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The beginning of our Universe continues to elude us with many unanswered questions, some

involving evolutionary histories of the most ancient galaxies — ultra–faint dwarfs (UFDs). Recent

optical observation and cosmological simulation advancements have opened new opportunities to

study these evolutionary histories. The predominantly ancient stellar populations observed in UFDs

suggest their star formation was suppressed by reionization. However, most of the well–studied

UFDs are within the central half of the Milky Way (MW) dark matter halo, such that they are

consistent with an early accreted population and potentially quenched via environmental processes.

To study this possibility, we utilize #–body cosmological simulations, the ELVIS suite, to constrain

the distribution of infall times for subhalos likely to host UFDs. For the MW’s UFDs, we find that

environment is highly unlikely to play a dominant role in quenching their star formation. Further

in UFD exploration, we use this population as a tool to constrain a fundamental Galactic property

— darkmatter halomass. As theMWand its satellite system becomemore entrenched in near–field

cosmology, the need for an accurate estimate of the halo mass is increasingly critical. Using new

6D phase–space information for the MW satellite population calculated from Gaia’s early third

data release of stellar proper motions to compare to subhalo properties drawn from the Phat ELVIS

simulations, we constrain the MW dark matter halo mass to be ∼ 1–1.2 × 1012 M�. This preferred

dark matter halo mass for the MW is largely insensitive to the exclusion of systems associated
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with the Large Magellanic Cloud (LMC), changes in galaxy formation thresholds, and variations

in observational completeness. Turning focus inward, current work in progress analyzes, for the

first time, chemical abundances in the UFD LMC satellite, Hydrus I. Through abundance trends,

we will begin to explore how large scale environments, such as the LMC’s dark matter halo, have

impacted UFD evolutionary histories. These mostly yet–to–be–explored evolutionary histories of

UFD satellites help to refine which are pristine relics of the first galaxies and can serve as the most

optimal cosmic sites to search for signatures of the first stars ever formed.

Alongside astrophysics research I have established and led Peer Mentorship programming within

my graduate department and a state–wide bridge scholarship program, Cal–Bridge. These peer

mentorship activities provide students space to create community around equity through normaliz-

ing common struggles, individual holistic success, and determining how to improve their academic

experience. While peer mentorship programs are often unsupported within STEM, there is a grow-

ing body of research showing how impact–full these programs are. Within my programs, evaluation

results show peer mentorship increased growth mindset and recognition of mentor network impor-

tance, and has clarified career paths. This type of programming creates leadership opportunities and

assists participants in defining and raising confidence in their academic identities. Peer Mentorship

empowers participants to have career autonomy while creating supportive, inclusive and equitable

communities.
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Chapter 1

Introduction

1.1 Preface

Throughout my graduate career I have had the fortunate opportunity to write scientific communi-

cation style articles for the Astronomical Society of the Pacific’s Mercury Magazine [4]. These

articles present my research and related astrophysics topics in a manner where any reader interested

in astronomy can enjoy the content. While Chapters 2— 4 are written for astronomers specifically,

this introductory chapter is written for any astronomy fan.

1.2 Historical Background

Only 100 years ago (April 26, 1920) Harlow Shapely, Harvard astronomer, and Herber Curtis, Lick

Observatory astronomer, argued during the Great Debate whether the Milky Way (MW) was just

one of many galaxies or the entire Universe [1]. Many say Shapely, who believed the MW to be

the whole Universe won. Though shortly after the debate, Edwin Hubble, Mt. Wilson Observatory

astronomer, studied Cepheid variable stars to prove Curtis’ main argument to be correct — there
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are in fact many many galaxies other than the Milky Way [106]. Since then with telescopes such

as the Hubble Space Telescope, we have discovered countless more galaxies. A few tens of these

galaxies are close enough to the MW that they are gravitationally bound (i.e. satellite galaxies).1

What we use to think was a lonely corner of space, we now see as a bustling neighborhood with a

diversity of satellites galaxies. Some of the MW’s satellite galaxies can be found by simply looking

up on a clear night in the Southern Hemisphere. The Large and Small Magellanic Clouds have

been a part of human culture for centuries. In Australia, one Aboriginal belief sees the Clouds as

a hungry elderly couple as a way to teach respect and sharing of food for those in need [158]. The

overwhelming majority of the MW’s satellites though are not cultural icons and cannot be seen

with the unaided eye.

More MW satellites were not discovered until 1938 when Harlow Shapley found faint and wide

spread stellar associations in photographic plates which we now know are the Sculptor and Fornax

dwarf spheroidal satellite galaxies [232, 233]. Since then we have discovered over 50 other MW

satellite galaxies [235] — a few massive satellites galaxies (i.e. the Large and Small Magellanic

Clouds); faint dwarf spheroidal galaxies, such as Sculptor and Fornax; and the tiniest galaxies ever

found. These tiniest galaxies (i.e. ultra–faint dwarf galaxies, UFDs) were discovered in the Sloan

Digital Sky Survey’s (SDSS) vast amount of data spurring a digital revolution [279, 280]. Digital

surveys such as SDSS, the Dark Energy Survey and the upcoming Legacy Survey of Space and

Time at the Vera Rubin Observatory, automatically cover huge areas of the night sky capturing

every photon within their telescope’s power. The resulting data can then be searched through using

big data and machine learning techniques. Since 2005, discovering UFDs through digital surveys

has more than quadrupled our satellite count!

So, out of the millions of galaxies seen, we categorize less than 100 as ultra–faint dwarf galaxies.

Why? Well, their name says it all — they are ultra–hard to see aka faint. They are vastly different

from our own galaxy — their mass compared to the MW’s is the same magnitude difference as

1This is the same idea as the Moon being gravitationally bound to the Earth but instead of two rocks orbiting each
other, we’re talking about entire galaxies dancing around one another!
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the Earth compared to a large marble; the MW has spiral arms, whereas ultra–faints are irregularly

shaped; and our Galaxy is continuing to birth new stars, while these dwarf galaxies generally have

only ancient stars and are unable to make new ones.

