row), and stars from satellites with infall mass between
10" < My < 108 Mg, (bottom row). Consistent with expectations, no difference
exists in the distribution for stars coming from the larger satellites which dominate
the total signal. For the lower mass satellites, we do find enhanced stellar stripping.
With more stars dispersed across the sky, there is a greater tail of sky patches with a
lower than mean density of stars, and fewer sky patches completely devoid of tidally

stripped stars (60 per cent for vdSIDMb versus 70 per cent for CDM).

Both of these distributions hold independent of the radial range of the stellar
halo studied. In spite of nearly all stars being stripped from satellites while they
are within 50kpc of the host, elliptical orbits carry the effect of enhanced stellar
stripping to much larger radii. This is seen in a comparison of the left-hand column
which isolates the stellar halo between 25 < R < 70kpc, and the right-hand column
which isolates the stellar halo between 70 < R < 500 kpc. We caution that this figure

serves primarily to illustrate a point and not to find a regime of maximal signal.
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Different scale sizes of patches on the sky should produce different signals. With
limited particle resolution, particularly from stars originating in low-mass satellites,
any further investigation is difficult.

In the case of SIDM1, some differences do arise in the stellar density profile and
velocity dispersion profile, but primarily result from perturbations of satellite orbits
due to a core in the host halo. These perturbations are visually apparent in Fig. 3-
3. The largest satellites in SIDM1 do have significant cores and consequently have
enhanced stripping relative to CDM for a fixed orbit. They also produce tidal streams
with a higher velocity dispersion perpendicular to the orbital plane, as demonstrated
in Errani et al. (2015) for satellites with cores. However, the global level characteristics
of the stellar halo considered are dominated by the particular orbits of the handful of
most massive satellites. We are unable to isolate effects directly indicative of SIDM
without detailed knowledge of the orbits. On smaller mass scales, SIDM1 does not

produce large enough cores as in the v-d models to create significant features like

those shown in Fig. 3-18 for the vdSIDMb model.

3.7.4 Alternate Abundance Matching Models

Due to limited observations, and stochasticity in the stellar mass halo mass relation,
abundance matching for haloes with total dark matter mass below 10!° My is very
uncertain. For the sake of assigning approximate stellar masses, we used the Moster
et al. (2013) abundance matching relationship which influences only Figs 3-17 and
3-18, and the upper z-axis of Figs 3-15 and 3-16. A steeper stellar mass halo mass
relationship as suggested in Brook et al. (2014) would mean the largest satellites
dominate the stellar halo even more, washing out any signals from v-d models more
than already presented. A more shallow relationship, as suggested in Behroozi et al.
(2013a), would do the opposite. What stellar mass is associated to haloes also affects
the luminosity of galaxies in the Milky Way which probe the regimes of influence
by each SIDM model. For instance, where v-d models produce the greatest signal,
in haloes with infall mass between 108 and 10° My, Moster et al. (2013) suggests

a stellar mass of 102 < M, < 2 x 10* My, coinciding with ultrafaint dwarfs. The
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relationship of Eq. 2 in Brook et al. (2014) extrapolated to lower masses suggests a
stellar mass of 2 < M, < 2 x 103 M, perhaps too low to be observed. In contrast, the
relationship in fig. 4 of Sawala et al. (2015) suggests such haloes could host galaxies

of approximately M, = 10° M, making observations much more tractable.

3.7.5 Effect of a Disc

A significant effect not modelled in our simulations is the presence of a baryonic disc
in the host halo. Penarrubia et al. (2010) show that a disc increases the tidal forces on
all safellites, and widens the gap in tidal stripping between cuspy and cored satellites.
As demonstrated in Fig. 3-12, when the tidal radius starts to probe within a satellite
core, it drops to lower values with cores than with cusps. Strong tidal forces during
low pericentric passages are needed to reach this regime. Since a disc + DM halo
increases tidal forces relative to just a DM halo at low radii, it serves to enhance the
separation of stellar stripping in cored versus cusped systems.

We therefore expect all satellites with pericentre rpei S 30kpce to have more stellar
stripping, with SIDM satellites affected more than CDM satellites. Approximately
1/3 of all existing 2z = 0 subhaloes with mg,, > 10® M, within the virial radius of

330kpc have passed within 30kpc of the host. To fully quantify the effect, a set of

simulations with a disc is needed.

3.8 Conclusion

SIDM may offer a resolution to the too big to fail problem and cusp/core issues
of satellite and field galaxies in the Local Group (Vogelsberger et al., 2012; Zavala
et al., 2013). Scattering between particles drives mass away from dark matter halo
central density cusps, creating lower density cores. Currently, constraints on velocity-
independent SIDM places the interesting range of the interaction cross-section at
0.1 < 0/m,; < 1lcm?/g (Rocha et al., 2013). However, the class of velocity-dependent
SIDM models, in which the cross-section scales approximately as o o< 1/v® for some

a, remain largely unconstrained. In this paper, we search for new signatures of
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SIDM on satellite galaxies and their interactions with a host halo to ultimately aid
in identifying or constraining SIDM. |

We employ é suite of five cosmological DM simulations of Milky Way sized galaxies
from Vogelsberger et al. (2012), two with velocity-dependent SIDM models, two with
velocity-independent SIDM models, and one with pure CDM. We then carefully tag
stellar mass to central particles in satellites at infall, and investigate how SIDM

changes their dynamics. Our main results are as follows.

1. SIDM causes an enhanced level of stellar mass-loss in satellites. Nor-
malized by time since infall and mean orbital pericentre, satellites lose stellar
mass at a faster rate in all SIDM models considered relative to CDM. The
discrepancy between CDM and SIDM grows towards lower masses in velocity-
dependent models, with large differences in satellites with My < 109! Mg,
and little difference in satellites with My > 10%! M. In velocity-independent

cases, the difference increases weakly with higher mass subhaloes.

2. Subhalo evaporation does not affect MW satellites for viable SIDM
models. Based on the mean time for collisions between a satellite particle and
a host halo background particle, subhalo evaporation has virtually no effect on
the mass-loss rate of satellites in v-d SIDM models. In the v-i SIDM1 model, a
very small effect may exist, backed by simulations hinting at an increased mass-
loss of a few percent in satellites 10 Gyrs after accretion. The effect, however, is
substantially less important than the precise orbit traversed by satellites. Only
for the ruled out cross-section of 10cm?/g do effects of subhalo evaporation

become important.

3. The level of enhanced stellar stripping can be predicted by the ratio
Teore/Tt- The relative strength of the difference in stellar mass loss between
SIDM and CDM is proportional to the SIDM core radius, 7o, divided by the
tidal radius, r¢. In v-d models, 7coe grows much more slowly with subhalo mass
than r, leading to more CDM-like behaviour for larger haloes. In v-i models,

Teore grows slightly faster than ry.
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. In velocity-independent SIDM models, tidal stripping is much less
efficient for low pericentre orbits than in velocity-dependent models.
A large core forms in the host halo in v-i models, whereas only a small core
forms in the v-d models. Consequently, tidal forces in v-i models are reduced
for orbits with rpe S 20kpe compared to CDM and v-d SIDM. The reduced
tidal forces counteract the reduced central binding energy of stars in satellites
resulting in little stellar mass-loss relative to CDM. For very low pericentre
orbits, Tperi S 15 kpe, and large satellite cores in the v-d models, 7 can lie within

a halo’s core, reducing r; relative to cuspy haloes and further accentuating the

increase in stellar stripping.

. SIDM suppresses the stellar mass function of satellites. As a conse-
quence of increased stellar mass-loss, the stellar mass function is reduced at all
satellite mass scales in accordance with the ratio r.oe/ry for some characteristic

orbit.

. SIDM increases the half-light radius of satellites. Due to growing core
sizes, stars tend to disperse out to larger radii in SIDM than in CDM. In addition
to increasing their likelihood of being tidally stripped, the dispersal leads to

larger half-light radii, which scales in accordance with the size of 7¢gre-

. SIDM does not produce easily identifiable global signatures on the
stellar halo. The stellar halo is dominated by ~ 10 large accretions with
Minsan > 10°° M. In our v-d models, these large satellites form small enough
cores to leave no imprint on the stellar density profile, velocity dispersion profile,
nor spatial distribution of stars on an all sky projection. In SIDM]1, there are
likely small imprints if all other variables remain unchanged, but the specific

orbits of the largest accretions dominate any SIDM signal.

. Ultrafaint dwarfs may be key to observationally distinguishing be-
tween v-i SIDM, v-d SIDM, and purely baryonic core formation. Since

the cusp/core issue and too big to fail problem mostly concern galaxies on the
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scale of the Milky Way classical dwarfs, leading theories of core formation all
have mechanisms to resolve the central density issues on mass scales of ap-
proximately 10%° < Miyn < 10'%5Mg. Extending the theories to lower mass
satellites, in particular those with M, < 10%! Mg, leads to divergent predic-
tions among the possibilities. Finding evidence of large cores in ultrafaint dwarfs
would give support to v-d SIDM. Finding small cores would be consistent with
v-i SIDM, and finding cuspy density profiles would support pure CDM, and in
turn strengthen the case for purely baryonic means of core formation in galax-
ies with sufficient star formation. By comparing half-light radii and enclosed
dynamical masses of ultrafaint dwarfs to those of cored and cuspy satellites in
simulations, Pefharrubia et al. (2010) find stronger evidence for cuspy haloes.
Cored satellites lose too much mass to stripping at low galactocentric distances.
Further studies incorporating more recently discovered ultrafaint dwarfs will be

critical to solidify an answer.

While our simulations and theory are sufficient to justify each of these conclusions,
full hydrodynamic simulations are needed to better determine the precise magnitude
of each of effect, subject to uncertainty in the strength of baryonic core formation
mechanisms on top of SIDM. Additionally, even though we discuss all consequences
of cores in terms of SIDM, similar concepts will apply to cores formed via other
means. In particular, the migration of stars to larger radii, enhanced stellar stripping,
suppression of the stellar mass function, and increase in the half-light radius would
all apply generically to satellites with cores that grow gradually over time. The ratio

Teore/ Tt Would still be an indicator of the strength of each of these effects.

3.9 Appendix: Particle Tagging Verifications

In Section 2.2, we described our particle tagging technique and the challenges arising
from scattering particles in SIDM simulations. In Fig. 3-2, we presented one test of
our methodology, showing how particles were selected in similar fashion according to

their boundedness percentile in each SIDM-CDM pair. In Section 3.7.3, we verified
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that the slope of the stellar density profile in the outer halo matches that of a hydro
simulation. Here, we list the additional tests taken to ensure our results do not arise

from tagging artefacts.

1. We checked the distance to the median tagged particle and the furthest tagged
particle versus infall mass for each CDM and SIDM simulation pair. Since the
central density of haloes in SIDM is reduced relative to haloes in CDM, there are
fewer particles within a fixed radius. This raises the concern that while particles
are tagged in the same distribution in terms of rank order boundedness, particles
in SIDM haloes are tagged at systematically further radii. Thus, enhanced
stripping could be due to star particles starting at larger radii and nothing else.
Per infall mass and infall time bin, we find SIDM particles are either tagged
at no further distance than CDM particles or are tagged at fractionally larger
radii. These are small differences in all cases, which are negligible compared to

the growth in r;/5 in SIDM relative to CDM seen in Fig. 3-16.

2. We tested if haloes with large amounts of internal scattering, and thus very few
particles to tag, produce biased results. We isolated all infalling haloes where
we could tag < 100%, < 50%, and < 20% of our target of 2% of the most bound
particles. Hereafter, we call the fraction of the target number particles to tag
that can actually be tagged the tagging yield. When removing each of these
subsets, all trends of enhanced stellar stripping as seen in Figs 3-4-3-6 remain

the same.

3. We further tested if haloes with very few particles to tag, either due to their
small size or large fraction of scattered particles produce biased results. We
therefore removed all haloes with < N particles tagged from our data, with N
ranging from 5 to 10, and again find the trends in enhanced stellar stripping

unchanged.

4. We tested for bias due to ranges of infall time and infall mass where many

SIDM haloes have zero particles to tag. In our tagging process, we divide

137



haloes into bins by infall time and infall mass, and use the mean distribution
of what particles can be tagged in each bin in the SIDM case to apply to the
corresponding CDM case. As a result, the group of CDM haloes in each bin are
all tagged with the same distribution, whereas the SIDM haloes are tagged with
some variation about that distribution. In bins where the typical tagging yield
is below 20%, a fraction of the SIDM haloes have no particles to tag, and are
thus not included in further analysis, whereas the CDM haloes are all tagged
with the same low tagging yield. Concerned about this mismatch in the number
of haloes included in our two samples, we investigated the trends in enhanced
stellar stripping after excluding bins with substantial mismatches. Once again,

this did not change the trends.

. We searched for biases in haloes with early and late infall times. For a fixed infall
halo mass, haloes with early infall times have more internal scattering between
infall and z = 0 than those with late infall times. The early infall haloes
have particles typically tagged at larger distances, and in turn the fraction of
particles stripped is consistently higher. However, the difference in the strength
of stripping between SIDM and CDM remains the same for both early and late

infall time samples.
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Chapter 4

An observer’s guide to the (Local
Group) dwarf galaxies: predictions
for their own dwarf satellite

populations

The content of this chapter was submitted to the Monthly Notices of the Royal As-
tronomical Society on September 27th, 2016. It has an arXw location of https:
// arziv. org/ abs/ 1610. 00708. This version has most, but not all, edits made in
response to a referee report. Check the arXwv location for a more up to date version,
and a link to the eventual published version. The authors are Gregory A. Dooley,
Annika H.G. Peter, Tianyi Yang, Beth Willman, Brendan F. Griffen, and Anna
Frebel.
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139



paper.

Acknowledgements

G.A.D. acknowledges support from an NSF Graduate Research Fellowship under
Grant No. 1122374. Support for A.H.G.P. was provided in part by NASA through
the HST theory grant HST-AR-13896.005-A from the Space Telescope Science Insti-
tute, which is operated by the Association of Universities for Research in Astronomy,
Inc., under NASA contract NAS 5-26555. BW acknowledges support by NSF Fac-
ulty Early Career Development (CAREER) award AST-1151462. We thank Shea
Garrison-Kimmel for private correspondence regarding abundance matching imple-
mentations, and Chris Barber for providing data we used for our default reionization

model.

Abstract

A recent surge in the discovery of new ultrafaint dwarf satellites of the Milky Way has
inspired the idea of searching for faint satellites, 10° My < M, < 10® My, around less
massive field galaxies in the Local Group. Such satellites would be subject to weaker
environmental influences than Milky Way satellites, and could lead to new insights on
low mass galaxy formation. In this paper, we predict the number of luminous satellites
expected around field dwarf galaxies by applying several abundance matching models
and a reionization model to the dark-matter only Caterpillar simulation suite. For
three of the four abundance matching models used, we find a > 99% chance that at
least one satellite with stellar mass M, > 10° Mg exists around the combined five
Local Group field dwarf galaxies with the largest stellar mass. When considering
satellites with M, > 10*Mg, we predict a combined 5 — 25 satellites for the five
largest field dwarfs, and 10 — 50 for the whole Local Group field dwarf population.
Because of the relatively small number of predicted dwarfs, and their extended spatial
distribution, a large fraction each Local Group dwarf’s virial volume will need to be
surveyed to guarantee discoveries. We compute the predicted number of satellites in a
given field of view of specific Local Group galaxies, as a function of minimum satellite
luminosity, and explicitly obtain such values for the Solitary Local dwarfs survey.
Uncertainties in abundance matching and reionization models are large, implying
that comprehensive searches could lead to refinements of both models.
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4.1 Introduction

Hierarchical structure formation in the Lambda Cold Dark Matter Universe predicts
that galaxies like the Milky Way (MW) and M31 are orbited by satellite galaxies
(Frenk and White, 2012). Observations have long supported this hierarchical accre-
tion model, starting with identifying that the Large Magellanic Cloud (LMC) and
Small Magellanic Cloud (SMC) are within close proximity of the Milky Way (Shap-
ley, 1922, 1924). An additional nine MW satellites with luminosity L, > 10° L, the
classical dwarfs, were discovered next, followed by a class of satellite galaxies with
luminosity 10® < L < 10° L, the ultrafaint dwarfs (UFDs), initially discovered in
the Sloan Digital Sky Survey (Willman et al., 2005b; Zucker et al., 2006b; Belokurov
et al., 2006, 2007, 2008, 2010; Irwin et al., 2007; Walsh et al., 2007). Even smaller
“hyperfaint” galaxies (L, < 10® L) have also been discovered, galaxies so tiny they
can only be found very near the Sun (Willman et al., 2005a; Zucker et al., 2006a;
Belokurov et al., 2009). The window into UFD and hyperfaint satellites of the MW
is opening up dramatically, as the Dark Energy Survey, PanSTARRS, ATLAS, and
MagLiteS surveys have found ~20 new UFD satellite candidates in the past two
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years (Bechtol et al. 2015; Drlica-Wagner et al. 2015; Kim et al. 2015; Kim and Jerjen
2015; Koposov et al. 2015a; Laevens et al. 2015; Martin et al. 2015; Luque et al. 2016;
Torrealba et al. 2016b; Drlica-Wagner et al. 2016), and will likely continue to find

more.

These recent discoveries, along with follow up observations, have opened the door
to better understand low mass galaxy formation. Whereas classical dwarfs have recent,
star formation, many UFDs have been confirmed to be “fossil” galaxies, meaning that
> 70% of their stars formed before reionization (Brown et al., 2012, 2014a,b). Con-
sequently, they contain very old stellar populations (Kirby et al., 2008; Norris et al.,
2010; Frebel and Bromm, 2012) and are ideal targets to learn about early universe
galaxy formation. Both classical dwarfs and UFDs serve as probes on the interplay
of ionizing radiation, supernova feedback, star formation, and halo size. Low-mass
galaxies are susceptible to losing gas from reionization and supernovae, which can
turn them into fossil galaxies or even leave them entirely dark. However, due to
strong environmental effects on dwarf galaxy evolution, and halo-to-halo variation, a
large sample size of dwarf galaxies in different environments is necessary to probe the

halo size scale where these effects begin.

To constrain star formation models in dwarf galaxies, there is significant value in
even just the number counts of UFDs and classical dwarfs. Completeness in discovery
around the MW will further refine the so-called “missing satellite problem” (Moore
et al., 1999; Klypin et al., 1999b) and its many proposed solutions, which come in both
baryonic and dark-matter flavors. Baryonic solutions include the effects described
above, to suppress the formation of stars in small dark-matter halos. With a large
sample of UFDs, we can test abundance-matching-derived M, — M, relationships
to much smaller mass scales than those for which the relations were observationally
inferred. A change in the slope or scatter of abundance-matching relations would have

significant implications for the drivers of star-formation efficiency in small galaxies.

Discovering a large sample of UFDs is also critical in revealing a diversity of
chemical enrichment pathways, such as r-process enhancement or lack thereof (Ji

et al., 2016). By finding more UFDs in particular, we should discover older and more
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metal poor stellar populations. We also create more opportunities to measure internal
halo structure, which has important implications on the cusp/core debate (de Blok,

2010) and the nature of dark matter (Elbert et al., 2015; Dooley et al., 2016a.).

Given the importance of finding more low-mass galaxies, it is natural to consider
searching for them beyond the MW. Already, many satellites have been discovered
around Andromeda (Zucker et al., 2004, 2007; McConnachie et al., 2008, 2009; Ma-
jewski et al., 2007; Irwin et al., 2008; Martin et al., 2009; Bell et al., 2011; Slater et al.,
2011; Richardson et al., 2011), and around a handful of nearby galaxies and clusters
(Jang and Lee, 2014; Sand et al., 2014; Crnojevi¢ et al., 2016). Several of these
recent discoveries have been of dwarf galaxy satellites of dwarf galaxies themselves
(Sand et al., 2015; Carlin et al., 2016, e.g.). This opens the question if there could
exist satellites around isolated dwarf galaxies within the Local Group itself. Due to a
lower mass host, they would experience weaker environmental influences than those
in the MW or M31. Tidal and ram pressure stripping are reduced, so satellites would
retain more of their original stars, gas, and dark matter. Reionization would also pro-
ceed differently, as the nature of the closest source of ionizing photons would change.
These differences would provide an opportunity to better isolate the internal drivers
of low mass galaxy formation. While isolated galaxies would have even weaker envi-
ronmental effects, hierarchical galaxy formation dictates that the density of low-mass

galaxies is greater around a larger galaxy than in areas of complete isolation.

We therefore set out to characterize the abundance of satellites around Local
Group field dwarfs, or “dwarf-of-dwarf’, systems as a guide to current and future
surveys. We predict the number of satellites of dwarf galaxies given simple, physically
motivated prescriptions for how dwarfs populate dark-matter halos in the canonical
cold-dark-matter model. We outline observational strategies for finding dwarf-of-
dwarf satellites and discuss how to interpret observations in light of models for star
formation in small halos. We focus specifically on the satellite systems of Local Group
field dwarf galaxies, because the proximity of these galaxies enables the discovery of
very low luminosity satellites as overdensities of resolved stars. We include specific

predictions for the fields of view of the Solitary Local dwarfs survey (Solo), a recent
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survey of all isolated dwarfs within 3 Mpc of the Milky Way (Higgs et al., 2016).
Though the main goals of the Solo survey do not include finding satellites, it likely
already has at least one lurking in its data. Furthermore, our results can be used to
estimate the number of dwarf-of-dwarf satellites which Sagittarius, Fornax, and the
SMC brought into the Milky Way at infall. Values for the LMC, which is larger than

the mass range of hosts we consider in this paper, will be presented in future work.

Sales et al. (2013) and Wheeler et al. (2015) have made similar calculations to ours,
predicting the probability of an UFD satellite around a dwarf galaxy within a 10*° M
dark matter halo, as 40 — 50% and 35%, respectively. We perform a more in-depth
study over a larger parameter space, finding the likelihood of satellites existing around
dwarf galaxy hosts of a range of host masses, the mean number of satellites around
hosts as a function of satellite stellar mass, and the full probability distribution of the
number of satellites around known field dwarfs. Due to uncertainty in the M, — My
relationship for low luminosity systems, we use a variety of abundance matching
models rather than just one model for star formation. We additionally determine
the sensitivity of predictions on input parameters, including reionization, a study not

previously conducted.

Our paper is organized as follows: In Section 4.2, we outline our methods for
modeling satellite populations in isolated dwarf galaxies. In Section 4.3, we validate
our methods with predictions for the Milky Way, predict how many luminous satellites
should exist around dwarf galaxies, and compute the probability of finding one or more
satellites per host. In Section 4.4, we provide a model for the number of satellites
within a line of sight as a function of field of view, and comment on observational
strategies. In Section 4.5, we show how sensitive our predictions are to uncertainties.
Finally, we summarize our key findings and present a plan for future directions in

Section 4.6.
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4.2 Methods

To predict the number of luminous satellites of Local Group dwarf galaxies, we ap-
ply a suite of abundance matching models and a parameterized reionization recipe
to dark-matter-only simulations of Milky Way-like halos (and their surrounding en-
vironments). This simple scheme is fast to implement, unlike fully hydrodynamic
simulations, and allows us to quickly explore different models for how dwarf galaxies
populate halos. With this scheme, we can generate many realizations of dwarf satel-
lite systems, so we can define a probability distribution for the satellite populations
for each model.

We use dark-matter only simulations to predict the subhalo mass functions (SHMFs)
of satellites around isolated field dwarfs in the vicinity of a Milky Way-mass galaxy,
and use these SHFMs to generate Poisson samples of subhalos around each dwarf
galaxy host. Next, we model the effects of reionization by assigning each subhalo a
probability that it hosts stars or remains dark. We then apply abundance matching
prescriptions from the literature to assign stellar mass to the luminous subhalos.

In the following subsections we elaborate on the simulations, abundance matching

models, reionization methodology, and mass functions used.

4.2.1 Caterpillar Simulation Suite

We use a sample of 33 high particle resolution (m, = 3 x 10* M) and high temporal
resolution (320 snapshots) zoom-in simulations of Milky Way-sized galaxies from the
Caterpillar simulation suite (Griffen et al., 2016b). The simulations are used to deter-
mine the typical SHMF, radial dependence of the SHMF, subhalo infall distribution
times, and dark fraction of halos due to reionization. We perform these calculations
on both the Milky Way sized host halo and smaller nearby field halos. We consider
field galaxies as halos with virial mass between 10'° and 1015 My at z = 0 that are
outside of the virial radius of the MW sized host, and within the uncontaminated
volume of each simulation. We choose the mass range to reflect that of real Local

Group field galaxies. In total there are 148 field halos across the 33 simulations.
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All self-bound haloes are found using a modified version of the ROCKSTAR HALO
FINDER (Behroozi et al., 2013b) which includes full iterative unbinding to improve
halo finding accuracy, as described in Griffen et al. (2016b). Merger trees were pro-
duced by ROCKSTAR CONSISTENT TREES (Behroozi et al., 2013c). Any mention of
virial refers to the Bryan and Norman (1998) definition of the virial radius, Ry,
which at z = 0 for our cosmological parameters is the radius such that the mean
enclosed halo density is 104 times the critical density of the universe, p. = 3HZ/87G.
M, refers to the gravitationally bound mass within Ry, and any mention of Ra or
M, refers to the radius and mass of a halo where the mean enclosed density is A

times the critical density.

4.2.2 Abundance Matching Models

Abundance matching (AM) is a technique employed to determine an approximate
stellar mass to halo mass (M,— Mhy,),) relationship for galaxies. Given a set of observed
galaxies within a volume down to some luminosity completeness limit, galaxies are
matched in a one-to-one fashion with dark matter halos from a simulation of the same
volume. They traditionally assume a monotonic relationship of stellar mass and dark

matter halo mass to create a function M, (M, ) that satisfies the condition

M(m2) 4N, m2 dN
(M*)dM* = —(Mhalo)thalo (41)
/M*(ml) dM m, dM
where 93=(M,) is the differential stellar mass function, and $F is the differential

halo mass function (Yang et al., 2003; Vale and Ostriker, 2004; Kravtsov et al., 2004;
Tasitsiomi et al., 2004; Vale and Ostriker, 2006; Guo et al., 2010; Moster et al., 2010;
Kravtsov, 2010; Wang and Jing, 2010; Yang et al., 2012; Moster et al., 2013; Behroozi
et al., 2013a; Brook et al., 2014; Garrison-Kimmel et al., 2014b). For galaxies with
M, > 108 My, abundance matching relationships produce relatively consistent results
with each other. However, at smaller masses, incomplete surveys of low luminosity
galaxies and a more stochastic process of star formation in halos leads to larger

uncertainty in the M, — My,), relationship. We highlight this in Fig. 4-2, showing
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the relationship for several recently proposed models. Different extrapolations of the
function down to low masses, how stochastic star formation is, and what simulations
and observations were compared lead to very different predictions. We briefly describe
each of the models and details on their implementation in the following paragraphs.

The names in bold indicate how we refer to the models in the rest of the paper.

Moster: Moster et al. (2013) match observed stellar mass functions at different
redshifts from Sloan Digital Sky Survey (SDSS), Spitzer Space Telescope, Hubble
Space Telescope and Very Large Telescope to dark matter halos in the Millennium
(Springel et al., 2005) and Millennium-II (Boylan-Kolchin et al., 2009) simulations to
produce a redshift dependent AM model. For subhalos, they define My, as Misall
the mass of a halo at first infall enclosed by a volume that is 200 x p.. To account
for the redshift dependence in their model, we find the infall time distribution of
all z = 0 satellites in Caterpillar and use it to assign random infall times to our
subhalos in subsequent analysis. We investigate whether the infall time distribution
changes when considering different ranges of subhalo masses, but find at most a weak
dependence on subhalo mass that results in a < 1% influence on our final estimates
of luminous satellites. We therefore use an infall time distribution independent of
subahlo mass. We find the distributions for satellites in MW-sized halos and field
halos are consistent with each other, as seen in Fig. 4-1, and match well in form to
fig. 3 of Barber et al. (2014). Barber et al. (2014) finds that when selecting only
subhalos which form stars as opposed to all subhalos, the mean infall time is shifted
~ 1 Gyr earlier. This adjustment makes little difference to the predictions made
by the Moster model, as discussed in Section 4.5, so we use the distribution for all

subhalos.

Behroozi: Behroozi et al. (2013a) deduce stellar mass functions from z = 0 to
z = 8 with results from SDSS, GALEX, and PRIMUS surveys. They match these
to halo mass functions from the Bolshoi (Klypin et al., 2011), MultiDark (Riebe
et al., 2011), and Consuelo simulations to produce a redshift dependent M, — Mya,
model which defines My, as M\‘,)iiak, the maximal virial mass achieved by the subhalo

over its history. We show the function in Fig. 4-2, but do not include the model in
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Figure 4-1 Infall time distribution for all z = 0 subhalos averaged over all MW-sized
hosts in 33 Caterpillar simulations, and over all field halos. Time is given by the
duration between infall and z = 0. The distribution does not vary significantly with
host halo mass, nor range of subhalo mass.

our results since it overpredicts the abundance of low-mass galaxies and is otherwise

incorporated in the next two models.

GK14: Garrison-Kimmel et al. (2014b) match galaxies from the SDSS to dark
matter halos in their ELVIS suite to create an AM model of the same functional form
as that in Behroozi et al. (2013a), but with a steeper logarithmic slope on the low mass
end. They identify that Behroozi et al. (2013a) overestimates the number of galaxies
with M, < 103 Mg at z = 0 due to using a now outdated stellar mass function, and
correct for it. Below the completeness limit of M, = 10® M, GK14 extrapolates their
relationship with a constant slope. Like Behroozi, they define My, as M\ﬂiak. For
their cosmology, Ry encloses a volume that has density 97 x Ry;,, making it marginally
larger than Ry, = Rjg4 in our cosmology. We find the discrepancy small enough to

not take into account in detail.

GK16: Many hydrodynamic simulations have demonstrated that there can be
significant scatter about a mean M, — My, relationship (Munshi et al., 2013; Sawala

et al., 2015; Wheeler et al., 2015; O’Shea et al., 2015). The scatter increases to-
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wards lower masses, making the default abundance matching assumption of a mono-
tonic relationship problematic particularly for dwarfs (Power et al., 2014; Ural et al.,
2015). Garrison-Kimmel et al. (2016) explicitly model the scatter, proposing a range
of stochastic abundance matching relationships. They build off the GK14 model,
changing the slope of the best fit relationship as a function of the 1-sigma level of
lognormal scatter, gg..t. With higher levels of scatter, more galaxies are upscattered
above the observed completeness luminosity than are scattered below it due to the
increasing abundance of DM subhalos at lower masses. Consequently, their mean
M, — M., relationship must be steeper and thereby lower for low mass halos. They
match galaxies in the Local Group to the ELVIS suite down to a completeness limit
of M, > 4.5 x 10° My, and define M, as Mfif,ak as in GK14.

Our default implementation of this model is to use the “growing scatter” model, in
which og..; grows for decreasing halo masses. We make this choice because simulations
such as those of O’Shea et al. (2015) and Sawala et al. (2015) support a growing scatter
more than a constant scatter. The level of growth is dictated by a parameter, v, as in
Eq. (3) of Garrison-Kimmel et al. (2016). We choose a default value of v = —0.2. In
Section 4.5, we discuss how results change when varying v. We implement the scatter
by sampling a lognormal offset from the mean M, — M\, relationship randomly from

a Gaussian of width ogeat(Mhpale) for each subhalo considered.

Brook14: Brook et al. (2014) proposes an even steeper slope than Garrison-
Kimmel et al. (2014b), which, when extrapolated to M, < 10" Mg, estimates lower
stellar masses for a fixed DM mass. They match observed galaxies in the Local Group
to the CLUES simulation suite (Gottloeber et al., 2010). Instead of MP®*, they define
M0 as MES2¥ | the peak mass achieved by a subhalo measured within a volume that
has density 350 x p.. We implement their model which has an M, — My,, log-log
slope of 3.1, and normalization factor My = 79.6. For stellar masses M, > 10® M,
the Brook model is unspecified, so we linearly interpolate values in log-log space
between M, = 10® Mg in the Brook model and M, = 3 x 10° Mg in the Moster

model, then switch to values from Moster. No satellites considered in this paper

have M, > 10® Mg, but a few host galaxies do, and a function to estimate their dark
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Figure 4-2 Abundance matching stellar mass-halo mass relationships for several re-
cent models. Solid lines indicate ranges of each model where they were matched to
observations, dashed lines indicate ranges of extrapolation. The large variation in
predictions, particularly for halos with My, < 10'° Mg, results in very different pre-
dictions for the number of low mass satellite galaxies that could be discovered in the
Local Group. While similar, the definition of My, is different for each of the models,
making purely visual comparisons between functions not entirely accurate. The mass
definitions are listed in Table 4.1. The shaded area around GK16 indicates the +1o
lognormal scatter we implement.

matter halo mass from stellar mass is needed.

4.2.3 Reionization

UV photons emitted by the first stars during reionization are able to ionize hydrogen
atoms and prevent sufficient cooling and gas accretion needed for star formation
(Efstathiou, 1992; Thoul and Weinberg, 1996; Gnedin, 2000; Wiersma et al., 2009;
Pawlik and Schaye, 2009). In low mass halos, they can also heat gas enough to
gravitationally escape, sometimes before any star formation begins (Barkana and
Loeb, 1999; Shapiro et al., 2004; Okamoto et al., 2008). The combination of effects
renders many halos entirely dark, an effect recently simulated and emphasized in
Sawala et al. (2013, 2015, 2016). Simply assuming that all dark matter subhalos host

luminous galaxies would therefore wildly overestimate the number of visible satellites
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(Bullock et al., 2000; Somerville, 2002; Benson et al., 2002).

We model the effects of reionization by randomly assigning halos to host stars or
remain dark with probabilities that depend on the halo’s mass. Using data obtained
from Barber et al. (2014), we produce a smoothed curve indicating the fraction of
halos that are luminous at z = 0 as a function of MiB&! as plotted in Fig. 4-3. The
function follows from a semi-analytic model applied to the level-2 halos of the Aquar-
ius simulation suite (Springel et al., 2008). The model has reionization proceeding
from z = 15 to z = 11.5. Below a redshift dependent filtering mass, it models photo-
evaporation by removing baryons from halos. Full details of the semi-analytic model
are given in Starkenburg et al. (2013).

Since the abundance matching models use different definitions for My,,, We pro-
duce a different luminous fraction function for each definition. We do this by randomly
assigning halos to be dark or luminous in our simulation according to their Minfall
then collecting the values of MP® and MEZ* for those same halos in the merger
tree. Repeating the random assignments for many instances generates a list of dark
and luminous halos paired with each mass definition, which is then turned into the

desired function. In all cases, reionization suppresses the number of satellites with
M, < 10° Mg, but has little effect suppressing larger systems.

Many details of reionization, including the redshift of occurrence, environmen-
tal effects, H, shielding, and the efficiency of photoevaporation, remain uncertain
(Ofiorbe et al., 2016), which adds variability to the number of luminous subhalos pro-
duced. We therefore investigate alterations to the reionization model and subsequent
effects on our results in Section 4.5.

For that investigation, and for use in determining the radial distribution of satel-
lites which survive reionization, we employ a simple model inspired by Lunnan et al.
(2012) and Peter and Benson (2010). While exploring parameter space with detailed
hydrodynamic or semi-analytic reionization models would be more rigorous, it is be-
yond the scope of this paper. For a halo to form stars by z = 0, it must either
reach a critical size for Hy cooling and atomic line cooling before reionization, or be-

come massive enough after reionization to reaccrete and cool gas. We define the size
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Figure 4-3 Fraction of dark matter halos that host luminous galaxies by z = 0 as a
function of different mass definitions. The blue line is smoothed data from Barber
et al. (2014), which uses a semi-analytic model applied to dark matter only simula-
tions. The green and red lines are functions for alternate mass definitions, as inferred
from the baseline model and Caterpillar merger trees.

thresholds in terms of vy, calling them vP and vt respectively. Fixing reioniza-
tion to happen instantaneously at z = 13.3, approximately the mean redshift in the
model used in Barber et al. (2014), we conduct a parameter search to minimize the
difference between the Barber et al. (2014) luminous fraction function of Fig. 4-3 and
the one produced by applying the v, cuts to the merger history in all Caterpillar
simulations. We achieve a close fit (< 4% difference at any point) with vPe = 9.5
and vfilt = 23.5km/s.