1.3 Investigating Star Formation Suppression Timescales

Despite the obvious differences between the MW and UFDs, there’s a lot we can learn about the

MW’s fate from these little galactic neighbors. The theory of galaxy evolution tells us how galaxies

live their lives from their formation through what happens when they stop birthing new stars.

Currently, we are trying to understand the mechanisms behind galactic evolution and in particular

how they stop the process of creating new stars and changes that are inflicted upon a smaller galaxy

as it moves through space interacting with larger galaxies.

When you think of an image of a galaxy, do you see a bright blue swirly mess of stars and dust,

maybe even with some luminous pink spots mixed in? This vibrant chaotic picture is the prevailing

image of a galaxy. Though astronomers know that through time there are increasingly less of these

bright actively star forming galaxies! One of the monumental questions in the study of galaxy

evolution is why is there this build up of passive, no–longer–star–forming galaxies over cosmic

time? Maybe more pressing — is this our fate, too?

A perfect place to start searching for answers is our own cosmic backyard — the Local Group of

galaxies. This Local Group consists of us, the Milky Way, and the “near–by” large Andromeda

galaxy, plus all the smaller satellite galaxies of these two big galaxies and the field galaxies which

hang out in between. In fact astronomers believe that most galaxies are a satellite to some larger

galaxy or group of galaxies. Now, there does exist a minority population of galaxies doing a solo

dance, these are the field galaxies. Field galaxies are smaller than the MW and outside our sphere
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of gravitational influence.2

An intriguing distinction between the MW satellites and field galaxies is the fact that our satellites

are of the dull, passive, no–long–star–forming variety while the solo field galaxies are vibrant and

active. Is something about the MW causing this? Are we contributing to the build up of passive

galaxies over cosmic time? Are we doomed to the same fate? Ya know, we are on a merger

course with the more massive Andromeda galaxy! Fortunately, the study of why and how long it

takes galaxies to stop forming new stars is an active area of astrophysical research. Investigating

timescales is a way to categorize the mechanisms causing star formation to end.

These star formation quenching timescales also illuminate the mechanisms not responsible a

galaxy’s suppressed star formation! For instance, as will be discussed in Chapter 2, even though

UFDs have been satellites of the MW for a considerable amount of time, they have not been satel-

lites long enough for the MW to have suppressed their star formation leaving only the very ancient

stars we observe today. This lends itself to the idea that these tiny galaxies are essentially cosmic

artifacts that may have formed only 400 million years after the Big Bang. We currently measure

the age of our universe to be 13.8 billion years old; so, 400 million years compared to the age of the

universe is like 42 minutes compared to 24 hours. In this tiny blip of time after the Big Bang, the

universe entered what’s called the Reionization Age. This is when the very first stars and galaxies

began to form. We think ultra–faint dwarfs may be the ancient fossils of the first galaxies to emerge

from the Reionization Age.

This very beginning of our Universe continues to be largely elusive — even with our observational

probes and the most state–of–the–art cosmological simulations, we are left with many unanswered

questions on how our Universe came to be. From the challenge of understanding the early Universe,

a new astronomical sub–field was born just two decades ago — near–field cosmology [82]. In this

discipline, these near–by relics of the first stars and galaxies are studied to learn about the events

of the early Universe such as how elements heavier than hydrogen were polluted throughout the

2One might even say we are social distancing with the field galaxies.
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cosmos.

1.4 Determining Dark Matter Halo Mass

From our cosmically tiny blue marble of a planet, the Milky Way appears merely as a bright strip

of stars set against the darker night sky. Every human culture on Earth has seen, known, and

wondered about this pathway in the sky. Some cultures, such as the Cherokee, see the MW’s band

as a pathway to the afterlife while others, such as the Lakota, know it to be “The Place of Spirits”

or Wanagi Yata [5]. For many modern astronomers, we see it as our mysterious home — a vast

astronomical laboratory where we can take incredibly detailed observations across the full range of

visible light and the rest of the electromagnetic spectrum. We now know that the largest and most

massive component of the Milky Way is the dark matter halo we reside in. This massive halo can

be thought of as a cloud of invisible material, called “dark matter,” that gravitationally keeps the

visible parts of our galaxy at the cloud’s center and attracts nearby smaller galaxies into it — all

via gravity.

Mass is truly a fundamental property of physical objects. Think of some of the most famous physics

equations. Did you perhaps recall � = <0 or 4 = <22? Many of the fundamental equations rely

on knowing the mass of the object in question. So, knowing precisely the mass of the Milky Way

in its various components — such as dark matter content, stellar content, gas and dust content

— allows us to learn more about the universe and how nature itself works! See our cosmic

backyard, consisting primarily of the MW’s satellite galaxies, is a rich playground in which to study

many aspects of astrophysics largely due to our ability to conduct detailed observations of these

nearest objects.

There are actually many ways to determine the mass of a galaxy. Often astronomers measure mass

by observing then extrapolating the number of stars in a galaxy and the chemical make up of those
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stars. This is a common way to ‘measure’ the stellar mass of a galaxy. Since we do not directly

observe dark matter, we cannot take the same approach to determining the dark matter mass of a

galaxy. Dark matter mass is often inferred through the distribution of rotational stellar velocities in

a galaxy. See if galaxies were not surrounded by a dark matter halo, the rotational velocity of the

stars in the outskirts of the galaxy would be much lower than the stars closer in to the center. What

we see when looking at these rotational velocity curves for galaxies is that the stars in the outskirts

actually have similar velocities as those centric stars! This increased velocity is due to an invisible

mass we call dark matter! Now this is a great way to ‘measure’ dark matter mass when we can see

an entire galaxy, but how is it possible to do this when you’re sitting in the galaxy?!

Similarly to measuring stellar rotational velocities to then infer dark matter mass of an extragalactic

galaxy, the MW’s dark matter mass can be worked out from calculating the escape speed from

counter–rotating stars in the Galaxy’s outer halo [178]. Two other common, and recently popular,

methods are to use a mathematical dark matter mass estimator equation involving the density,

potential and anisotropy (directional variation) of the satellites — galaxies or globular clusters

— surrounding our Galaxy [267, 84] and to compare phase space distributions in simulations and

semi–analytic models to observed distributions to then infer the mass [156, 45, 64]. All three of

these recent works utilize the incredibly precise proper motion measurements3 from the second

data release of the revolutionary telescope, Gaia! This one telescope has truly revived a centurial

question.