Our value for P~ is consistent with expectations from the literature. While
the threshold for Hy cooling is more accurately weakly redshift dependent, it occurs
around Maygy = 105 Mg, or Ty, = 2000 — 3000 K (Tegmark et al., 1997; Madau et al.,
2008; Power et al., 2014), corresponding to 4 — Tkm/s at z = 13.3 in our simulations.
Atomic line cooling occurs for larger mass halos, near Mygy = 10® M, or Ty, & 4000 K
(Bromm and Yoshida, 2011), corresponding to 16 — 26km/s at z = 13.3 in our

simulations. Halos which reach the atomic line cooling limit before reionization nearly

universally form and retain stars by z = 0, whereas Hy cooling minihalos may or
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may not retain stars due to reionization and supernova (Power et al., 2014). We
thus expect vP7° to lie between the minimum Hs cooling threshold and the atomic
cooling threshold, which it does. Moreover, it agrees closely with Okamoto and Frenk
(2009) who inferred a value of v2'¢ =~ 12km/s from hydrodynamic simulations where

reionization occurs at z = 8. If we shift reionization to z = 8, our best fit value

becomes 12.6km/s.

filt

max 15 consistent with the low end of expectations from the litera-

Our value for v
ture. This threshold for star formation to proceed after reionization has been termed
the “filtering mass”, with initial values placed at 20 < vpax < 30km/s (Bovill and
Ricotti, 2009; Okamoto and Frenk, 2009; Bovill and Ricotti, 2011a,b). More recentl
publications have used higher values of 30 <vp.x < 50km/s (Peter and Benson, 2010;
Lunnan et al., 2012; Garrison-Kimmel et al., 2014b; Griffen et al., 2016a), highlighting

uncertainty in how to model reionization.

4.2.4 Mass Functions and Monte Carlo Sampling

Using Caterpillar, we identify the mean SHMF for all isolated field galaxies and MW
analogs. Since the AM models use different mass definitions for My, we correspond-

ingly find different SHMFs. In each case, the differential number of halos in a given

mass interval, dﬁN , follows the form
sub
dN Mo\ ™ © Mpos
—— = K b host (4.2)
dMgup Mg Mg

as has been identified in several previous studies (Gao et al., 2004; van den Bosch
et al., 2005; Dooley et al., 2014). The best fit values of o and K, do depend weakly on
the host halo mass range, but change negligibly within a one dex host mass interval.
Since Milky Way-like hosts are more than one dex larger than field halos, we separately
compute best fit values of a and K, for satéllites of field halos and satellites of Milky
Way-like hosts. These values are computed for each mass definition and shown in
Table 4.1. The mass functions count all self-bound subhalos (excluding subhalos of

subhalos) within Ry;; at z = 0 regardless of the mass definition. My, however, uses
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Table 4.1 Subhalo mass functions for MW size halos and dwarf field halos

Mass Definition o Ky a K, AM Model(s)
(field)  (field) (MW analog) (MW analog)
MpkT 1.81  0.000635 1.84 0.000854 Moster
MPEEE 1.82  0.000892 1.87 0.00188 GK14, GK16, Behroozi
MBSk 1.81  0.000765 1.87 0.00200 Brook
NOTE. — Values of a and Ky in equation (4.2) for the mean subhalo mass function for various

definitions of subhalo mass. Columns two and three designate values for isolated dwarf field
galaxies, and four and five for Milky Way analogs. The parameters of the mass function are
approximately independent of host halo mass over a one dex interval. Milky Way analogs and
field dwarf halos need to be separated, but within each category one set of parameters is sufficient.
The abundance matching models employing each definition are indicated.

the same mass definition as Mg,,. We also considered a SHMF form where dh‘j‘[Nb is a
su

power law function of Mgyp/Mpest rather than being directly proportional to the host
mass, but find the best fit parameters are more sensitive to the host halo mass range

considered.

The mean number of dark matter subhalos, N, around a host of mass Mg is

found by integrating equation (4.2) from My to Mpest to yield:

= Koo a1y (4.3)

a—1 min ost

where M, is a halo mass at which no star formation occurs in any model due to
reionization. We choose a conservative value of 1074 M. Since subhalo abundances
are approximately Poisson distributed around the mean, we generate random real-
izations of the number of subhalos between M, and My according to a Poisson
distribution with a mean A = N, and then randomly assign halo masses to them
according to the SHMF. More accurately, subhalo abundances follow a negative bi-
nomial distribution with the variance of N increasing relative to that of a Poisson
distribution as Mgy, /Mhes; decreases (Boylan-Kolchin et al., 2010; Mao et al., 2015; Lu
et al., 2016). However, Boylan-Kolchin et al. (2010) find that the super Poissonian
spread only becomes important for Mgy,/Myese < 1073, Otherwise Poisson statis-
tics remain a good approximation, as verified in the Caterpillar suite. The largest

field halo we consider is ~ 6 x 10! Mg, and only subhalos with M. = 108 M, con-
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tribute to satellites with M, > 10°® Mg, so the minimum ratio relevant to this study
is Mgup/Mhost = 1.7 x 1073, In this instance, 0y /0poisson < 1.2. For all other field
halos and for abundances of more luminous satellites, our Poisson approximation is
even more accurate.

Once halo masses are assigned, they are chosen to be luminous or dark with
probabilities following the luminous fraction as a function of halo mass as shown
in Fig. 4-3. The luminous halos are then assigned a stellar mass according to the

M, — Mhao relationship and scatter (if any) of the model under consideration.

4.2.5 Inferring M, from M,

4.3 Results

In the following subsections we compute the mean expected number of luminous satel-
lite galaxies, Njum, above a given stellar mass threshold, M™*h and the probability
of at least one satellite existing above M®™h a5 a function the host galaxy’s stellar
mass. For the rest of the paper, we consider galaxy stellar masses above M, > 103 Mg,
since smaller “hyperfaint” galaxies have so few stars that they will be difficult to de-
tect above the background. All values are found using the methodology presented in
Section 4.2, generating 30000 random realizations of satellite populations per host.
Due to uncertainty in mass to light ratios, we strictly report on stellar mass, not

stellar luminosity.

4.3.1 Validation of our models with the Milky Way satellite

system

To verify our model implementations, we predict the number of satellites around
a Milky Way-sized galaxy. We fix the host’s dark matter mass to My, = 1.4 X
102 Mg, and plot the mean number of satellites as a function of M™e! in the upper
panel of Fig. 4-4. We include predictions of each abundance-matching model with

and without reionization to indicate how much reionization suppresses the formation
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of low mass galaxies. The abundances are all scaled to a radius of 300kpc using
Eq. (4.4) (presented later in Section 4.4) since that distance corresponds to published
completeness limits for satellite surveys of the Milky Way (Walsh et al., 2009; Drlica-
Wagner et al., 2015). The models are all consistent with the high—fnass end of the MW
satellite stellar mass function. There are 11 MW satellites with M, > 4.5 x 10° Mg
within 300kpc of the Galactic Center (Garrison-Kimmel et al., 2016); all models
are consistent with 11 such satellites within 1o Poisson errors. Since no model was
calibrated exclusively to the MW satellites, and there is uncertainty in the mass of the
Milky Way from ~ 0.5 — 2.5 x 102 M, (Wang et al., 2015), an exact agreement with
the MW luminosity function is not expected. For instance, while the Brook model is
consistent with Milky Way classical dwarf satellite counts for the fiducial MW halo

mass, the model would better match the MW system with a higher assumed mass.

On the faint end, the models predict a median of 66, 71, 67, and 37 satellites with
M, > 10% Mg, for the Moster, GK14, GK16, and Brook models respectively. The first
three models are in strong agreement with a prediction by Hargis et al. (2014), who
estimated 69 satellites above 103 L, in the MW out to 300 kpc from observations and
completeness limits. Drlica-Wagner et al. (2015) also make a consistent prediction of
70 UFDs in the MW when excluding the sub-substructure of UFDs in the Large and
Small Magellanic Clouds.

If > 70 UFDs, or more than 80 satellites with M, > 10% M, in total are discovered
in the MW in the future, it would strongly disfavor the Brook model as implemented.
It is difficult to reconcile the Brook model even if the MW halo is on the massive side.
At a MW mass of 2 x 10'2 M, the Brook model predicts 53 satellites, more than
20 less than 80 where o is taken from the negative binomial distribution in (Boylan-
Kolchin et al., 2010). If reionization was shut off entirely, the predicted number of
satellites in the Brook model could increase by 20%. A more likely maximal increase
of 10% would still mean the model predicts the MW has an unusually high number
of UFDs for its size. The rarity of LMC and SMC sized systems in a MW-like halo
(Boylan-Kolchin et al., 2010; Busha et al., 2011b), though, could be evidence in favor

of that argument.
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In stark contrast, reionization has a large impact on the Moster, GK14, and GK16
models. In these models it is absolutely necessary to include reionization or else an
additional 110 to 205 luminous satellites with M, > 103Mg would be predicted.
Based on the MW comparison, we expect numbers predicted by the Brook model to
be on the low end of possibilities for satellites of dwarf galaxies, and values from the

other models to be closer to median expectations.

4.3.2 How many satellites of dwarfs are there?

In the lower panel of Fig. 4-4 we again show the satellite abundance as a function
of minimum M?* but now fix the host halo stellar mass to M, = 2.7 x 10® Mg
to reflect the largest field dwarf galaxy, IC 5152. Without a direct measurement of
total baryonic plus dark matter mass available, we convert from stellar mass to halo
mass for each AM model as described in Section 4.2.5. The radius out to which
subhalos are counted is the R,; associated with the halo’s total mass, unlike in the
top panel. Whereas the Moster, GK14, and GK16 models make similar predictions
when the host’s total mass is fixed, as in the upper panel, their predictions diverge
when instead the host’s stellar mass is fixed, as in the lower panel. This is due to
the GK models having a lower M, — M), relationship in the range of field halos,
which leads to predicting more massive halos for fixed stellar mass. Furthermore, the
GK16 and GK14 models are separated due to the larger scatter in the GK16 model,
which leads to the GK16 model preferring smaller host halo masses than does the
GK14 model. The models predict a mean of ~ 2 — 6 satellites with M, above 10° M,
~ 1 — 4 above 10* My, and ~ 1 — 2 above 105 M, for a galaxy like IC 5152.

In Fig. 4-5, we show the dependence of satellite abundances on the host galaxy’s
size in terms of its stellar mass. The top panel plots the median number of satellites
with M5 > 10% M, the middle panel with M5 > 10* M, and the bottom panel
with M5 > 10° My. The dashed vertical lines correspond to the stellar masses of
the five largest known field galaxies in the Local Group, IC 5152, IC 4662, IC1613,
NGC 6822, and NGC 3109. For IC 5152 for instance, the models predict a mean of
1.3 satellites with M, > 10* Mg, on the low end in the Brook model, to 4.3 satellites
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Figure 4-4 Upper Panel: Mean number of satellites around a MW-sized host with total
mass 1.4x 1012 M, as a function of satellite stellar mass. While the Moster, GK14, and
GK16 models predict similar numbers of satellites after accounting for reionization,
the Brook model predicts significantly fewer. Due to its steep M, — Mpay, relationship,
the Brook model is also minimally affected by reionization whereas the other models
are reduced by more than 60% on the low mass end. Lower Panel: Mean number of
satellites around a host of M, = 2.7 x 10® M, approximately that of IC 5152, as a
function of satellite stellar mass. While the Moster, GK14, and GK16 models make
similar predictions if the host’s total mass is fixed, they predict different abundances

when stellar mass is

fixed.
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in the GK14 model.

This figure shows that the number of expected UFDs is a strong function of stellar
mass of the host. Below a host stellar mass of 107 My, there is a mean of less than
one UFD sized satellite according to all models, indicating many hosts will have no
satellites above 103 M. For a host of 108 Mg and larger, at least one satellite per
host is expected.

A list of known isolated field galaxies and the mean number satellites within their
virial volume is listed in Table 4.2. Galaxies and stellar masses were compiled from
McConnachie (2012), and supplemented with values from Karachentsev et al. (2014),
McQuinn et al. (2015), and Karachentsev et al. (2015) for KK 258, Leo P, and KKs
3 respectively. We give an indication of the probabilistic distribution of satellites by
including the 20" and 80" percentile of abundance, and the probability that at least

one satellite exists, P(> 1).
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Figure 4-5 Mean number of satellites with stellar mass above 10* M., (upper panel),
10* Mg, (middle panel), and 10° M, (lower panel) as a function of a host halo’s total
stellar mass, M,. Each abundance matching model predicts different values, but all
agree that satellites should exist around hosts with M, > 10®M,. Vertical lines
correspond to the stellar masses of the five field galaxies listed in Table 4.2 with the
largest stellar masses
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Table 4.2 Mean number of satellites with M, > 10* M around Local Group dwarf field galaxies

Name M, Moster GK14 GK16 Brook
[10°Mg] Mum 20/80% P(>1) Num  20/80% P(>1) Num  20/80% P(>1) Num 20/80% P(>1)

Leo T 0.14 0.08 0/0 0.07 0.05 0/0 0.05 0.03 0/0 0.04 0.05 0/0 0.05
And XXVIII 0.21 0.10 0/0 0.09 0.07 0/0 0.07 0.05 0/0 0.05 0.06 0/0 0.06
KKR 3 0.54 0.16 0/0 0.15 0.13 0/0 0.12 0.09 0/0 0.09 0.10 0/0 0.10
Tucana 0.56 0.17 0/0 0.15 0.13 0/0 0.12 0.09 0/0 0.09 0.10 0/0 0.09
Leo P 0.56 0.17 0/0 0.15 0.13 0/0 0.12 0.09 0/0 0.09 0.10 0/0 0.10
And XVIII 0.63 0.17 0/0 0.16 0.15 0/0 0.13 0.10 0/0 0.09 0.11 0/0 0.10
Phoenix 0.77 0.19 0/0 0.18 0.17 0/0 0.15 0.11 0/0 0.11 0.12 0/0 0.11
KKH 86 0.82 0.19 0/0 0.18 0.17 0/0 0.15 0.12 0/0 0.11 0.12 0/0 0.11
Antlia 1.3 0.25 0/1 0.22 0.23 0/1 0.20 0.16 0/0 0.15 0.15 0/0 0.14
KKR 25 14 0.26 0/1 0.23 0.24 0/1 0.21 0.16 0/0 0.15 0.15 0/0 0.14
Aquarius 1.6 0.28 0/1 0.24 0.26 0/1 0.22 0.18 0/0 0.16 0.16 0/0 0.15
DDO 113 2.1 0.32 0/1 0.27 0.30 0/1 0.26 0.21 0/0 0.19 0.18 0/0 0.17
Cetus 2.6 0.35 0/1 0.29 0.35 0/1 0.29 0.24 0/1 0.21 0.20 0/0 0.18
ESO 294-G010 2.7 0.36 0/1 0.30 0.35 0/1 0.29 0.25 0/1 0.22 0.21 0/0 0.18
Sagittarius dIrr 3.5 0.41 0/1 0.33 0.41 0/1 0.34 0.30 0/1 0.25 0.23 0/1 0.20
ESO 410-G005 3.5 0.41 0/1 0.33 0.41 0/1 0.34 0.29 0/1 0.25 0.23 0/1 0.21
KKH 98 4.5 0.46 0/1 0.37 0.48 0/1 0.38 0.35 0/1 0.29 0.25 0/1 0.22
Leo A 6 0.52 0/1 0.41 0.56 0/1 0.43 0.41 0/1 0.33 0.28 0/1 0.25
GR 8 6.4 0.54 0/1 0.41 0.58 0/1 0.44 0.43 0/1 0.34 0.29 0/1 0.25
Pegasus dIrr 6.6 0.54 0/1 0.42 0.59 0/1 0.45 0.43 0/1 0.35 0.29 0/1 0.25
UGC 9128 7.8 0.59 0/1 0.45 0.65 0/1 0.47 0.48 0/1 0.38 0.31 0/1 0.27
UGC 4879 8.3 0.60 0/1 0.46 0.67 0/1 0.49 0.49 0/1 0.39 0.32 0/1 0.27
KK 258 14 0.77 0/1 0.53 0.90 0/2 0.59 0.67 0/1 0.49 0.39 0/1 0.32
UGCA 86 16 0.82 0/1 0.56 0.97 0/2 0.62 0.74 0/1 0.53 0.41 0/1 0.33
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Table 4.3 continued Mean number of satellites with M, > 10* Mg around Local Group dwarf field galaxies

Name M, Moster GK14 GK16 Brook
[10°Mg] Num 20/80% P(>1) Num 20/80% P(>1) Num 20/80% P(>1) Num 20/80% P(>1)

DDO 99 16 0.82 0/1 0.56 0.98 0/2 0.62 0.73 0/1 0.52 0.41 0/1 0.34
UKS 2323-326 17 0.84 0/2 0.57 1.01 0/2 0.63 0.76 0/1 0.54 0.41 0/1 0.34
UGC 8508 19 0.88 0/2 0.58 1.07 0/2 0.66 0.82 0/1 0.56 0.43 0/1 0.35
KKs 3 23 0.96 0/2 0.62 1.19 0/2 0.69 0.92 0/2 0.60 0.47 0/1 0.37
NGC 4163 37 1.19 0/2 0.70 1.53 0/3 0.78 1.22 0/2 0.70 0.55 0/1 0.42
WLM 43 1.28 0/2 0.72 1.67 1/3 0.81 1.34 0/2 0.74 0.59 0/1 0.44
Sextans A 44 1.28 0/2 0.72 1.70 1/3 0.82 1.34 0/2 0.74 0.60 0/1 0.45
DDO 125 47 1.32 0/2 0.74 1.75 1/3 0.83 1.40 0/2 0.76 0.61 0/1 0.46
DDO 190 51 1.37 0/2 0.74 1.84 1/3 0.84 1.47 0/2 0.77 0.62 0/1 0.47
Sextans B 52 1.37 0/2 0.75 1.85 1/3 0.84 1.48 0/2 0.78 0.64 0/1 0.47
I1C 3104 62 1.50 0/2 0.77 2.04 1/3 0.87 1.64 1/3 0.81 0.68 0/1 0.49
NGC 3109 76 1.63 1/3 0.80 2.26 1/3 0.90 1.81 1/3 0.84 0.73 0/1 0.52
NGC 6822 100 1.84 1/3 0.84 2.61 1/4 0.93 2.12 1/3 0.88 0.82 0/2 0.56
I1C 1613 100 1.84 1/3 0.84 2.62 1/4 0.93 2.13 1/3 0.88 0.83 0/2 0.56
IC 4662 190 2.44 1/4 0.91 3.61 2/5 0.97 2.99 1/4 0.95 1.09 0/2 0.67
IC 5152 270 2.83 1/4 0.94 4.25 2/6 0.98 3.73 2/5 0.98 1.30 0/2 0.73

NOTE. — Mean number of satellites with M* > 102 My expected to exist within the virial volume of known Local Group dwarf irregular
and dwarf spheroidal galaxies as predicted with various AM models. The 20*" and 80" percentile of the satellite abundance distributions are
included in the second column. Also shown is the probability of finding at least one satellite around each galaxy, P(> 1).



4.3.3 Likelihood of finding at least one satellite

Another important metric in determining the merit of searching for satellites of field
dwarfs galaxies is the probability that at least one satellite exists around a host. In
Fig. 4-6 we show the probability that at least one satellite with M5 > 103, 10* and
10° M, exists around a host as a function of M, of the host. Dotted vertical lines again
show the stellar masses of the five largest known field galaxies in the Local Group.
For the largest field galaxy, IC 5152, the probability of a satellite with M52 > 10* M,
is > 90% according to the Moster, GK14, and GK16 models. It drops to 73% for the
Brook model. For the 5 largest field galaxy, the probability remains above 80% in
the first three models, and is 51% for the Brook model.

The high likelihoods indicate that a comprehensive search of Local Group dwarf
galaxies is likely to yield at least one new satellite discovery, even if only the five
most massive field dwarfs are surveyed. For the Moster, GK14, and GK16 models,
the probability of one satellite with M, > 10° Mg is > 99% if all five of the largest
field galaxies are surveyed to their full virial volume. We choose to highlight the five
largest because of this fact. In the Brook model, the probability is 92%, but goes to
> 99% for M, > 10* M.

In Fig. 4-7, we show a probability distribution function for the total number of
satellites expected around these five largest field galaxies. The three panels show
values for abundances above stellar mass thresholds of 103, 104, and 10° My. When
comparing to Fig. 4-8, which shows the same distribution except for all 38 field dwarfs
listed in Table 4.2, we demonstrate that surveying just the five largest galaxies would

reveal ~ 1/3 of the total population of satellites of field dwarfs.

The shape of the distributions is driven mostly by Poisson statistics in the number
of dark matter subhalos. The randomness of reionization suppressing star formation
contributes a smaller additional component. In the case of the Moster model, there
is an another perturbation due to differing halo infall times, and in the case of the
GK16 model, from scatter in M, — Mya,. The combined uncertainty arising from

counting statistics and abundance matching models results in a broad distribution of
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Figure 4-6 Probability that at least one satellite with stellar mass above 10° M
(upper panel), 10* M, (middle pannel), or 10° M, (lower panel) exists around a host
with stellar mass M,. The Moster, GK14, and GK16 models all predict a high
likelihood of at least one satellite with M, > 10* M, existing around each of the five
largest field galaxies, whose stellar masses are indicated by dotted lines (and listed in
Table 4.2). The Brook model predicts lower probabilities, but still > 50% for each of
these galaxies.
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Figure 4-7 Probability distribution for the total number of satellites expected to be
found with M, > 103,10 and 10° M, around the combined largest five Local Group
field galaxies. The GK14 and GK16 models predict over twice the number of satellites
as the Brook model, whose predictions are on the lowest end possible to be consistent
with MW satellites, and thus are likely a lower limit to the number of satellites of
dwarf galaxies. According to the Moster, GK14 and GK16 models, there is a > 99%
that at least one satellite with M, > 10° M, exists. These five largest galaxies contain
~ 1/3 of the total number of satellites of field dwarfs.
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Figure 4-8 Probability distribution for the total number of satellites expected to be
found with M, > 10%,10* and 10° Mg, around all Local Group field galaxies listed in
Table 4.2. There is an even greater separation of the Brook and GK14 models than
in Fig. 4-7. Also in comparison, the GK16 model makes predictions more similar to
the Moster model due to a greater scatter in M, for the lower mass halos causing the
median predicted My, to be less for a given halo stellar mass.
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possible satellite tallies. The distinct curves from each abundance matching model, in
particular comparing the Brook and GK14 models, indicates how observing satellites
could provide important insight into ruling out or improving AM models. This is
particularly true for satellites above 10° M, since reionization has little effect on the
number of satellites above that threshold, and those satellites are easier to discover.
Probing down to satellites near 10> M or 10* My would help constrain the effects
reionization when compared with the number of satellites found above 105 M), but

would be observationally more challenging.

4.4 Survey Strategy: Dependence on Field of View

Due to the geometry of a line of sight, the values we report in Section 4.3 for the
number of satellites within a virial volume do not directly translate into expectations
for an observed field of view. For instance, the number of dwarfs-of-dwarfs that may
exist in the Solo survey depends on their field of view, the distance to target galaxies,
the radius of target galaxies, and the radial distribution of satellites within a galaxy.
Future campaigns must account for these details when designing a strategy for limited
amounts of telescope time. Both targeting larger mass host galaxies and focusing on
the innermost region will increase the projected density of satellites. If the observing
goal is to discover as many as possible, would it be better to observe the inner region
of a lower mass host, or the outer regions of a higher mass host? We address this
issue in detail by making predictions specifically for the Solo survey, and discussing
a survey strategy.

We begin by computing a scaling factor to convert the predicted values of the mean
number of luminous satellites within a host’s virial radius to values expected from
surveying circular apertures centered on a host. As found in Han et al. (2016) and
confirmed in our simulation suite, satellites are distributed approximately spherically
symmetrically around a host and the normalized distribution does not vary with host
halo size. This allows us to express the normalized cumulative abundance of satellites

generically around a host as K(r). We compute K(r) from the subhalos which are
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deemed luminous in our reionization model across all 33 Caterpillar simulations at
z = 0. Selecting only luminous satellites is crucial, because they are more centrally
concentrated than the full sample of dark matter subhalos, as previously found and
discussed in Gao et al. (2004), Starkenburg et al. (2013), Barber et al. (2014), and
Sawala et al. (2016).

The distribution of all dark matter subhalos and the subset of luminous satellites
is plotted in Fig. 4-9. For comparison, we also plot the cumulative distribution of
known MW satellites with stellar mass above the observed completeness limit of
M, = 2 x 10° Mg that are within 300 kpc of the Galactic Center. We exclude
the LMC and SMC since they occur rarely in MW-sized galaxies (Boylan-Kolchin
et al., 2010; Busha et al., 2011b) and they are spatially correlated. The positions and
stellar masses of satellites were taken from McConnachie (2012),! Our predicted radial
distribution of satellite galaxies fits remarkably well to the MW satellites. In contrast,
the distribution inferred from all dark matter subhalos does not, demonstrating the

importance of subhalo selection effects due to reionization.

For ease of use, we find a very tight match to the data with a piecewise analytic

function. It takes the form

kiR + k2R2 + k'gRS R <0.2
K(R) = (4.4)

k4 arctan(k—i —ks) 02<R<15

with best fit values of the constants k; = —0.2615, ks = 6.888, k3 = —7.035, ky =
0.9667, ks = 0.5298, and kg = 0.2055. We find that luminous satellites with a
lower peak mass are slightly more centrally concentrated than more massive luminous
satellites since they are subject to greater selection effects from reionization. However,
the shift in K(R) is < 10% which is small compared to Poisson noise and much smaller
than the difference between all subhalos and only luminous subhalos. Since galaxies
are self-similar, and the radial distribution varies only weakly with satellite mass

range, it is possible to simply multiply K(R) by the expected number of satellites in

! Available online at http://www.astro.uvic.ca/~alan/ Nearby_Dwarf_Database.html.
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Figure 4-9 Normalized radial distribution of satellites scaled to a host with Ry
= 300 kpc. The radial distribution of satellites which survive reionization in our
simulations (and are thus luminous) agree well with the radial distribution of known
MW satellites, whereas the radial distribution of all dark matter subhalos does not.
The sample of known MW satellites includes all satellites with stellar mass above
the completeness limit of M, = 2 x 10° Mg, except for the LMC and SMC which
are known to be spatially correlated and very rare. One sigma variation about the
prediction for luminous satellites is shown with a shaded band. It is important to
take reionization into account when predicting the radial distribution of satellites,
and to not assume it follows the distribution of all dark matter subhalos. A fitting
function for the predicted radial distribution is given by equation (4.4) and plotted
with a dotted line.

any mass interval within the virial radius of a host (taken from Fig. 4-5 for instance)

to yield the number of satellites within a radius /Ry

By integrating the density function erg ‘fi—*f over a cylinder of radius R = r/Ry;

and half depth Z = z/R,;, where r and z are cylindrical coordinates centered on the
host galaxy, one gets the number of satellites expected in a line of sight relative to
the number within R.;,. We call this quantity Kj,s(R) We numerically integrate the
function and show the result in Fig. 4-10, fixing Z to a value of 1, approximately
where halos are likely to be bound to the host halo, and 1.5. Z = 1.5 encompasses
the “splashback” radius for slowly accreting halos, defined as the distance to first

apocenter of orbiting bound satellites (More et al., 2015). It also represents a distance
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Figure 4-10 Multiplicative value used to scale the expected number of satellites within
a halo’s virial radius to the expected number of satellites within an observed column
whose field of view has the radius Ry, on the sky at the distance of the target host
galaxy. The column is centered on the galactic center and has a depth of 2 x Z =
2 x z/Ryir. A value of Z = 1 means the center of the column extends from the near
edge of the virial radius to the far edge. For instance, observing a field of view that
has R =1/2,Z =1 corresponds to a multiplicative factor of 0.76.

beyond which the density of additional satellites diminishes rapidly towards zero.
Since galaxies at all values of z are in the line of sight, Z = 1.5 is a more accurate

reflection of what satellites can be observed.

There are several important results from this exercise. First, if one were to search
out to the projected virial radius of the host, one would find ~ 10% more dwarfs than
one would expect based on the number of dwarfs strictly within the spherical virial
volume. This comes from dwarfs inhabiting a region outside the virial radius that can
be imagined by circumscribing a sphere by a cylinder, and then extending the depth
(height) of the cylinder to the splashback radius. Second, the number of expected
dwarfs rises sublinearly with aperture radius for R > 0.5, regardless of the depth of
the line-of-sight, Z, under consideration. This is in contrast to the survey area, which
grows as the square of the aperture radius. Therefore, in the absence of increased

backgrounds like an extended stellar halo, which is unlikely to be significant for dwarfs
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(Pillepich et al., 2014), pointings centered on the host galaxy will have higher satellite
yields than individual pointings in the outskirts of the host halos.

In light of this, the most efficient strategy for finding dwarf-of-dwarf satellites
is to first target the innermost region of the most massive dwarf hosts. Additional
observations should map out the whole virial volume of the biggest dwarfs before
targeting down the field dwarf stellar mass function, unless environment is a strong

motivating factor in the dwarf-of-dwarf search.

What is the transition between a “big” and a “small” dwarf host? The optimal
transition point from searching the innermost region of smaller galaxies to the whole
volume of larger galaxies depends on which galaxies are targeted and the telescope’s
field of view. It can be calculated from Fig. 4-10 and Table 4.4. Similar to K(R),
Kos(R, Z) can be multiplied by the number of satellite galaxies within the virial radius
of any host, for any satellite mass interval, to yield the number of satellites within
a specified line of sight. Table 4.4 lists the distances to all isolated field galaxies,
repeats the mean number of galaxies within the virial radius, Nim, for convenience,
and lists the virial radius of each galaxy inferred from the AM models. R, refers to
the Bryan and Norman (1998) definition, consistent with the radius used to determine
all SHMFs. We infer M, from the AM model and host halo’s stellar mass, then
convert My, to My assuming an NFW halo density profile, and finally find R

from M.

As an example of computing the number of galaxies in a field of view, IC 5152 is
located at a distance of 1.7 Mpc (Zijlstra and Minniti, 1999). DECam has a 2.2° field
of view, resulting in a 33kpc observed radius. At a Moster-model-estimated total
halo mass of 5.2 x 10'® M, IC 5152 has a virial radius of 101kpc. Using Fig. 4-10
with Z = 1.5, the number of satellites reported for the virial volume is multiplied by
0.54 to yield 1.5 expected satellites in the line of sight. An equivalent calculation for
the GK16 model produces 1.8 expected satellites, 2.0 for the GK14 model, and 0.7
for the Brook model. If we were to survey the whole virial volume of IC 5152, we
would require an additional 8 distinct pointings, and would expect to find only 1 — 2

more satellites. This example also demonstrates that part of the disparity between
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the Moster, GK14, and GK16 models is generated from predicting different virial
volumes for a host with fixed stellar mass. When normalizing to more equivalent
volumes, as exemplified here, their predictions start converging.

We apply the same calculations to all of the galaxies in Table 4.4 using an approx-
imate field of view from the Solo dwarf survey. Solo has a 1° x 1° camera (Higgs et al.,
2016), which we approximate as a circular aperture with radius 0.56°. We present all
of the values expected for Solo in the Ng, column. Our table contains all but two
of the galaxies they target, Perseus and HIZSS3A(B), for which we could not obtain
stellar masses. Due to a small field of view, nearly all galaxies have a mean expected
number of satellites of fewer than 1. However, enough galaxies were surveyed that in

aggregate multiple satellites with M, > 10* Mg could be in their observations.
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Table 4.4 Mean number of satellites with M, > 10* Mg within a 0.56° radius field of view around Local Group dwarf field

galaxies
Name D [kpc] Moster GK14 GK16 Brook
Num  Niov  Ruir [kPC] Nlum  Niov  Buir [kpc] Nium  Niov  Rvir [kpC] Num  Niov  Ruir [kPC]

Leo T 417 0.08 0.01 34 0.04 0.01 31 0.03 0.00 30 0.04 0.00 41
And XXVIII 661 0.10 0.02 36 0.06 0.02 33 0.05 0.01 32 0.06 0.01 43
KKR 3 2188 0.16 0.13 41 0.13 0.10 39 0.09 0.07 37 0.10 0.07 438
Tucana 887 0.18 0.05 42 0.13 0.04 40 0.09 0.03 37 0.10 0.02 48
Leo P 1620 0.17 0.10 42 0.13 0.08 40 0.09 0.06 37 0.10 0.05 48
And XVIII 1355 0.18 0.09 42 0.14 0.08 40 0.10 0.05 38 0.11  0.05 49
Phoenix 415 0.20 0.02 43 0.16 0.01 42 0.11 0.01 39 0.11 0.01 50
KKH 86 2582 0.20 0.16 44 0.17 0.14 42 0.12 0.11 39 0.12 0.09 50
Antlia 1349 0.25 0.11 47 0.23 0.10 46 0.15 0.07 43 0.15 0.06 53
KKR 25 1905 0.26 0.16 47 0.24 0.15 46 0.17 0.11 43 0.15 0.08 53
Aquarius 1072 0.28 0.09 48 0.26 0.08 47 0.18 0.06 44 0.16 0.05 54
DDO 113 2951 0.32 0.26 50 0.31 0.26 50 0.21 0.18 46 0.18 0.14 56
Cetus 755 0.36 0.06 52 0.35 0.06 52 0.24 0.05 48 0.20 0.03 57
ESO 294-G010 2032 0.36 0.22 52 0.35 0.21 52 0.24 0.16 48 0.21 0.12 57
Sagittarius dlIrr 1067 0.39 0.11 54 042 0.11 54 0.29 0.09 51 0.23 0.05 59
ESO 410-G005 1923 0.41 0.23 54 041 0.23 54 0.29 0.17 51 0.23 0.12 59
KKH 98 2523 0.46 0.32 56 046 0.31 57 0.34 0.25 53 0.25 0.16 60
Leo A 798 0.52 0.08 58 0.55 0.08 60 0.41 0.07 56 0.28 0.04 62
GR 8 2178 0.55 0.32 59 0.58 0.32 61 0.42 0.25 56 0.29 0.16 63
Pegasus dIrr 920 0.55 0.10 59 0.58 0.11 61 0.44 0.09 57 0.29 0.05 63
UGC 9128 2291 0.59 0.34 60 0.65 0.37 63 0.47 0.29 58 0.32 0.18 64
UGC 4879 1361 0.60 0.19 61 0.67 0.21 63 0.50 0.17 59 0.32 0.10 65
KK 258 2230 0.77 041 66 0.89 0.45 69 0.68 0.37 65 0.39 0.20 68
UGCA 86 2965 0.81 0.55 67 0.97 0.63 71 0.74 0.50 67 0.41 0.27 69
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Table 4.5 continued: Mean number of satellites with M, > 10* My within a 0.56° radius field of view around Local Group dwarf
field galaxies

Name Dg [kpc] Moster GK14 GK16 Brook
Nium  Niov  Ryir [kpC] Num  Niov  Ruir [kPC] Num  Niowv  Ryir [kPC] Nium  Nioy Ry [kPC]

DDO 99 2594 0.82 0.49 67 0.98 0.56 71 0.75 0.45 67 0.40 0.23 69
UKS 2323-326 2208 0.84 0.43 67 0.99 0.48 72 0.77 0.39 68 0.41 0.20 70
UGC 8508 2682 0.90 0.53 69 1.06 0.58 73 0.82 0.48 69 0.44 0.25 71
KKs 3 2120 097 0.45 70 1.22  0.52 76 092 042 72 0.46 0.21 72
NGC 4163 2858 1.17  0.69 75 1.56 0.84 82 1.22  0.70 78 0.56 0.33 76
WLM 933 1.26 0.16 77 1.69 0.18 85 1.32 0.16 80 0.58 0.07 77
Sextans A 1432 1.28 0.32 77 1.70 0.37 85 1.33 0.31 81 0.60 0.15 78
DDO 125 2582 1.31 0.68 78 1.73  0.81 86 1.41 0.70 82 0.61 0.31 78
DDO 190 2793 1.37  0.76 79 1.87 0.94 87 147 0.77 83 0.63 0.35 79
Sextans B 1426 1.40 0.33 79 1.86 0.38 87 1.48 0.33 83 0.64 0.15 79
IC 3104 2270 1.49 0.64 81 203 0.77 90 1.63 0.65 86 0.67 0.29 81
NGC 3109 1300 1.65 0.31 84 2.29 0.37 93 1.85 0.32 89 0.75 0.14 83
NGC 6822 459 1.85 0.05 87 2.61 0.07 98 2.09 0.05 94 0.82 0.02 86
1C 1613 755 1.84 0.14 87 2.60 0.16 98 2.16 0.14 94 0.81 0.06 86
1C 4662 2443 2.46 0.95 95 3.61 1.18 109 296 1.02 106 1.10 043 94
IC 5152 1950 2.81 0.75 100 4.28 0.94 115 3.74 0.84 113 1.29 0.35 99

NOTE. — Ny, indicates the mean number of luminous satellites with M, > 10* M, within a field of view of radius 0.56° (corresponding to
a footprint of equal area as the Solo Dwarfs Project) centered on target Local Group dwarf galaxies, as predicted with various AM models.
Galaxies with a larger heliocentric distance and smaller AM model inferred virial radius, R.;, will have a larger fraction of their volume
surveyed in the field of view. The total mean number of satellites within each galaxy’s virial volume, Nyum, is listed for comparison.



4.5 Systematic Uncertainties

Here we determine what the largest sources of uncertainty are for our luminous dwarf-
of-dwarf number count predictions. We show some of them in Fig. 4-7: differences
between AM models, counting statistics, and halo-to-halo variations. However, there
are other sources of uncertainty that we quantify in this section. We introduce N2,

which is the mean total number of satellites with M, > 10? My, that exist around the

five largest field galaxies according to the Moster model. Using N  as a baseline,

lum
the GK14 model predicts 45% more satellites than the Moster model, and the Brook
model predicts 55% less. Statistical fluctuations, driven mostly by Poisson noise,
contribute a standard deviation of £30%. Not accounted for are systematic uncer-
tainties in the stellar mass of the host, the total mass of the host, the SHMF, the
infall time distribution for the Moster model, the magnitude of scatter in M, — Myao
for the GK16 model, and the reionization model used. Each of these uncertainties
must be estimated before a robust prediction can be made regarding whether or not
satellites of dwarfs could be discovered, and how many. We therefore estimate typical
uncertainties in each input variable and the resultant effect of uncertainty on NJ .

Finally, we compare which uncertainties contribute most.

Table 4.6 lists each input variable and variation along with the corresponding %

change in N?

2m- The first value reports the % change in the number of satellites

with M, > 10* Mg, and the second value in parenthesis is for M, > 103 Mg. When
considering scatter in M, — Mya,, NZ . refers to the GK16 model, otherwise all

instances refer to the Moster model.

Uncertainty in the total halo mass, MP%’ is computed from the likelihood dis-
tribution for My, given M, as described in Section 4.2.5. For the Moster model,
one ¢ uncertainty in the largest field dwarf is +22% and —18%. Uncertainty in the
GK14 and Brook models is similar, but in the GK16 model which has higher scatter
in M, — Mya, one o is +28% and —35%. Consistent with N being directly propor-
tional to MP%! to first order, as written in equation (4.3), a 22% change in halo mass

results in a 23% change in NJ .
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Table 4.6 Systematic Errors

Parameter Change % change in N,

M, >10*My; M, > 10> M,

Reionization at z = 14.4 -5 —12
Reionization at z = 11.3 8 26
Reionization at z = 9.3 20 65
ofilt P 1 25% —38 —47
vﬁ};x, vPre | 25% 27 70
M}{lgfg 1 22% 23 26
Mﬁ‘a‘fﬁ} 1 18% —18 26
M}t 1 25% 10 10
MPost | 25% —12 —12
Mintall SHMF o = 1.88 -12 -9
Ml SHMF o = 1.75 10 8
GK16, v = 0.0 24 5
GK16, v = —0.5 -32 —24
tinfall T 0.23 Gyr <1 <1
tinfall i 0.23 Gyr <1 <1

Systematic uncertainties in model input variables and their
effect on the predicted number of luminous satellites. Per
cent change is reported on N, the mean number of satel-
lites with M, > 10 M, found around the largest five galax-
ies for the Moster model. The values in the final column
refer to satellites with M, > 103 Mg. Adjusting scatter, v,
in the M, — My, relationship applies only to the GK16
model. More negative values of 7 indicate more scatter.
Our baseline reionization occurs at z = 13.3, our baseline
« in the SHMF is 1.81, and our baseline v is —0.2. ovflt
is the maximum circular velocity of halos above which all
halos are assumed to have formed stars, regardless of when
this vmax Was reached. vBy is the maximum circular veloc-

ity of halos which, if reached by the redshift of reionization,
indicates star formation will proceed.
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For stellar mass, we choose an uncertainty of 25%, representative of the uncer-
tainty ranges presented in Roediger and Courteau (2015). Due to the steep depen-
dence of M, on My, in the AM models, a change in M, results in a smaller per cent
change in the inferred My,,. As a result, a 25% change in M, yields just a 10 — 12%

5

change in NV,

lum>

whereas the same change in MPo yields a 26% change.

halo

To estimate uncertainty in the infall times of satellites and the SHMF of field
halos, we use a jackknife method with one simulation removed at a time. We find
the mean infall time of satellites counting back from z = 0 to be ¢y = 7.45 £ 0.23
Gyr for the field halos. Shifting the entire infall time distribution by 0.23 Gyr results
in a negligible < 1% effect on N2 _. For the SHMF, a = 1.81 & .065. We therefore
adjust « to 1.88 and 1.75 and find the best fit value of K for each slope. A steeper
slope reduces M, at the low My, end, causing fewer expected luminous satellites. A

shallower slope does the opposite, with a total uncertainty of ~ +11%.

Next, we change the level of scatter in the GK16 model. A value of v = 0 pro-
duces a constant lognormal scatter about M, — My, Of 0gcat = 0.2 dex. Increasing
v to —0.5 increases the level of scatter relative to our baseline of vy = —0.2. Three
different effects influence the overall outcome of modifying scatter. First, increasing
scatter leads to smaller inferred halo mass for a fixed stellar mass, and thus fewer
satellites. Second, in GK16’s model, increasing scatter requires a steeper M, — Myaio
slope, which reduces M, for a fixed My, which subsequently reduces our predicted
Nium. Third, increasing scatter causes more of the more numerous lower mass halos to
upscatter above a detection threshold than higher mass halos to downscatter, which
increases Nyum. However, this third effect diminishes on the mass scale where reion-
ization suppresses low mass galaxies. The interplay of all three effects is complex and

model dependent, but ultimately results in less change to NP

m than exists between

abundance matching models.

Lastly, we consider modifications to reionization. Using the model presented in
Section 4.2.3, we are able to adjust the redshift of reionization to z = 14.3, 11.3, and
9.3 and catalog how N responds in Table 4.6. We additionally adjust both vmax
thresholds (vP and v ) up by 25%, both of which create more dark halos, and

max max
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down by 25%, both of which create more luminous halos.

Modifications to reionization can have enormous implications for the abundance of
UFD satellites, but little effect on larger satellites. For instance, shifting reionization
to later times, z = 9.3, increases N2 _ by 65% for M, > 103My. For M, > 10* M,
it increases it by 20%, and for M, > 10° M, there is only a 1% level effect. The same

and vi* . For M, > 103 Mg there can be as high

max

3 M re
trends are true for adjusting vBr

as a 70% increase in satellites, while for M, > 10° M, the increase is just 13%.

For an individual halo, the approximate uncertainty from each input for M, >
10* My, is as follows: reionization - 33%, total halo mass - 20%, stellar mass of host
- 11%, and SHMF - 11%. We consider the scatter in M, — M., as part of the
spectrum of AM models. When combined in quadrature, the uncertainty reaches
42%, commensurate with the differences between abundance matching models, but
less than the Poisson noise of systems with Nym < 4. Since uncertainty in total
halo mass and stellar mass are not fully correlated from one halo to the next, their

contribution can be mitigated by observing a larger sample of galaxies.

Consequently, the dominant contributors to uncertainty are the abundance match-
ing model, reionization, and Poisson noise. While Poisson noise is uncontrollable,
reionization and AM models will improve with future observations and better mod-
els. For satellites with 10% < M, < 10* My, uncertainty in reionization is the single
most important model dependent factor. However, for satellites with M, > 10° M,
reionization has little influence, and differences between abundance matching models

dominate.

Although uncertainties are large, even the most conservative estimates for the
existence of satellites suggest that at least one satellite with M, > 10* exists around
the largest field dwarf galaxies. For M, > 10° Mg, the lowest estimate comes from
the Brook model with a combined uncertainty from reionization, halo mass, stellar
mass, and SHMF of 15% for the number of satellites around the five largest field
dwarfs. Here, reionization only makes a 2% contribution on its own. Reducing the
mean expected predictions by 15% and including Poisson noise, this lower limit still

predicts an 88% chance that at least one satellite with M, > 10° Mg exists around
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one of the targets.

4.6 Conclusions

We have made predictions for the number of luminous satellites around galaxies using
SHMFs derived from the Caterpillar simulation suite, a model for reionization, and
four different AM methods. We find the number of satellites as a function of their
minimum stellar mass as well as their host galaxy’s total stellar mass. We predict
a combined ~ 70 ultrafaint and classical satellites (M5 > 10* M) around a MW-
sized galaxy, consistent with observational expectations. This result is devoid of any
missing satellite problem.

For the more massive isolated Local Group dwarf field galaxies, our predictions
overwhelmingly indicate that at least one satellite with M, > 10° M, exists, and that
many exist with M, > 10* M. Specifically, when observing the virial volumes of the
five largest field galaxies combined, there is a > 99% chance of discovering at least
one satellite with M, > 10° Mg, when employing the AM models of Moster, GK14,
and GK16, each paired with a reionization model. The existence of at least one such
satellite is even supported by our most conservative case, i.e. using the Brook model
that underpredicts the number of MW satellites by ~ 20 compared to other AM
models. The Brook model still predicts a 92 & 4% chance of one satellite with M, >
10° Mg, within the combined virial volumes of the five largest field galaxies, IC 5152,
IC 4662, IC 1613, NGC 6822 and NGC 3109. If probing down to M5 > 10*M,),
5 — 25 satellites may even exist.

We therefore conclude that deep, wide-field searches for faint (10* < M, < 10° M)
satellites around the known, isolated Local Group field dwarf galaxies should result in
the discovery of satellites. This bears the opportunity to study satellites that would
likely have environments different from any of the known MW or M31 satellites.
A smaller mass host implies they would experience reduced ram pressure stripping,
reduced tidal forces, and a different local reionization field. An additional implication

is that the MW satellites Fornax (M, = 2.5 x 10" M) and Sagittarius (M, ~ 108 Mg
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at infall; Niederste-Ostholt et al., 2010) more likely than not had one own small
satellite galaxy before getting accreted by the MW. Along the same vein, predictions
for the numbers of satellites expected around the SMC and LMC will be reported on

in a separate paper.

We estimate how many satellites are in an observable line of sight of specific
Local Group galaxies as a function of the radius of the field of view. Making specific
predictions will help ensure that the most promising targets are observed to avoid
spending significant amounts of telescope time on many (potentially unnecessary)
pointings to cover the full virial volume of a given field galaxy. We explicitly calculate
expected numbers for galaxies included in the Solo dwarf survey Higgs et al. (2016),
which has recently observed all isolated dwarf field galaxies within 3 Mpc of the MW.
For instance, a single pointing at IC 4662 with their 1° x 1° camera would cover a
volume that encompasses a mean of ~ 0.9—1.2 satellites with M, > 10* Mg, according
to the Moster, GK16, and GK14 models. No satellites of dwarfs have been reported
yet in the Solo survey, but given our predictions, we expect that some will be found

in their fields of view.

In order to maximize chances of discovering as many satellites as possible, we find
the best observing strategy to be to search within small radii of the largest galaxies.
After all, the density of satellites is much higher towards their galactic centers than the
outskirts. In addition, multiple galaxies should be surveyed this way since observing
just one galaxy could yield a non-detection of satellites if it were to have anvunusually
low halo mass for its stellar mass. If results from a complete survey of all field dwarfs
would be available, especially if observations would also cover the full virial volumes
of many galaxies including the MW and M31, constraints on the epoch of reionization

and the various AM models could be derived.

AM models contribute a large ~ 50% uncertainty relative to the Moster model to
the predictions of satellite abundances. Reionization, which preferentially suppresses
star formation in low mass galaxies, can contribute up to 70% uncertainty for M2¢ >
103 M, but only ~ 10% for M52t > 10° M. Measurements to a completeness limit

of 105 Mg, would primarily constrain the M, — My, relationship for galaxies and thus
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the accuracy of the abundance matching models. If observations could ever yield a
census of satellites down to 103 Mg, reionization could also be constrained by placing
limits on the ability of reionization to suppress (or not) star formation in these small
halos.

Finally, we emphasize that discovering no satellites at all is highly unlikely. Nev-
ertheless, a non-detection would imply at least two of the following: a very strong
suppression of star formation by reionization, a low M, — My, relationship for low
mass galaxies, a high M, — My, relationship for galaxies with masses typical of field
dwarfs, and a MW which has an abnormally large number of luminous satellites with
M, < 10°Mg. We therefore conclude that there are almost certainly many small
satellites of dwarf galaxies waiting to be discovered and that their discovery will help
refine not just AM models and reionization but our understanding of low mass galaxy

formation.
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Chapter 5

A missing satellite problem around

the LMC
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Abstract

We predict satellite abundances around Magellanic Cloud-mass host galaxies, specif-
ically modeling the volume within 50 kpc of the Large Magellanic Cloud (LMC).
Using simple abundance matching and reionization models applied to the Caterpil-
lar simulations, we predict a mean of 4-8 satellites with stellar mass M, > 10* M,
and a mean of 3-4 satellites with 80 < M, < 3000 Mg in this volume around the
LMC. Surprisingly, all 12 currently known satellite candidates have stellar masses
of 80 < M, < 3000Mg. The dearth of any larger satellites may indicate a steep
M, — M, relationship, or strong tidal stripping. The large abundance of known
very faint galaxies, which is expected to increase with ongoing surveys, may rule out
an early reionization redshift for the Local Group (zeion < 9 preferred), or indicate an
abrupt flattening of the M, — My, relationship at 102 M. Despite large uncertainty
in the overall number of satellites predicted, we more robustly predict that within 50
kpc of the LMC today, ~ 33% of galaxies accreted with the LMC, ~ 20% with the
Small Magellanic Cloud, and ~ 47% were only ever Milky Way satellites. Observing
satellites in isolated LMC-sized field galaxies can help to decipher how unusual the
satellite population near the LMC is, and better constrain the M, — M,), relationship.
Modeling known LMC-sized galaxies within 8 Mpc, we predict 1-6 (2-12) satellites
with M, > 10° Mg (M, > 10* M) within the virial volume of each, and 1-3 (1-7)
within a single 1.5° diameter field of view, making their discovery likely.

5.1 Introduction

The hierarchical structure formation predicted in Lambda Cold Dark Matter theories
implies that dark matter halos of all scales contain substructure from past accretion
events (Springel et al., 2008). The Milky Way and M31 each fit this paradigm, both
orbited by many known satellites. Moving down roughly an order of magnitude in
total halo mass, the Large Magellanic Cloud should similarly contain its own sub-
structure. Lynden-Bell (1976) made an initial proposition of the Large and Small
Magellanic Clouds (LMC and SMC) as a dynamically linked group, followed by spec-
ulation that additional MW satellites and globular clusters were part of a greater
Magellanic stream (Lynden-Bell, 1982; Lynden-Bell and Lynden-Bell, 1995). In the
years since, there has been a vigorous debate in the literature as to how many, if any,
of the MW satellites were originally satellites of the LMC (D’Onghia and Lake, 2008;
Nichols et al., 2011; Sales et al., 2011). One way to make progress is to probe the

volume of space near the Clouds, especially the volume that remains tidally bound
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to them, for new satellites, as suggested by Sales et al. (2011).

Recently, surveys including Dark Energy Survey (DES), SMASH, Pan-STARRS,
ATLAS, and MagLiteS have in fact revealed ~ 20 new satellite candidates, many
currently in the vicinity of the LMC (Bechtol et al., 2015; Drlica-Wagner et al., 2015;
Kim et al., 2015; Kim and Jerjen, 2015; Koposov et al., 2015a; Laevens et al., 2015;
Martin et al., 2015; Luque et al., 2016; Torrealba et al., 2016b; Drlica-Wagner et al.,
2016). There is an ongoing debate as to which of these new satellites is physically
associated with the Clouds. Yozin and Bekki (2015), Koposov et al. (2015a) and
Drlica-Wagner et al. (2015) each identify that the clustering of satellites near the
LMC is highly improbable unless many satellites are dynamically associated with the
Magellanic system. Deason et al. (2015) considered satellites on an individual basis,
comparing their positions and velocities to N-body simulations of LMC-sized galaxies
and their substructure in a MW-sized system, and found that 2 — 4 out of the 9
then known DES satellites were likely part of the LMC. Jethwa et al. (2016) followed
with slightly different methodology, injecting LM C-sized galaxies into a MW potential
with the known kinematics of the LMC, and found that 7 — 12 of 14 satellites were
consistent with the LMC. Sales et al. (2016) conducted a follow-up to the Sales et al.
(2011) study, and this time found 8 of the 20 new satellites possibly consistent with
the LMC, with one, Horologium I, definitely consistent. They agree with Koposov
et al. (2015b), who had previously also concluded that Horologium I is a satellite of
the LMC.

There remains much uncertainty over the fundamental theoretical question of how
many satellites the LMC should have brought with it at infall. Jethwa et al. (2016)
predicts that a total of 70730 were accreted with the LMC and SMC. This means as
many as 1/3 of all MW satellites actually entered as part of the Magellanic Cloud
system. In stark contrast, Sales et al. (2016) predicts that only 5% should have
entered with the LMC, and Deason et al. (2015) estimates a value of 7%, but allows

for a range from a low of 1% to a high of 25%.

It is hard to reconcile how many satellites should be observed around the LMC

and SMC with how many are actually observed without a consistent and transparent
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prediction of satellite populations. As more satellites are discovered and/or confirmed,
a prediction with clearly defined inputs can be tested to constrain the underlying
galaxy formation physics in the model. The goal of this paper, a companion paper
to Dooley et al. (2016b), is to show what simple, well-motivated theories predict for
satellite populations in the LMC and SMC, as well as isolated galaxies of similar size
to the LMC and SMC. Hence, we predict how many satellites were likely brought in
with the LMC and SMC at infall, and how many satellites should exist within the
local vicinity of the LMC today where many of the recent dwarfs were discovered.
Any mention of the “LMC” by itself refers to the actual LMC. Any mention of “LMC-
size”, “LMC-scale”, or “LMC analog” galaxies refers to galaxies which have a similar

stellar mass to the LMC, but are not the LMC. The same applies to the SMC.

It is important to compare the LMC satellite population with those of isolated
galaxies of comparable stellar mass, which provides a great opportunity to study
satellite populations without the complicating dynamical issues of tidal stripping,
ram pressure, and complex orbits of those which are in close proximity to the LMC,
SMC, and MW. Additionally, the ambiguity of associating satellites with their original
host does not exist for isolated galaxies. In that regard, isolated hosts are a cleaner
sample through which observations can provide better empirical constraints on the
estimates for the satellite population of our own LMC. These systems are also test
grounds to study the effect of environment on dwarf galaxy star formation (Wetzel
et al., 2015), where gravitational effects are reduced and reionization may proceed
differently than near the MW and M31. On the other hand, isolated galaxies are too
distant to detect the extremely low luminosity satellites that are being found near the
Magellanic Clouds. Thus to fully understand the satellite populations of LMC-sized
hosts as well as to test our model for populating hosts with satellites in general, it
is important to observe and analyze both LMC-size isolated galaxies and the LMC
itself.

The prospects for finding dwarf galaxies around nearby LMC analogs in and be-
yond the Local Group is good, as new surveys prove that even ultrafaint dwarf galaxies

can be identified at distances of ~ a few Mpc. Recent surveys of resolved stellar pop-
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ulations in ~Milky Way-mass halos are revealing faint dwarf satellites and their rem-
nants (e.g., Cen A: Crnojevi¢ et al. 2014, 2016; M 81: Chiboucas et al. 2013; NGC 253:
Sand et al. 2014; Romanowsky et al. 2016; NGC 891: Mouhcine et al. 2010). There
are even some isolated examples of dwarfs around dwarfs. For instance, the dwarf
galaxy Antlia B (My ~ —9.7) is located near the Local Group galaxy NGC 3109,
which has a stellar mass similar to the SMC (Sand et al., 2015). The tidally dis-
rupting dwarf galaxy NGC 4449B and its associated tidal stream (Martinez-Delgado
et al. 2012; Rich et al. 2012; Toloba et al. 2016) has been discovered near NGC 4449
(D = 4.3 Mpc) which has a stellar mass similar to the LMC. Finally, the My = —7.7
(M, ~ 10°Mg) dwarf MADCASH J074238+652501-dw has been found around the
M, ~ 2 x MEMC host galaxy NGC 2403 (D = 3.2 Mpc; Carlin et al. 2016). To date,
systematic searches for satellite companions of lower-mass hosts are lacking. However,
the available capabilities of wide-field imagers on large aperture telescopes to resolve
stellar populations to nearly the outer reaches of the Local Volume (D < 8 Mpc) are
beginning to be exploited (e.g., Carlin et al. 2016) to study the halos of LMC analogs
beyond the Local Group.

Here, we provide the theoretical context for both the LMC satellite population and
Magellanic Cloud analogs. In Section 5.2, we describe our theoretical approach. In
Section 5.3, we present our main results. First, we highlight some surprising results
when we compare simple theoretical models of the satellite population around the
LMC to the observed population. Namely, we show that the vicinity of the LMC has
a statistically significant dearth of satellites with 10* Mo < M, < 107 M, especially

compared with the number of satellites with M, < 103Mg. This primary result is

seen in Fig. 5-2. We present, different hypotheses to explain this discrepancy. Finally,
we make predictions for satellite abundances around specific target galaxies over a
range of host galaxy stellar masses near that of the LMC that are located between 2
and 8 Mpc from the MW. Observations of these systems can help unravel the “missing
satellite” puzzle of why so few (currently zero) satellites with 10* Mg < M, < 10" Mg

are found within 50 kpc of the LMC. To guide observers, we further provide estimates

on the line of sight radial dependence of satellite abundances to motivate and compare
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to observational searches. In Section 5.4, we summarize our key findings and make
both theory- and observation-oriented recommendations to solve this puzzle of the

dwarf satellite population near the LMC.

5.2 Methods

We apply the same techniques used in Dooley et al. (2016b) to make predictions for
the distribution of possible satellites around host galaxies. Given the stellar mass of
a host galaxy, we generate a random realization of satellites around it according to

the following procedure:

1. Convert the host’s stellar mass to a total halo mass (see section 2.5 of Dooley

et al. (2016b) for details).
2. Determine the typical subhalo mass function (SHMF) for host galaxies.

3. Sample the SHMF to generate a random realization of dark matter subhalos for

the host.

4. Model reionization by assigning subhalos to be dark or luminous according to

a probability function that depends on a halo’s peak or infall mass.

5. Assign a stellar mass to each luminous subhalo according to an abundance

matching (AM) model.

6. (Optionally) Assign distances to each satellite according to a radial distribution

profile of luminous satellites.

We repeat this procedure 30,000 times for each calculation of interest in order to
obtain a convergence of the mean and to sample the variance.

The SHMF, fraction of galaxies that survive reionization, radial distribution of
satellites, and infall distribution of satellites are found by analyzing simulated galaxies

from the Caterpillar simulation suite (Griffen et al., 2016b). This consists of 33 high
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particle resolution (m, = 3 x 10* M) and high temporal resolution (320 snapshots)

zoom-in simulations of Milky Way-sized galaxies.

As in Dooley et al. (2016b), we model reionization’s ability to leave dark matter
halos entirely dark as follows: a halo’s maximum circular velocity must reach a critical

value, v | before the redshift of reionization, 2eon, Or reach a larger critical value

filt
max’

after reionization, v in order to form stars. Applying this model to the Caterpillar
suite leads to a function indicating the fraction of halos that are luminous as a function
of halo mass, as seen in fig. 3 of Dooley et al. (2016b). We choose values to replicate

the model of Barber et al. (2014) with 20, = 13.3, finding vP*¢ = 9.5km/s and

max

vfilt = 23.5km/s. Unless otherwise stated, we use this as our “baseline” reionization
model.
A reionization redshift of z = 13.3 is relatively early, especially compared to

the value of 7.8 < zon < 8.8 estimated by Planck Collaboration et al. (2016a).
However, in order to remain consistent with the model used in Dooley et al. (2016b),
which leads to a prediction for the number of MW satellites with M, > 103 Mg
consistent with that of completeness corrected observations (Hargis et al., 2014), we
stick with Zwejon = 13.3 in our baseline reionization model. We then also explore
models where reionization occurs later for comparison. Furthermore, the physical
meaning of 2o, in our model is imprecise since decreasing it is degenerate with
decreasing vP'® . Decreasing either parameter increases the fraction of halos which

max*

form stars.

Due to large differences in AM models, particularly at low stellar masses, we
implement a total of five AM models. These models are the Brook model (Brook
et al., 2014), the Moster model (Moster et al., 2013), the GK14 model (Garrison-
Kimmel et al., 2014b), the GK16 model (Garrison-Kimmel et al., 2016), and the
Behroozi model (Behroozi et al., 2013a).

We define the halo virial radius, Ry, using the Bryan and Norman (1998) fitting
function for the radius at which a halo is virialized in the spherical tophat model. At
z = 0 for our cosmological parameters, R,; is the radius such that the mean enclosed

halo density is 104 times the critical density of the universe, p. = 3H3/87G. M,y
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refers to the gravitationally bound mass within R,;, and any mention of Rx or Ma
refers to the radius and mass of a halo where the mean enclosed density is A times

the critical density.

All of our steps are identical to those in Dooley et al. (2016b) except for two
adjustments. First, we use a slightly different SHMF. We find a single function in
which abundances are directly proportional to the host halo mass is sufficient to
describe the SHMF over a host mass interval of 1 dex, but begins to become less
accurate outside the range it was calibrated to. Since the total halo mass of the SMC
and LMC is around 1 dex smaller than the MW mass, we calibrate the mass function
specifically to halos in a mass range that encompasses the estimated masses of the
LMC and SMC. We select a subset of isolated field halos in the simulations (outside
the virial radius of the MW-like host and within the contamination radius) which
have masses in the range 5 x 101 < M, < 5 x 10! M. The differential abundance

of subhalos follows the form

dN Ms b ~omt Mhost
= K, = 5.1
dN[sub 0 ( M@ ) M@ ’ ( )

where the mass definition of M. and Mgy, vary according to AM model. The total
number of subhalos counted, however, always refers to the number within the Bryan
and Norman (1998) virial radius. The function is controlled by two fit parameters:

the logarithmic slope ap,¢ and normalization factor Ky. The values we obtain and use

are ams = 1.93, Ky = 0.00588 for M :Mﬁiak and Myost =M,y which is needed for
the GK14 and GK16 models, amys = 1.88, Ky = 0.00219 for Mgy, =MBEL and My
=Moo which is needed for the Moster model, and o, = 1.88, Ko = 0.00282 for Mgy,
=M§’§Sk and Mot =M350 which is needed for the Brook model. These values lead
to a ~ 20% reduction in abundance predictions compared to the values used for the

smaller dwarf field halos in Dooley et al. (2016b). For predictions of the MW, we use
the same SHMF parameters as listed in Dooley et al. (2016b).

Second, the LMC is massive enough such that we can no longer assume the subhalo

abundances are Poisson distributed. As pointed out in Boylan-Kolchin et al. (2010),
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and confirmed in Mao et al. (2015) and Lu et al. (2016), subhalo abundances more
accurately follow a negative binomial distribution where the variance in the mean
number of satellites increases relative to that of a Poisson distribution as Mgyp/Mhost
decreases. More quantitatively, the variance of N(> Mgun/Miost) is 02 = 0% + 0%,
where 0% = (N) is the Poisson variance, and 0% = s2(NN)? is an intrinsic scatter. The
value of the fractional intrinsic scatter, s;, was found to be 0.18 in Boylan-Kolchin
et al. (2010). Studying the variance in Caterpillar halos with our own mass functions,
we find s; = 0.14 to be a better fit. We implement this by generating random samples
of dark matter halos in logarithmic bins of Mg,/ Myest- The number of halos per bin
is chosen according to a negative binomial distribution whose variance increases for
lower mass ratios. For our scale of galaxies, the variance in the number of satellites

with M, > 103 M, is larger than that of a Poisson distribution, but is roughly the

same for satellites with M, > 10° Mg.

5.3 Results

In the next two subsections, we consider two applications of our methods. First, we
predict the satellite galaxy distribution within the vicinity of the LMC, and compare
it to currently known dwarf galaxies in that region. To do this, we approximate the
LMC and SMC as once-isolated galaxies that accreted on to the MW. Second, we
make predictions for isolated LMC and SMC mass galaxies. This allows us to estimate
and tabulate the number of satellites that may be found in distant galaxies of similar
size. The two investigations are mutually-reinforcing in that improved understanding
of one can lead to improved modelling and predictions for the other.

Both subsections require an estimate of the total halo mass of the LMC and SMC
if they were isolated at z = 0, as well as the virial radius of each. We assume stellar
mass values of 2.6 x 10° Mg, for the LMC (calculated, as are all stellar masses of Local
Volume galaxies in this work, based on the luminosity derived using the Kg-band

magnitude and distance from Karachentsev et al. 2013', assuming Myso = 3.28,

lUpdated version available at http://www.sao.ru/lv/1lvgdb/.
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and M/L = 1; see also van der Marel et al. 2002; Harris and Zaritsky 2009), and
7.1 x 108 Mg, for the SMC. From these stellar masses, we infer the total halo mass as
in Dooley et al. (2016b), using the AM models with an assumed 0.2 dex 1o log-normal
scatter in the M, — My, relationship. The GK16 model is an exception, in which
its scatter is larger and increases towards lower mass halos. For the LMC, we find
a value of My, = 2.3 x 10" Mg, for the GK models, 2.1 x 10! M, for the Behroozi
model, 1.7 x 101! M, for the Moster model, and 1.8 x 10! M, for the Brook model.
This corresponds to a virial radius of 156,153,141 and 146kpc. For the SMC, we
find M,;, = 1.3 x 10! Mg, for the GK models, 1.1 x 10! M, for the Behroozi model,
9.2 x 101°M,, for the Moster model, and 9.5 x 10'® Mg for the Brook model. The
corresponding radii are 132,123,116, and 117 kpc.

The masses we infer for the LMC are slightly lower than the value of My =
2 — 2.5 x 10" Mg (which converts approximately to My, = 2.3 — 3.9 x 10 Mg)
estimated by Nichols et al. (2011), Pefiarrubia et al. (2016), and Jethwa et al. (2016),
but larger than the LMC analog mass of 3.6 x 10'° M used in Sales et al. (2016).

5.3.1 Number of LMC and SMC satellites

In this section, we consider the actual LMC and SMC, quantifying the number of
their satellites. We want to estimate the number of satellites they each had upon
accretion onto the MW, which corresponds to the number of present-day MW satel-
lites once associated with them. To do so, we must estimate their halo mass at infall,
which we infer from their stellar mass. However, estimating their stellar masses at
infall accurately is difficult due to uncertainty over their infall time. Depending on
the bulk velocity of the LMC, the mass of the MW and the Clouds, the evolving
MW gravitational potential, models for the Magellanic Stream, and LMC-SMC in-
teractions, the accretion time of the LMC could be as recent as 1 Gyr ago (Busha
et al., 2011a), longer than 4 Gyr ago (Bekki, 2011), or anywhere from 1 — 12 Gyr ago
(Shattow and Loeb, 2009; Besla et al., 2007; Kallivayalil et al., 2013).

Fortunately, this very large uncertainty does not significantly impact the number

of satellites we predict. If the LMC accreted onto the MW 5 Gyr ago for instance,
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its stellar mass at infall would be ~ 30% less than today according to the LMC star
formation history computed in Harris and Zaritsky (2009). A 30% decrease in the
stellar mass of an LMC-sized host only decreases the predicted abundance of satellites
by 13% (as seen in Figure 5-6). When limiting predictions to fixed volumes rather
than the virial radius, the difference drops yet again. Within 50 kpc, the change is
8%. Moreover, uncertainty in the present day stellar mass of the LMC and SMC is
large, at — 30%/ + 70% according to Harris and Zaritsky (2009). With no obvious
best solution for identifying the stellar mass at infall, we simply use the present day
estimate of stellar mass for the LMC and SMC, acknowledging that this uncertainty

leads to a ~ £15% uncertainty in satellite abundances in our model.

In Fig. 5-1, we show our prediction for the number of satellites within an isolated
halo’s virial radius as a function of the minimum satellite stellar mass. We do this for
hosts with stellar masses of the LMC and SMC. Particularly for low stellar masses
of the satellites, the number of satellites predicted varies greatly due to different
abundance matching models, super Poissonian noise, and uncertainty in reionization.
Regarding AM models, most of the discrepancy between the GK models and the
Moster model arises from their different predictions of total halo mass and virial
radius, with the Moster model predicting smaller values. The Brook model assigns
lower stellar masses to halos than the rest, so much so that its predictions for UFD
MW satellites are below the completeness limit estimates of Hargis et al. (2014) and
Drlica-Wagner et al. (2015) as shown in Dooley et al. (2016b). In that regard it can be
considered a lower limit abundance matching model for the number of satellites with
M, > 103 M. The Behroozi model, on the other hand, is known to overpredict the
number of MW satellites with M, > 10° Mg (Garrison-Kimmel et al., 2014b; Dooley

et al., 2016b), and be seen as an upper limit in that mass range.

We highlight uncertainty due to counting statistics and reionization on the GK16
model since it is calibrated down to a lower M, than the other models, is the only
model to explicitly model scatter in the M, — My, relationship, and is the most recent
model. The shaded orange band indicates the +1¢ range due to counting statistics

about the mean. With the GK16 model and our baseline reionization, we predict
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that 7 — 14 and 4 — 9 satellites with M, > 103 Mg, are accreted into the Milky Way
with the LMC and SMC respectively. For satellites with M, > 10° M, we predict
2—6and 1—4.

Reionization in our baseline model occurs relatively early, at z = 13.3. We demon-
strate how delaying reionization affects the abundance of faint satellites by including
predictions for the GK16 model with reionization occurring at z = 11.3 and z = 9.3.
When reionization begins later, it suppresses fewer low mass halos leading to a large
increase in galaxies with M, < 10°Mg. The effect is diminished for larger galaxies,
with almost no change occurring for satellites with M, > 10° M. More observations
of low mass satellites are needed to provide better joint AM and reionization model

constraints.

5.3.1.1 Stellar mass function of LMC vicinity satellites

Fig. 5-1 predicts the number of satellites around LMC and SMC-sized galaxies if they
were isolated. However, the actual LMC and SMC are located only 50 and 60 kpc
from the MW Galactic Center. Using a MW mass of 1.4x 102 M, and approximating
the dark matter halo density distributions as Hernquist profiles (Hernquist, 1990), we
estimate their tidal radii as the distance to the L3 Lagrange point and get 15 — 17
kpe for each. Thus nearly all of the former Magellanic satellites would now no longer
be gravitationally bound to either the LMC or the SMC. Even if not bound though,
satellites that accreted close to the LMC and SMC are likely still spatially correlated
with them. This is especially true if the Magellanic Clouds are on their first pericentric
passage, as favored by Besla et al. (2007); Busha et al. (2011a); Kallivayalil et al.
(2013) and Sales et al. (2016), although they could be on second or third passages
(Shattow and Loeb, 2009; Bekki, 2011).

Since most of the recently discovered satellites near the LMC are within 50 kpc
of it, and in particular all 12 satellites that Jethwa et al. (2016) found to have a
probability of > 50% to be associated with the LMC are within 50 kpc, we focus
our predictions on that subvolume. We approximate that the number of Magellanic

satellites within 50 kpc of the LMC and SMC at infall is still the same number within
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Figure 5-1 Upper Panel: Mean number of satellites around an isolated LMC-sized
host galaxy as a function of the minimum satellite stellar mass. Lower Panel: Mean
number of satellites around an isolated SMC-sized host as a function of the minimum
satellite stellar mass. The shaded band in each panel shows the one ¢ variation
in satellite abundance for the GK16 model. The effect of delaying reionization by
shifting its starting redshift in our model from z = 13.3 (solid lines) to z = 11.3
(dashed orange line) and 2z = 9.3 (dot-dashed orange line) is shown for the GK16
model. Reionization controls the fraction of low-mass galaxies which can form stars.
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those distances presently. In this regard, our predictions are an upper limit, and are
more accurate the more recently the LMC and SMC accreted. We comment on the

effect of satellites migrating away from the LMC and SMC later in our analysis.

The expected number of satellites in our target subvolume come from three sources:
the MW, the LMC, and the SMC. Assuming a reionization model, a MW mass of
1.4 x 10'2 M, and an isotropic satellite distribution, we integrate the radial distribu-
tion of satellites from each source over the LMC subvolume, placing the MW at 50
kpc from the LMC, and the SMC at 24 kpc from the LMC. The radial distribution
of satellites is determined from the Caterpillar simulations, selecting only subhalos
which we identify as luminous in our baseline reionization model. This is a very
critical step, since the radial distribution of luminous satellites is much more concen-
trated than that of all subhalos, one of the biases discussed in Sawala et al. (2016).
We would under predict the combined satellite abundance near the LMC by a factor

of ~ 2.5 if we used the radial distribution of all z = 0 subhalos.