Unfortunately, the results of these investigations prove this great question is not yet answered

— only the limits are further refined. Prior to the second data release of Gaia’s proper motions, the

limits on the Milky Way’s dark matter halo’s mass were 0.8–4.5 × 1012 MSun [124, 208].4 These

limits have been refined through the 3 methods discussed earlier over 6 investigations to [64, 267]).

While these are the extremes of the 6 results, it’s important to note that not all 6 masses agree with

3The proper motion of a star is it’s actual movement through space, not just how we see it move through the sky at
night.

4Here MSun means solar masses, which is the mass of our Sun — 2 × 1030 kg.
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each other within their respective errors — aka there’s still a lot of science to do! Hooray! Chapter

3 describes a method of MW dark matter halo mass investigation using the latest (the early third)

data release from Gaia and the most advanced dark matter only MW + neighbors simulations and

further constrains our dark matter mass.

1.5 Detailing Chemical Abundances

Astrophysics maybe the only field of study in the world that deals simultaneously with the largest

and smallest scales known to humans— for example, this work deals with masses from one trillion

times more massive than the Sun all the way down to the mass of a hydrogen atom (roughtly 1700

septillionths of a kilogram or 1.7 × 10−27 kg). Hydrogen atoms and it’s slew of tiny cousins, aka

the other elements, detected in stars can illuminate many cataclysmic star forming events!

The relative amount of various elements can be determined through a star’s spectra. In these stellar

spectra there are absorption lines — light that has been absorbed by atoms and molecules which

then leaves a dark feature in the white light spectrum of the star. Each atom and molecule has

specific wavelengths of light that they absorb. The length of the atom’s absorption line at the

various wavelengths determine the amount of that atom in the star.

From these abundances, astronomers act as cosmic slueths using theories from stellar evolution,

galaxy evolution and cosmology to piece together the evolutionary history of the galaxy the star

resides in. Chapter 4 does exactly this for the UFD, Hydrus I where 2 stars are examined in this

preliminary report.
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1.6 Peer Mentorship

Alongside exploring the evolution of our Universe, this work also investigates those who study our

Universe, specifically by looking into how students from historically underrepresented groups (HU

students) are impacted by participation in peer mentorship programming. Such programs are often

unsupported within STEM departments — not yet at least. There is a growing body of research

showing how impactful peer mentorship programs are, especially for broadening participation of

HU students. As detailed in Chapter 5, this type of programming effecticaly creates community and

leadership opportunities among young, diverse scientists with their own strong academic identities.

Peer Mentorship specifically aids in creating a thriving equitable community through normalizing

common struggles and holistic success.
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Chapter 2

The Suppression of Star Formation on the

Smallest Scales: What Role Does

Environment Play?

2.1 Introduction

The Local Group serves as a cosmic Rosetta Stone, offering the opportunity to study galaxy

formation and evolution at a level of detail not possible at cosmological distances [29]. This is

especially true at the smallest galactic scales — i.e. for very low–mass galaxies or what are often

referred to as ultra–faint dwarfs (UFDs). Photometric observations of UFDs in the Local Group

find universally old stellar populations, such that these systems have typically ceased forming

stars by I ∼ 2 (or a lookback time of ∼ 10.3 Gyr) [33, 270]. The prevalence of ancient stellar

components in these extremely low–mass systems is commonly interpreted as evidence of quenching

via reionization, where a photoionizing background increases the cooling time for low–density gas

so as to quell the fuel supply for star formation in the lowest–mass halos [e.g. 65, 212, 251].
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Figure 2.1: Galactocentric velocity versus distance for the sample of UFD satellites of the Milky
Way. Points are color–coded according to stellar mass, assuming a +–band mass–to–light ratio
of 1.2; the triangles denote those objects with a published SFH from Brown et al. 2014 [33] or
Weisz et al. 2014a [270]. To account for unknown tangential motion, the observed line–of–sight
velocities have been multiplied by a factor of

√
3. Those systems without published line–of–sight

velocity measurements (Tuc IV, Tuc V, Ret III, and Col I) are plotted at
√

3 · +ℓos = −750 km s−1

with upward arrows representing the uncertainty in their+ℓos. Masses (i.e. luminosities), distances,
and line–of–sight velocities for this sample are based on published values from [172], [13], [61],
[146], [33], [270], [236], [239], [135], [132], [133], [134], [153], [260], [257], [40], [166], [146],
[263], [143], and references therein.
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While the measured star formation histories of UFDs are compatible with quenching via reioniza-

tion, the most well–studied systems in the Local Group are located at relatively small galactocentric

radii, which is also consistent with a population that was accreted at early cosmic time [215, 197].

As such, the old stellar populations identified in UFDs orbiting the Milky Way and M31 may

instead be the result of environmental processes that suppressed star formation following infall

onto the host halo. For example, recent measurements of the proper motion for the Segue I dwarf

[17] suggest that it was accreted by the Milky Way halo roughly 9.4 Gyr ago [85], such that rapid

environmental quenching would produce an ancient and metal–poor stellar population as observed

today [81, 268]. Undoubtedly, observations of isolated UFDs (i.e. beyond the reach of environ-

mental effects) would be an excellent way to differentiate between these two physical scenarios

(quenching via reionization versus via environment). Current datasets, however, lack the depth to

identify and characterize the stellar populations of UFDs in the local field.

To address the potential role of environment in quenching UFDs, given current observational

datasets, we utilize a suite of #–body simulations to track the accretion and orbital history of the

low–mass subhalos that host the UFD satellite population. In particular, we aim to quantify the

likelihood that environmental effects can explain the universal ancient stellar populations in the

lowest–mass galaxies. In §2.2, we provide a brief census of the UFD satellite population of the

Milky Way along with a description of our simulation dataset and our primary analysis methods.