We find that the normalized radial distribution of satellites within the host halo
virial radius does not depend on the mass of the host. The distribution does de-
pend weakly on subhalo peak mass, with satellites having M2 > 10° M, being less
centrally concentrated than those with MP®* < 10° M, which are subject to more
selection effects from reionization due to being smaller. However, the difference be-
tween these distributions leads to only a 10% change in our predictions for the LMC,
which is within the 1o uncertainty of the mean of our radial distribution. We there-
fore use a single radial distribution as a function of /R, calibrated to all luminous
satellites. We tested for this on all isolated halos within the Caterpillar suite with a
mass of 101° < M, < 3 x 1012Mg. The functional form of our radial distribution,

and a plot comparing the distribution of luminous satellites against all subhalos, can

be found in Dooley et al. (2016b).

In Fig. 5-2, we show the predicted cumulative satellite stellar mass function for
galaxies in the LMC subvolume. We show this for the Behroozi, GK16, and Brook
models. Due to restricting our predictions to a small fixed volume, the Moster, GK14,

and GK16 models all predict nearly identical values, so we show just the GK16 model
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Figure 5-2 Predicted and actual number of satellites within 50 kpc of the LMC as
function of minimum stellar mass. Dashed black line shows the stellar mass function
of all currently known candidate galaxies. At an estimated stellar mass of just 82 Mg,
Cetus II falls off the mass range plotted. For galaxies with M, < 10* M, this can
be regarded as a lower limit since more low stellar mass galaxies are expected to be
found in ongoing surveys. Also plotted are predictions for the stellar mass function
according to the Behroozi, GK16, and Brook AM models. For the GK16 model in
orange, we include shaded bands indicating 1o variance due to counting statistics
and uncertainty in the radial distribution. Predictions from the GK14 and Moster
models are nearly identical to the GK16 model and therefore not shown. The GK16
prediction is broken down into contributions of satellites from the MW background,
the LMC, and the SMC.

for simplicity. As the most recent and versatile model, we split the predictions for the
GK16 model into contributing components from the MW, LMC, and SMC, as shown
in grey. The sum of all three components is shown by the solid orange line, with 1o

variation due to counting statistics shown by the shaded orange band.

We compare these predictions to the dashed black line, which shows the cumulative
stellar mass function for all currently known satellite candidates within 50 kpc of
the LMC. A major caveat is that this function is likely a lower limit for satellites
with M, < 10" Mg, since the full extent of the volume we are considering has not
yet been surveyed and analyzed for such faint galaxies (Drlica-Wagner et al., 2016).

Not included in the observed sample are the LMC and SMC themselves, since we
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purposefully choose our small subvolume to contain these two rare galaxies. Whether
we include Magellanic Cloud sized systems in our predictions or not is unimportant,
since so few are predicted in all models.

The catalog of satellites, their positions and distances (from which we calculate
the distance to the LMC) were taken from the compilation of McConnachie (2012),2
which we supplemented with the following systems discovered more recently than
the last update of the McConnachie catalog in Sept 2015: Virgo I (Homma et al.,
2016), Pictor II (Drlica-Wagner et al., 2016), Crater 2 (Torrealba et al., 2016a),
Aquarius 2 (Torrealba et al., 2016b), and DES J0225+0304 (Luque et al., 2016).
Stellar masses were calculated based on the derived V-band absolute magnitudes,
doubling the luminosity to account for My being the luminosity within the half-light
radius, and assuming a stellar mass to light ratio of one. Systematic uncertainty
in the luminosity of satellites up to a factor of two makes little difference in the
interpretation and qualitative nature of Fig. 5-2. A factor of 10 increase in luminosity
would be needed to significantly alter the interpretation.

After selecting only those within 50 kpc of the LMC, our sample (in order of
smallest to largest distance from the LMC) consists of Pic II, Ret II, Tuc IV, Tuc V,
Tuc III, Tuc II, Hor I, Hor II, Ret III, Cet II, Gru II, and Eri III. Of these, only three
have been spectroscopically confirmed as dwarf galaxies: Reticulum II (Koposov et al.,
2015b; Simon et al., 2015; Walker et al., 2015), Horologium I (Koposov et al., 2015b)
and Tucana II (Walker et al., 2016). This means some candidates in our sample
may end up not being true dwarf galaxies. For instance, spectroscopic follow-up of
Tucana III suggests it is a tidally stripped dwarf galaxy, but its status as a galaxy is
not definitive (Simon et al., 2016). Ongoing spectroscopic analysis, however, suggests
that most, if not all candidates, will be confirmed as galaxies (Fermi-LAT et al.,
2016). Uncertainty in satellite positions could mean gaining or 0 — 2 satellites with
M, < 103 Mg, which would not be enough to change the interpretation nor qualitative
nature of Fig. 5-2.

More galaxies are also expected, since this population comes from an incomplete

2 Available online at http://www.astro.uvic.ca/~alan/Nearby_Dwarf_Database.html.
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survey area around the LMC. The Magellanic Satellites Survey (MagLiteS) is likely
to uncover more ultrafaint satellites near the LMC in a footprint not already surveyed
by DES (Drlica-Wagner et al., 2016). It is also possible that within the DES footprint,
faint dwarf galaxies (those with M, < 10* M) will continue to be discovered. Between
the likelihood that candidate galaxies will be confirmed as real galaxies, and the
expectation of discovering of more galaxies, the observed stellar mass function in

Fig. 5-2 should be considered a lower limit.

Even with these caveats, there is a dramatic disagreement between the predicted
and observed stellar mass functions. All AM models greatly overestimate the number
of satellites with M, > 3 x 10° Mg, or more importantly, with M, > 10*Mg, a
mass range where few, if any, new satellites are likely to be discovered. Following
assumptions in Bechtol et al. (2015), a galaxy with stellar mass of M, = 10* Mg
corresponds to My ~ —b5.1, which in the year 1 DES survey would be expected to
be found with high efficiency out to 300kpc. To remain undetected, a satellite of
this size would need a half-light radius larger than ~ 300kpc, making the surface
brightness comparable to or lower than that of the lowest surface brightness MW
satellites (Torrealba et al., 2016a). Since the DES survey covered approximately half
of the volume within 50 kpc of the LMC and found zero M, > 10*M, satellites
(Drlica-Wagner et al., 2016), it is unlikely the the remaining volume contains more
than two such satellites.

In contrast to zero observed M, > 10* Mg satellites, the Brook model predicts
~ 4, the GK16 model ~ 8, and the Behroozi model ~ 12. Additionally, all models
predict far too few satellites in the interval 102 < M, < 3 x 103 M. Once again, the
Behroozi model is in particularly strong disagreement, a fact not surprising in light of
its shortcomings in predicting satellite galaxies already discussed in Garrison-Kimmel
et al. (2014b) and Dooley et al. (2016b). Quantifying the disagreement in terms of
random chance, the GK16 model predicts 7.9 & 3.0 satellites with M, > 10%, and a
0.04% chance of zero galaxies. For the Brook model, odds are improved, but only to

1.5%.

There is some evidence that this subvolume happens to have fewer satellites with
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M, > 10* Mg by chance. A total of 8 such satellites (excluding the LMC and SMC) are
known within the MW out to a galactic distance of 100 kpc. If they were isotropically
distributed and follow the radial distribution from our model, 1.4 satellites would be
expected in the 50 kpc radius volume under consideration. An additional easing
of tensions could be made if the Canis Major overdensity (M, =~ 4.5 x 10" Mg) is
in fact a dwarf galaxy since it is within 50 kpc of the LMC. However, too much
contention exists regarding whether it is (e.g., Martin et al., 2004; Bellazzini et al.,
2004; Martinez-Delgado et al., 2005; Bellazzini et al., 2006; de Jong et al., 2007), or is
not (e.g., Lopez-Corredoira 2006; Moitinho et al. 2006; Momany et al. 2006; Rocha-
Pinto et al. 2006; for a recent summary of this debate, see Yanny and Newberg 2016)

a galaxy to include it in our sample.

5.3.1.2 Reconciling theory and observations?

Since we are analyzing a range satellites far fainter than those used to calibrate
any AM model, it is perhaps not surprising that our predictions do not agree with
observations. We therefore explore a range of possible alterations to our model which
improve alignment with the data, and assess the plausibility of each.

To make discussions easier, we define satellites with M, > 10* as “large UFDs,”
and satellites with 102 < M, < 3 x 10® as “small UFDs.” In these terms, the problem
with our predicted satellite abundance is a matter of too many large UFDs, and too
few small UFDs.

There are several ways in which the number of predicted large UFDs can be

reduced which we identify as important to consider:
1. Lower mass MW, LMC and/or SMC.
2. Original LMC and SMC satellites have migrated to larger distances.
3. Less centrally concentrated radial distribution of satellites.
4. Tidal stripping.

5. Steeper M, — Myalo relationship.
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Each of these options simultaneously exacerbate the problem of predicting too
few small UFDs. The predicted number of small UFDs can be increased without
substantially increasing the predicted number of large UFDs in the following three

ways:
1. Reionization occurs later.
2. The halo size threshold needed for star formation before reionization is reduced.

3. The M, — My, relationship deviates from a power law. It is “bent” near a

stellar mass of 10* Mg, to have a more flat slope.

Reduced MW /LMC/SMC Mass

Any reduction in the mass used to model the MW, LMC, or SMC would decrease
the predicted number of satellites at all stellar mass scales. However, this can not by
itself be an explanation for the over-prediction of large UFDs. In the extreme event
that the MW, LMC, and SMC are all one-half the total halo mass we use, the number
of large UFDs predicted for the LMC subvolume in the GK16 model decreases 30%

from 7.9 to 5.6, still a large statistical discrepancy from zero.

LMC/SMC satellite migration

We have so far assumed that the number of satellites within 50 kpc of the LMC and
SMC at infall is equal to the number within 50 kpc today. Especially if the LMC/SMC
pair is on its second or third pericentric passage around the MW, the positions of the
original Magellanic satellites would be changed by the MW gravitational potential,
becoming less concentrated in the immediate vicinity of the LMC and SMC. This
would reduce the predicted number of LMC and SMC satellites, but would once
again not be sufficient by itself to explain the over-prediction of large UFDs. If the
number of LMC and SMC satellites within 50 kpc of the LMC are reduced by one
half due to satellite migration, the baseline GK16 model would still predict 5.7 large
UFDs.
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Radial Distribution

A radial distribution that is less centrally concentrated would reduce the predicted
contribution of satellites from all three of the MW, LMC, and SMC. The uncertainty
in the mean of the normalized radial distribution of luminous satellites that we de-
termine from the Caterpillar halos leads to a 1o uncertainty of 28% in the number of
satellites within 50 kpc of the LMC, regardless of satellite mass range. A reduction
by this amount changes the GK16 prediction of large UFDs from 7.9 to 5.7, still too

high to be statistically consistent with zero.

Tidal Stripping

Tidal stripping can reduce the stellar mass of predicted large UFDs, helping to allevi-
ate tension with observations by shifting the predicted stellar mass function curve to
the left. The fact that most UFDs fall on the same mass-metallicity relationship as
larger galaxies (Kirby et al., 2013b) suggests that most UFDs are not tidally stripped.
However, there is evidence of possibly significant tidal stripping in the UFDs Segue 11
(Kirby et al., 2013a), Hercules (Roderick et al., 2015; Kiipper et al., 2016), Leo V
(Collins et al., 2016), and Tucana III (Drlica-Wagner et al., 2015; Simon et al., 2016).
Of those, only Tucana III is in the sample of satellites within 50 kpc of the LMC.
However, most of the satellites in the sample have not yet been studied in follow-up
campaigns to determine what levels of tidal stripping they may have undergone. It
is therefore plausible that more satellites will show evidence of tidal stripping.

In the top panel of Fig. 5-3 we show the original GK16 stellar mass function
prediction and the prediction if all satellites are stripped. Only a massive amount
of tidal stripping, > 95% of stellar mass stripped, could explain the excess of large
UFDs by itself. This would reduce the number of large UFDs from ~ 8 to ~ 2. Using
particle tagging in the Caterpillar simulations, we conduct a quick estimate of the
fraction of stars that could be stripped. We select satellites which form stars before
reionization and survive to z = 0 with the stellar mass of UFDs. We then tag their

2% most bound particles at the time of peak mass, and assume no star formation
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proceeds thereafter. This is roughly consistent with their classification as reionization
fossils, in which > 70% of their stars are estimated to have formed before reionization
(Brown et al., 2012, 2014a,b). The satellites which are near 50 kpc from the MW at
z = 0, consistent with the mean distance of the observed LMC vicinity satellites to
the MW, have on average 30% of their stars stripped. We include a model of 30%
stellar mass stripping in the top panel of Fig. 5-3 and find it has little quantitative
effect on the predicted number of satellites at any mass scale.

Our tagging scheme ignores the complexities of satellite orbits and additional
tides due to the LMC/SMC system, and the gravitational potential of the MW disk,
both of which would increase the fraction of stellar mass stripped. Additionally, the
subhalos in our simulations have cuspy density profiles, whereas if UFD satellites are
cored (for instance due to self-interacting dark matter (Dooley et al., 2016a)) they
would be much more susceptible to tidal stripping (Peharrubia et al., 2010; Zolotov
et al., 2012; Brooks et al., 2013). Even so, we find it highly implausible that > 95%
of stellar mass is stripped on average in the LMC vicinity satellite galaxies without

evidence of more tidal tails or strong deviation from the mass-metallicity relation.

Steeper M, — My, relationship

Lastly, we consider a steeper M, — M., relationship as part of the solution to over-
predicting large UFDs. For stellar masses with M, < 10® Mg, M, o< Mg, in all
AM models considered. Already from comparing the Brook AM model (a = 3.1) to
the GK16 model (« = 1.97) in Fig. 5-2, it is apparent that a steeper M, — Mya,o
relationship reduces the predicted number of low stellar mass satellites. We can
easily study this using the GK16 model because it allows for a range of possible
M, — M1 slopes that all are consistent with the classical dwarf scale MW and M31
satellites. In the model, a steeper slope is paired with higher scatter in the M, — My,
relationship so that the reduction of classical dwarf-sized galaxies due to the steeper
slope is compensated by an increase in the number of low mass dark matter halos
that upscatter to host high stellar mass galaxies.

In the upper panel of Fig. 5-4, we show our original choice of & = 1.97 along with
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Figure 5-3 Upper panel: Predictions for the stellar mass function of satellites within
50 kpc of the LMC according to the GK16 model with 0%, 30%, and 98% of stellar
mass stripped in satellites. Only with extreme amounts of stripping are the number
of predicted satellites with M, > 10* M, diminished enough to be within 2o of the
number of observed satellites, zero. One sigma variation is shown around the 98%
stripped model with a shaded band. Lower panel: Same prediction of the GK16 model
with 98% of stellar mass stripped except with reionization shifted from z = 13.3 to
z = 8.3. A similar result could be achieved by lowering the halo size threshold needed
for the first galaxies to form.
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values of a = 2.43 and 3.31 in the GK16 model. The steepest slope greatly diminishes
the number of large UFDs, down to 2.6. As with other possible solutions, however,

it also exacerbates the problem of predicting too few small UFDs.

We elaborate on possible solutions to predicting too few small UFDs in the next three

subsections.

Relonization occurs later

Delaying the start of reionization allows for more halos to grow large enough to
form stars before reionization suppresses star formation. We illustrate the effect of
delaying reionization in Fig. 5-3. In the upper panel, the GK16 model with 98%
of stellar mass stripped predicts 9 satellites with M, > 102M,g, fewer than the 11
observed and the 11+ expected after completion of the MagLiteS and DES surveys.
In the lower panel, shifting reionization from z = 13.3 to z = 8.3 increases the
number of predicted small UFDs, bringing the prediction into better alignment with
observations. Similarly, in the upper panel of Fig. 5-4, the GK16 model predicts
too few small UFDs, especially when the M, — My, relationship slope is 3.31. In
the lower panel, we show again how delaying reionization to z = 8.3 increases the
predicted number of small UFDs. It does, however, also slightly increase the number
of large UFDs, making that discrepancy worse.

 Recent analysis from the Planck collaboration estimates that reionization occured
between z = 7.8 and z = 8.8, and that less than 10% of hydrogen in the Universe
was ionized before z = 10 (Planck Collaboration et al., 2016a). This suggests that
reionization occuring between z = 15 and 11.5 as in Barber et al. (2014) is too
early, and that shifting reionization to a lower redshift may be part of the solution to

predicting more small UFDs.

Star formation begins in smaller halos

Similar to delaying reionization, lowering the size threshold needed for halos to form

stars increases the fraction of halos that host luminous galaxies. In our model, this
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Figure 5-4 Upper panel: Predictions for the stellar mass function of satellites within
50 kpe of the LMC according to the GK16 model with an M, — My,), logarithmic
slope of 1.97, 2.43, and 3.31. For reference, the Book model has a slope of 3.1, but
less scatter in the M, — My, relationship. One sigma variation is shown around the
3.31 slope model with a shaded band. Lower panel: Same prediction of the GK16
model with a logarithmic slope of 3.31 except with reionization shifted from z = 13.3
to z = 8.3. A similar result could be achieved by lowering the halo size threshold
needed for the first galaxies to form.
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means reducing vE< . The resultant effect of increasing the number of predicted low
mass satellites with M, < 10° is nearly identical and therefore degenerate with that of
lowering zeion. Having to lower vP' would be natural if UFDs formed in Hy cooling
minihalos before reionization, as hypothesized by Salvadori and Ferrara (2009) and
Kirby et al. (2013a), rather than forming in larger atomic line cooling halos (Bromm

and Yoshida, 2011; Power et al., 2014).

Bent M, — My,, relationship

Increasing the number of small UFDs could also be achieved by introducing a “bend”
in the M, — My, relationship, as shown in Fig. 5-5. This would be similar in form to
that proposed in Sawala et al. (2015) (which uses a mass definition of Mya, =MEK),
except instead of the M, — My, relationship flattening out near M, = 10° M, it
would have to flatten our near M, = 10*Mg. In fact, the AM model suggested
by Sawala et al. (2015) would only exacerbate the problem of predicting too many
large UFDs. A bend can only increase the number of predicted small UFDs without
greatly increasing the number of predicted large UFDs if the scatter in the M, — My 10
relationship is sufficiently small. In Fig. 5-5, the scatter is tuned to a constant +0.4
dex to best predict the observed stellar mass function (with some room for more
discoveries) as shown in the lower panel. If the scatter is as large as that predicted in
the baseline GK16 model, £0.9 dex at MP®* = 103 M, it would once again predict
too many large UFDs at a value of 4.1. A bend at M, = 10 M, with little scatter
would need to be physically justified. It could, for instance, result from a minimum

threshold of stellar mass being created in any single pre-reionization star forming

event.

The multitude of ways in which our prediction for the stellar mass function of LMC
vicinity satellites can be adjusted leads to innumerable possible solutions when com-
binations of each effect are considered. Furthermore, observations are not even com-

plete, and the LMC vicinity represents just a single measurement of a satellite stellar
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Figure 5-5 Upper Panel: M, — M, relationships with a bend introduced. The Sawala
AM model (Sawala et al., 2015) derived from hydrodynamic simulations includes a
flattening of the relationship for M, < 10°Mg. A similar flattening added to the
GK16 model with a steep logarithmic slope of 2.77, except at M, =~ 10° M, is one of
multiple ways in which to predict few satellites within 50 kpc of the LMC that have
M, > 10* M, but many with M, < 3 x 10* M, as is required to best match observed
satellites. However, it is also necessary that the scatter in the M, — My, relationship
be small in the bend (shown here as £0.4 dex), which is inconsistent with that of
the GK16 model. Lower Panel: Prediction of the stellar mass function of satellites
within 50 kpc of the LMC according to the bent M, — Mya, relationship from the
upper panel, and our baseline reionization model. A bend with little scatter is one
way to create a steep rise in the mass function around M, = 10 M, as is found with
observed satellite galaxies.
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mass function, subject to large variance from counting statistics. We therefore do not
propose any single favored model. Instead, we hope identifying the discrepancy and
ways to alter predictions will engender future efforts to better explain the issue. One
additional valuable constraint that will also improve with future observations is the
stellar mass function of UFDs in the full MW volume. Just as adjustments to our
models change predictions for the LMC vicinity, they also change predictions for the
MW.

5.3.1.3 Ratio of MW:LMC:SMC satellites

In spite of shortcomings in predicting the LMC vicinity stellar mass function, the
ratio of satellites between the MW, LMC and SMC is more certain. In the GK16
model, the ratio of satellites within 50 kpc of the LMC is 46% from the MW, 33%
from the LMC, and 21% from the SMC. The ratio does not change with adjustments
to tidal stripping, reionization, nor the slope of the M, — Mg, relationship. It also
does not change with the range of stellar mass considered. In the Brook and Moster
models, the ratios are nearly the same at 49% from the MW, 32% from the LMC,
and 19% from the SMC. More concretely, of the 12 UFDs near the LMC, the most
consistent ratio of integers would be 6 or 5 from the MW, 4 from the LMC, and 2 or 3
from the SMC. This is broadly consistent with Jethwa et al. (2016) finding 6/9 of the
UFDs considered within 50 kpc of the LMC having a > 70% chance of association
with the Magellanic Clouds, and Sales et al. (2016) finding 6/10 of them possibly
consistent with the Clouds. The fraction of LMC and SMC satellites would decline
if their original satellites at infall spread out to larger distances. Changes in the halo
mass used for the three galaxies would also adjust the ratio predicted.

Considering the entire virial volume of the MW, we expect that 15 — 25% of all
MW satellites, regardless of the mass range considered (so long as it is less than that
of the SMC), originated within the virial radius of the LMC or SMC before their
infall. The Moster and Brook models predict closer to 15%, and the GK models
closer to 25%. From the LMC alone, we expect 10 — 15%. This range is higher than
the 5% LMC contribution predicted by Sales et al. (2016), who used a lower mass
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LMC, and within the 1 —25% range suggested by Deason et al. (2015). The combined
Magellanic contribution we predict is less than the 33% predicted by Jethwa et al.
(2016).

5.3.2 Satellites in isolated LMC analogs

Isolated LMC-sized galaxies offer a much cleaner way to probe satellite populations.
Instead of three overlapping hosts of satellite galaxies, there is just a single host.
Consequently, satellite-host membership is unambiguous, there is no concern about
the infall time of the LMC and SMC, and sub-subhalo orbits do not need to be
considered. Since isolated LMC-sized galaxies are much less massive than the MW,
and satellites can be considered out to the full virial radius beyond 50 kpc, the
strength of tidal stripping is greatly diminished. Also, uncertainty in the radial
distribution of galaxies is decreased when considering volumes near the full virial
radius. Lastly, measuring many host-satellite population pairs can be used to help
control for halo-to-halo variance, and statistical uncertainty in the mass of the hosts.
Of the ways suggested to modify the predicted LMC-vicinity satellite stellar mass
function presented in Section 5.3.1.1, only the M, — M},,), relationship and reionization
remain significant. Therefore, searching for satellites in isolated LMC-sized galaxies
can provide valuable information to help constrain models, and to determine how
typical the satellite population near our own LMC is.

The majority of known isolated LMC-sized field galaxies are more than 2 Mpc
away, as cataloged in Table 5.1. At that distance, current sensitivities are likely to only
find galaxies with M, > 105 M. For example, the My = —7.7 (M, ~ 10° M) dwarf
at D ~ 3.2 Mpc discovered by Carlin et al. (2016) had only ~ 25 — 30 stars resolved
to ~ 1.5 mags below the RGB tip, which is near the minimum number of resolved
stars needed to algorithmically detect galaxies (Walsh et al., 2009). Reionization has
little impact on galaxies with M, > 10° Mg, leaving the AM model and Poisson noise
as the dominant sources of uncertainty. As such, searching for satellites at current
detection thresholds is most helpful in constraining AM models and the slope of the
M, — My, relationship. We focus on AM model constraints with 10° M, satellites
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here, and discuss the science return on probing smaller satellites later.

Since isolated field galaxies span a range of masses, we show in Fig. 5-6 the
dependence of satellite abundance on host halo stellar mass. In the upper panel we
include all satellites with M, > 10° M, within the virial volume, while in the lower
panel we limit the volume to a sphere of radius 100 kpc. As seen in Fig. 5-1, within
1o about the mean of the GK16 AM model we predict 0.7 — 3.7 and 1.7 — 5.7 such
satellites around SMC and LMC-sized galaxies respectively. For the Brook model, it
drops to 0 — 1.9 and 0.4 — 3.1. If the lack of any satellites with M, > 3 x 103 M, in
the LMC vicinity is reflective of typical satellite abundances, the predictions of the

Brook model may be favored.

The SHMF is approximately directly proportional to the host halo mass, and
Mo o< M942 in the vicinity of both the LMC’s and SMC’s stellar masses using the
GK16 model. Thus doubling the stellar mass of a host results in a halo with 1.34 times
the number of satellites in any satellite mass interval. Much of this increase arises
from a larger virial volume being considered. When fixing the volume to 100 kpc,
doubling the halo mass results in a 1.24 factor of increase in satellites. For the Moster
and Brook models, the dependence is slightly steeper with doubling the host stellar
mass resulting in 1.4 and 1.3 times the satellite abundance within the virial volume
and 100 kpc. Although we only show functions for satellites with M, > 10° M, the
shapes of the curves are identical for different stellar mass ranges. Thus the plot
shown can be multiplied by a ratio of the abundance of satellites with M, > 10°> Mg

to any other range, as can be deduced from Fig. 5-1.

When observing distant galaxies, the geometry is dictated by a line of sight, not
spherical volumes as considered so far. We give a sense of the cumulative radial
distribution of satellites as a function of observed radius perpendicular to the line of
sight in physical units for an LMC-sized isolated galaxy in Fig. 5-7. Using results
from Dooley et al. (2016b), we predict how many satellites are within a line of sight
with a circular aperture, counting satellites in the axis of the line of sight out to
the splashback radius (More et al., 2015) of 1.5x Ry;;. The abundance of satellites is

concentrated towards the center, with an observed area out to 0.5x R,;, containing
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Figure 5-6 Mean number of satellites with stellar mass above 105 M, as a function of
a host halo’s total stellar mass, M,, for several AM models. The upper panel shows
the number of satellites within the halo’s full virial radius. The lower panel shows the
number of satellites within 100 kpc. Within a fixed volume, the number of satellites
is less sensitive to the host’s total mass. The shape of the curves are the same up to
a multiplicative factor for any other stellar mass range considered. 1o halo-to-halo
variation is shown for the GK16 model with a shaded band. Vertical lines correspond
to the stellar masses of the SMC and the LMC.
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Figure 5-7 Mean number of satellites with M, > 10° M, as a function of observed
radius perpendicular to the line of sight assuming a circular field of view for an
LMC-sized galaxy. We count all halos within 1.5x R, of the host in the line of sight
direction. 1o halo-to-halo variation is shown for the GK16 model with a shaded band.

70% of the total number of satellites within a field of view encompassing the full R;,.
In our LMC-sized galaxy example, observing out to just 50 kpc is enough to expect 1
satellite with M, > 10° M, in all abundance matching models. Complete information
on computing the radial dependence for any host galaxy can be found in Dooley et al.

(2016b).

In Table 5.1, we catalog known galaxies with stellar masses on the order of 10° —
10'° M, that are 2—8 Mpc away, have Galactic latitudes |b] > 25°, have low extinction
(E(B — V) < 0.15), and are categorized as relatively isolated in the Karachentsev et
al. catalog. For each galaxy, we indicate the mean number of expected satellites with
M, > 10° M, within the virial radius. We also list the 20"* and 80" percentile number
of satellites, the inferred virial radius of the host, and the mean number of satellites
within one pointing of a 1.5° and 2.2° diameter field of view centered on the host.
These angular fields of view correspond to the Hyper SuprimeCam (Subaru 8.2m) and
DECam (CTIO Blanco 4m) imagers, the largest current imagers capable of resolving

the stellar halos of the galaxies in Table 5.1. We focus on the Brook and GK16
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models since the GK14 model is nearly identical to the GK16 model, and the Moster
model predictions fall in between those of the Brook and GK16 models. The galaxies
are sufficiently distant, and have a large enough predicted satellite population that
a single pointing of either camera at each galaxy covers an area expected to contain
a mean of at least one observable satellite in most cases. Some of the more distant
targets are expected to have as many as four satellites within a single pointing of
a 2.2° diameter camera in the GK16 model. While a survey of many host galaxies
complete to M, = 10° M, satellites is needed to test of abundance matching models,
satellites may be abundant enough that targeting just a few galaxies will reveal new
satellites to study in a different environment than the MW.

We note that if the satellite abundance of LMC analogs mimics the true LMC,
we expect fewer 10° M, galaxies orbiting these systems than predicted by the Brook
model. Discovering very few 10° M, satellites in these systems would favor a steep
M, — Myg, relationship.

If continued improvement in imagers enables the detection of satellites down to
M, > 10* Mg, we could gain valuable information on how reionization effects galaxy
formation, and in turn help unravel the “small UFD” piece of the LMC-vicinity
puzzle. This is especially true if the M, — My, relationship for M, > 10° Mg is
better constrained, leaving reionization or a bend in the M, — My, relationship
as the most significant poorly understood controls on the population of lower mass
satellites in isolated LMC-sized hosts. For instance, the ratio of M, > 10*Mg to
M, > 10°M, satellites in the GK16 model is 2.0 using our baseline reionization
model, or 2.6 using Zeion = 9.3. Measuring the ratio of M, > 10° Mg satellites to

lower thresholds is a valuable tool for studying the effects of reionization.
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Table 5.1 Mean number of observable satellites with M, > 105 M, around isolated field dwarf galaxies

Name M, Dg Brook GK16

[105Mo] [Mpc] Num 20/80% NL5 N22 Ry Num 20/80% NL° N22 Ry

fov fov fov fov

SMC 71 08 0/2 -~ ... 117 216 1/3 ... ... 13l
NGC5023 102 605 1.09 0/2 097 118 124 253 1/4 211 261 138
NGC5585 10.7 57 113 0/2 096 1.18 125 260 1/4 207 258 139
NGCI800 11 8 113 0/2 116 134 126 262 1/4 254 299 139
ESO383-087 112  3.19 1.4 0/2 060 085 126 264 1/4 126 181 140
NGC5253 12 344 119 0/2 067 092 127 271 1/4 139 1.96 141
NGC4204 13.2 § 124 0/2 125 146 120 281 1/4 269 3.8 143
HolmlII 158 347 137 0/2 075 104 134  3.03 1/4 151 215 146
NGC4144 178 689 144 0/2 130 157 136 310 2/5 275 3.37 148
NGC0404 182 298 146 0/2 066 096 137 320 2/5 131 106 149
1C5052 186 55 149 0/2 1.16 146 137 323  2/5 239 3.04 149
IC2574 214 393 160 0/3 094 127 140 342 2/5 1.85 258 152
NGC0045 214 664 159 0/3 138 1.69 140 342 2/5 283 350 152
NGC4136 246 79 171 1/3 162 192 144 364 2/5 331 3908 155
NGC0300 25.7 209 176 1/3 047 077 145 369 2/5 0.88 148 156
LMC 26 . 176 1/3 - - 145 370 2/5 -~ - 156
NGC7713 269 7.8 179 1/3 167 199 146 375 2/5 3.37 4.06 157

Mean number of satellites with M* > 10% My, expected to exist within the virial volume of known isolated
field galaxies as predicted with the Brook and GK16 models. The 20®" and 80" percentile of the satellite
abundance distributions are listed, indicating a > 80% chance of at least one satellite in even the smallest
galaxies considered. NL5 and N2?2 indicate the mean number of satellites within a field of view of diameter
1.5° and 2.2° respectively. These are the apertures of Hyper SuprimeCam and DECam. Also shown is the

inferred virial radius of each galaxy.
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Table 5.2 continued: Mean number of observable satellites with M, > 10° Mg around isolated field dwarf galaxies

Name M, D, Brook GK16

[10°My] [Mpc] Num 20/80% Ni5 N22 Ry Ny 20/80% Ni5 NZ2 Ry,

fov fov fov fov

NGC4242 29.5 79 1.88 1/3 1.75 2.09 148 3.91 2/6 3.51 424 159

NGC4395 29.5 4.7 1.89 1/3 1.25 1.64 148 3.89 2/6 243 324 159

NGC0024 30.2 731 191 1/3 1.70 2.05 149 3.93 2/6 3.36 4.12 159

NGC0055 30.2 211 1.90 1/3 049 0.81 149 3.92 2/6 092 155 159

NGCO0247 31.6 3.72  1.96 1/3 1.02 1.43 150 4.02 2/6 1.96 2.80 160

NGC3239 33.1 79 200 1/3 1.84 221 151 4.08 2/6 3.62 439 161

NGC4244 33.1 431 2.02 1/3 1.20 1.62 151 4.10 2/6 230 3.17 161

NGC1313 37.1 431 213 1/3 1.24 169 154 4.30 2/6 238 3.28 164

NGC4656 38.9 54 219 1/3 1.55 1.99 156 4.35 2/6 293 3.82 165

NGC4236 40.7 441 225 1/3 1.32 1.80 157 4.43 3/6 247 341 166

1C5332 41.7 7.8 225 1/3 2.01 243 158 4.48 3/6 3.88 4.74 166

NGC4449 47.9 4.27 247 1/4 1.37 1.89 162 4.77 3/7 252 353 170

NGC4605 50.1 5.55  2.50 1/4 1.74 225 163 4.87 3/7 3.26 426 171

NGC5102 50.1 3.66 2.51 1/4 1.18 1.70 163 4.88 3/7 217 317 171

NGC7793 90.1 3.63 2.52 1/4 1.17 1.69 163 4.88 3/7 214 315 171

NGC5068 60.3 545 2.79 1/4 1.86 243 169 5.30 3/7 3.41 450 176

NGC2403 72.4 3.19 3.08 2/5 1.13 173 174 5.82 4/8 2.03 3.16 181

Mean number of satellites with M* > 10° M, expected to exist within the virial volume of known isolated
field galaxies as predicted with the Brook and GK16 models. The 20™" and 80*" percentile of the satellite
abundance distributions are listed, indicating a > 80% chance of at least one satellite in even the smallest
galaxies considered. N}° and N22 indicate the mean number of satellites within a field of view of diameter

1.5° and 2.2° respectively. These are the apertures of Hyper SuprimeCam and DECam. Also shown is the
inferred virial radius of each galaxy.



5.4 Conclusions

Using abundance matching (AM) models, a model for reionization, and simulations
from the Caterpillar suite, we predict the abundance of satellites around galaxies
with stellar masses comparable to the SMC and LMC. We additionally predict the
abundance of satellites within 50 kpc of the actual LMC, modelling the total popula-
tion as a superposition of satellites originally belonging to the MW, LMC, and SMC.
Independent of adjustments to our reionization model, the M, — My, relationship
for satellite galaxies, and the stellar mass range of satellites considered, we find the
ratio of satellites in the 50 kpc LMC vicinity to be approximately 47% from the MW,
33% from the LMC, and 20% from the SMC. Moreover, within 300 kpc of the MW,
we estimate 10 — 15% of all satellites smaller than the SMC were accreted with the
LMC, and 5 — 10% with the SMC. These values are somewhat sensitive to the mass
of the host galaxies used, which were M;, = 1.4 x 1012 M, for the MW, ~ 2 x 10!!
for the LMC at infall, and ~ 1 x 10! for the SMC at infall.

Curiously, we find that all twelve currently known satellite candidates within 50
kpc of the LMC have a stellar mass of M, < 3 x 10> M. This creates two significant

~J

discrepancies with our predicted satellite stellar mass functions:

1. We predict too many M, > 10* Mg, satellites (large UFDs).

2. We predict too few 10? < M, < 3 x 103 M, satellites (small UFDs).

For instance, combining our reionization model with the AM model from Garrison-
Kimmel et al. (2016) (GK16), we predict ~ 8 large UFDs in the LMC vicinity which
has only a 0.04% statistical chance of being consistent with the zero currently known.
The same model predicts just ~ 3 small UFDs, much less than the 11 currently known.
Furthermore, the problem is only expected to get worse since the full volume under
consideration has not yet been surveyed. The ongoing MagLiteS survey is expected
to increase the number of known small UFDs near the LMC, but not increase the
number of known large UFDs by more than one or two.

We explore a variety of model adjustments that would produce a prediction more

consistent with observations. However, all options have limitations, and combined
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with incomplete observations, the parameter space of possible adjustments is too
large to select any preferred solution. The lack of any known large UFDs near the
LMC could for instance be indicative of some combination of a steeper M, — My, re-
lationship, lower mass MW, LMC, and SMC, extreme amount of tidal stripping, a less
centrally concentrated radial satellite distribution than we predict, and/or migration
of original LMC/SMC satellites to farther distances since infall. The large abundance
of small UFDs could be indicative of some combination of reionization occurring later
(€.8. Zreion = 8 instead of zreion ~ 13), a reduced vmax threshold for dark matter halos
to first form galaxies (such as UFDs beginning as minihalos instead of atomic cooling
halos), or a “bend” in the M, — Mhalo relationship at M, ~ 103 Mg (which could arise

from a minimum amount of stellar mass being created in any luminous galaxy).

We also make predictions for the abundance of satellites in known isolated LMC-
sized galaxies which fall between 2 and 8 Mpc away. We find that searching these
galaxies for satellites is worthwhile not only because of the likelihood of discovering
new satellites in different environments, but because it can provide valuable infor-
mation to help constrain AM models. The stellar mass function of satellites near
the LMC cannot be fully understood without a better grasp of the statistical fluc-
tuations in satellite abundances around hosts. We find the target galaxies selected
likely contain 1 — 6 satellites with stellar mass > 105 M within their virial volumes.
Perhaps more importantly, using a single pointing of a 1.5° diameter field of view
camera is sufficient to expect a mean of 1 — 3 such satellites around most targets.
If the number of satellites discovered is consistent with or less than predictions from
the Brook AM model Brook et al. (2014), as suggested by the stellar mass function
of satellites within 50 kpc of the LMC, it would favor a steep M, — My, relation-
ship. Reionization could not be part of the explanation since it makes little impact
on the abundance of satellites with M, > 10° M. Alternatively, if predictions from
the GK16 model are more accurate, a steep M, — My, relationship would no longer
be a viable part of the explanation for the dearth of large UFDs near the LMC. If
surveys are eventually able to discover galaxies down to M, = 10*Mg or lower, a

better understanding of reionization and its ability to suppress star formation can
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be achieved. If reionization occurs later, or the size threshold needed for galaxies
to first form stars is lower, there would be an increase in the ratio of galaxies with
104 < M, < 10° Mg, to galaxies with M, > 10° M.

The path forward towards understanding the LMC vicinity stellar mass function
will require completion of the MagLiteS survey, further analysis of DES data for more
galaxies, improved luminosity completeness limits on searches for satellites within the
entire MW volume, and conducting searches for satellites around as many other hosts
beyond the MW as possible. It will also require improving constraints on reionization
and understanding how it influences low mass galaxy formation. Better constraints
on the MW mass and orbital histories of the LMC and SMC will additionally help. In
spite of many uncertainties, we find that the discrepancies between the predicted and
observed LMC-vicinity stellar mass function are surprisingly large and may require
significant effort to arrive at a satisfactory solution. We encourage others to join the

effort.
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Chapter 6

The Caterpillar Project: A Large
Suite of Milky Way Sized Halos

The content of this chapter was published in The Astrophysical Journal Volume 818,
Issue 1 on February 2nd, 2016. It has an arXiv location of https: //arziv. org/
abs/ 1509. 01255v1. The authors are Brendan F. Griffen, Alexander P. Ji, Gregory
A. Dooley, Facundo A. Gémez, Brian W. O’Shea, and Anna Frebel.

Disclaimer

The majority of the writing and analysis in this chapter was conducted by Dr. Bren-
dan Griffen. Alex Ji and I worked alongside Brendan from 2012 to 2016 to help
make key decisions, obtain and manage computing resources, run the simulations,
test for accuracy, and produce a diverse set of analysis tools. This crucially included
running the ROCKSTAR halo finder and ROCKSTAR CONSISTENT-TREES codes, iden-
tifying and fixing several bugs in both of those codes, writing software to load all
output information in a way to ease analysis, and writing a large assortment of gen-
eralized functions to analyze data from the raw simulation data, halo finders, and

merger trees. I additionally contributed reviews and edits of the text in the paper.
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Abstract

We present the largest number of Milky Way sized dark matter halos simulated at very
high mass (~ 10* Mg /particle) and temporal resolution (~5 Myrs/snapshot) done
to date, quadrupling what is currently available in the literature. This initial suite
consists of the first 24 halos of the Caterpillar Project' whose project goal of 60 — 70
halos will be made public when complete. We resolve ~20,000 gravitationally bound
subhalos within the virial radius of each host halo. Over the ranges set by our spatial
resolution our convergence is excellent and improvements were made upon current
state-of-the-art halo finders to better identify substructure at such high resolutions
(e.g., on average we recover ~4 subhalos in each host halo above 108 M, which would
have otherwise not been found using conventional methods). For our relaxed halos,
the inner profiles are reasonably fit by Einasto profiles (o = 0.169 =+ 0.023) though this

1Project Website: http://www.caterpillarproject.org
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depends on the relaxed nature and assembly history of a given halo. Averaging over
all halos, the substructure mass fraction is fp, sups = 0.121 £ 0.041, and mass function
slope is AN /dM oc M~18£010 though we find scatter in the normalizations for fixed
halo mass due to more concentrated hosts having less subhalos at fixed subhalo mass.
There are no biases stemming from Lagrangian volume selection as all Lagrangian
volume types are included in our sample. Our detailed contamination study of 264
low resolution halos has resulted in obtaining very large and unprecedented, high-
resolution regions around our host halos for our target resolution (sphere of radius
~ 1.4 + 0.4 Mpc) allowing for accurate studies of low mass dwarf galaxies at large
galactocentric radii and the very first stellar systems at high redshift (z > 10).

6.1 Introduction

Under the current paradigm of structure formation (White and Rees, 1978) stellar
halos of large galaxies such as the Milky Way are believed to be primarily formed as a
result of the accumulation of tidal debris associated with ancient as well as recent and
ongoing accretion events (Helmi 2008, Pillepich et al. 2015). In principle, the entire
merger and star formation history of our Galaxy and its satellites can be probed with
their stellar contents (i.e., the “fossil record”; Freeman and Bland-Hawthorn 2002)
because this information is not only encoded in the dynamical distribution of the
different Galactic components, but also in the stellar chemical abundance patterns
(e.g., Font et al. 2006; Gémez et al. 2010).

To further map out the structure and composition of the various components of
the Milky Way, large scale observational efforts are now underway. Several surveys
such as RAVE (Steinmetz et al., 2006), SEGUE (Yanny et al., 2009), APOGEE (Majewski
et al., 2010), LAMOST (Deng et al., 2012) and GALAH (Freeman, 2012) have collected
medium-resolution spectroscopic data on some four million stars primarily in the
Galactic disk and stellar halo. There are also ongoing large-scale photometric surveys
such as Pan-STARRS (Kaiser et al., 2010) and SkyMapper Southern Sky Survey
(Keller et al., 2013) mapping nearly the entire sky. Soon, the GAIA satellite (Perryman
et al., 2001) will provide precise photometry and astrometry for another one billion
stars.

Studies of individual metal-poor halo stars have long been used to establish prop-

223



erties of the Galactic halo, such as the metallicity distribution function, to learn
about its history and evolution. More recently, the discoveries of the ultra-faint dwarf
galaxies (with L, < 10° Lg) in the northern Sloan Digital Sky Survey (SDSS) and
the southern Dark Energy Survey (DES) have shown them to be extremely metal-
deficient systems which lack metal-rich stars with [Fe/H] 2 —1.0. To some extent
they can be considered counterparts to the most metal-poor halo stars. They extend
the metallicity-luminosity relationship of the classical dwarf spheroidal galaxies down
to Lioy ~ 10° Ly (Kirby et al., 2008), and due to their relatively simple nature, they
retain signatures of the earliest stages of chemical enrichment in their stellar popula-
tion(s). Indeed, the chemical abundances of individual stars in the faintest galaxies
suggest a close connection to metal-poor halo stars in the Galaxy (Frebel and Norris,

2015).

This comes at a time when there is still uncertainty over what role dwarf galaxies
play in the assembly of old stellar halos because the true nature of the building
blocks of large galaxies (e.g., Helmi and de Zeeuw 2000, Johnston et al. 2008, Gémez
et al. 2010) are not yet fully understood. Nevertheless, observations of the, e.g., the
Segue 1 ultra-faint dwarf suggest that these faintest satellites could be some of the the
universe’s first galaxies (presumably the building blocks) that survived until today
(Frebel and Bromm, 2012; Frebel et al., 2014). They would thus be responsible for
the Milky Way’s oldest and most metal-poor stars.

This wealth of observational results offers unique opportunities to study galaxy
assembly and evolution and will thus strongly inform our understanding of the for-
mation of the Milky Way. Along with it, the current dark energy plus cold dark
matter paradigm (ACDM) can be tested at the scales of the Milky Way and within
the Local Group. But to fully unravel the Galaxy’s past and properties, theoretical
and statistical tools need to be in place to make efficient use of data.

For over three decades now, numerical simulations of structure formation have
consistently increased in precision and physical realism (see Somerville and Davé 2015
for a review). Originally, they began as a way to study the evolution of simple N-

body systems (e.g., merging galaxies; Aarseth 1963, Toomre and Toomre 1972, White
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1978 and globular clusters; Hénon 1961) but with the advent of better processing
power and more sophisticated codes (e.g., Springel 2010, Hopkins 2015, Bryan et al.
2014), N-body solvers are now fully coupled to hydrodynamic solvers allowing for a
comprehensive treatment of the evolution of the visible Universe (e.g., Vogelsberger

et al. 2014a, Schaye et al. 2015).

The most efficient method of studying volumes comparable to the Local Group
whilst maintaining accurate large scale, low-frequency cosmological modes is via the
zoom-in technique (Katz et al. 1994, Navarro and White 1994). This technique allows
one to efficiently model a limited volume of the Universe at an extremely high resolu-
tion. Owing to the extreme dynamic range offered by such simulations, both the inside
of extremely low mass, gravitationally bound satellite systems can be studied along
side the hierarchical assembly of their host galaxy (e.g., Stadel et al. 2009). Grav-
ity solvers which use hybrid tree-particle-mesh techniques (e.g., GADGET-2, Springel
2005) are ideally suited to carrying out such calculations on these scales. In addition
to tailored codes for studying Milky Way sized halos, halo finders used for identify-
ing substructure contained within them have also drastically improved over the past
30 years. Simple friends-of-friends (FoF) algorithms (e.g., Davis et al. 1985) have
now evolved into parallel, fully hierarchical FoF's algorithms adopting six phase-space
dimensions and one time dimension allowing shape-independent, and noise-reduced
identification of substructure (Behroozi et al. 2013b). These tools are very robust
methods for accurately identifying bound substructures (e.g., Onions et al. 2012),
though Behroozi et al. (2015) has recently highlighted the difficulty in connecting
halos during merger events. These efforts demonstrate that only algorithms that

combine phase-space and temporal information should be used.

Two primary groups have performed zoom-in N-body simulations of the growth of
Milky Way sized halos in extremely high resolution — the Aquarius project of Springel
et al. (2008) and the Via Lactea simulations of Diemand et al. (2008). Whilst these
works have been thoroughly successful and made it possible to quantify the formation
of the stellar halo, for example, both the Aquarius and Via Lactea projects are limited

in a number of respects.
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The first of these is that they adopted the now observationally disfavored Wilkin-
son Microwave Anisotropy Probe’s first set of cosmological parameters (WMAP-1,
Spergel et al. 2003). The advent of the Planck satellite (Planck Planck Collaboration
et al. 2014) with three times higher resolution and better treatment of the astrophys-
ical foreground (owing in large part to using nine frequency bands instead of five
with WMAP) has allowed even more precise estimates of key cosmological param-
eters. In particular, the most crucial of these for accurate cosmological simulations
are the baryon density (%), the matter density (Q.), the dark energy density (),
the density fluctuations at 8 h™! Mpc (o3) and the scalar spectral index (ny). Doo-
ley et al. (2014) showed through a systematic studies of structure formation using
different cosmologies that the maximum circular velocities, formation and accretion
times of a given host’s substructure are noticeably different between cosmologies. og
in WMAP-1 for example is much higher (o5 wamap1 = 0.9 vs. 05 pianck = 0.83) which
shifts the peak in cosmic star formation rate to lower redshift, resulting in slightly

bluer galaxies at z = 0 (Jarosik et al. 2011, Guo et al. 2013, Larson et al. 2015).

The second major drawback and perhaps more significant is that the Aquarius and
Via Lactea simulations were simply limited in number. The Aquarius project consists
of six well-resolved Milky Way mass halos, while the Via Lactea study focused on only

one such halo.

There exists significant halo-to-halo scatter in, e.g., the substructure shape and
abundance owing to variations in accretion history and environment, (Springel et al.
2008, Cooper et al. 2010, Boylan-Kolchin et al. 2010), With the dispersion appearing
significant (a factor > 3, Lunnan et al. 2012). But based on such a small sam-
ple, the extent cannot be well-quantified, although determining the distributions of
substructure properties of galaxy halos is critical for interpreting the various observa-
tions of dwarf galaxy populations of all large galaxies, including the Milky Way and

Andromeda.

More recently, Garrison-Kimmel et al. (2014b) have produced a suite of 36 Milky
Way halos (24 isolated analogues, 12 Local Group analogues; ELVIS suite) at a

resolution of ~ 105 M, per particle (~Aquarius level-3). Studies using this suite
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have again highlighted the case for the too big to fail problem (Boylan-Kolchin et al.
2011) by showing that the so called “massive failures” (i.e. halos with Vi, > 25 km
s~! that became massive enough to have formed stars in the presence of an ionizing
background, Vpeax > 30 km s71) do not disappear when larger numbers of halos across
a range of host masses are simulated (Garrison-Kimmel et al., 2014b). Despite the
ELVIS suite’s utility, it unfortunately lacks the extra mass resolution required to
study the formation of minihalos and very small dwarf galaxies (~ 10° M), both at
the present day and their evolution since the epoch of reionization. Also, FLVIS is not
suitable? for using the particle tagging technique whereby a few per cent of the central
dark matter particles of accreting systems are assigned stellar properties to study the
assembly of the stellar halo (e.g., Cooper et al. 2015). If we are to understand the
origin of the first stellar systems (including their chemical constituents) and to locate
their descendants at the present day, higher resolution as well as particle tagging is

of critical importance.

Whilst previous simulations all have their own merits and drawbacks, one issue
prevalent across nearly all previous studies is that they introduced bias in selecting
their halos. Usually halo candidates studied using the zoom-in technique meet three
criteria: isolation, merger history and Lagrangian volume. From a computational
standpoint, if one can obtain a compact Lagrangian region, a quiet merger history
and keep the halo relatively isolated, the savings in CPU-hours can be immense. Ul-
timately, however this three-pronged approach introduces a selection bias. Whilst
constructing a simulation with these three key criteria in place will generate an ap-
proximate Milky Way analogue, one will not gain an understanding of how the results
from studying this halo will compare to halos more generally selected from a pool in

the desired mass range (e.g., 1 — 2 x 10'2 My).

The first requirement is that the halos have a quiescent merger history, which

is usually defined by the host having no major merger since a given redshift, e.g.,

2Particle tagging usually requires 1-5% of the most bound particles of a satellite to be tagged.
For a simulation which resolves 108 Mg, hosts with ~100 particles (i.e., ELVIS), this means one can
only use a single particle to contain all the baryonic information which is insufficient for modelling
multiple stellar populations.
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z = 1 (e.g., Springel et al. 2008). Constraining the merger history of a simulation
suite severely limits the capabilities of reconstructing the formation history of the
Milky Way. Indeed, by statistically contrasting observational data sets to mock data
extracted from a set of Milky Way-like dark matter halos, coupled to a semi-analytical
model of Galaxy formation (Tumlinson, 2010), Gémez et al. (2012) showed the best-
fitting input parameter selection strongly depends on the underlying merger history
of the Milky Way-like galaxy. For example, even though for every dark matter halo it
is always possible to find a best-fitting model that tightly reproduces the Milky Way
satellite luminosity function, these best-fitting models generally fail to reproduce a
second and independent set of observables (see Gémez et al. 2014). It is thus critical
to sample a wide range of evolutionary histories. The second requirement that the
Lagrangian volume of the halo’s particles be compact also in part biases the merger
history of the halo. For a fixed z = 0 virial mass, the smaller the Lagrangian volume of
a halo, the less likely that halo will have a late major-merger event. This bias further
compounds the aforementioned issues of selecting halos with quiet merger histories.
Lastly, the isolation criteria preferentially selects halos in low density environments,
resulting in decreased substructure (Ragone-Figueroa and Plionis, 2007) and higher

angular momentum (Avila-Reese et al. 2005, Lee 2006).

In light of all of these issues, we are motivated to create a comprehensive dataset
consisting of 60-70 dark matter halos of approximately Milky Way mass in extremely
high spatial and temporal resolution with a more relaxed selection criteria to not just
understand the origin and evolution of the Milky Way, but additionally how it differs
to other galaxies of similar mass in general. Moreover, this new simulation set (unlike
the Aquarius and Via Lactea which were very specific in nature) lends itself well to
studying the substructure and stellar halos of ~10'2 M galaxies such as those being
studied in the recently completed GHOSTS survey (de Jong et al., 2007; Monachesi
et al., 2013, 2015).

We call this simulation suite The Caterpillar Project owing to the similarity be-
tween each of the individual halos and how they work together towards a common

purpose. Due to the extreme computational requirement for a project of this size
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(~14M CPU hours and ~700 TB of storage), we are staggering our release. For this
first paper, we focus on the general z = 0 properties of the first 24 halos of the Cater-
pillar suite in order to clearly demonstrate data integrity and utility. In Section 2, we
outline the simulation suite parameters, numerical techniques, and halo properties.
In Section 3 we present a variety of initial results drawn from the suite. In Section
4, we present our primary conclusions from our initial subset of halos. Lastly, we
present an Appendix with details of our convergence study and parameters used in

the construction of our initial conditions.

6.2 The CaterPillar Suite

6.2.1 Simulation & Numerical Techniques

The Caterpillar suite was run using P-GADGET3 and GADGET4, tree-based N-body
codes based on GADGET2 (Springel 2005). For the underlying cosmological model
we adopt the ACDM parameter set characterised by a Planck cosmology given by,
Q,, = 0.32, Qp = 0.68, , = 0.05, n, = 0.96, og = 0.83 and Hubble constant, H =
100 h km s~! Mpc™! = 67.11 km s~! Mpc~! (Planck Collaboration et al. 2014). All
initial conditions were constructed using Mmusic (Hahn and Abel 2011). We identify
dark matter halos via ROCKSTAR (Behroozi et al. 2013b) and construct merger trees
using CONSISTENT-TREES (Behroozi et al. 2012). ROCKSTAR assigns virial masses to
halos, My, using the evolution of the virial relation from Bryan and Norman (1998)
for our particular cosmology. At z = 0, this definition corresponds to an over-density
of 97 x the critical density of the Universe. We have modified ROCKSTAR to output
all particles belonging to each halo so we can reconstruct any halo property in post-
processing if required. We have also improved the code to include iterative unbinding
(see Section 6.2.5). In this work, we restrict our definition of virial mass to include

only those particles which are bound to the halo.
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6.2.2 Parent Simulation, Zoom-ins & Contamination

Initially a parent simulation box (see Fig. 6-1) of width 100 A~' Mpc was run at
N, = 10243 (m, = 8.72 x 107 ™! M) effective resolution (see MUsIC/P-GADGET3
parameter files on project website) to select viable candidate halos for re-simulation
(i.e., ~10,000 particles per host). The candidates for re-simulation were selected via

the following mass and isolation criteria:

e Halos were selected between 0.7 x 102 My < M < 3 x 10'2 Mg, (Smith et al.
2007, Xue et al. 2008, Tollerud et al. 2012, Boylan-Kolchin et al. 2013, Sohn
et al. 2013, Piffl et al. 2014, Guo et al. 2015, Pefiarrubia et al. 2016, see Wang

et al. 2015 for review).

e No halos with M; > 7 x 10 M, within 7 Mpc (Li and White 2008. van der
Marel et al. 2012). We avoid halos near large clusters which would greatly
enhance our Lagrangian volumes, making our ability to run simulations at our

desired resolution impossible.

e No halos with M;; > 0.5 X M},s within 2.8 Mpc (Karachentsev et al. 2004,
Tikhonov and Klypin 2009). We currently avoid pairs in our sample owing to
the difficulty of running them at our desired resolution at the present time. We
have nevertheless selected equivalent pairs of our current isolated sample but

will be examining those in future work.

This results in 2122 candidates being found (from an original sample of 6564
within the specified mass range). We use an extremely weak selection over merger
history such that we require no halo to have had a major merger (1:3 mass ratio)
since z = 0.05 (<5%). Our overall aim is to construct a representative sample of
10'2 M, halos and not specifically require Milky Way analogues a priori as has been
done in previous studies (Diemand et al. 2007, Stadel et al. 2009, Springel et al.
2008, Garrison-Kimmel et al. 2014b, Sawala et al. 2014). This also allows us to apply
statistical tools to constrain semi-analytic models in future work (e.g., Gémez et al.

2014). We place our halos into three mass bins with the largest number of halos
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Figure 6-1 Projected dark matter density at z = 0 of the parent simulation, from
which the 70 Caterpillar halos were selected. The box width is 100 h~' Mpc and
the color represents the logarithm of the dark matter density. The colored circles
correspond to the location of the first 24 Caterpillar halos. The color for a given
halo is kept identical for all figures throughout this work.

centered on the most likely mass for the Milky Way (Moo = 1.6i8;2 x 102 M, Piffl

et al. 2014);

0.7 — 1.0 x 10*2 M, : 7 halos
M; =4 1.0-20 x 102 Mg, : 46 halos
2.0 — 3.0 x 10'2 Mg, : 7 halos

For this paper we are only considering a subset of the total sample in preparation,
specifically 21 halos within the 1 — 2 x 10'* M, mass range and 3 halos within the

0.7 — 1.0 x 10'? M., mass range.
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6.2.3 Contamination Study

As has been highlighted by Onorbe et al. (2014), a great deal of care has to be
taken when carrying out re-simulations of this kind so as to avoid contamination
of the main halo of interest by low-resolution particles at z = 0. If mass from low
resolution particles contributes more than ~ 2% of the total host mass there can
be offsets to estimates of the halo profile, shape, spin, and especially gas prop-
erties in hydrodynamic runs. To avoid contamination in our sample we custom
built a Python GUI (using TraitsUI), named Caterpillar Made Easy (CME: http:
//github.com/bgriffen/cme) for running and analyzing cosmological simulations
(for both single and multi-mass simulations). This tool allowed us to carry out an ex-
tensive contamination study (i.e., using ~264 low resolution test halos with a particle
mass of ~ 107 M) specifically for the halos to be re-simulated. We have automated
the monotony of constructing hundreds of qualitatively similar but quantitatively
distinct cosmological simulations with the added benefit of being able to interac-
tively select over initial condition parameters, cosmologies, halo finders and merger
trees. This procedure was carried out self-consistently across all runs allowing for a
systematic study of which simulation parameters produce the most computationally

inexpensive to run, uncontaminated halos.

Using CME we tested eleven Lagrangian geometries (e.g., convex hull, ellipsoid,
expanded ellipsoids, cuboids and expanded cuboids) so as to ensure a sphere of radius
~1 h™! Mpc exists of purely uncontaminated (high-resolution) particles centered on
the host halo at z = 0. Our need to run eleven different Lagrangian geometries for
each halo is motivated by the fact that the geometries vary substantially from halo
to halo (due partially to their varied merger histories) and we wished to minimize
the computation cost whilst achieving our contamination goals. It must also be
highlighted that unlike many other studies, we did not select one Lagrangian geometry
for all halos but used a specific geometry for a given halo depending on the needs of

its simulation.

In Table 6.1 we show the various geometries we used for constructing our initial
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conditions. We modified MUSIC to be able to produce expanded Lagrangian volumes
rather than the bounded volumes with which it was originally published. In Figure 6-2
we show four examples of Lagrangian geometries for halos selected for re-simulation.
In some cases the geometries are reasonably compact allowing for the traditional
minimum cuboid enclosing to be used. Some larger regions however are extremely
non-spherical (e.g., bottom right of Fig. 6-2) and so a minimum ellipsoid was used.
For each geometry we take the enclosed volume at z = 0 denoted by either 4 x R, (z =
0) and 5 X Ryi(z = 0). We run each of these halos to z = 0, run our modified
ROCKSTAR and determine at what distance the closest low resolution or contamination
particle (type = 2) resides in each case. With the knowledge that the high-resolution
volume distance decreases at higher levels of refinement (Onorbe et al., 2014), we
ensure a minimum contamination distance of ~1 h~' Mpc at z = 0 at our lowest
resolution re-simulation with the desire to have uncontaminated spheres of radius,
~1 Mpc at our highest resolution re-simulation. In cases where four times the virial
radius enclosure created contaminated halos but five times the virial radius created
too large a simulation to run, we opted for an expanded ellipsoid of the minimum
enclosing ellipsoid. In some cases there were a handful of offending particles far away
from the primary Lagrangian volume (e.g., Figure 6-2 top right and bottom left)
making no standard geometry enclosure feasible, expanded or otherwise. Here we
trimmed the Lagrangian volume by hand and simulated the new geometry to z = 0
to ensure it had no contamination. Traditionally these types of halos are avoided but
since we do not want to bias our sample, we dealt with complicated geometries in
this specialized manner and have included them in our sample. Using this tailored
approach, our highest resolution runs obtain very large, high-resolution regions with

spheres of radius ~ 1.4 4+ 0.4 Mpc of solely high-resolution particles.

In Figure 6-3 we show box plots of the median contamination distance and re-
spective quartiles for all 264 of our test halos using each of our selected geometries.
Typically, the best performing geometry (i.e., the largest uncontaminated volume
with the cheapest computational expense) was the expanded ellipsoid which enclosed

all particles within 4 or 5 times the virial radius of the host in the parent simulation
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Table 6.1 The contamination suite used on the first refinement level
(i.e., LEVELMAX = 11) for every halo in the Caterpillar suite.

at z = 0.

Name nRy-(z=0)? Geometry Factor®
CA4 4 Convex Hull -
CA5 5 Convex Hull -
EA4 4 Bounded Ellipsoid —
EA5 5 Bounded Ellipsoid —
EX4 4 Expanded Ellipsoid 1.05
EX5 5 Expanded Ellipsoid 1.05
EB4 4 Expanded Ellipsoid 1.1
EC4 4 Expanded Ellipsoid 1.2
BA4 4 Minimum Cuboid -
BA5 5 Minimum Cuboid -
BB4 4 Expanded Cuboid 1.1

¢The multiple of the z = 0 virial radius that we used to con-

struct the Lagrangian volume.

®The factor we increased the original volume (e.g., 1.2 means

the ellipsoid was expanded by 20% in size.

A dash repre-

sents the minimum ellipsoid/cuboid/hull exactly). These val-

ues were arbitrarily chosen with the only requirement being

that the initial condition files were not overly large in size
(i-e., a few hundred megabytes at Lx11).
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Figure 6-2 Sample Lagrangian volumes (at z = 127) of halos from the parent simula-
tion. Some geometries are easily bounded by a minimum cuboid (e.g., top left) but
others require an ellipsoid (e.g., bottom right). In some cases, there reside particles
well away from the primary Lagrangian volume (e.g., top right and bottom left). For
these difficult situations, we carefully trimmed the Lagrangian geometry to ensure
no contamination of low resolution particles within 1 A~! Mpc of the host at z = 0.
Particles are color coded by distance from the host at z = 0 where red particles are
5% Ry and blue particles are within the virial radius.
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Figure 6-3 Box plot of the distances to the first low resolution particle (particle type 2)
for each of the prospective initial condition geometries (i.e., all run at LEVELMAX = 11
in MUSIC, one level above our parent simulation). Table 6.1 contains the key for each
geometry. The red lines indicate the median, edges of the box represent 25% and 756%
quartiles and the outer tick marks represent the maximum and minimum distance.
The dashed line represents the threshold we used to determine if a geometry was viable
for a higher level re-simulation, though this was balanced against computational cost.
We select the geometry which used the fewest CPU hours but maintained the largest
uncontaminated volume.
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Figure 6-4 Projected dark matter density at z = 0 of Cat-1 at successively higher
resolutions (increasing by a factor of 8 in mass resolution each time) from left to
right. The upper left panel is LX = 11 (m,, = 1.53 x 10°M,) and the lower right panel
is LX = 14 (m, = 2.99 x 10°M,). The white circle represents the virial radius, Ry
The image brightness is proportional to the logarithm of the dark matter density

squared (i.e., log(p?).
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Table 6.2 The resolution levels of the Caterpillar suite.

LX N, mp €
(Mo) (h~! pc)

15 32768% 3.7317 x 10° 38
14 163843 2.9854 x 104 76
13 8096% 2.3883 x 10° 152
12 40962 1.9106 x 108 228
11 2048% 1.5285 x 107 452
10 10243 1.2228 x 108 904

LX represents the effective resolution (N, = (2%)3) of the high
resolution region given by parameter, LEVELMAX in MUSIC.
my, is the particle mass and € is the Plummer equivalent grav-
itational softening length. The parent simulation parameters
are also shown in the last row. Only a select sample of halos
are run at resolution level Lx15. These runs will be presented
in future works.

6.2.4 Zoom-in Simulations

Starting from our parent simulation resolution, we re-simulated each halo at itera-
tively higher resolutions (a factor of 8x increase in particle number for each level)
to ensure we did not obtain contaminated particles within the host halo (the uncon-
taminated volume shrinks with an increase in the ratio of the zoom-in resolution to
that of the parent simulation resolution). In Figure 6-4, we show the dark matter
distributions for iteratively higher resolutions of the same halo. One can clearly iden-
tify the same subhalos across all resolutions indicating the qualitative success of our
numerical techniques. Regarding computational resourceé, each halo at our highest
resolution took between 150 — 300K hours on TACC/Stampede and occupy ~5 — 10
TB of storage for both the raw HDF5 snapshots and halo catalogue. Table 6.2 shows
the mass and spatial resolution for each of our refinement levels. Our softening length
is € ~ 76 h™! pc for our fiducial resolution.

We space our snapshots (320 per simulation) in the logarithm of the expansion
factor until z = 6 (~5 Myrs/snapshot) and then linear in expansion factor down to
z = 0 (~50 Myrs/snapshot). The motivation for this piecewise stitching of the two

temporal schemes is two-fold. At z > 6, we enter the era of mini-halo formation and

238



the reionization epoch. If we wish to model the transport of Lyman-Werner (LW)
radiation semi-analytically from the first mini-halos (e.g., Agarwal et al. 2012), we
require a temporal resolution on par with the mean free path of LW photons in the
intergalactic medium and the lifetime of a massive Population III star (< 10 Myrs).
Secondly, we also wish to resolve the disruption of low mass dwarf galaxies at low
redshift, which requires a temporal resolution of order ~ 50 Myrs (e.g., Segue I has
a disruption time scale of ~ 50 Myrs). These time scales are also required if one is
attempting to determine subhalo orbital pericenters which can be input into semi-
analytic models of tidal disruption (e.g., Baumgardt and Makino 2003). While we
intend to use the capabilities offered by finely sampled snapshots in future work, this

initial paper primarily focuses on the z = 0 halo properties.

6.2.5 Iterative Unbinding In ROCKSTAR

ROCKSTAR 1is able to find any overdensity in 6D phase space including both halos
and streams. To distinguish gravitationally bound halos from other phase space
structures, ROCKSTAR performs a single-pass energy calculation to determine which
particles are gravitationally bound to the halo. Over-densities where at least 50%
of the mass is gravitationally bound are considered halos, with the exact fraction a
tuneable parameter (unbound_threshold) of the algorithm (Behroozi et al., 2013b).

This definition is generally very effective at identifying halos and subhalos —but it
fails in two important situations. First, if a subhalo is experiencing significant tidal
stripping, the 50% cutoff can remove a subhalo from the catalog that should actually
exist. We have found that changing the cutoff can recover the missing subhalos, but
the best value of the cutoff is not easily determined. Second, ROCKSTAR is occasionally
too effective at finding substructure in our high resolution simulations. In particular,
it often finds velocity substructures in the cores of our halos that are clearly spurious
based on their mass accretion histories and density profiles. Importantly, these two
issues do not just affect low mass subhalos, but they can also add or remove halos
with Vipax > 25 km s7L.

Both of these problems can be alleviated by applying an iterative unbinding proce-
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dure. We have implemented such an iterative unbinding procedure within ROCKSTAR.
At each iteration, we remove particles whose kinetic energy exceeds the potential en-
ergy from other particles in that iteration. The potential is computed with the ROCK-
STAR Barnes-Hut method (see Appendix B of Behroozi et al. 2013b). We iterate the
unbinding until we obtain a self-bound set of particles. Halos are only considered
resolved if they contain at least 20 self-bound particles. All halo properties are then
computed as usual, but with the self-bound particles instead of the one-pass bound
particles. The iterative unbinding recovers the missing subhalos and removes most
but not all of the spurious subhalos. Across 13 of our Caterpillar halos, we recover
52 halos with subhalo masses above 10® My which would have otherwise been lost
using the conventional ROCKSTAR. Figure 6-5 demonstrates how these large haloes
can be recovered when our iterative unbinding procedure is used.

To remove the remaining spurious subhalos, we also remove halos if 7., (i-e.,
the radius at which the velocity profile reaches its maximum) of the subhalo is larger
than the distance between the subhalo and host halo centers. The downside to adding
iterative unbinding is that it increases the run time for ROCKSTAR by ~50%. In the
rest of this paper, we only consider subhalos with at least 20 self-bound particles

passing the Ry cut.

6.3 Results

6.3.1 Host Halo Properties

In Table 6.3, we provide the basic properties of our first 24 re-simulated halos. This
includes the simulation name, the halo virial mass, the halo virial radius, concentra-
tion, maximum circular velocity, the radius at which the maximum circular velocity
occurs, the formation time (defined as when the halo reaches half its present day
mass), the redshift of the last major merger (1:3 mass ratio), the fraction of the host
mass contained within subhalos, the axis ratios defining the halo shape, and the dis-

tance to the closest contamination particle from the host. We adopt a simple naming
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Figure 6-5 Density projection of the Cat-1 halo with subhalos with V.« > 30 km
s~! highlighted by white circles. Their size corresponds to their virial radii. The
full circles indicate subhalos found by the default parameters of the halo finding
algorithm ROCKSTAR. The dashed circles indicate where halos are recovered when
iterative unbinding is used.
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convention based on when the halos were post processed (1 — Nya0s). Where required,
we use a shorthand reference to the resolution of the simulation. These refer to the
parameter LEVELMAX inside the IC generation code MUSIC (e.g., LEVELMAX = 14
is simply Lx14). This means LX14 represents an effective resolution of N, = (2!4)3
(~ Aquarius level-2), Lx13 — N, = (2'3)3 (~ Aquarius level-3 or ~ ELVIS reso-
lution), Lx12 — N, = (2'?)% and Lx11 — N, = (2!!)3. Unless otherwise stated, all
halos in the analysis of this paper are the LX14 halos (i.e., our flagship resolution).
All halos have similar z = 0 properties except Cat-7 whose pfoperties can be tied to
the fact that it has recently undergone a massive merger (1:3 mass ratio at z = 0.03).
We obtain extremely large uncontaminated volumes (~1.4 Mpc) in all but one of our

halos (Cat-18 is ~ 3% contaminated by mass). The fraction of mass held in subhalos
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Table 6.3 The halo properties of the first 24 Caterpillar halos.