In §3.4, we present our results regarding the role of environment in quenching UFDs. Finally, we

conclude with a brief discussion and summary of our work in §2.4 and §2.5, respectively.
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2.2 Data

2.2.1 UFD Galaxy Sample

Since the discovery of the first ultra–faint dwarfs using photometric data from the Sloan Digital Sky

Survey [SDSS, 285], a large number of UFDs have been identified as satellites of the Milky Way

[e.g. 279, 280, 287, 288, 16, 13, 61]. Deep imaging of M31 has likewise uncovered a population

of UFDs orbiting M31, with similarly old stellar populations [e.g. 167, 270, 240]. Throughout

this work, we focus our analysis on the ultra–faint satellite population of the Milky Way, selecting

all systems with !+ < 5 × 105 !� ("+ > −9.3) as UFDs. Figure 2.1 shows the position and

line–of–sight velocity of these systems relative to the Milky Way, with velocities scaled by a factor

of
√

3 to crudely account for potential tangential motion.1

Of the 36 known UFD satellites of the Milky Way, there are published star–formation histories

(SFHs) in the literature for 10 based on Hubble Space Telescope (HST) imaging from Brown et al.

2014 [33] or Weisz et al. 2014a [270] For all 10 of these systems, the reported mean stellar age is

> 9 Gyr with 90% of the stars forming by I ∼ 2. For the small number of objects included in both

the Brown [33] or Weisz [270] samples, there is relatively good agreement between the measured

SFHs. The exception is CVn II, for which Weisz et al. 2014 [270] find a tail of star formation

extending to I ∼ 1. TheHST/WFPC2 imaging analyzed byWeisz et al. 2014, however, is shallower

and covers a smaller area than theHST/ACS imaging utilized by Brown et al. 2014, such that greater

photometric errors may be increasing the dispersion in the main sequence turn–off population and

thereby yielding a broader SFH. Altogether, observations of the known UFD population orbiting

the Milky Way suggest that these very low–mass systems have old stellar populations, with little

star–formation activity since I ∼ 1 − 2 [e.g. 195, 196, 56, 225, 226, 227, 32, 168, 20].

1This typically serves as a lower limit to the total velocity, with the recently measured motions for a subset of UFDs
from Gaia Data Release 2 [234, 83] yielding higher total velocities than our

√
3+ℓ>B estimate.

12



0.1 0.5 1 2 3 4

Redshift (z)

0.0

0.2

0.4

0.6

0.8

1.0

f
(t

in
fa

ll
>
t l

oo
kb

ac
k)

log(Mhalo/M�)

7.9 - 8.1

8.1 - 8.2

8.2 - 8.4

8.4 - 8.7

8.7 - 9.75

with Pre-Processing

Mhalo = 108.4−9.2 M�
0.15 < R/Rvir < 0.5

without Subhalo
Destruction

0.1 0.5 1 2 3 4

Redshift (z)

0.0

0.2

0.4

0.6

0.8

1.0

f
(t

in
fa

ll
>
t l

oo
kb

ac
k)

log(Mhalo/M�) = 7.9 - 9.75

0.01 < R/Rvir < 0.30

0.30 < R/Rvir < 0.50

0.50 < R/Rvir < 0.65

0.65 < R/Rvir < 0.80

0.80 < R/Rvir < 1.00

with Pre-Processing

Mhalo = 108.4−9.2 M�
0.15 < R/Rvir < 0.5

2 4 6 8 10 12
Lookback Time (Gyr)

2 4 6 8 10 12
Lookback Time (Gyr)
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relation), it is strongly dependent upon host–centric (i.e. galactocentric) distance.
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2.2.2 N–Body Cosmological Simulations

To investigate the role environmental mechanisms play in the quenching of UFDs, we utilize the

Exploring the Local Volume In Simulations (ELVIS) suite of 36 high–resolution, cosmological

zoom–in simulations of MilkyWay–like halos [90]. Within the suite, 24 simulations are of isolated

Milky Way–like halos and 12 are of Milky Way–and M31–like pairs. Each simulation occurs

within a high–resolution uncontaminated volume spanning 2 − 5 Mpc in size with a particle mass

of 1.9 × 105 M� and a Plummer–equivalent force softening length of n = 141 physical parsecs.

Within the high–resolution volumes, the halo catalogs are complete down to "halo > 2 × 107 M�,

+max > 8 km s−1,"peak > 6×107 M�, and+peak > 12 km s−1 —thus sufficient to track the evolution

of halos hosting Local Group dwarfs with stellar masses of ∼ 103−5 M�. ELVIS adopts a ΛCDM

cosmological model based onWilkinson Microwave Anisotropy Probe 7–year data [140, 147] with

the following parameters: f8 = 0.801, Ωm = 0.266, ΩΛ = 0.734, =s = 0.963, and ℎ = 0.71.

As a dark matter–only simulation suite, ELVIS fails to capture the impact of the host baryonic

component on the subhalo population. In short, the inclusion of a disk potential can substantially

alter the subhalo distribution inside of the host virial radius by tidally disrupting subhalos [59,

30, 31, 91, 229]. This subhalo destruction preferentially occurs in objects with early infall times

and/or more radial orbits. As such, the distribution of subhalo infall times for a dark matter–only

simulation (such as ELVIS) will be biased towards earlier cosmic times, so as to overestimate the

role of environmental mechanisms in quenching star formation at high I.

To account for the impact of the host baryonic component, following the work of [71], we implement

a correction to the ELVIS subhalo population that will broadly capture the tidal effects of the host.

Based on Figures 5 and A2 from [91], we model the ratio of subhalos in dark matter–only versus

hydrodynamic simulations of Milky Way–like hosts as

#DMO/#HYDRO = 40 4−22 3peri/kpc (for 3peri < 50 kpc),
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where #DMO is the number of subhalos that survive to present–day in a dark matter–only simula-

tion, #HYDRO is the corresponding subhalo count for a hydrodynamic simulation, and 3peri is the

host–centric distance at pericenter in kpc. This relationship between pericentric passage and the

likelihood of subhalo disruption is supported by a larger number of dark matter–only simulations

of Milky Way–like hosts, run with (and without) an evolving disk potential (Kelley et al. in prep).