Halo M.y Ry, c? Vinax Rinax b2 form ¢ Zimm d f m,subs € C/ a b/ a Rhpires 7
Name (x10'2 Mg)  (kpc) (km s71)  (kpc) (Mpc)
Cat-1 1.559 306.378  7.492 169.756 34.083 0.894 2.157 0.207 0.841 0.869 0.998
Cat-2 1.791 320.907 8.374 178.851 55.268 0.742 0.731 0.148 0.636 0.719 1.463
Cat-3 1.354 292300 10.170 172.440 31.701 0.802 0.802 0.136 0.865 0.927 1.894
Cat-4 1.424 297.295 8.573 164.344 53.466 0.936 0.922 0.175 0.671 0.739 1.531
Cat-5 1.309 289.079 12.108 176.399 32.103 0.564 0.510 0.069 0.552 0.815 1.608
Cat-6 1.363 292,946 10.196 171.647 33.632 1.161 1.295 0.153 0.508 0.528 1.295
Cat-7 1.092 272.099 1.757 134.148 157438 0.070 0.032 0.735 0.151 0.207 1.477
Cat-8 1.702 315.466 13.507 198.564 40.819 1.516 2.235 0.078 0.605 0.787 1.540
Cat-9 1.322 289.987 12.401 177.414 30.336 1.255 1.236 0.094 0.513 0.762 2.080
Cat-10 1.323 290.119 11.714 174.989 39.721 1.644 2.010 0.103 0.559 0.703 1.775
Cat-11 1.179 279.187 12.522 172.723 53.187 1.059 4.368 0.215 0.597 0.867 1.135
Cat-12 1.763 319.209 11.402 191.259 52.717 1.336 9.616 0.073 0.584 0.645 1.162
Cat-13 1.164 277.938 12.850 171.222 33.757 1.161 11.092 0.090 0.578 0.645 1.566
Cat-14 0.750 240.119 9.135 137.437 26.660 1.144 4.258 0.113 0.705 0.859 2.178
Cat-15 1.505 302.787 8.983 174.124 37.043 1.144 3.165 0.126 0.849 0.877 1.119
Cat-16 0.982 262.608 11.737 155.362 28.768 1.315 3.165 0.106 0.618 0.792 0.671
Cat-17 1.319 289.800 12.765 179.056 38.329 1.846 1.976 0.093 0.664 0.881 1.299
Cat-18 1.407 296.099 7.887 163.920 57.217 0.493 0.435 0.159 0.676 0.816 0.397
Cat-19 1.174 278.770 10.468 164.726 29.112 1.541 2.118 0.169 0.664 0.937 1.712
Cat-20 0.763 241.484 13.324 149.672 30.417 1.492 5.427 0.099 0.601 0.733 1.311
Cat-21 1.881 326.206 10.618 190.683 50.954 1.126 1.198 0.118 0.482 0.611 1.453
Cat-22 1.495 302.116 10.666 180.647 35.860 0.841 29.488 0.080 0.512 0.694 1.744
Cat-23 1.607 309.524 12.489 190.705 32.421 1.161 9.616 0.094 0.607 0.784 1.207
Cat-24 1.334 290.866 11.378 176.911 36.800 1.144 3.608 0.090 0.689 0.734 1.102
Mean* 1.368 291.791 10.903 173.167 38.886 1.144 4.410 0.121 0.634 0.771 1.402
+lo 0.285 21.610 1.761 13.441 9.530 0.329 6.112 0.041 0.103 0.102 0.409

?Concentration defined by ratio of the virial radius and the scale radius; Ryi/Rs.
®The radius at which the Vi, occurs.
“Redshift of host formation defined as when the host main branch progenitor mass equals 0.5M,;.(z = 0).
dRedshift of last major merger defined as a halo with 1/3 mass merging into the main branch of the host.
¢Fraction of the host mass in subhalos.

fDistance to the closest contamination particle from the host.

*Means and deviations were calculated over all halos except Cat-7 as it has undergone a very recent major merger.



across our sample is fp, sups = 0.121 £ 0.041 (10), though this excludes Cat-7.

In Figure 6-6 we plot the concentration-mass (c-M) relation of the parent simu-
lation for similarly sized halos (11.5 < logjp Mg < 12.5, grey band indicating the lo
dispersion) and overlay the concentration (Ryi;/Rs) and host mass of the high res-
olution halos. This shows that for nearly all of the halos, we are sampling within
68% of the average c-M relation at a fix halo mass. Again, Cat-7 is an outlier with
an extremely low concentration because it recently underwent a major merger and
has an extremely large substructure mass fraction so its concentration is not mean-
ingful. For this reason we do not include it in the quantitative analysis in terms of
determining average halo profile shapes or the mass function. slopes. Its properties
are still shown and plotted in the various tables and figures, however. Recently, Buck
et al. (2015) found that the thickness of planes of satellites depends on the concen-
tration of the host halo. Specifically, they found the thinnest planes are only found
in the most concentrated, and hence earliest formed halos. The fact that we sample
relatively average concentrations for halos of this mass range means that it is less
likely that these hosts will contain planes of satellites, or if they do, their thicknesses
will be quite large (Ji et al., in prep.). As the Caterpillar sample grows, we will
eventually sample overly concentrated halos, enabling us to see in better detail how

this concentration-plane relation holds.

6.3.2 Visualizing The Halos & Their Assembly Histories

In Figures 6-7 and 6-8 we show images of the dark matter distribution in each of our
24 high-resolution halos at redshift z = 0. The brightness of each pixel is proportional
to the logarithm of the dark matter density squared (i.e. log(p?)projected along the
line of sight. To enhance the density contrast, each panel has a different maximum
density. We note that similarly colored pixel in one panel does not necessarily mean
the density is the same for another panel. The panel width is 1 Mpc and the local
dark matter density of the particles in each pixel is estimated with an SPH kernel
interpolation scheme based on the 64 nearest neighbor particles. Upon first inspection

it is clear that each halo is littered with an abundance of dark matter substructures
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Figure 6-6 Concentration-mass relation for the 24 Caterpillar halos relative to those
found in the parent simulation of similar mass. The concentration is defined as
Tvir/Ts. Solid circles are the zoom-in simulations and the black line represents the
concentration-mass relation drawn from the parent simulation for relaxed halos. The
grey band is the 1o dispersion in the ¢-M relation for halos in the parent simulation
between 11.5 < log;g My < 12.5.



of varied shapes and sizes. In some cases, there are reasonably large neighbors (e.g.,
Cat—4, 7, 11, 24). By virtue of our selection criteria these neighbors are no larger
than 0.5% M, of the central host. In any case, in under a Gyr, these SMC/LMC
sized systems (Mper > 101 M) will likely undergo a major merger with the host
galaxy.

In Figure 6-9 we show the mass evolution of each of the halos. As highlighted
by the inset which shows the normalized mass evolution, there is a wide variety of
formation histories. In our initial catalogue of 24 halos, six halos (Cat-2, 3, 4, 5, 7,
18) have had major mergers since z = 1. The halos going above a normalized mass
ratio of 1.0 have had a halo pass through them relatively recently which momentarily
gives them extra mass such that it is larger than their z = 0 mass (e.g, Cat—2). This
indicates that many of the halos are yet to reach an equilibrium state.

Adopting the same criteria as Neto et al. (2007) we assess whether the host halos
are relaxed. If their substructure mass fraction is below 0.1, their normalized offset
between the center of mass of the halo (i.e., computed using all particles within Ry;,)
and the potential center (Xof = |r¢ — I'em|/Rvir, Ie = center of the potential well, r. =
center of mass) is below 0.07 and their virial ratio (27°/|U|) is below 1.35, then the
host is considered relaxed. In Table 6.4 we provide the relaxed state of the halo.
Many of the halos are in fact unrelaxed under this definition which is by design —
we are sampling a wide range of assembly histories and so halos with recent merger
events that prevent the halos from being fully virialized naturally make up part of

our sample.

6.3.3 Host Halo Profiles

In Figure 6-10 we plot the spherically averaged halo profiles for each of our 24 sim-
ulated halos. We draw the measured density profile as a thick line of a given color
and continue the fit beyond the smallest radius possible set by Power et al. (2003)
as a vertical black dashed line. We truncate each fit at this radius. There is a clear
diversity in the profile shapes owing in part to the assembly histories of each halo.

Halos which have undergone a recent major merger whose substructure mass fractions

246



Cat—11

Figure 6-7 Projected dark matter density at z = 0 of the first 12 C'aterpillar halos
with a box width of 1 Mpc. The image brightness is proportional to the logarithm
of the dark matter density squared. Higher resolution images and animations are
available at www.caterpillarproject.org.
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Figure 6-8 Projected dark matter density at z = 0 of each of the second set of 12
Caterpilar halos with a box width of 1 Mpc. The image brightness is proportional
to the logarithm of the dark matter density squared. Higher resolution images and
animations are available at www.caterpillarproject.org.
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Figure 6-9 Mass evolution of the first 24 Caterpillar halos. The top panel shows
each halo evolution along with the mean (black dashed) evolution for each of the
halos. The inset panel shows the mass evolution normalized to the halo mass at
z = 0. In the lower panel we show the mass evolution divided by the mean evolution
to enhance individual features for each halo. We sample a diverse assembly history,

from extremely quiet through to extremely violent (redshift of last major merger, z
~ 0.07).
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are higher than average are primarily dominated by a single subhalo (e.g, Cat—7 has
a large subhalo at 200 kpc). The fitting formula we have used to describe the mass
profile of our simulated halos follow the method of Navarro et al. (2010) and is given

by the following Einasto form (over all particles within the virial radius):

loglp(r)/p-2] = (=2/a) [(r/r—2)* — 1]. (6.1)

The r_s is the scale length of the halo which can be obtained without resorting to a
particular fitting formula. We compute the logarithm of the slope profile and identify
where a low-order polynomial fit to it intersects the isothermal value (v = 2). Unlike
the Navarro-Frenk-White profile (NFW) the peak parameter in the Einasto profile,
o, is allowed to vary and thus provides a third parameter for the fitting formula. The
best fitting parameters are found by minimizing the deviation between model and
simulation at each bin. Specifically we minimize the function Q?, defined as:

1 Nbins

= Ny Z (In(p;) — 1n(p{nodel))2' (6.2)

Q2

In this manner we find a function which clearly illustrates the deviation of the
simulated and model profiles. In Table 6.4 we show our minimum (? parameter
(Qmin), characteristic scale radius r_,, and their corresponding densities for each
halo. For our relaxed halos, @i, for our Einasto fits are 0.027 4+ 0.010 indicating
reasonable agreement between the simulated and model Einasto profiles. This is
better than our NFW profile fits for which we obtain Q,,;, = 0.05540.020. The peak
parameters for our Einasto fits are 0.169 + 0.023 which is comparable to those of the
Aquarius halos (o = 0.145 — 0.173) studied in Navarro et al. (2010). For halos which
significantly deviate from the mean, it is important to note that those halos are not
relaxed and so by definition will not provide meaningful Einasto/NFW fits. A more

detailed study of the halo density profiles are reserved for future work.
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Figure 6-10 Upper panel: Normalized halo profiles for each of the host halos. Relaxed
halos are better fit by Einasto profiles (a ~ 0.16) over NF'W profiles though for halos
that are unrelaxed, they are unable to be properly fit by NFW or Einasto profiles
which is in agreement with Neto et al. (2007) and Navarro et al. (2010). This inability
stems purely from their definition, which a priori assumes that the halos are in virial
“equilibrium which is clearly not the case for halos which have undergone a recent
merger. The dashed black line indicates the Power et al. (2003) resolution limit as
set by our softening length (also represented by a thinner density profile line). Lower
panel: The log of the ratio between each of the Einasto fits and the data between the
Power et al. (2003) radius and the virial radius.
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Table 6.4 The relaxed nature and Einasto profile parameters for the first 24
Caterpillar halos. For comparison, (i, fits for NFW halo profiles are also listed.

Halo Relaxed® p_3°¢ r_y°¢ a’  Qmin  Qmin
Name (x10°) Ein. NFW

Cat-1 X 9929 27.182 0.128 0.039 0.103
Cat-2 v 3.531 46.846 0.185 0.040 0.033
Cat-3 v/ 11.604 25.309 0.151 0.028 0.067
Cat-4 X 5.504 34.962 0.154 0.039 0.080
Cat-5 4 13.305 24.152 0.167 0.018 0.050
Cat-6 X 9.254 28.299 0.164 0.027 0.058
Cat-7 X 0.482 90.528 0.075 0.082 0.162
Cat-8 4 8.027 34.555 0.236 0.033 0.036
Cat-9 v 12.159 25.543 0.186 0.011 0.034
Cat-10 v 14.482 23.492 0.168 0.029 0.049
Cat-11 X 10.617 25.450 0.173 0.049 0.071
Cat-12 v 8.897 31.157 0.160 0.030 0.062
Cat-13 v 11.842 25.010 0.187 0.009 0.036
Cat-14 v 10.455 21.347 0.139 0.018 0.078
Cat-15 v 8.905 28.744 0.139 0.025 0.078
Cat-16 v 10.445 24.162 0.166 0.026 0.056
Cat-17 v 11.283 26.799 0.195 0.019 0.026
Cat-18 X 6.998 31.012 0.150 0.023 0.082
Cat-19 X 9.079 26.881 0.164 0.032 0.054
Cat-20 v 11.415 22.158 0.199 0.018 0.020
Cat-21 v 6.682 36.486 0.175 0.025 0.043
Cat-22 4 10.857 26.957 0.156 0.017 0.063
Cat-23 v 13.486 26.024 0.172 0.018 0.039
Cat-24 v 7.040 31.734 0.181 0.044 0.050
Mean* - 9.817 28.446 0.169 0.027 0.055

+lo - 2.6106 5.5677 0.023 0.010 0.020
“Relaxed criteria is based on that of Neto et al. (2007). If the sub-
structure mass fraction is below 0.1, their center of mass displacement
(Xoff = |Te — Yem|/Ryvir) is below 0.07 and their virial ratio (27/|U]) is
below 1.35, then the host is considered relaxed.

®Einasto slope parameter of the form p(r) o exp(—Ar®).

°The density at the characteristic radius in units of: 101°A% Mg kpc~3.
4The characteristic radius or ‘peak’ radius of the r2p profile in units of:
h~1 kpc.

xMeans and deviations were calculated over all halos except Cat-7 as it

has undergone a very recent major merger.
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6.3.4 Subhalo Properties

In Figure 6-11a we show the cumulative abundance of subhalos as a function of their
maximum circular velocity for each Caterpillar halo. Since we achieve excellent
convergence (see Appendix A), we reliably resolve halos with circular velocities of
~4 km s™!, which is crucial for identifying the sites of first star formation. At the

high V.« end we find a variety of different sized subhalos for each host. Some hosts

1 1

have only one 10 km s~ subhalo whereas another host halo has a large 70 km s~

1 all halos are very similar in

subhalo within the virial radius. Between 5-20 km s~
their V., function slopes within a slight offset owing to normalization stemming from
the differences in host halo mass. At low V., values (~ 3 km s™!) we begin to lose
completeness of our host subhalo sample due to lack of resolution. We additionally
include in this Figure the Vj,.x function for subhalos at infall (i.e., when a subhalo first
crosses the virial radius of the host). Since dynamical friction affects the highest mass
subhalos the fastest, the biggest difference in the functions occurs at the high-mass
end whereby several LMC sized systems (Mpeax > 10" M) have been destroyed (over
a time scale of 1 — 2 Gyrs) between infall and z = 0. These large LMC sized-systems
at infall can host anywhere from 4 — 30% of the Milky Way sized halo’s subhalos at
z = 0 depending on their orbit and infall time (Griffen et al. in prep.). In solid black
we also plot the Aquarius Aq-A2 halo from Springel et al. (2008) (using the same
version of ROCKSTAR that we used for the Caterpillar halos). We find the differences

in the cosmology (os = 0.9) and the slightly higher resolution of Aquarius leads to

systematic differences in subhalo abundance.

In Figure 6-11b, we show the subhalo mass functions for each of the halos. Our
results are best fit by the power law dN/dM oc M~188£0-10 which is less steep than
that found in the Aquarius halos of Springel et al. (2008). This slope is the best fit
over the ranges 10°—10% M. We do observe a scatter in the subhalo abundances. This
can be explained by the subtle concentration-subhalo-abundance relation whereby for
fixed halo mass, there are more (less) subhalos belonging to hosts which are less (more)

concentrated (e.g, Zentner et al. 2005, Watson et al. 2011, Mao et al. 2015). Indeed,
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we find halos which are more concentrated (see Figure 6-6) have lower normalizations
than those less concentrated at fixed Viy... This is simply because halos which are
more concentrated have formed earlier and so subhalos have spent substantially longer
undergoing dynamical disruption within the host compared to similar sized subhalos
orbiting less concentrated hosts.

In Figure 6-11c we show the subhalo radial mass fraction which indicates high
variability in the contribution to the total halo mass from substructure as a function
of galactocentric distance. For example, at 0.07R,;, the total mass contributing to
the host halo mass from substructure varies by a factor of 3 when normalized by
mass. At Ry;, our substructure mass fraction varies by ~ 10% (see Table 6.3 for
exact fractions). Cat-7 has a large component of the halo mass in substructure at
low radii because it has recently undergone a major merger (z = 0.03). In Figure 6-
11d we plot the normalized number of subhalos as a function of radius scaled by the
virial radius of the host. We find the scatter in the number of subhalos as a function
of galactocentric distance is a factor of 3 across all halos except within the inner
10% of the host halo where we are subject to noise in the halo finding produced by
ROCKSTAR. Again, in solid black we also plot the Aquarius Aq-A2 halo from Springel
et al. (2008). We find the differences in the cosmology (0s = 0.9) and in particular
the slightly higher resolution of Aquarius leads to this systematic difference in the

subhalo number density.

6.3.5 Too Big To Fail

We also examine halos which are massive enough to form stars but have no luminous
counterpart in the nearby Universe (i.e., the too big to fail problem, hereafter TBTF,
Boylan-Kolchin et al. 2011). To do this we select halos with Vpeax > 30 km s~! which
are subhalos large enough to retain substantial gas in the presence of an ionizing back-
ground and therefore theoretically should form stars. We follow the same definition
as in Garrison-Kimmel et al. (2014a) to count two classes of halos. Strong massive
failures are too dense to host any of the currently known bright MW classical dwarf

spherioidals (dSph) galaxies. Massive failures (MFs) include all strong massive fail-
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Figure 6-11 (a) The cumulative abundance of subhalos as a function of their maximum circular
velocity (Vimax) for each of the Caterpillar halos. The solid lines represent subhalos at z = 0 and the
dashed lines represent halos at infall (i.e., when they first cross the virial radius of the host). Many
of the SMC/LMC sized systems (Mpeax > 10! Mg,) are destroyed by z = 0, though some large
subhalos do survive. The Caterpillar suite is complete down to ~4 km s~!. See our convergence
study in the Appendix A. The solid black line is that of the Aquarius-A halo at a similar resolution
(level-2, Springel et al. 2008). (b) The subhalo mass functions for each of the host halos. When
normalized by mass, the range 107% — 107* Mg, there is small scatter in the subhalo abundances
as all of our hosts are very similar in mass. Over the ranges 10°~® M, we obtain a median mass
function slope of -1.88 + 0.1, slightly shallower than Aquarius (a ~ 1.90). As we move to higher
and lower mass regimes, there are differing abundances of large and small subhalos for each host.
There are a number of systems with ~ 10971 M, halos within the virial radius of the host making
them possible Large/Small Magellanic Cloud analogues. Again, the solid black line is that of the
Aquarius-A. (¢) The subhalo mass fraction as a function of radius scaled by the virial radius of the
host. The substructure mass is distributed similarly in nearly all halos with the exception of Cat-7
which has undergone a major merger. There is more variability in the substructure mass fraction
at low radii owing to the on-going disruption most prevalent in the inner most dense regions of each
host. (d) The normalized number of subhalos as function of radius scaled by the virial radius of
the host. The number of subhalos as a function of distance is extremely self-similar across all halos
except within the inner 10% of the virial radius of each host. This is in agreement with the findings
of Springel et al. (2008) when factoring in their slightly higher resolution of the Aquarius suite and
use of the observationally disfavoured high value of og (g5 = 0.9).
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Figure 6-12 The rotation curves for all subhalos identified with a peak maximum
circular velocity Vieax, above 30 km s~! within 300 kpc of three different Caterpillar
hosts. The black squares indicate observational constraints from dwarf galaxies from
Wolf et al. (2010). We only include those observed systems whose luminosities are
above 2 x 10° Ly (i.e., showing only classical dwarfs and excluding ultra-faint dwarf
galaxies). Dashed-dot cyan lines are LMC analogues (i.e., Vipax > 60 km s7'), blue
dashed lines are massive failures (MFs) and red solid lines are strong massive failures
(SMFs). Thin black solid lines are subhalos pass the check and have at least one
observed dwarf with a comparable circular velocity (i.e., one halo passes through the
circular velocity of a known classical dwarf determined by Wolf et al. 2010).

ures (SMFs) as well as all massive subhalos which have densities consistent with the
high-density dSphs (i.e., Draco and Ursa Minor) but can not be associated with them
without allowing a single dwarf galaxy to be hosted by multiple halos (i.e., assuming
every observable dSph galaxy is hosted by exactly one halo). Most subhalos in the
range of Viax = 25 — 30 km s~! could host a low-density dwarf and as such are not

defined as massive failures.

In Figure 6-12, we plot a sample of the rotation curves for three different C'aterpillar
halos (Cat-19, Cat-13 and Cat-18). We adopt the Boylan-Kolchin et al. (2012) Einasto
correction for R < 291 pc, which differ from the ELV IS profile fits in that they ex-
trapolate their entire profile from R, with various density profile shapes. Black
squares depict circular velocities of the classical dwarf galaxies (with luminosities
above 2 x 10° Ly v), as measured by Wolf et al. (2010). Dashed-dot cyan lines are
LMC analogues (i.e., Vinax > 60 km s~! which are excluded from our failure analysis),

blue dashed lines are massive failures and red solid lines are strong massive failures.

256



Thin black solid lines are subhalos which pass the test of having at least one observed
dwarf with a comparable circular velocity, i.e., a circular profile goes through one of
the observed dwarf galaxy data points. The cumulative number of profiles above and
below the observed classical dwarfs for Cat-19 are 10 MFs, 5 SMFs and one LMC
analogue. Similarly we find Cat-13 has 11 MFs and 8 SMFs. Cat-18 has the most
failures of any halo with 21 MFs and 14 SMFs with one LMC analogue.

In Figure 6-13 we plot the number of strong and massive failures across all Cater-
pillar halos. Specifically we plot the fraction of hosts with fewer than N MFs and N
SMFs within 300 kpc of each host as a function of N (black lines). Averaging over
the entire Caterpillar sample (excluding Cat-7 as it has recently had a massive major
merger), we predict 8 + 3 (1) SMFs and 16 + 5 (1o) MFs within 300 kpc. If the
Milky Way were well described by such an average we would expect to have these

failures.

For comparison, we plot the ELV IS MF and SMF counts (red lines). The lower
resolution in these simulations requires an extrapolation of the velocity profile from
Vinax and Ry,.x using an analytic Einasto profile. Qualitatively, both simulation suites
agree that there are a significant number of both MFs and SMFs. Quantitatively,
there are several differences, which we now describe. The Caterpillar suite has
many more MFs. This is due to our ability to better resolve high Vcax subhalos
that have been tidally stripped. In particular, the iterative unbinding procedure de-
scribed in Section 6.2.5 removes the need for the ROCKSTAR unbound_threshold
parameter (Behroozi et al., 2013b). We can simulate the effect of the standard
unbound_threshold = 0.5 cut by removing halos whose bound mass is less than
50% of their mass prior to unbinding. The MF counts with this cut are shown in

Figure 6-13 by the blue lines, which are very similar to the ELV IS MF counts.

The Caterpillar suite also has significantly fewer SMFs compared to ELVIS.
This discrepancy is likely due to the fact that we have measured rather than ex-
trapolated the subhalo density profiles. Variations in the Einasto shape parameter
(a) greatly affect the massive failure count (see Figure 4 of Garrison-Kimmel et al.

2014a). The Einasto fits to our density profiles have « typically closer to 0.2, which
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is less discrepant.

Whilst TBTF is a prevalent problem in pure N-body simulations, many authors
have indicated the tension between the circular velocities of observed classical dwarfs
and simulated subhalos can be alleviated with the addition of supernovae feedback
and ram pressure stripping (e.g., Pontzen and Governato 2012, Zolotov et al. 2012,
Arraki et al. 2014, Brooks et al. 2013, Del Popolo et al. 2014, Gritschneder and Lin
2013, Elbert et al. 2015, Maxwell et al. 2015) or by making dark matter self-interacting
(e.g., Vogelsberger et al. 2012, Zavala et al. 2013). Our results are within 1o of the
number of failures found by Garrison-Kimmel et al. (2014a) (i.e., 12 massive failures

within 300 kpc), even when using a better density profile estimation.

6.4 Conclusions

In this work we have presented the first results of the Caterpillar simulation project,
whose goal is to better understand the formation of Milky Way-sized galaxies and their
satellite companions at both high and low redshift. We have carried out 24 initial
simulations in a Planck based ACDM cosmology. Although the total halo number
will increase to 60 — 70 shortly, these first 24 halos provide us with an exquisite
initial set of data to achieve our first set of science goals. In our approach, we
have taken exceptional care to validate our numerical techniques. We quadruple the
current number of halos available in the literature at this extremely high mass and
temporal resolution, allowing for detailed statistical studies of the assembly of Milky
Way-sized galaxies. We additionally have adjusted our simulation parameters to be
more inclusive of potential scientific questions not yet studied in simulations of this
size (i.e., decreasing the temporal resolution to ~5 Myrs/snapshot and increasing
the volume resolved by high-resolution particles to 1-2 Mpc). The results presented
above demonstrate our data quality and give initial clues at how halo properties vary
across large numbers of realizations. Our initial key results can be summarized as

follows:

1. Key halo properties such as the halo profile, mass functions and substructure
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Figure 6-13 Cumulative fraction of massive failures (MFs) and strong massive failures
(SMFs) across all Caterpillar halos (excluding Cat-7 which has undergone a recent
massive major merger). We predict 8 + 3 (10) strong massive failures and 16 + 5 (10)
massive failures within 300 kpc of the Milky Way. We also include the result from
Garrison-Kimmel et al. (2014a) (i.e, using @ = 0.15 Einasto profiles) as a reference.
The black lines are all failures which are detected by our version of ROCKSTAR which
includes iterative unbinding. The blue lines are all failures found using a cut which
mimics ROCKSTAR without iterative unbinding (see Section 6.3.5 text for details).
This indicates a fraction of failures are undergoing tidal disruption which may have
been unaccounted for in the ELV'IS subhalo catalogues.
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fractions are intimately connected to each halo’s overall assembly history. Halos
which have undergone recent major mergers have profiles which are poorly fit by
either the NFW or Einasto profile. For those halos which are well fit by Einasto
profiles, they have peak a values of 0.169 + 0.023. Excluding the Cat-7 halo,
we find a Qnn = 0.027 £ 0.010 indicating reasonable agreement with Einasto
fits of the Aquarius halos.

. The abundance of dark matter subhalos remains relatively similar across our
sample when normalized to host halo. As such, our halo mass functions are best
fit by a simple power law, dN/dM oc M~18+010" The scatter in the normal-
izations of the mass functions is due to the concentration-subhalo abundance
relation for fixed halo mass (i.e., our more concentrated halos exhibit lower

normalizations for fixed Mp,s;)-

. Regarding TBTF, dividing halos into two categories of massive failures and
strong massive failures we predict 8 + 3 (1o) strong massive failures and 16 +

5 (10) massive failures within 300 kpc of the Milky Way.

. Iterative unbinding in ROCKSTAR must be included to properly recover all bound
subhalos this resolution. We recover 52 halos above 108 M across a sample of
13 Caterpillar halos (~4 per host halo) using iterative unbinding which would

have otherwise been lost using traditional ROCKSTAR.

This paper outlines the data products of the Caterpillar simulations and sets the

foundation of many upcoming in-depth studies of the Local Group. Through our

statistical approach to the assembly of Milky Way-sized halos we will gain a more

fundamental insight into the origin and formation of the Galaxy, its similar sized

cousins and their respective satellites.

Appendix A: Convergence Study

In Figure 6-14 we plot the halo profiles (Cat-2) and maximum circular velocity func-

tions (Cat-9) at all our resolutions. We find our halos are well converged down to
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Figure 6-14 Convergence test for the Cat-2 and Cat-9 halos illustrating convergent
halo profiles and Vo, functions respectively. Panel (a) normalized halo profiles where
the thick line represents the density profile above the radius defined by Power et al.
(2003). The thin dashed line of the same color is the profile extrapolated down to
the softening length. Panel (b) the cumulative abundance of subhalos as a function
of their maximum circular velocity (Viyax) - These halos are representative of the
convergence we achieve for all relared Caterpillar halos.

~0.2% of R.i,. In the case of the V., functions, we find we are converged down to ~4
km s~! at our highest resolution. When normalized to the host halo virial velocity,
the halos are in excellent agreement with one another. Halos were re-simulated at
successively higher and higher mass and spatial resolution from the initial parent vol-
ume. In each instance, care was taken to ensure all halo properties were numerically
converged (provided that quantity was not resolution limited, e.g. halo shape). In
Tables 6.5, 6.6, 6.7, and 6.8 we show the same quantities as in Table 6.3 from the

text but this time include the lower resolution halo properties.
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Table 6.5 Halo properties for the first set of 6 Caterpillar halos at each resolution.

Name Geometry nRyi LX My Ryir c Vinax Rinax 20.5 Zimm [, m,subs b/ C C/ a Ries
(Mo)  (kpo) (km s)  (kpo) (Mpe)

Cat-1 EA 5 11 1.579 307.690 7.762 172.293 35.049 0.881 2.118 0.161 0.810 0.828 1.391
12 1.560 306.491 7.494 171.060 34.292 0.894 2.118 0.171 0.824 0.869 1.248

13 1.560 306.458 7.647 170.707 36.451 0.894 2.157 0.197 0.842 0.883 1.138

14 1.559 306.378 7.492 169.756  34.083 0.894 2.157 0.207 0.841 0.869 0.998

Cat-2 EB 4 11 1.807 321.876 7.621 176.924 64.931 0.742 0.719 0.092 0.596 0.724 1.577
12 1.782 320.357 &.575 179.069 53.856 0.742 0.719 0.112 0.607 0.716 1.522

13 1.792 320970 8.382 178.753 54.360 0.742 0.731 0.137 0.643 0.731 1.480

14 1.791 320.907 8.374 178.851 55.268 0.742 0.731 0.148 0.636 0.719 1.463

Cat-3 EB 4 11 1.343 291.538 10.763 175.066 26.554 0.802 0.790 0.079 0.961 0.971 1.966
12 1.355 292.387 10.489 175.142 29.083 0.802 0.790 0.100 0.868 0.915 1.926

13 1.355 292400 10.523 172.946 31.565 0.802 0.802 0.117 0.850 0.905 1.906

14 1354 292300 10.170 172.440 31.701 0.802 0.802° 0.136 0.865 0.927 1.894

Cat-4 EB 4 11 1.503 302.676 8.308 169.309 91.132 0.894 0.908 0.128 0.749 0.825 1.791
12 1.415 296.632 9.208 168.170 85.989 0.922 0.922 0.120 0.681 0.762 1.594

13 1.434 298.009 8.434 164.999 59.225 0.936 0.922 0.156 0.673 0.743 1.561

14 1.424 297.295 8.573 164.344 53.466 0.936 0.922 0.175 0.671 0.739 1.531

Cat-5 EB 4 11 1.306 288.846 11.897 173913 33.844 0.584 0.519 0.025 0.551 0.835 1.676
12 1.318 289.714 11.896 174.223 36.356 0.574 0.519 0.041 0.547 0.765 1.657

13 1314 289.450 12.324 176.818 29.346 0.574 0.519 0.055 0.556 0.825 1.617

14 1.309 289.079 12.108 176.399 32.103 0.564 0.510 0.069 0.552 0.815 1.608

Cat-6 EB 4 11 1.371 293.516 10373 172.100 32.944 1.144 1.275 0.094 0.495 0.534 1.708
12 1.347 291.848 10.522 172.873 30.622 1.161 1.275 0.116 0.496 0.525 1.495

13 1.366 293.186 10.086 170.858 32.794 1.161 1.295 0.138 0.510 0.529 1.300

14 1.363 292.946 10.196 171.647 33.632 1.161 1.295 0.1563 0.508 0.528 1.295

Notes: The resolution details for each refinement level (i.e. 11, 12, 13, 14) can be found in Table 6.2 and the geometry

definitions in Table 6.1.
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Table 6.6 Halo properties for the second set of 6 Claterpillar halos at each resolution.

Name Geometl‘y nRyip LX My Ryir C Vinax Riax 20.5 Rlmm f m,subs b/ C C/ a Ries
(Mo)  (kpe) (kms™')  (kpc) (Mpc)
Cat-7 EB 4 11 1.142 276.168 2.513 139.055 140.859 0.065 0.057 0.693 0.191 0.301 1.756
12 1.111 273.686 2.487 136.803 145.085 0.074 0.057 0.615 0.170 0.288 1.520
13 1.091 272.009 1.674 133.574 162.291 0.065 0.036 0.693 0.168 0.235 1.510
14 1.092 272.099 1.757 134.148 157.438 0.070 0.032 0.735 0.151 0.207 1.477
Cat-8 EB 4 11 1.729 317.150 13.081 198.577 46.800 1.541 2.195 0.032 0.602 0.768 1.690
12 1.716 316.337 13.154 198.229 39.671 1.315 2.195 0.063 0.594 0.775 1.597
13 1.701 315.450 13.340 197.637 39.810 1.516 2.235 0.066 0.599 0.791 1.550
14 1.702 315.466 13.507 198.564 40.819 1.516 2.235 0.078  0.605 0.787 1.540
Cat-9 EB 4 11  1.330 290.616 12.568 177.522 32.309 1.236 1.217 0.060 0.493 0.762 2.383
12 1.331 290.654 11.616 175.047 27903 1.236 1.236 0.070 0.486 0.754 2.101
13 1.329 290.538 12.132 176.808 30.297 1.255 1.236 0.085 0.500 0.754 1.833
14 1322 289.987 12401 177414 30.336  1.255 1.236 0.094 0.513 0.762 2.080
Cat-10 EB 4 11 1.319 289.809 11.902 175.553 41.894 1.699 2.010 0.052 0.561 0.709 1.983
12 1.332 290.764 11.439 174.479 29.806 1.516 2.010 0.069 0.551 0.679 1.870
13 1.328 290.477 11.714 175.124 25.839 1.644 2.010 0.088 0.559 0.703 1.740
14 1.323 290.119 11.714 174.989 39.721 1.644 2.010 0.103 0.559 0.703 1.775
Cat-11 EB 4 11 1.194 280.361 10.551 165.980 62.881 1.059 4.368 0.175 0.527 0.719 1.490
12 1.196 280.471 10.044 163.290 70.202 1.043 4.368 0.200 0.525 0.703 1.408
13 1.190 280.043 12.272 173.893 45.727 1.059 1.644 0.199 0.590 0.868 1.192
14 1.179 279.187 12.522 172.723 53.187 1.059 4.368 0.215 0.597 0.867 1.135
Cat-12 EA ) 11 1.786 320.627 11.723 191.564 59.256 1.336 2.542 0.034 0.592 0.724 1.664
12 1.749 318.388 11.824 192.085 56.859 1.336 2.542 0.042 0.572 0.686 1.342
13 1.767 319.441 11.663 191.320 49.435 1.336 2.542 0.062 0.571 0.703 1.239
14 1.763 319.209 11.402 191.259 52.717 1.336 9.616 0.073 0.584 0.645 1.162

Notes: The resolution details for each refinement level (i.e. 11,
definitions in Table 6.1.

12, 13, 14) can be found in Table 6.2 and the geometry
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Table 6.7 Halo properties for the third set of 6 Caterpillar halos at each resolution.

Name Geometry nRvir LX Mvir Rvir C Vmax Rma,x 20.5 Zlmm fm,subs b/ Y C/ a Rres
(Mo) (ko) (km/s) (kpe) (Mpe)

Cat-13 EB 4 11 1.168 278303 12.664 169.603 31.214 1.180 11.092 0.042 0.595 0.652 2.069
12 1.171 278.509 12979 170.750 31.408 1.161 14.748 0.063 0.575 0.634 1.742

13 1.163 277.896 13.052 171.892 34.163 1.161 15.750 0.073 0.580 0.655 1.634

14 1.164 277.938 12.850 171.222 33.757 1.161 11.092 0.090 0.578 0.645 1.566

Cat-14 EC 4 11 0.744 239.430 9.526 137.580 42.772 1.180 4.155 0.060 0.714 0.851 2.516
12 0.757 240.865 8.854 136.512 27.875 1.144 4.258 0.086 0.709 0.849 2.301

13 0.754 240.529 9.148 137.266 44.395 1.144 4.258  0.097 0.694 0.842 2.234

14 0.750 240.119 9.135 137437 26.660 1.144 4258 0.113 0.705 0.859 2.178

Cat-15 EX 5 11 1501 302.562 8.950 173.834 31.210 1.144 3.165 0.072 0.897 0.912 1.669
12 1497 302.281 9.223 174.792 33.832 1.144 3.165 0.089 0.897 0.926 1.630

13 1.504 302.755 9.077 174.431 36.520 1.144 3.165 0.111 0.837 0.861 1.597

14 1.505 302.787 8983 174.124 37.043 1.144 3.165 0.126 0.849 0.877 1.119

Cat-16 EB 4 11 0993 263.614 10.997 154.748 42280 1.315 3.165 0.0563 0.567 0.765 1.406
12 0976 262.082 12.099 156.589 28820 1.315 3.165 0.072 0.593 0.791 1.393

13 0980 262.447 11.888 156.193 29.498 1.315 3.165 0.088 0.597 0.766 1.384

14 0982 262.608 11.737 155.362 28.768 1.315 3.165 0.106 0.618 0.792 0.671

Cat-17 EX 4 11 1311 289.204 13.216 178.671 38.818 1.846 1.943 0.038 0.646 0.794 1.525
12 1.314 289.456 12.906 178.676 39.713 1.846 1943 0.057 0.680 0.875 1.427

13 1.329 290.487 12.505 178.763 38.717 1.846 1.976 0.084 0.657 0.863 1.333

14 1.319 289.800 12.765 179.056 38.329 1.846 1976 0.093 0.664 0.881 1.299

Cat-18 EX 4 11 1428 297.536 7.909 167.184 32.058 0.451 0.427 0.100 0.677 0.847 1.491
12 1414 296.559 7.861 164.702 48.041 0.459 0.412 0.123 0.720 0.840 1.397

13 1400 295.596 7.823 165.164 40.766 0.493 0.435 0.141 0.622 0.712 1.228

14 1407 296.099 7.887 163.920 57.217 0.493 0.435 0.159 0.676 0.816 0.397

Notes: The resolution details for each refinement level (i.e. 11, 12, 13, 14) can be found in Table 6.2 and the geometry

definitions in Table 6.1.
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Table 6.8 Halo properties for the fourth set of 6 Caterpillar halos at each resolution.

Name Geometry nRy;y LX My Ryir c Vinax Riax 20.5 Zimm  fmsubs b/c c/a Ryes
(Mg)  (kpe) (km/s)  (kpc) (Mpc)
Cat-19 EX 5 11 1179 279.143 10.467 164.816 34.292 1.566 2.693 0.113 0.640 0.857 1.933
12 1.174 278.788 10.158 163.679 34.514 1.566 2.693 0.132 0.668 0.919 1.861
13 1.177 279.002 10.139 163.868 30.433 1.541 2.118 0.149 0.672 0.933 1.800
14 1.174 278.770 10.468 164.726 29.112 1.541 2.118 0.169 0.664 0.937 1.712
Cat-20 BB 4 11 0.765 241.720 13.409 150.030 25.189 1.516 5.588 0.045 0.608 0.743 1.677
12 0.756 240.683 13.443 148.881 27.312 1.541 5.588 0.053 0.634 0.775 1.521
13 0.761 241.208 13.456 149.682 29.340 1.516 5.761 0.084 0.613 0.752 1.377
14 0.763 241.484 13.324 149.672 30.417 1.492 5427 0.099 0.601 0.733 1.311
Cat-21 EX 4 11 1.865 325.250 11.820 193.253 42.842 1.144 1.198 0.042 0456 0.584 1.551
12 1.876 325.890 10.950 191.015 54.116 1.109 1.161  0.075 0475 0.637 1.426
13 1.889 326.663 10.465 189.607 57.507 1.126 1.198 0.103 0472 0.590 1.342
14 1.881 326.206 10.618 190.683 50.954 1.126 1.198 0.118 0482 0.611 1.453
Cat-22 EX ) 11 1.560 306.489 9.356 177.811 33.807 0.828 5.940 0.044 0496 0.643 2.003
12 1.594 308.677 9.799 181.703 44.919 0.790 5.940 0.052 0.461 0.637 1.903
13 1.497 302.257 10.655 180.773 37.743 0.854 5940 0.068 0.518 0.695 1.837
14 1.495 302.116 10.666 180.647 35.860 0.841 29.488 0.080 0.512 0.694 1.744
Cat-23 EX 4 11 1.608 309.596 11.989 189.267 33.023 1.180 10.062 0.051 0.635 0.845 1.623
12 1.604 309.328 12.865 191.457 32.232 1.180 9.616 0.071 0.589 0.729 1.236
13 1.613 309.926 12.135 190.191 31.524 1.161 9.616 0.080 0.602 0.763 1.245
14 1.607 309.524 12.489 190.705 32.421 1.161 9.616 0.094 0.607 0.784 1.207
Cat-24 EB 4 11 1.329 290.537 11.152 174.259 43.136 1.217 2.801 0.038 0.651 0.705 1.260
12 1.323 290.054 11.326 175.088 48.435 1.217 2.801 0.052 0.645 0.674 1.396
13 1.335 290.969 11490 177.313 34.438 1.144 2801 0.077 0.675 0.721 1.190
14 1.334 290.866 11.378 176.911 36.800 1.144 3.608 0.090 0.689 0.734 1.102

Notes: The resolution details for each refinement level (i.e. 11, 12, 13, 14) can be found in Table 6.2 and the geometry

definitions in Table 6.1.
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Chapter 7

Tracing the first stars and galaxies

of the Milky Way

The content of this chapter was submitted to the Monthly Notices of the Royal As-
tronomical Society on November 2nd, 2016. It has an arXiv location of https:
//arziv. org/abs/ 1611. 00759. The authors are Brendan F. Griffen, Gregory A.
Dooley, Alexander P. Ji, Brian W. O’Shea, Facundo A. Gomez, and Anna Frebel.

Disclaimer

The majority of the writing and analysis in this chapter was conducted by Dr. Bren-
dan Griffen. Alex Ji and I worked alongside Brendan providing frequent feedback
and writing pieces of analysis code. Foremost among these was writing and running
the code to traverse the halo merger trees in order to identify the formation of the
first minihalos and atomic cooling halos, as well as to track them to the present day.
Moreover, I provided code to extract properties of these halos at times of evolution-
ary interest, and wrote and ran the code to tag and trace the most centrally bound

particles in halos. I additionally contributed reviews and edits of the text in the

paper.
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Abstract

We use 30 high-resolution dark matter halos of the Caterpillar simulation suite to
probe the first stars and galaxies of Milky Way-mass systems. We quantify the
environment of the high-z progenitors of the Milky Way and connect them to the
properties of the host and satellites today. We identify the formation sites of the first
generation of PopulationIII (Pop III) stars (z ~ 25) and first galaxies (z ~ 22) with
several different models based on a minimum halo mass including a simple model for
Lyman-Werner feedback. Through this method we find approximately 23,000 + 5,000
Pop III potentially star-forming sites per Milky Way-mass host, though this number
is drastically reduced to ~550 star-forming sites when Lyman-Werner feedback is
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included, as it has critical effects at these length scales. The majority of these halos
identified form in isolation (96% at z = 15) and are not subject to external enrichment
by neighboring halos (median separation ~1 pkpc at z = 15), though half merge with
a system larger than themselves within 1.5 Gyrs. Approximately 55% of the entire
population has merged into the host halo by 2z = 0. Using particle tagging, we
additionally trace the Pop III remnant population to z = 0 and find an order of
magnitude scatter in their number density at small (i.e. r < 5 kpc) and large (i.e.
r > 50 kpc) galactocentric radii at z = 0. Using our large number of realizations,
we provide fitting functions for determining the number of progenitor minihalo and
atomic cooling halo systems that present-day dwarf galaxies and the Magellanic cloud
system might have accreted since their formation. We demonstrate that observed
dwarf galaxies with stellar masses below 10%% Mg, are unlikely to have merged with
any other star-forming systems.

7.1 Introduction

The epoch of the first stars and first galaxies remains a poorly understood period in
the Universe’s history, although it is broadly known how the first billion years un-
folded. Following recombination (z~1100), small scale density fluctuations collapsed
into dark matter halos containing gaseous material capable of molecular hydrogen
(Hy) cooling. Once gas densities in these “minihalos” were sufficiently high, the first
stars, Population III (Pop III), were able to form, thus marking the end of the so-called
“Dark Ages” (Tegmark et al., 1997).

These Poplll stars were predominantly massive (e.g. Bromm et al. 1999) and
thus exploded soon after formation as supernovae (SNe). Their deaths produced vast
quantities of ionizing radiation and metals, impacting the conditions for subsequent
star formation. The metals may have “cross-polluted” nearby minihalos (e.g. Whalen
et al. 2008; Smith et al. 2015), and in the case of pair-instability supernovae (PISNe)
enriched vast volumes of the early inter-galactic medium (IGM) (Umeda and Nomoto,
2003; Whalen et al., 2004; Kitayama and Yoshida, 2005).

This enriched and ionized environment set a blueprint for more massive galaxies
which assembled soon after (Greif et al., 2007; Wise and Abel, 2008; O’Shea et al.,
2015). As structure formation progressed (z ~ 25, Greif et al. 2008), these more mas-

sive dark matter halos (108 M) formed with gas that could cool via atomic hydrogen
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(Tyir ~ 10°K) and are widely regarded as the “first galaxies,” heralding the first
period of galaxy formation (Bromm and Yoshida, 2011). While remarkable progress
has been made in arriving at this broad picture of early structure formation, many of
the details of both first star and first galaxy formation and associated chemical and

physical processes remain elusive (see Frebel and Norris 2015 for a review).

Observational access to these critical periods is quite limited. The optical depth
to reionization derived from the cosmic microwave background provides a global con-
straint on reionization . Other studies have used very deep images of high-z sources
(e.g. Finkelstein et al. (2015); Sobral et al. (2015)) or absorption from high-z quasars
(e.g. Becker et al., 2015) to study the brightest objects at 6 < z < 10. Future data
from the James Webb Space Telescope (Gardner et al., 2006) or 21 cm cosmology
(Pritchard and Loeb, 2012) will provide valuable further constraints.

One of the best ways to study this early period is by examining local objects. For
instance, star formation histories of local group galaxies, and chemical abundances of
metal-poor stars in the Milky Way stellar halo (stellar archaeology) or in its satellite
dwarf galaxies (dwarf galaxy archaeology). A key step in interpreting these local
observations is developing a principled method of connecting low-z stellar systems to
their high-z progenitors.

Cosmological simulations have been used extensively to study the non-linear regime
of structure formation, but few have been able to resolve and follow the smallest build-
ing blocks, which formed in the early universe, to the present day. Indeed, it is still
not well understood how many progenitor systems made up the Milky Way nor do
we know where they formed and, perhaps most importantly, where any can be found
today if they survived (see Frebel 2010 for a review). This is primarily due to the high
redshift universe being studied from only two vantage points, either (a) moderately
large nondescript volumes (e.g. Ricotti and Shull 2000; Ishiyama et al. 2013; Ishiyama
et al. 2016; Sasaki et al. 2014; O’Shea et al. 2015) or (b) small volumes encapsulating
single host halos at extremely high-resolution (e.g. Smith et al. 2015; Stacy et al.
2016). By virtue of the computational cost of carrying out hydrodynamical simula-

tions at the required resolutions to resolve the first stellar systems, these calculations
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usually only run to relatively high redshifts (z ~ 10), prohibiting our ability to test
them against local observational data. Currently, exclusively dark matter-only simu-
lations are capable to resolve both the minihalo progenitors (z > 15) of the Milky Way
and to trace their evolution to z = 0 (e.g. Springel et al. 2008; Diemand et al. 2008;
Griffen et al. 2016b). Until the required hardware and hydrodynamic codes with the
necessary physics become available, minihalos and atomic cooling halos have to be
modeled semi-analytically (i.e. using the halo properties derived from halo finders to

determine the nature of their gas and stellar content).

Indeed, there have been a number of works which have made attempts to connect
the high-z universe to the present day via either semi-analytical methods or direct
N-body simulations. All of them, however, suffer from at least one drawback, either
(a) they contain no spatial information about where the high-z star forming halos
reside today (e.g. Hartwig et al. 2015, Smith et al. 2015), or (b) they do not model
the critical influence of Lyman-Werner (LW) feedback on the first stellar systems (e.g.
Gao et al. 2010), or (c) they lack statistical power to investigate halo-to-halo scatter
(e.g. Tumlinson 2010; Bovill and Ricotti 2011b; Corlies et al. 2013; Ishiyama et al.
2016).

In this paper, we address these three issues directly by exploiting the high-
resolution cosmological dark matter simulations of the Caterpillar Project
(www.caterpillarproject.org, Griffen et al. 2016b). Specifically, this work has the fol-
lowing properties which combined is the first of its kind: (a) spatial information about
the formation sites and their subsequent evolution to z = 0 (b) a model for LW feed-
back on the first stellar systems and (c) 30 realizations allowing robust halo-to-halo
variations to be studied. We adopt simple models to identify the sites of first star
and first galaxy formation and include a toy model for chemical enrichment which
allows us to separate halos with metal enrichment driven exogenously (externally)
and endogenously (internally). We trace our candidate minihalos and first galaxy
halos using their most bound particles to determine where their progenitors are to-
day. This approach connects the high-z star formation processes to surviving stars

in low-z environments today (e.g. dwarf galaxies and the halo), probes the building

271



blocks of the Milky Way’s metal-poor stellar halo, assists in the hunt for the surviving
relics from a unique period of our Galaxy’s assembly history, and informs how differ-
ing formation histories of similarly-sized galaxies can affect observable properties of
metal-poor stellar populations. This is the first time that first star and first galaxy
formation is studied with such a wide sample of simulations within the context of the
entire Milky Way host assembly.

In Section 7.2, we describe our numerical simulation suite and method for identi-
fying and tracking dark matter halos. In Section 7.3, we present our model for Pop III
and Pop II star formation, including our method of treating the LW background. Our
results are presented in Section 7.4 where we detail the clustered nature of the high-z
progenitor Milky Way and highlight how this critically impacts the present day abun-
dance of possible surviving stellar populations. We additionally discuss these results
in the context of the recent discovery of r-process enhanced metal-poor stars inside
one of today’s ultra-faint dwarf galaxies. Section 7.5 provides our final concluding

remarks and avenues for future work.

7.2 Simulations

We analyze 30 of the dark matter only cosmological halos of the Caterpillar Project
first presented in Griffen et al. (2016b). Each of the 30 halos in our sample are similar
in mass to that of the Milky Way and come from a somewhat isolated environment
(no nearby clusters). The halos were identified from a larger parent simulation which
followed the growth of structure in a periodic box of comoving length 100 A~! Mpc
with 10243 particles (m, = 1.22 x 10" Mg). For the underlying cosmological model
we adopt the ACDM parameter set characterized by a Planck 2013 cosmology given
by ©,, = 0.32, Qy = 0.68, Q, = 0.05, ng = 0.96, 0y = 0.83 and Hubble constant, H =
100 h km s™! Mpc™* = 67.11 km s™' Mpc™! (Planck Collaboration et al., 2014). All
initial conditions were constructed using Music (Hahn and Abel 2011). We identify
dark matter halos via a modified version of ROCKSTAR (Behroozi et al., 2013b) and

construct merger trees using CONSISTENT-TREES (Behroozi et al., 2012). ROCKSTAR
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assigns virial masses to halos, M,;, using the evolution of the virial relation from
Bryan and Norman (1998) for our particular cosmology. At z = 0, this definition
corresponds to an over-density of 104 x the critical density of the Universe. The
temporal resolution is ~5 Myrs/snapshot to z = 6 and ~50 Myrs to z = 0.

Caterpillar halos are zoom-in re-simulations of a parent volume. Particular care
was taken to ensure that we restrict our study to only the high-resolution volume
of the Milky Way at z > 10 and that no halos were contaminated. Indeed in all
simulations of this kind, there will be halos in the catalogues which contain lower
resolution particle types, particularly near the fringe of the high-resolution region.
These halos have poorly determined virial masses and internal velocity dispersions,
so they are excluded from our analysis (<1% of the total halo population on average).
None of these contaminated halos end up anywhere near the host of the central Milky
Way-mass system at z = 0.

The dark matter particle mass of the fiducial Caterpillar simulation suite is 2.99
x 10* Mg, resolving halos with masses of 106 M (~30 particles). Whilst properties
such as the velocity dispersion are not converged at the resolution limit, the total
mass of the system is reliably determined Power 2013.

We carried out a convergence check of this assumption (see Appendix A) using
an even higher resolution run with a particle mass of 3.73 x 102 My. We find that
the total number of systems identified between our fiducial run and our ultra-high-

resolution counterpart is convergent.

7.3 Modelling The Sites Of High-Redshift Star For-

mation

To determine which dark matter halos host stellar material and later accrete into the
Milky Way, we must consider the nature of star formation in the early Universe. Here,
we take a simple approach to modelling star formation sites based on more detailed

theoretical work.
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Table 7.1 Properties of the 30 Caterpillar halos used in analysis

/O T

Name

Mvira
(Mo)

Rvirb
(kpc)

CC

Vmaxd
(km/s)

€
20.5

Cat-1

Cat-2

Cat-3

Cat-4

Cat-5

Cat-6

Cat-8

Cat-9

Cat-10
Cat-12
Cat-13
Cat-14
Cat-15
Cat-16
Cat-17
Cat-18
Cat-19
Cat-20
Cat-21
Cat-22
Cat-23
Cat-24
Cat-25
Cat-26
Cat-27
Cat-29
Cat-31
Cat-33
Cat-36
Cat-37

1.559
1.791
1.354
1.424
1.309
1.363
1.702
1.322
1.323
1.763
1.164
0.750
1.505
0.982
1.319
1.407
1.174
0.762
1.882
1.495
1.608
1.334
1.648
1.018
1.357
1.594
1.678
1.675
1.974
1.848

306.381
320.906
292.307
297.288
289.081
292.947
315.466
289.987
290.116
319.212
277.938
240.119
302.788
262.608
289.800
296.100
278.771
241.387
326.206
302.114
309.525
290.867
312.153
265.828
292.557
308.698
313.967
313.855
331.521
324.250

7.491

8.370
10.168

8.574
12.108
10.195
13.505
12.401
11.715
11.401
12.850

9.135

8.984
11.737
12.765

7.886
10.467
13.376
10.618
10.666
12.489
11.378
12.970

8.130

7.035
10.646
12.461
13.322
10.282
12.854

169.760
178.850
172.440
164.340
176.400
171.650
198.560
177.410
174.990
191.260
171.220
137.440
174.120
155.360
179.060
163.920
164.730
149.150
190.680
180.650
190.710
176.910
191.690
147.960
159.730
182.810
191.710
197.710
191.890
197.950

0.894
0.742
0.802
0.936
0.564
1.161
1.516
1.255
1.644
1.336
1.161
1.144
1.144
1.315
1.846
0.493
1.541
1.492
1.126
0.841
1.161
1.144
1.126
0.555
0.719
0.980
1.516
1.878
0.966
1.492

: Halo virial mass based on Bryan and Norman (1998).

Halo virial radius based on Bryan and Norman (1998).
Concentration defined by ratio of the virial radius and the scale radius; Ryir/Rs.
: Maximum of the halo’s circular velocity.
: Redshift at which half the mass of the host has formed.
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Structure formation within ACDM proceeded first within small dark matter halos
forming at early times and merging into larger halos. There are two periods which are
significant for star formation at these early times and they both relate to the cooling
mechanisms in metal-poor gas. The first of these periods is when star formation
proceeds within dark matter halos of mass ~10° Mg, in which molecular hydrogen
cooling is dominant (e.g. Tegmark et al. 1997). The second important period of
star formation occurs when the gas within larger halos of mass ~10® M, are able to
cool via atomic line cooling (Oh and Haiman, 2002). In the following two sections
we outline how we model these two periods of first generation (PopIII) and second

generation (PopII) star formation.

7.3.1 H, Cooling

Pop I1I stars are by definition metal-free, and as such can only form in a minihalo with
sufficient H, at the appropriate temperature and density to become gravitationally
unstable and collapse (Tegmark et al., 1997; O’Shea and Norman, 2007). We assume
the gas is in virial equilibrium with the dark matter halo so we can infer the gas
temperature from the dark matter virial mass. The minimum temperature required
for Hy cooling to cause gas collapse (Tegmark et al., 1997) thus corresponds to a
minimum halo mass that determines possible sites of PopIII star formation.

We identify halos in our merger tree when they first grow above the minimum
threshold for collapse. We additionally ensure that none of the progenitors on any
branch that merged into a candidate halo were above the temperature threshold.

A critical feature required of a simulations attempting to identify minihalo candi-
dates is the time between each snapshot used by the halo finder. To estimate whether
we might be underestimating the number of candidate halos we compare the free-fall
time of gas to our temporal resolution. We estimate that the free fall time of gas
is tg; ~ 0.1 * H(z), which for z = 25 is ~20 Myr, and z = 10 is ~70 Myr. Since
our temporal resolution is ~5 Myr between each snapshot, we are not under-counting
any halos but we may be over-counting. By comparison, Aquarius has a temporal

resolution at these early times of ~100 Myr which means Gao et al. may have under-
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Figure 7-1 Minimum halo mass required for PopIIl star-formation to proceed. We
adopt two minimum mass thresholds for minihalo formation, one of which contains
three variations of same semi-analytic model. Our first model is based on Tegmark
et al. (1997). It requires that the Hy cooling time is less than a Hubble time. For our
second model, we interpolate the semi-analytic model of Crosby et al. (2013) which
includes LW radiation produced by the first generations of stars in nearby halos at
z > 20. This results in a raising of the minimum mass depending on the initial mass
function adopted. In all models, progenitor halos are also checked to ensure that a
candidate halo identified is the first in its history to go above the cooling threshold.
The increase in the minimum mass at z = 24 is due to the onset of Popll star
formation within the Crosby et al. (2013) model.
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counted the number of minihalos forming. If we assume ~50 Myr is approximately
the collapse time, and then compare this to the outer panel of Figure 7-6, we find
~5% of minihalos merge within 50 Myrs, and ~10% within 100 Myrs, meaning that
we could be over-counting by ~5%, and work using the Aquarius simulation will have

undercounted by 5%.

7.3.2 LW Feedback

The minimum mass for collapse will be boosted to higher masses with the onset of
LW radiation from PopIII stars which will photo-dissociate Hy via the reaction Hq
4+ yow — H + H, where 1w is a photon in the LW band of 11.12 — 13.6 eV. We
must include this form of feedback in our model if we are to reliably determine which
minihalo candidates represent the actual star-forming halos at z > 10. Accordingly,
we model the influence of a LW background via the semi-analytic model constructed
by Crosby et al. (2013). We do not explicitly calculate the relevant LW flux for each
halo’s stellar population, but simply adopt the adjusted minimum mass threshold for
forming PopIII stars after including LW feedback. The Crosby et al. (2013) model
was based on simulations carried out using ENZO, an adaptive mesh refinement + N-
body code. We have not carried out any simulation specific to our simulated volume
but interpolate the minimum mass threshold they determined. Within their model,
they followed 10 chemical species (H, C, N, O, Mg, Ca, Ti, Fe, Co, and Zn) in both
the stellar and interstellar medium (ISM) components of every halo. The ISM was
treated as a multiphase gas with a central region of dense, cold gas that is capable of
forming stars and a hot, diffuse region exterior to the star-forming central region that
is incapable of forming stars. For more details see the work of Crosby et al. (2013);
Crosby et al. (2013).

In Figure 7-1, we show the minimum host halo virial mass required as determined
by Tegmark et al. (1997) in order to cool to its virial temperature via Hy cooling in the
local Hubble time in Crosby et al. (2013) then adopt three star formation efficiencies
of € = 0.008, 0.04, 0.2 (hereafter €, €y, €;) which adjust the minimum mass thresholds
for collapse due to differing quantities of LW flux (J21). Crosby et al. (2013) adopted
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three different IMFs but since the star formation efficiency drives the Lyman-Werner
flux over any particular selection of IMF we adopt parameterizations of three of their
models distinguished by their star formation efficiencies only. The minimum mass
thresholds we adopt for identifying PopIII star forming regions after including LW
feedback are shown in Figure 7-1 (identical to Fig. 6 in Crosby et al. 2013). The
increase in the minimum mass threshold is particularly pronounced at z ~ 24 where
the onset of Popll star formation from chemically enriched gas makes PopIl stars

the dominant component of the stellar mass.

7.3.3 Population II Star Formation

In this section we describe criteria used for the formation of PopII stars, which we
assume form in the first galaxies.Once the virial temperature of the halo is high
enough, atomic line cooling becomes important (T, ~ 10* K). These halos are likely
the sites of the first galaxies (Bromm and Yoshida, 2011) and as such we refer to
all “atomic cooling halos” (ACHs) as first galaxies and vice-versa. The gas inflow
rate into these systems largely traces the rate of inflow of the dark matter accretion
rate, but this can be suppressed in the presence of an ionizing background. We adopt
a simple model of reionization following Bullock and Johnston (2005) whereby we
divide atomic cooling halos into three populations based on their maximum circular
velocity at the redshift set for reionization (assumed to be instantaneous at z,, = 10);
(1) ACHs with Vjay (z=10) > 50km s~! are not suppressed, (2) ACHs with 30km s™*
< Vimax (z=10) < 50km s~! are partially suppressed (i.e., not all of their cold gas is
star forming) and (3) ACHs with Viyax (z=10) < 30km s™! are completely suppressed
(Thoul and Weinberg, 1996).

7.3.4 Simple Chemical Enrichment Model

After the accretion and collapse of cool gas in the central reservoir of a conducive halo,
star formation proceeds, with the mass of each star set by the initial mass function

(IMF). Some high-mass stars will eventually produce extremely energetic events such
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as pair-instability supernovae (PISN), whereby originally bound gas can be nearly
entirely ejected (e.g. Whalen et al. 2004, 2008; Kitayama and Yoshida 2005). If any of
the proto-Milky Way’s star forming regions were extremely clustered, this ejecta could
likely pollute neighbouring halos and result in enhanced metal-line cooling spurring
on subsequent star formation (e.g. Smith et al. 2015). Detailed modelling of metal-
enrichment of the subsequently formed first galaxies in these clustered environments
shows that they can become significantly enriched to average metallicities of Z > 1073
Zo (Greif et al., 2010; Safranek-Shrader et al., 2014). This inhomogeneous process
can result in large spreads in chemical abundances of two to three orders of magnitude

across the host system (Wise and Abel, 2008).

By definition, the first stars form out of chemically pristine gas. However, super-
novae spew metals into the IGM (e.g. Madau et al., 2001; Greif et al., 2007; Jeon
et al., 2014; Smith et al., 2015; O’Shea et al., 2015), and in some cases they can
contaminate nearby minihalos that would otherwise be pristine (e.g. Smith et al.,
2015) (probably others). This separates minihalos into endogenous and erogenous
minihalos, i.e. those that are initially unaffected by supernovae, and those that are
externally enriched. In principle, this effect reduces the number of minihalos that

should be considered as sites of Pop III star formation.

A complete characterization of metal pollution requires a fully hydrodynamic sys-
tem (e.g. Greif et al., 2010; Wise, 2012; O’Shea et al., 2015), but we can estimate
the effect with a simple model based on distances between our halos. We consider a
minihalo in our simulation to be exogenous (i.e., polluted) if its center is within the
pollution radius of any other halo. For minihalos, the pollution radius is the size of a
supernova remnant, which we take to be 300 pc for a 106 Mg, halo (Greif et al., 2007;
Ritter et al., 2015; Smith et al., 2015). For an atomic cooling halo, the pollution ra-
dius is set based on the superbubble created by multiple supernovae associated with
extended star formation, which we take to be 3kpc physical (Madau et al., 2001).
We then assume a mass-dependent pollution radius by taking the power law between

these two points:
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By = 230 (7.1)

where Rg is the pollution radius for a 10° Mg, halo (set to be 3kpc for the fiducial
model), Mg is 108 My and « is the slope set by the 105 My halo pollution radius.
Figure 7-2 illustrates our fiducial model and two alternative normalizations allowing
for stronger and weaker feedback.

For simplicity, the pollution radii are assumed to be spherical, instantaneously
grow to their maximum size, and instantaneously mix into any matter they encounter.
However, detailed hydrodynamic runs find the metal enrichment is inhomogeneous
and episodic (Greif et al., 2007; Ritter et al., 2015; Smith et al., 2015), so we expect
the number of externally enriched halos is an upper limit. It must be emphasized
that we do not expect this simple enrichment prescription to accurately reflect the
actual enrichment process of the first stars but to simply provide a broad-stroke model
for gaining an understanding of the clustering properties and frequency of externally

enriched objects.

7.4 Results

7.4.1 Visual Impression

In Figure 7-3, we show the distribution of molecular cooling and atomic cooling halos
across our sample of 30 Caterpillar simulation halos. The top five rows shows the
distribution of these systems at z = 10. We tag the 5% most-bound particles at
formation, with H, cooling halos (“minihalos”) in yellow and atomic cooling halos in
red. In this figure, we use the LW feedback model adopting a star formation efficiency
of €g = 0.04 to identify minihalos (Figure 7-1).

The bottom five rows show the same respective particles at z = 0 (image width
is 1 physical Mpc in both cases). Halos are only tagged if they form before z =
10 as we assume reionization suppresses star formation in all systems at these mass

scales. Although, there are stark commonalities between halos at z = 0, there are a
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Figure 7-2 Simple chemical enrichment models with varying feedback. Our fiducial
model yields a 300 pc (physical) enrichment radius for 10° Mg halos (Greif et al.,
2007; Ritter et al., 2012; Ritter et al., 2015; Smith et al., 2015) and a 3 kpc radius for
108 Mg, halos (Madau et al., 2001). We also adjust our normalization to account for
strong feedback cases and weak feedback cases (e.g. for a 10° M, halo the enrichment
radius varies between 100 pc and 500 pc). '

281



wide variety of Lagrangian geometries at z = 10. Some realizations at z = 10 (e.g.
Cat-2, Cat 9, Cat-36) show high densities of potentially star forming halos whilst
other realizations show much more diffuse volumes of potentially star forming halos
(e.g. Cat-1, Cat-6, Cat-33). In all cases, satellite systems both inside and outside the
virial radius of the host contain potentially ancient stellar systems from the z > 10

€ra.

7.4.2 Progenitors Of The Milky Way
7.4.2.1 Minihalo progenitors of the Milky Way

In Figure 7-4, we plot the cumulative number of minihalos formed over time. We only
count the total number of systems which are accreted into the central massive host
and not those that end up residing in isolated halos at large galactocentric distances
from the central host. The first of these Pop III star forming minihalos are identified
at z ~ 26 and grow in number to approximately ~23,000 total (black line) potential
sites assuming the Tegmark et al. (1997) temperature minimum mass criteria (T3
~ 2000K). The shaded regions for each line indicate 1-o across all 30 halos in our
sample for each of the methods of identification. There is ~20% scatter in the total
number at nearly all times but some can be attributed to the fact that larger mass
hosts have more progenitors on average (n/10'2 Mg = 1.08 x 1078 + 0.03 x 1078,
where n is the total number of systems).

Further dividing this population into progenitor systems that ultimately end up
in the main host halo or in any of the subhalos of the main halo, we find that at z =0
roughly the same number of progenitor minihalos end up in the central host (45 +
11%, 10403 £ 2418) as in the host’s subhalos (55 + 16%, 12746 + 3568).

Although there are‘ a large number of potential Pop III star forming sites, the first
luminous ones to have formed will greatly impact candidate sites for subsequent star
formation due to the onset of the LW background. In Figure 7-4, we also show the
cumulative number of halos which could have still collapsed in the presence of this

LW background. Table 7.2 shows the cumulative number of halos for each population
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z = 10

Figure 7-3 The 30 Caterpillar halos used in this study illustrate how the underlying dark
matter distribution is overlaid with star particles. Particles are tagged as having formed
within atomic cooling halos (red) and within molecular line cooling halos using our fiducial
star formation efficiency (eg = 0.04). Five percent of the most bound particles were tagged
for each respective system at formation. This is done purely for visualization purposes. Only
halos which satisfy the temperature threshold before z = 10 are tagged. as reionization is
assumed to suppress star formation at z <10. The top panels shows objects tagged at z
= 10 and the bottom panels are the same particles at z = 0. The width of the image is 3

physical Mpec.
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Figure 7-4 The cumulative number of PopIII star formation sites (“minihalos”) as
a function of time averaged over all 30 Caterpillar halos. The onset of the second
generation of star formation has a dramatic impact on total minihalo numbers as
early as z ~ 25, reducing the total number of potential star forming sites by 99.9%,
due to LW feedback. Over 90% of all minihalo sites have formed by z = 10.
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Table 7.2 Number of minihalos across all of the Caterpillar halos, broken down by
final location at z = 0 and by the additional use of different star formation efficiencies
(including +1-0 variance).

Selection Number Fraction

Reside within host or subhalos 22856 + 4915 1.00 £+ 0.22
Reside in host 10403 + 2418 0.45 + 0.11
Reside in subhalos 12746 + 3568 0.55 £ 0.16
incl. LW (e, = 0.2) 358 £ 82 0.02 £+ 0.00
incl. LW (e = 0.04) 653 + 141 0.03 + 0.01
incl. LW (¢ = 0.008) 1458 £+ 314  0.06 £+ 0.01

identified. We find drastic reductions by as much as 98% of potential star forming
sites which would have otherwise cooled and collapsed via molecular line cooling in
the absence of a LW background. Altering the choice of the star formation efficiency,
€, changes the amount of LW flux and consequently the potential number of sites
from ~358 + 82 (1-0, €;) to ~1458 + 314 (1-0, ¢). Between all cases, a minimum of
94% of the potential number of halos, which are nevertheless later accreted into the
central host, are prevented from forming stars. For all three star formation efficiencies,
approximately ~50% end up in subhalos and ~50% end up in the primary host by z
=0.

7.4.2.2 Atomic cooling halo progenitors of the Milky Way

In Figure 7-5, we plot the total number of halos which satisfy the virial temperature
condition (Ty;, > 10 K). We divide the population into five categories, three of which
are a subset of just one. We only count atomic cooling halos which end up in the
central host or in a subhalo of the central host by z = 0. Of the subset that accretes
into the primary host and subhalos, we further divide them into three groups; (1)
halos with Vi (2 = 10) > 50km s™! are not suppressed (green), (2) ACHs with
30km s™! < Viax (2 = 10) < 50km s™! are partially suppressed (blue), and (3) halos
with Viax (2 = 10) < 30km s~ ! are completely suppressed (red).

Table 7.3 lists the cumulative number of halos which form in each category. We

find that approximately 1793+396 (1-0) halos within a Milky Way sized system satisfy
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Figure 7-5 Number of atomic cooling halos which reside in either subhalos or halos
by z = 0. We further divide the population into those which are suppressed, partially
suppressed or fully star forming based on their maximum circular velocity of their
descendants at z = 10. On average, 781 £ 214 potential atomic cooling halos are
suppressed and stop forming stars due to the reionization background. Approximately
~11 survive the reionization era and will continue to form stars provided there exists
a supply of cold gas. We find 64 + 27 are partially suppressed and will only convert
some fraction of their cold gas into stars. Just over half of all atomic cooling halos
to have formed reside within the central host (54% =+ 16%) in the present day whilst
the remainder (46% + 11%) reside in subhalos).
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Table 7.3 Number of atomic cooling halos across all of the Caterpillar halos broken
down by the various models for identification at z = 0 (including +1-0 variance).

Selection Number Fraction

Reside in host or subhalos 1793 £+ 396 1.00 + 0.22
Reside in host 973 £ 290 0.54 £+ 0.16
Reside in subhalos 836 +£ 206 0.47 + 0.11
No suppression® 11 £ 16 0.01 £ 0.01
Partially suppressed® 64 +27  0.04 £+ 0.02
Fully suppressed® 781 £ 214 0.44 + 0.12

a: Viax(z = 10) > 50km s~ 1.

b: 30 < Vipax(z = 10) < 50km s~ 1.

¢ Vimax(z = 10) < 30km s~1. A total of 937 halos per host
form after z = 10 have Vi,x < 30 km/s and are assumed to
be suppressed.

the atomic cooling limit and are eventually accreted either into the host itself or its
subhalos. As with the minihalos, we find that approximately half (45 + 11%) reside
within the central host and half (55 + 16%) reside within subhalos at the present
day. Nearly half the halos that surpass the atomic cooling limit for the first time in
their main branch end up within halos below the suppression scale at z = 10. We
find approximately 11 halos (per host) with Vipax(z = 10) >50km s™! at z = 10 that
will continue to form stars provided there exists a supply of cold gas. Some of these
will merge with other halos before being accreted by the central host. These halos,
which are not suppressed, combined with any of the partially suppressed ones in the
post reionization era (64 + 27 that will only convert some fraction of their cold gas
into stars), could go on to become present day dwarf spheroidal galaxies around the

Milky Way.

7.4.3 When were the first stellar systems accreted into the
Milky Way?

In Figure 7-6, we show the cumulative distribution function at the time of the first

merger for all identified systems which end up within the virial radius of the host
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at z = 0 (across all Caterpillar halos). Approximately 50% of minihalos and atomic
cooling halos merge into another halo larger than itself within 1 Gyr. Approximately
22 + 1 % of all atomic cooling halos never have a merger with another halo larger
than itself along its main branch. Similarly, approximately 20% of all minihalos never
merge with another host larger than itself along its main branch. For the LW model
adopting a high star formation efficiency (ez) this fell to 19 + 3 %. For the low star
formation efficiency (¢;) and fiducial star formation efficiency (€p), they both yielded
22 + 3 %.