To mimic the disruption of subhalos in ELVIS, we adopt (#DMO/#HYDRO)−1 as the likelihood

that a subhalo survives to I = 0 as a function of pericentric distance; for 3peri ≥ 50 kpc, we

assume no subhalo destruction (i.e. #HYDRO/#DMO = 1). Within the ELVIS halo catalogs, we

then randomly destroy subhalos as a function of their pericentric distance given this probability

of survival. In total, this removes approximately 25% of the subhalo population at the selected

mass scale ("peak = 107.9−9.75 M�). Throughout the remainder of this work, we refer to these

modified halo populations as comprising the “Fat” ELVIS halo catalogs, given their inclusion of

the destructive effects produced by the host’s additional baryonic mass component. As hosts of the

Milky Way’s UFD population, we select subhalos from our Fat ELVIS catalogs at I = 0 within the

host virial radius and within a mass range of "peak = 107.9−9.75 M�, following the stellar mass–halo

mass (SMHM) relation of [90]. This yields a population of 15, 269 subhalos across the 48 ELVIS

host systems.

The ELVIS merger trees include 75 snapshots ranging from I = 125 to I = 0. Following [74], all

halo properties are spline interpolated across the snapshots at a time resolution of 20 Myr, which

enables more precise measurement of subhalo infall times and pericentric distances. To constrain

the infall time (Cinfall) for each subhalo in our Fat ELVIS catalogs, we measure the redshift at which

a subhalo was first and last accreted onto its host halo. In 51% of cases, the first infall is the only

infall, such that Cfirst = Clast. To account for the potential role of pre–processing, we also track the first

infall onto any host halo with "peak ≥ 1010.8 M� at I = 0. Following the SMHM relation of [90],

this host selection corresponds to systems that are similar to the Small Magellanic Cloud (SMC) or

more massive. In total, roughly 65% of subhalos in our chosen mass range ("peak = 107.9˘9.75 M�)
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experience pre–processing, such that they are influenced by environment roughly 2.4 Gyr earlier on

average [see also 274]. Throughout this work, we take the last infall onto the current host (i.e. onto

a Milky Way–like host) as the infall time for a subhalo, unless otherwise stated. In general, our

primary results are qualitatively independent of the adopted definition of infall time.

As shown in Figure 2.2, the distribution of subhalo infall times is very weakly dependent upon

subhalo mass at "peak < 1010 M�, such that our results are largely independent of the assumed

stellar mass–halo mass relation. In contrast, the typical infall time of a subhalo depends much more

significantly on host–centric distance, with those systems located near the host biased towards early

accretion. For our sample of low–mass halos, the inclusion of tidal effects shifts the distribution of

subhalo infall times by ∼ 0.7 Gyr earlier on average (see black dash–dotted line in Figure 2.2). Our

fiducial subhalo population, selected to have 0.15 < '/'vir < 0.5 and 108.4 < "peak/M� < 109.2,

includes a total of 1, 739 subhalos. This sample is well–match to the Brown UFD sample [33] via

both host–centric distance and stellar mass through the assumed SMHM relation.

2.2.3 Methods

We employ a simple statistical method to quantify the probability that environmental mechanisms

may be responsible for suppressing star formation in a given population of subhalos (i.e. UFDs).

From the parent subhalo population, chosen to match a particular observed galaxy sample, we select

(with replacement) a sample of # random subhalos. If all # subhalos are accreted onto their host

halo (for the last time) at or before a given redshift, then for that redshift the entire set of subhalos

is considered quenched. This process is replicated across 10,000 trials at each I, spanning from

I = 4 to I = 0 at intervals of ΔI = 0.05. The “environmental quenching probability” as a function

of cosmic time (or I) is then calculated as the ratio of trails where all # systems quench relative

to the total number of trials (i.e. 10,000). Throughout the remainder of this work, we explore the

dependence of this environmental quenching probability on the sample size (# = 6, 10, 20), the
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Figure 2.3: The probability that a random sample of 6 subhalos, selected as likely UFD hosts, were
all accreted prior to a given redshift (I). The aqua line illustrates this “environmental quenching
probability” as a function of redshift for our fiducial subhalo sample, while the grey shaded
region illustrates the scatter associated with varying our selection of subhalos across the range
0.01 < '/'vir < 0.9. The dashed plum line includes the role of pre–processing (infall onto a ≥
SMC–like host halo). The likelihood that environmental processes quenched the 6 UFDs from [33]
is relatively small (< 1%).
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adopted infall time (e.g. allowing for pre–processing by lower–mass hosts), and the fraction of the

sample required to be quenched at a given redshift.

2.3 Results

To determine if environmental effects were responsible for quenching the present–day lowest–mass

satellites of the Milky Way, we utilize our fiducial Fat ELVIS subhalo population to constrain the

likelihood that all 6 galaxies in the Brown UFD sample [33] were accreted at early cosmic times

— such that environmental quenching could reproduce the observed SFHs of these systems. From

our fiducial subhalo sample, we randomly draw (with replacement) 6 subhalos and evaluate — as

a function of redshift — whether the entire sample of 6 was accreted by a given I. Repeating this

exercise across 10,000 trials, we compute the likelihood that a sample of 6 randomly–chosen UFDs

could be environmentally quenched as a function of cosmic time.

As shown in Figure 2.3, there is a vanishingly small probability that 6 random subhalos would all

be accreted at high redshift (i.e. I > 1) or that the corresponding galaxies would be quenched by

environmental process at such early cosmic time. At I ∼ 1, after observations suggest that star

formation halted in the UFD sample from Brown et al. 2014 [33], there is still an extremely low

probability (< 0.1%) that all 6 systems could be quenched via environmental effects. Allowing

∼ 1 Gyr for a satellite to quench following infall [74], such that all 6 UFDs must be accreted by

I ∼ 1.3 to quench by I ∼ 1, only further decreases the potential impact of environmental quenching

(see Fig. 2.3). While allowing for pre–processing in hosts down to SMC–like scales increases the

possible effectiveness of environmental effects (see dashed plum line in Fig. 2.3), the likelihood

that environment quenched the UFDs in the Brown sample [33] is remarkably low (< 1% for

Iquench > 2). Overall, environmental mechanisms are unlikely to be responsible for the universally

old stellar populations inferred for the Brown UFD sample [33].
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Including both Brown et al. 2014 [33] and Weisz et al. 2014a [270], there are published SFHs

for 10 UFDs, all indicating that star formation halted by I & 2. Moreover, spectroscopic and/or

photometric observations of (at least) a further 10 systems point to old (or metal–poor) stellar

populations [e.g. 61, 146, 236, 239, 154, 257]. While these additional UFDs span a broader

range of galactocentric distance, with some potentially pre–processed by the Magellanic Clouds

[142, 13, 61, 286, 115, 223], the total sample of 20 UFDs creates a powerful dataset with which to

examine the role of environment. As expected, if we expand the sample of UFDs to all of those with

well–measured star–formation histories (# = 10) or yet larger to # = 20, it is even more difficult

to explain the universally–ancient stellar populations observed in terms of an environmental effect.

Figure 2.4 shows the probability that a sample of # = 10 (sage thin line) or # = 20 (sienna line)

UFD satellites were quenched following infall onto the Milky Way halo as a function of cosmic

time. We find that there is a . 0.01% probability that samples of this size were entirely accreted

by I = 2. Even if we allow for late–time star formation in 25% of the UFD population (see grey

shaded region in Fig. 2.4), we find that the current sample of known UFDs orbiting the Milky Way

is unlikely to have been quenched by environment.

2.4 Discussion

2.4.1 Quenching on the Smallest Scales

Our analysis shows that the old stellar populations (and lack of significant star formation at I .

2) observed in the Milky Way’s UFD satellites is unlikely to be reproduced via environmental

quenching. Instead, the observed star–formation histories of local UFDs are much more likely to

have been truncated via reionization. Building upon the analysis of [74, 73], Figure 2.5 presents a

complete picture of the dominant physical processes driving late–time satellite quenching across

more than 7 orders ofmagnitude in satellite stellarmass. In particular, we plot the current constraints
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Figure 2.4: The probability that all (solid lines) or 75% (shaded region) of a random sample of #
subhalos, selected as likely UFD hosts, were accreted prior to a given redshift. For a parent subhalo
population with 0.01 < '/'vir < 0.9 and 107.9 < "peak/M� < 109.75, the aqua, sage and sienna
lines illustrate the environmental quenching probability as a function of redshift for subsamples of
# = 6, 10, 20, representing our fiducial sample, the set of UFDs with SFHs, and the set of all UFDs
with an estimated age, respectively. The grey shaded region illustrates the environmental quenching
probability for samples of # = 6 to # = 20 UFDs, requiring that only 75% of the population was
accreted by the given redshift.
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Figure 2.5: The dependence of the satellite quenching timescale on satellite stellar mass in massive
host halos (& 1012 M�), as adapted from [74, 73]. The plum, sienna, and burgundy colored bands
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timescale for intermediate–and low–mass satellites from [278] and [74], respectively. The light grey
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quenching becomes increasingly efficient for a roughly Milky Way–like host. This critical mass, at
which the dominant quenching mechanism changes, should increase with host halo mass. Finally,
the aqua shaded region highlights the mass range where reionization is the most probable quenching
mechanism.
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on the satellite quenching timescale (measured relative to infall) as a function of satellite stellarmass;

we caution that these measurements span a broad range of host halo masses (from ∼ 1012−15 M�),

but do describe a coherent physical scenario ([275, 278, 74, 73, 71], see also [57, 104, 55]).

As illustrated in Fig. 2.5, above a host–dependent critical mass scale, satellites are able to largely

resist stripping forces, such that they are quenched on longer timescales consistent with starvation

[148, 74]. Below this critical mass scale, which is roughly "★ ∼ 108 M� for Local Group–like

hosts [278, 209], stripping is able to remove the fuel supply for star formation from infalling

satellites, such that quenching occurs on roughly a dynamical time [74, 73, 276]. This critical

mass scale increases with host halo mass, such that stripping is efficient at greater satellite masses

in more massive host halos [e.g. 130, 244, 23]; meanwhile, there likely exists some limiting

host mass (e.g. "halo ∼ 1011 M�) for which stripping is inefficient on all mass scales and local

environment is unable to quench satellites (gquench ∼ gdepl > Chubble). Finally, at the very lowest

masses ("★ . 105 M�), reionization acts to suppress star formation, independent of environment

(i.e. for both isolated and satellite systems). We illustrate this regime in Fig. 2.5 as the aqua shaded

region.

Our results are consistent with recent hydrodynamical simulations of galaxy formation, which

find that suppression of star formation by reionization is commonplace below a mass scale of

"★ . 105 M� [75, 114]. While reionization halts the infall of new gas in low–mass halos,

residual star formation can be fueled by the galaxy’s existing gas reservoir so as to produce

star–formation histories similar to those observed for UFDs [193, 277]. Additionally, reignition

of star formation after initial quenching via reionization may produce short and late periods of

star formation [150, 283], such as that observed in Carina by [270]. Observations in the Local

Volume also broadly suggest that the mass scale at which quenching via reionization dominates is

approximately "★ ∼ 105 M� [e.g. 255]. In particular, Leo T has a stellar mass of "★ ∼ 105.5 M�,

with a significant neutral gas reservoir [222, 7] and a complex star–formation history, including

significant activity at I < 1 [56, 48, 273]. At a distance of > 400 kpc from the Milky Way [111],
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Leo T likely represents the tail of the star–forming field population, having a dark matter halo mass

greater than that at which reionization suppresses gas cooling. Studies of stellar and gas kinematics

in Leo T suggest a halo mass of ∼ 109 M� [238, 222]. While Leo T supports a mass scale for

reionization quenching of "★ ∼ 105 M� ("halo ∼ 109 M�), recent observations of low–mass

satellites of M31 indicate that the relevant mass scale may be yet lower ["★ ∼ 104.5 M�, 166, 169].