In the inner panel of Figure 7-6, we also show the time between formation and
accretion for objects which do not merge with anything larger than itself, i.e. the
subset of halos amounting to ~20% of halos that have not merged in the outer panel.
We find that 50% of all atomic cooling halos and minihalos accrete in the host within
4 Gyrs and 80% are accreted within 8 Gyrs. When compared to the history of an
average subhalo at z = 0, atomic cooling halos and minihalos systematically cross the

virial radius of the central host at earlier times as they were the first halos to form.

7.4.4 Spatial Distribution & Clustering

We investigate the spatial distribution of minihalo and first galaxy progenitors of
Milky Way sized systems. In Figure 7-7, we demonstrate the spatial clustering of
objects which end up inside subhalos or the central host at 2 = 0. This figure shows
the density contours of all systems identified as minihalos (using the Tegmark et al.
(1997) prescription) and atomic cooling halos found in a single snapshot corresponding
to z = 10 across all 30 of our Caterpillar halos (the spatial distributions for minihalos
identified with LW feedback are the same, see Section 7.5.3). Across all Caterpillar
halos, we find that objects whose descendants eventually reside within subhalos are
much less compactly clustered at high redshift than their counterparts that ultimately
end up in the central host.

To get a better understanding of the separation properties of minihalos to their
neighbouring star forming halos, we plot in Figure 7-8 how far away star forming halos

are located from each of the minihalos. The halos are separated into increasing mass
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Figure 7-6 Quter panel: The cumulative distribution function of the time of the first
merger of all atomic cooling halos and minihalos. Approximately 20% of all identified
halos do not merge with any other halo larger than itself other than merging with the
main host. Inner panel: The cumulative distribution function of the time between
when halos form and when they enter the virial radius of the central host but have
not merged by z = 0. Only ~50% of halos enter the host’s virial radius within 4
Gyrs, indicating that many systems evolve in isolation for a significant portion of
their lifespan.
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Figure 7-7 Contour plot of the positions of all minihalos and atomic cooling halos
relative to the host (physical distance) identified in a single snapshot at 2z = 10. The
top rows represent the positions of minihalos while the bottom rows represents the
atomic cooling halos. The first column represents systems that reside in subhalos at
the present day while the right column represents systems that reside in the central
host at the present day. This characteristic spatial correlation between present day
environment and formation environment is clear for all times — the initial stellar
systems residing in subhalos today were much less clustered at earlier times compared
to their counterparts that end up in the central host. This diagram represents the
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bins. In the first panel, we show the median minimum distance of each minihalo
to all other star forming 10® Mg halos. We find most of them are several virial
radii away from any minihalo at all times. The median minimum distance to a 10°
M, star forming halo at z ~20 is ~ 1kpc (physical) indicating the proto-Milky
Way formed in a very clustered environment. There is, however, large scatter in the
median minimum separation ranging from 800 pc to 3kpc at z = 20 across each of the
Caterpillar simulations. The larger neighbouring star forming halos (1087° M) often
have minihalos residing within a few virial radii during the time of their formation.
This often leads to minihalos experiencing external chemical enrichment coming from
these neighboring halos during their initial fragmentation process. But details depend
on the individual case since there is significant scatter of several kiloparsecs of the

median minimum separation at z ~20.

7.4.5 Internally & Externally Enriched Fraction

We have shown clearly that there is a spatial preference for progenitors of subhalos
when compared to the progenitors of the central host in the high-redshift era of
the Milky Way. These spatial biases are expected to manifest themselves in the
chemical enrichment history of their respective stellar constituents as systems that
reside in the host today come from more clustered environments. We apply our simple
chemical enrichment model from Section 7.3.4 to determine what fraction of minihalo
progenitors of the Milky Way were likely externally or internally enriched. These
processes lead to two classes of systems in the proto-Milky Way era; endogenous
systems (chemically enriched solely by internal processes) and exogeneous systems
(enriched by internal and external processes).

In Figure 7-9, we show what fraction of the total population are exogenous or
endogenous as a function of time for the minihalos identified via the Tegmark et al.
(1997) prescription. We further break this population down into minihalos which end
up in subhalos and minihalos which end up in the main host. The breakdown of
populations is similar in each of the Caterpillar halos in the sample. The feedback

prescription used in the middle panel is our fiducial model whereby halos with M,
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Figure 7-8 Median minimum distance (physical) of every identified minihalo to any
different mass halos (star forming) as a function of time. Each minihalo was identified
using the minimum mass threshold found by Crosby et al. (2013) which includes LW
feedback using our fiducial star formation efficiency (¢ = 0.04). Each of the thin
black lines represent a single Caterpillar simulation and the shaded region represents
the 1-o variance. The solid line represents the median of all 30 Caterpillar runs.
In each panel, the cyan line underneath represents the virial radius of halos with
105° Mg, based on the Bryan and Norman (1998) prescription. The dashed line is
the enrichment radius for each of these halos calculated with our fiducial enrichment
model. It is clear that the majority of the external enrichment of a given minihalo is
driven by neighbouring larger mass halos, e.g. 1037% M. Each of the neighbouring
halos are checked to ensure they are actually star forming by determining if any pro-
genitors contain accreted halos that have satisfied the virial temperature criterion.
The median minimum distance is an indicator of the density of star forming halos.
Starting at high-z, the density first increases due to a proliferation of galaxy forma-
tion. Later, the formation rate of new galaxies declines and the Hubble expansion
begins to dominate, leading to a decrease in density (or increase in distance). This
turnaround point occurs at higher 2 for lower mass halos since low mass halos form
earlier in the universe than high mass halos.
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Figure 7-9 Fraction of exogenous (enriched by an external system) and endogenous
(enriched by internal processes) progenitor minihalo systems for each of the Milky
Way-mass halos in our sample. Each panel represents a different strength of feedback
(see Figure 7-2). The total exogenous population varies from ~ 1% of all halos at
z = T in the weak feedback model to 18% in the strong feedback model. Minihalos
that form early, near z = 25, are more likely to be progenitors of the host since they
have more time to be accreted, lose angular momentum, and get disrupted, whereas
minihalos forming later, near z = 7 are more likely to be progenitors of subhalos since
they don’t have enough time to be fully disrupted in the host.

= 105 M have enrichment radii of 300 pc while halos with M, = 10® My have
enrichment radii of 3kpc. We also show results for the weak and strong feedback
models from Figure 7-2.

At z = 20, we find that an overwhelming proportion of the minihalo population
are endogenous systems, evolving in isolation, for all three feedback models. This
continues to later times and only by 2 = 7 do we observe any significant number of
minihalos becoming exogenous, or externally enriched. In the strong feedback model,
the fraction of exogenous minihalos rises from just 3% at z = 20 to 18% at z = 7.
Using the weak feedback model, merely < 1% of minihalos are externally enriched
between z = 20 and z = 7. Meanwhile, the endogenous population flips from being
dominated by progenitors of the host at z = 20, to being dominated by progenitors
of subhalos at 2 = 7. This is due to a bias where halos that form earlier have more
time to be pulled into the central host and disrupted by z = 0 than halos which form
later.

In Table 7.4, we list the breakdown of minihalos for the strong feedback model
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Table 7.4 Fraction of halos which are exogenously or endogenously enriched for the
fiducial feedback model at different times for 30 Caterpillar halos (+1-o variance).

Type 2 =20 z=15 z=10 z=17
Endogenous progenitors of main host 0.57 + 0.08 0.45 + 0.07 0.30 &+ 0.05 0.20 + 0.04
Endogenous progenitors of subhalos 0.40 £ 0.09 0.51 & 0.08 0.58 & 0.05 0.62 &+ 0.05
Exogenous progenitors of main host 0.02 + 0.02 0.04 £ 0.02 0.09 £+ 0.03 0.13 &+ 0.04
Exogenous progenitors of subhalos  0.00 £ 0.01 0.01 &+ 0.01 0.03 £ 0.01 0.05 + 0.02

into raw percentages. When restricting the sample to just progenitors of the host,
the fraction of exogenous halos begins approaching that of endogenous halos towards
z=1T. At z = 20, 3% of progenitors of the host are exogenous. By z = 7, that number
jumps to 40%. When restricting to progenitors of subhalos, the fraction of endogenous
systems reaches a much smaller peak of 7% at z = 7. This is caused by the spatial
biasing in the assembly history of the host. The progenitors of accreted systems which
reside within the host in the present day tend to be more centrally clustered in the
most over-dense regions, leading to a higher probability that the enrichment bubbles
of nearby systems overlap with the surrounding halos. Furthermore, those systems
which end up in the present day host are more likely to be externally enriched the
later they form due to a combination of spatial clustering and a greater abundance

of larger, 10°Mg, star forming halos (see Figure 7-8).

7.4.6 Remnants of the first stellar systems in dwarf galaxies

The progenitor halos of the Milky Way can be split into two distinct populations:
(1) “halo progenitors” (i.e., those that formed, merged and accreted, subsequently
dispersing throughout the stellar halo of the Milky Way) and (2) “dwarf progenitors”
(i.e., those that formed, accreted and merged into what are now dwarf galaxies). The
progenitor merger tree of each of these two systems will invariably be littered with
minihalos and atomic cooling halos.

This presents an opportunity to consider in detail the origin and nature of the

observable dwarf satellite galaxies of the Milky Way. Especially their early chemical
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composition, and consequently also that of their oldest, most metal-poor stars must
have been driven by the total number of high-z minihalos and atomic cooling halos
that each dwarf galaxy accreted throughout its evolution.

Since our simulation suite runs until z = 0, we can determine how many candidate
minihalos and atomic cooling halos have merged with a given dwarf galaxly since its
formation. In Figure 7-10, we plot a parameterized fit to the number of progenitors
of a given subhalo in the present day for all Caterpillar simulations. We relate the
number of each respective system (i.e., exogenous and endogenous systems for each
definition of minihalo and atomic cooling halo) to the peak mass of present day

subhalos via the following form,

ny = no (Mpeak)™ (7.2)

where n, is the number of progenitor systems and Mpe.x is the peak mass along
the main branch of a given subhalo. ng is a normalization quantity. Given this
functional form, our best fit estimates are presented in Table 7.5. We also show stellar
mass estimates for these systems using the Garrison-Kimmel et al. (2014b) abundance
matching prescription as a reference. We find that the number of minihalo progenitors
at a fixed Mpeax (peak mass along the main branch) depends very much on whether
LW feedback is included. Without LW feedback, a halo with a peak mass of 10° M
(M, ~ 10* M) would have accreted ~30 minihalo progenitors. With LW feedback, a
halo with the same peak mass would actually only have accreted ~10 halos at most.
This is particularly pronounced at even lower peak masses (e.g., UFDs), where one

expects less than one minihalo to have been accreted into the system by z = 0 when

including LW feedback.

7.4.6.1 Classical dwarfs and the Magellanic Clouds

In Table 7.6, we list the number of progenitor systems that we derived for a sample
of nine classical dwarf galaxies. We used the abundance matching prescription of

Garrison-Kimmel et al. (2014b) to find the corresponding subhalo peak mass. We
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Figure 7-10 Total number of progenitors of a given subhalo (fop left: atomic cooling
halos, top right: total, bottom left: endogenous minihalos, bottom right: exogenous
minihalos) as a function of peak subhalo mass. Typical 1-0 variance for each fit
(across all 30 Caterpillar simulations used in this study) is shown in the top left /right
panel (grey band). These are omitted for the other fits for the sake of clarity. The
peak mass corresponds to a stellar mass as determined from the abundance matching
prescription of Garrison-Kimmel et al. (2014b). As a guide, we have drawn vertical
lines corresponding to the stellar mass of each of the observed nine classical dwarf
spheroidal galaxies. Although more massive dwarf galaxies tend to have a large
number of minihalo progenitors, the total number depends strongly on the inclusion
of the LW feedback. This reduction is particularly pronounced for ultra-faint dwarf
galaxies, with 90% fewer potential minihalo progenitors. There are slightly fewer
(~10%) endogenous progenitors (i.e. progenitors which have evolved in isolation) at
fixed subhalo peak mass. The uncertainty in LW models is similar to the halo-to-halo
scatter. As previously stated (e.g. Sawala et al. 2014), estimates of stellar mass based
on abundance matching are unreliable for My < 10° My. We only estimate the
number of progenitors for UFDs (range highlighted in green) by extrapolation, which
as such, is speculation.
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Table 7.5 Number of progenitors for a given halo at z = 0 (+1-0 variance across
halos).

Number Of Progenitors ny (Mg) +1-0 " +l-0
Minihalos

Tegmark et al. (1997) (Tvir > 2000K) 1.107x107° 3.436x10~7 0.733 0.001
— Endogenous minihalos 1.429x107% 4.323x10~7 0.717 0.001
— Exogenous minihalos 3.296x1077 1.140x1077 0.790 0.014
LW w/ high star formation efficiency (e;, = 0.2)* 1.085x107% 1.808x10~7 0.671 0.007
— Endogenous minihalos 2.469x107% 4.734x10~7 0.620 0.008
— Exogenous minihalos 1.695x107° 4.981x10~% 0.521 0.012
LW w/ fiducial star formation efficiency (eg = 0.04)* 1.191x107% 1.262x10"7 0.688 0.004
— Endogenous minihalos 2.733x107% 3.148x10~7 0.639 0.005
— Exogenous minihalos 4.050x107% 1.020x107% 0.595 0.010
LW w/ low star formation efficiency (¢, = 0.008)* 1.497x107% 9.628x107% 0.708 0.003
— Endogenous minihalos 2.431x107% 1.706x10~7 0.678 0.003
— Exogenous minihalos 3.380x107% 6.301x10~7 0.615 0.008
ACHs 2.678x107% 1.425x10~7 0.693 0.002
ACHs Vipay (2 = 10) > 30 km/s 1.001x10™* 1.733x107* 0.452 0.070

* based on Crosby et al. (2013).

estimate that ~154 atomic cooling halos were swallowed by the LMC prior to its
infall into the Milky Way. Draco by comparison may have accreted only 10 atomic
cooling halos by infall. Each column contains the number of estimated accreted
minihalos which represent the total number of exogenous or endogenous minihalos
which fell into the classical dwarf satellites prior to their own infall. The results are
purely based on abundance matching (Garrison-Kimmel et al., 2014b) to infer the
subhalo peak mass. Depending on the choice of star formation efficiency, we find that
only a handful of star forming minihalos fell into the Draco system (1-3 exogenous
systems and 3-5 endogenous systems) prior to infall. Direct treatment of the LW
radiation at these early times will provide more solid estimates for the number of

progenitor systems in each case.

7.4.6.2 Ultra-faint dwarf galaxies

The population of ancient, very low luminosity “ultra-faint” dwarf (UFD) galaxies

in the Milky Way has been studied extensively for their star formation, chemical
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composition, and association to Galactic building blocks (see Frebel (2010) for a
review). Recently, the Dark Energy Survey unveiled nine new such UFDs (DES
Collaboration 2015, Koposov et al. 2015a). Interestingly, these satellites are close
to the Large Magellanic Cloud (LMC). What remains to be answered, though, is
whether most of the stellar material in such UFDs actually formed in-situ, or whether
the dwarfs contain a substantial population of stars accreted from other, possibly

chemically distinct, star forming systems.

This idea can in principle be tested with detailed chemical abundances of metal-
poor stars that are found in all UFD galaxies. For example in the UFD Reticulum II,
seven of nine stars observed are strongly enhanced in heavy r-process elements which
already led to the suggestion that this UFD experienced a massive r-process event by
either a neutron-star merger or a jet driven supernova (Ji et al., 2016). But the other
two stars, which also happen to be the two most metal-poor stars in Reticulum II,
display extremely low abundances of those same heavy neutron-capture elements,
([Ba/Fe] < 0, Ji et al. 2016). Furthermore, these nuclei were unlikely produced in an

r-process but in some other event or site.

These two groups of nucleosynthetic signatures suggest the following about the
nature and evolution of Reticulum II: either a) the stars with low heavy neutron-
capture abundances formed within Reticulum IT but prior to the r-process enrichment
event, or b) they formed in a pocket of low-metallicity gas that was not affected by
the r-process enrichment. Importantly, the latter scenario could have occurred in a

different, smaller system that was later accreted into Reticulum II.

In general, our results (see Figure 7-10) indicate that it is unlikely that many UFD
candidates could have accreted more than a few (endogenous or exogenous) minihalos.
The vast majority of potential progenitors were simply unable to form stars due to the
H, dissociating by the onset of the LW background. Even under the most optimistic
of circumstances where we assume a Tegmark et al. (1997) minimum mass threshold
for formation and remove our model for the LW background, the most massive of the

future ultra-faint dwarf galaxies (Mpeax ~ 10%° My) accreted <10 minihalos.

With the inclusion of our fiducial LW model, this number is reduced to only one
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minihalo. Thus, the “small system accretion” scenario for Reticulum II is unlikely
and very few stars, if any, originate from distinct minihalos. However, larger dSphs
like Draco and Ursa Minor are very likely to contain metal-poor stars from multiple
progenitor minihalos. Moreover, detailed theoretical modelling of UFDs would greatly
assist in this question also by constraining metal mixing and star formation processes
to determine the exact origin of potentially different stellar abundance patterns within
single UFD systems. Hydrodynamic simulations of UFDs may greatly assist interpre-
tations of chemical abundances in UFDs by further constraining the impact of metal
mixing and hierarchical galaxy formation on the exact origin of potentially different

stellar abundance patterns within single UFD systems.
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Table 7.6 Estimates of the number of progenitors for nine classical dwarf galaxies and Magellanic systems.

Minihalos
Dwarf Galaxy ACHs Tegmark €n = 0.2 €o = 0.04 e, = 0.008
—reion -+reion [ En. Ex. Total l En. Ex. Total | En. Ex. Total | En. Ex. Total \
Draco 12 0 120 7 127 1 0 1 3 1 4 8 1 9
Ursa Minor 12 0 120 7 127 1 0 1 3 1 4 8 1 9
Carina 14 0 135 8 143 2 0 2 3 1 4 9 1 10
Sextans I 14 0 143 9 152 2 1 3 4 1 5 9 1 10
Leo II 18 0 178 13 191 2 1 3 ) 1 6 11 2 13
Sculptor 29 0 285 27 312 4 2 6 8 3 11 19 4 23
Leo I 41 0 410 48 458 6 3 9 11 4 15 27 6 33
Fornax 71 2 706 111 817 12 6 18 20 9 29 47 12 59
Sagitarrius 72 2 723 115 838 12 6 18 20 9 29 48 13 61
SMC 179 20 1810 473 2283 32 19 o1 92 29 81 123 40 163
LMC 246 42 2503 780 3283 46 28 74 72 43 115 171 59 230
Note: “En.” represent endogenous systems and “Ex.” represent exogenous systems. “—reion” means no reionization included,

“+reion” refers to the total number of atomic cooling halos which have V. > 30 km/s at z = 10.



7.4.7 Remnants of the first stellar systems in the Galaxy
today

With our 30 high-resolution simulations, we can quantify the halo-to-halo scatter
in the remnant population. A full treatment requires more detailed modelling of the
stellar mass associated with each remnant, but as a first step we tag the 10 of the most
bound particles at z = 10 for the minihalos identified with Lyman-Werner feedback
at our fiducial star formation efficiency, €y = 0.04 (see Figure 7-3) and determine their
number density as a function of galactocentric distance.

In Fig. 7-11 we plot these number densities divided by the dark matter density
of the host out to the virial radius for each host (black line is the median). This
ratio highlights any bias in the remnant distribution relative to the overall density of
particles in the dark matter halo. The scatter in the number density at fixed galac-
tocentric distance is an order of magnitude at small radii (e.g. within the bulge) and
large radii (i.e. r > 50 kpc) but similar within the halo (i.e. r < 30 kpc). Our scatter
agrees qualitatively with the result found by Ishiyama et al. (2016) who used four
halos. Additionally, we find different overall means owing to the alternative Lyman-
Werner treatment and slightly different tagging method (i.e at formation versus at
z = 10). Tumlinson (2010) has argued that metal-poor stars in the bulge are most
likely to be true relics of Pop II. stars. However, Salvadori et al. (2015) and more
recently, Starkenburg et al. (2016) find that the oldest stars populate the innermost
region of the Galaxy while the relative contribution of very metal poor stars increases
with radius from the Galactic center. Without more detailed modeling, we can not
compare directly with these works except to state that our oldest remnants populate

all parts of the Galaxy with scatter most pronounced in the bulge and at large radii.

7.5 Conclusions

We have presented a systematic study of the general properties of minihalos and

atomic cooling halo progenitors of Milky Way sized systems using 30 cosmological
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Figure 7-11 Ratio between radial number density profiles of Pop III remnants, n(r),
and dark matter mass densities of host halos (pqm(r) for 30 Caterpillar halos (each
individually marked in grey and median marked by thick black line). The top axis
represents the bottom axis multiplied by the mean virial radius for all 30 runs (296
kpc). The scatter in the number density at fixed galactocentric distance is quite large
at small radii (e.g. an order of magnitude in the bulge) and large radii (i.e. r > 50
kpc) but similar within the halo (i.e. » < 30 kpe).
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simulations. In our model for first star formation, we include the impact of Lyman-
Werner radiation on the earliest stellar systems and determine how the clustering
properties of such star-forming systems enriched subsequent generations of stars and
galaxies in the Milky Way. Our model and results can be summarized as follows, first

with respect to minihalos then atomic cooling halos.

7.5.1 Minihalo Progenitors of Milky Way sized systems

Using a physically motivated minimum mass threshold, we identify all molecular line
cooling halos via the cooling threshold of Tegmark et al. (1997). We additionally use
the semi-analytic prescriptions of Crosby et al. (2013) for the LW background using
three different star formation efficiencies (¢ = 0.008, 0.04, 0.2). We find the following:

e Without LW feedback, we find 22,856 + 4915 progenitor dark matter halos of a
Milky way sized host to satisfy the minimum mass threshold required for their

molecular hydrogen gas to cool, collapse and form stars.

e With LW feedback, the number of potential star forming minihalo progenitors is
significantly reduced (by ~90%) because the radiation raises the minimum mass
required to form stars. We find 358+82/653+141/1458+314 (for star formation
efficiencies: ¢ = 0.008, ¢, = 0.04, €5, = 0.2) minihalos satisfy our requirements

to form stars and eventually merge into the host halo.

e By z = 0, 55% of all progenitor systems are accreted by the central host and

the remainder reside within subhalos of the central host.

e Using a simple chemical enrichment model, we determined what fraction of
systems have their chemical composition established by in-situ star formation
or by being enriched by neighboring systems. Overwhelmingly, most of the
minihalos evolve in isolation without the influence (chemically) of an external
halo (i.e. 80-90% of all systems at z = 7 are endogenous). For the strong

feedback model, we find ~18% of systems are exogenous at z = 7 compared
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to <7% of systems for the weak and fiducial feedback models. When halos are

externally enriched, it is usually by 10® M, systems or more massive ones.

Of the systems which are endogenous, ~50% merge with a system larger than
themselves within 1.5 Gyr after formation (Fig. 7-6). This leads to enhanced
chemical enrichment, making them only temporarily endogenous systems. Sev-
eral generations of stars could have formed (and died) between the time of first

star formation and the eventual accretion of the system into the main host.

Star forming minihalos are on average median separated to other star forming
10”7 Mg halos by 300pc at z = 20 and 3kpc at z = 7. While we found most
systems are internally enriched, a more realistic chemical enrichment model
including proper treatment of chemical mixing and non-instantaneous winds

may result in an increase in the externally enriched fraction.

The number of minihalo progenitor systems which have been accreted by a given
subhalo halo is best fit via a power law. The number of exogenous progenitors
is best fit via the power law, Nyog = 2.97 x 107*MJ7,. Similarly, the

number of endogenous progenitors for a given subhalo is best fit by Npyog

4.82 x 107TMY.

We estimate that there is an order of magnitude scatter in the number density
of Pop III remnants at small (i.e. r < 5 kpc) and large galactocentric radii
(i.e. r > 50 kpc) across Milky Way-mass halos. The scatter is most minimal at

intermediate distances (10 < r < 50 kpc) within the halo.

We estimate that low luminosity UFD galaxies, such as Reticulum II, have at
most one or two star forming minihalo progenitors. Consequently, it highly un-
likely that Reticulum II received its r-process enriched material via an external

system bringing in chemically enriched stellar material.

Similarly, we estimate that approximately ~74-230 (~51-163) minihalos were

accreted by the proto-LMC (SMC), creating a potentially large number of ultra-
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faint satellite systems which could be tidally removed from the LMC during first
passage and distributed throughout the Milky Way.

7.5.2 Atomic Cooling Halo Progenitors of Milky Way sized

systems

We identified all potentially atomic cooling halos in each simulation and used a simple
model of reionization to determine which halos were suppressed, partially suppressed
and active in the post-reionization era (z < 10). Our results can be summarized as

follows:

e There are 1793 + 396 atomic cooling halo progenitors per 10'* M, host (across
30 Milky Way sized systems).

e We find 781 + 215 (44 + 12%) of these systems do not survive the reionization
era and will stop accreting gas and forming new stars (937 additional systems
form after z = 10 with Vi < 30 km/s and are suppressed in our model). On
average, we also also find that 64 (4 + 2%) systems are partially suppressed and
11 (1 £ 1%) systems are not suppressed at all and will continue to accrete gas
and form stars unimpeded by reionization. These will accrete into either larger
progenitors and become dwarf galaxies or be disrupted during the accretion

onto the primary host.

e By z~0, 54% of the unsuppressed atomic cooling halo progenitor systems are

accreted by the central host and the remainder end up within the subhalos.

e The number of atomic cooling halo progenitor systems of a given subhalo of the

host is best fit via the power law, Npros = 2.69 X 10‘7M3§1’{.

e Approximately 246 atomic cooling halos were accreted by the LMC prior to
infall and ~12 atomic cooling halos were accreted by Draco. Using a simple
model for reionization, we find only 42 (0) of these LMC (Draco) progenitor

systems have Viax (2 = 10) > 30 km/s and will survive the reionization era.
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We finally comment that Gao et al. (2010) used the Aquarius simulation suite to
identify PopIII star forming progenitors. They employed a similar method as ours,
though at a lower virial temperature threshold (1100 K). They found ~2x10* PopIII
star forming progenitors which agrees well with our estimates of ~23,000. Similarly,
they found a mean separation distance of ~1 h™!kpc (z = 10) which also agrees well
with our estimates (~3 h™'kpc). They also determine the number of first galaxies
(i.e. 10 K) to be ~200-300 by 2 = 10. We speculate that this estimate is lower than
ours because of the lower temporal resolution used in the Aquarius simulation suite
(~100 Myrs/snapshot outputs compared to ~ 5Myr/snapshot outputs in Caterpil-
lar). We use a different model for the LW background than the work of Ishiyama .
et al. (2016) and so it make it difficult to compare numbers directly. Additionally, Gao
et al. (2010) also do not provide population statistics which furthermore complicates

a detailed comparison of results.

7.5.3 Caveats & Future Work

Our modelling technique is not without drawbacks. Most importantly, we do not
resolve the direct collapse of gas, subsequent fragmentation and enrichment directly
and rely on the assumption that a given halo’s temperature is in virial equilibrium
with the gas temperature. We additionally assume that the enrichment process pro-
ceeds via instantaneous, spherically enriched gas bubbles at a scale set purely by the
progenitor host halo mass. It is known from detailed hydrodynamic simulations of
single halo systems that star formation proceeds in a much more stochastic manner
and that the enrichment process is very unstructured and depends heavily on local
environmental conditions. Despite these limitations, we are providing a robust ma-
chinery for connecting present day halos with their high-z progenitors, and offer a
first glimpse to statistically probe the locations of the first star forming progenitors
of Milky Way-mass halos by sampling the largest number of Milky Way halos ever
simulated at such high resolution.

The results of this work will invite more direct semi-analytic modelling of the

relevant star formation and feedback processes in the future. Moving forward, we
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aim to more self-consistently model the formation sites of the first stellar systems and
subsequent first galaxies including an enhanced treatment of the relevant radiative
processes crucial to regulating each progenitor’s assembly history. This modelling will
then allow a more detailed understanding of the origin of the chemical make-up of not
only the old stellar halo, but also its satellite systems. Only self-consistently modelling
of the chemical and dynamical evolution of all of the progenitors of a Milky Way sized
host will enable theoretical progress capable of connecting the low-redshift universe
to the earliest phases of galaxy formation. Coupling the rich chemical and kinematic
data being released by various observational Galactic sky surveys (e.g., GAIA-ESO,
Gaia, SkyMapper, GALAH) with advanced modelling of this kind will contribute

significantly to the nascent areas of both stellar and dwart galaxy archaeology.

Appendix

We also carried out the same analysis on a higher resolution halo (LX15, m, = 3.73
x 10% Mg ) which has a particle mass eight times higher than our fiducial run (LX14,
m, = 2.99 x 10* My) to check that we identify the same total number of systems.
The total number of systems identified as atomic cooling halos and molecular line
cooling halos (minihalos) in the two resolution runs of the Cat-9 halo are shown in

Figure 7-12. We find good agreement between the runs.
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Figure 7-12 The total number of halos identified as molecular line cooling halos (mini-
halos) and atomic cooling halos in both our fiducial run (LX14, m, = 2.99 x 10* M)
and a higher resolution run (LX15, m, = 3.73 x 10° Mg).
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Chapter 8

Conclusion

This thesis consists of a series of investigations on the substructure of galaxies, partic-
ularly concerning satellites within the Local Group. Each study is based on analysis
of dark matter only simulations of galaxies in a cosmological setting. The main results

of each chapter are as follows:

Chapter 2

Although small adjustments to the cosmological parameters og,ns and €,, change
the timescale in which halos of a given mass are expected to collapse and virialize,
they do not lead to substantial changes in the properties of subhalo distributions
for a given host. Increasing any of the parameters will cause a primordial matter
overdensity to collapse into a self-bound halo sooner, reach a higher mass by z = 0
if it remains isolated, and be accreted and disrupted by a host sooner if it becomes
a subhalo. However, the continuous process of subhalo accretion, mass loss, and
ultimately destruction leads to a cosmology independent steady state distribution
of subhalos within a host when normalized to the mass of the host. This means
the subhalo mass function, peak mass function, distribution of accretion times, and
radial distribution are unchanged. An exception is that the concentration of subhalos
remains increased in cosmologies where objects tend to collapse sooner, which in turn
leads to a slightly higher maximum circular velocity of subhalos. Furthermore, the

formation time of subhalos remains slightly earlier.
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Chapter 3

Self-interacting dark matter (SIDM) reduces the central density of galaxies relative
that produced by ordinary cold dark matter, leading to cored density profiles. In this
way it offers a resolution to the too big to fail and cusp/core problems. Searching
for additional signatures, we find that SIDM causes stars which form in the center of
halos to disperse out to larger distances, which leads to an enhanced level of stellar
mass-loss in satellite galaxies relative to CDM. Consequently, SIDM suppresses the
stellar mass function of satellites and increases the half-light radius of satellites. The
level of enhanced stellar stripping can be predicted by the ratio of the subhalo core
radius to the tidal radius, which can both be estimated analytically for an SIDM
model. Comparing the class of velocity-independent (v-i) and velocity-dependent
(v-d) models, tidal stripping is much more efficient at low pericenter orbits in v-d
models, and for smaller galaxies, particularly for ultrafaint dwarfs. We further find
that subhalo evaporation does not affect MW satellites for viable SIDM models, and

that SIDM does not produce easily identifiable global signatures on the stellar halo.

Chapter 4

The number of luminous satellites around any galaxy can be predicted with a method-
ology developed that applies abundance matching models and a model for reionization
to dark matter halo properties inferred from the Caterpillar simulation suite. The
model fully samples statistical variance, and allows for rapid testing of how all in-
put parameters control resultant predictions. Our baseline models predict around 70
ultrafaint and classical satellites (M52 > 103 M) around a MW-sized galaxy, con-
sistent with observational expectations and devoid of any missing satellite problem.
We also predict the abundance of satellites around specific isolated dwarf galaxies in
the Local Group and characterize their expected radial distribution as observed in a
line of sight. Even our most conservative model predicts that at least one satellite
with M, > 10° M, exists around the five largest host galaxies considered, and that

5 — 25 satellites with M, > 10* Mg may exist. We advocate for dedicated searches

310



for these satellites to improve understanding of low mass galaxy formation, galaxy
formation in environments with reduced ram-pressure and tidal stripping, the ability
of reionization to suppress star formation, and the stellar mass-halo mass relationship

for low mass galaxies.

Chapter 5

Using the same methodology as in Chapter 4, we predict the abundance of satellites
around isolated galaxies within 8 Mpc of the MW that are comparable in mass to
the LMC. We find that a single pointing of a 1.5° diameter field of view camera
at most targets should on average contain 1 — 3 satellites with M, > 10°Mg. We
predict the stellar mass function of satellite galaxies within 50 kpc of the LMC, and
find large and intriguing discrepancies with observations. There are 12 known small
UFDs (M, < 3 x 103Mg) yet no known large UFDs (M, > 10* M), and ongoing
surveys are expected to increase only the number of known small UFDs. A model that
predicts so few large UFDs and so many small UFDs may require large adjustments
to currently used models that describe the abundance of classical dwarf satellites.
Finding a solution to the puzzle will require, or result in, constraints on the redshift
of reionization, the halo size at which star formation first begins, the stellar mass-
halo mass relationship, the amount of tidal stripping in UFDs, the mass the MW,
and the orbital history of the LMC and SMC. In spite of conflict with the stellar mass
function, our model more robustly predicts that within the LMC vicinity, ~ 47% of
satellites originated around the MW, ~ 33% around the LMC, and ~ 20% around
the SMC.

Chapter 6

The Caterpillar project, the largest current suite of dark matter only zoom-in sim-
ulations of MW-mass galaxies with a particle resolution of ~ 10* M, /particle is pre-
sented. Properties of halos and subhalos are cataloged, convergence tests and other
detailed checks of the physical accuracy of the simulations are shown, as well as con-

firmation of the too big to fail problem. Shortcomings of the ROCKSTAR halo finding
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algorithm are identified and corrected for by adding an iterative unbinding procedure.
The Caterpillar simulations will serve as a valuable resource for research groups to

study the diversity of the MW galactic halo and its formation history.

Chapter 7

The formation sites of the first generation of Population III stars and the first galaxies
are identified and traced through mergers to the present day. Lyman-Werner radi-
ation eliminates 90% of halos that otherwise would have formed Pop III stars, but
still leaves several hundred that eventually become part of a Milky Way-like halo.
Overwhelmingly, most of these star forming minihalos evolve in isolation without ex-
ternal chemical enrichment (80-90% of all systems at z = 7). However, ~50% of them
merge with a system larger than themselves within 1.5 Gyr after formation making
them only temporarily purely self-enriched. We predict the number of minihalo and
atomic cooling halo progenitor systems accreted by a given subhalo by z = 0 and find
that low luminosity UFD galaxies, such as Reticulum II, have at most one or two star
forming minihalo progenitors, whereas the LMC has ~74-230. Thus the dichotomy
of strongly and not at all R-processes enhanced stars in Reticulum II is unlikely to

be explained by the merger of stars from multiple minihalos, though still possible.

Future topics to investigate

In the process of researching and writing each chapter, I identify a few areas worthy of
future investigation. Regarding Chapter 5, the stellar mass function of LMC vicinity
satellites deserves much more attention. Investigations should be made estimating
how tidally stripped UFDs should be, and what the effects of the LMC, SMC and
MW should be on the orbital dynamics of satellites originally accreted with the LMC
and SMC. Predictions for the stellar mass function should be revisited once surveys
for satellites within the entire LMC vicinity is completed.

The large number of small UFDs found near the LMC can and should also be
connected to predictions from SIDM.Vogelsberger et al. (2016) showed that SIDM
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will change the cosmological transfer function and reduce power on small scales, thus
reducing the subhalo mass function for halos with Mya, < 10! M. The suppression
will be particularly strong for My, = 108 M, halos, which are expected to be hosts of
the ultrafaint dwarf galaxies. It would be interesting to apply the methods developed
in Chapters 4 and 5 to the reduced subhalo mass function from SIDM. Producing as
many UFDs as are found within the MW and near the LMC may require a significantly
weaker model of reionization, with a far greater fraction of dark matter subhalos
having to host luminous galaxies than in CDM. Given constraints on reionization
and M, — M., relationships, an investigation could lead to constraints on how much
the subhalo mass function can be suppressed, and in turn lead to constrains on SIDM.

Lastly, the ability of SIDM to solve too big to fail should be tested against a
diversity of simulated halos with differing formation and accretion histories. I have
finished running, and started to run several simulations so that such tests can be

made.
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