Taking "★ ∼ 105 M� ("halo ∼ 109 M�) as the scale at which reionization quenches star formation

across all environments, we predict a population of & 250 UFDs within 1 < '/'vir < 2 of the

Milky Way and M31, based on counts of halos with "halo = 107.9−9.75 M� in the Fat ELVIS

catalogs across all 36 simulations.2 All of these systems are expected to be dominated by ancient

stellar populations. While some will have interacted with the Milky Way and/or M31, a relatively

large fraction (> 50%) of halos at these distances are true “field” systems, having never spent time

as a subhalo. Future imaging surveys, such as the Large Synoptic Survey Telescope [? ], are

expected to discover much of this population in the coming decade, opening new avenues to study

the suppression of star formation on the smallest scales. The total number of field UFDs will not

only depend on the mass scale at which reionization quenches ongoing star formation at high I, but

also the yet lower scale at which it is able to suppress all star formation [e.g. 37, 245].

2.4.2 The Curious Case of Eri II

If reionization truly quenches all low–mass galaxies, independent of environment, we would expect

that isolated UFDs should host ancient stellar populations similar to those observed for known UFD

satellites. The recent discovery of Eridanus II at a distance of & 350 kpc from the Milky Way

[13, 153] has offered the opportunity to probe the SFH of a “field” UFD in significant detail. At

a galactocentric distance of ∼ 1.2 'vir, however, Eri II cannot be considered an isolated system,

unaffected by potential environmental effects. A significant fraction of systems at such distances

2On average, the 12 paired host simulations have slightly more halos in the 1 < '/'vir < 2 range and a smaller
fraction of these being backsplash halos.
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are associated with “backsplash” halos [250, 90, 71], which previously passed within the host’s

(i.e. Milky Way’s) virial radius before returning to the field.

While recent observations show no signs of late–time star formation ([153], but see also [142, 52]),

Eri II — as a solitary system with an unknown orbital history — places limited constraints on the

dominant mechanism responsible for suppressing star formation on the smallest scales. As shown

in Figure 2.6, the current sample of Milky Way UFD satellites already places a stronger constraint

on the role of environment. To test whether Eri II is likely to have been quenched by environment,

we select subhalos from our Fat ELVIS catalogs, matching the mass (8.9 < "peak/M� < 9.75),

host–centric line–of–sight velocity (−90 km s−1 < +ℓos < −40 km s−1), and host–centric distance

(0.9 < '/'vir < 1.9) of Eri II [153].3 From the resulting sample of 274 subhalos, we compute the

infall distribution as a function of cosmic time (see Fig. 2.6), which corresponds to the likelihood

that environment played a role in quenching star formation in Eri II. We find that there is a ∼ 10%

chance that Eri II was quenched via an interaction with the Milky Way at I ∼ 1. While Eri II is

unlikely to have been quenched due to an interaction with the Milky Way at I > 2 (so as to pro-

duce a purely old stellar population), the measured SFHs for the existing sample of UFD satellites

orbiting the Milky Way already argue more strongly against environment’s role in suppressing star

formation on the smallest scales.

2.5 Summary

Using the ELVIS suite of Milky Way–and Local Group–like #–body simulations to constrain

the infall times for subhalos likely to host the ultra–faint satellite population of the Milky Way,

we explore the potential role of environment in suppressing star formation on small scales. Our

3The adopted phase–space range was selected to encompass velocity and distance errors, as well as a possibly
higher than originally assumed total velocity, following suit based on recently–derived velocities for UFDs from Gaia
Data Release 2 [234, 83].
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Figure 2.6: The probability that a randomly–selected Eri II–like halo was accreted by the Milky
Way as a function of cosmic time (burgundy dash–dotted line). For comparison, we overplot the
probability that a sample of 6 subhalos were accreted by the same redshift (from Fig. 2.3). While
Eri II is unlikely to have been quenched by environment, the ancient stellar populations observed
in current samples of UFD satellites argue more strongly against environment’s role in suppressing
star formation on the smallest scales.
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principal results are as follows:

1. When incorporating the effects of subhalo tidal disruption due to the inclusion of the host’s

baryonic component, we find a shift in the typical infall time of ∼ 0.7 Gyr for subhalos in the

mass range of "halo = 107.9−9.75 M�, such that subhalos are preferentially accreted at later

cosmic time versus the same subhalos in a pure dark matter–only, #–body simulation.

2. For the 6 UFDs included in the Brown sample [33], we find that there is a . 0.1% probability

that the Milky Way environment was solely responsible for quenching their star formation at

I > 1.

3. For larger samples of UFDs, the likelihood that environment plays a dominant role in quench-

ing decreases dramatically, such that there is a < 0.01% probability that environmental mech-

anisms are responsible for quenching all 10 UFDs included in the Brown and Weisz samples

[33, 270].

4. Given the inability of environmental effects to reproduce the observed star–formation histories

of observed UFDs, we conclude that reionization is the most likely mechanism by which star

formation is suppressed on the smallest scales.

5. Finally, we predict that there is a population of & 250 UFDs within 1 < '/'vir < 2 of the

Milky Way and M31, all with ancient stellar populations. Future imaging surveys, such as

LSST, will be able to uncover much of this population.

Combinedwith results from [74] and [73], our results produce a coherent physical picture describing

the dominant quenching mechanism across the entire range of satellite (and host) masses (see

Fig. 2.5). At the very smallest scales, we argue that the suppression of star formation is largely

independent of environment and set by the minimum halo mass at which reionization curtails gas

accretion.
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Chapter 3

Sizing from the Smallest Scales: The Mass

of the Milky Way

3.1 Introduction

Several of the most pressing cosmological problems challenging the ΛCDM paradigm, namely the

Too Big to Fail [TBTF, 25, 26] and the Missing Satellites problems [180, 137], depend heavily on

the Milky Way’s dark matter halo mass. One way to resolve the TBTF problem within ΛCDM is

through the assumption of a less massive Milky Way, for which fewer massive satellites with high

central densities are expected. Similarly, in conjunction with suppression of galaxy formation on

the very smallest scales [e.g. 65, 251], the Missing Satellites problem can also be largely eliminated

by lowering the assumed Milky Way dark matter halo mass (and thus the predicted number of

satellite systems). As such, the Milky Way’s dark matter halo mass is a critical parameter in testing

ΛCDM and models of galaxy formation on small scales [see discussion in 36].

Alternative resolutions to both the TBTF and Missing Satellites problems lie in the possibility

that the Milky Way may be an outlier relative to the cosmic norm. For example, only ∼ 10%
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of Milky Way–like systems are estimated to have satellites as massive as the Large and Small

Magellanic Clouds [28, 38, 253, 228]. The Milky Way’s satellite population is also remarkable

in another characteristic — its Vast Polar Structure [VPOS, e.g. 160, 144, 204, 83, 202]. While

our ability to observe such structures in systems beyond our very local Universe is still relatively

new [110, 51, 50, 182], our observed flattened polar distribution of satellites, the VPOS, seems to

be uncommon [177, 203, 201, 109, 35, 8, 230, 231]. Another unusual feature of our local system

may be the high fraction of quenched (or passive) satellite galaxies. Extragalactic surveys, such as

SAGA, have found that the majority of satellites around Milky Way–like systems are actively star

forming — SAGA in fact finds 85% of low–mass satellites ("★ ∼ 107−8.5 M�) are star–forming

across 36 Milky Way–like systems [164, 93]. The radial distributions of the Milky Way satellites

versus observed and simulated Milky Way analogues is also a contentious point which may place

the Milky Way out of the cosmic norm. Some recent work highlights discrepancies in the 3D radial

distributions of MilkyWay satellites and various cosmological simulations, in particular that Milky

Way satellites are more radially concentrated than their simulated counterparts ([179, 281, 284, 42],

but see also [161, 224, 77, 22]). The darkmatter halomass of theMilkyWay has strong implications

on its ability to quench satellite galaxies and on the radial distribution of its satellite population.

More broadly, our reliance upon the Milky Way as a Cosmic Rosetta Stone [29] requires a strong

constraint on its dark matter halo mass.

Gaia has opened a new opportunity to study the distribution and dynamics of the Milky Way

satellite population and to constrain the Milky Way’s dark matter halo mass. Prior to the second

data release (DR2) of proper motions from Gaia, the Milky Way’s dark matter halo mass limits

were 0.8 − 4.5 × 1012 M� [e.g. 27, 208, 124]. Since Gaia DR2, this mass has been inferred in

various ways— from calculating the escape speed from counter–rotating stars in the Galaxy’s outer

halo [178]; using a scale–free mass estimator involving the density, potential, and anisotropy (V) of

the satellites — galaxies or globular clusters — surrounding the Milky Way [267, 84]; comparing

phase–space distributions in simulations and semi–analytic models to observed distributions to

then infer the mass [199, 64, 155, 45]; calculating the mass within 100 kpc via a distribution
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function method then extrapolating total mass [58]. The results of these recent studies range from

"200 = 0.7+0.11
−0.08 − 1.55+0.64

−0.51 × 1012 M� [64, 178, respectively]. It is important to note that even

within confidence intervals, many of these results do not agree with one another.

As an alternate approach to these direct dynamical methods, in this work we constrain the Milky

Way’s darkmatter halomass through comparison of subhalo kinematics in a suite of high–resolution

#–body simulations to corresponding observational measures of theMilkyWay satellite population

from Gaia. Herein, we utilize orbital parameters for the Milky Way satellites, derived primarily

from proper motion measurements contained in the early third Gaia Data Release [EDR3, 87, 88].

In §3.2, we discuss our observed tracers of the MilkyWay host potential along with the comparison

suite of cosmological simulations. §3.3 details our primary analysis techniques, while our results

are presented in §3.4. In §3.5, we examine various sources of potential systematic errors and

points of further discussion, including the impact of satellites associated with the Large Magellanic

Cloud, our adopted lower limit for peak subhalo velocity, orbital characteristics, and observational

completeness. Additionally, in this section we make some predictions for how future observations

might impact our results. Finally, we summarize in §3.6.

3.2 Data

3.2.1 Gaia

Gaia has spurred a dramatic improvement in our understanding of the orbital parameters for nearby

stars, including thosewithin the satellites of theMilkyWay (MW) [88]. In the second and early third

data releases [DR2 and EDR3, 86, 157, 87],Gaia provides precise parallaxes and/or proper motions

for over one billion sources, in an absolute reference frame defined entirely by Gaia observations.

From this vast data set, several groups calculated full phase–space information, including tangential

velocities, for a majority of the MW satellites (e.g. using DR2: [103, 234, 83, 170, 198, 125] plus
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Figure 3.1: Comparison of phase–space distributions between Phat ELVIS subhalos (density
contours) and satellites in [174] (MCV20a, black markers). In each plot, the stars denote satellites
with low tangential velocity errors (+tan,err ≤ 0.30 +tan). The triangles denote all other satellites
excluding Sagittarius, which is represented as the circle. Sagittarius is poorly reproduced by the
simulations and thus omitted from this analysis. The total velocity information for Sagittarius
comes from [83], which uses Gaia Data Release 2 proper motions. The total velocity errors are
taken from MCV20a while the distance errors are taken from the literature (mainly [235] and
references therein). The top left panel shows the phase–space density contours for subhalos across
all 12 Phat ELVIS hosts. Meanwhile, in the three remaining panels, we display the corresponding
contours with subhalos divided according to host mass — 0.7–1 × 1012 M� (low mass, burgundy
shading), 1–1.2 × 1012 M� (intermediate mass, aqua shading), and 1.4–2 × 1012 M� (high mass,
sienna shading). Each mass bin includes 4 hosts, with the adopted color scheme for the host mass
sets carried throughout this paper.
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[174, 152], which utilize EDR3). Herein, we utilize the Galactocentric tangential velocities from

McConnachie & Venn, 2020 [174, hereafter referred to as MCV20a]. Heliocentric radial velocities

are taken fromMcConnachie et al. 2012 [173] and converted to the Galactocentric reference frame

using astropy [11, 10]. Heliocentric distances and associated errors are taken from [235]1, [127],

[272], and [258]. These distances are also converted to the Galactocentric reference frame using

astropy. These quantities, converted to the Galactocentric reference frame, along with other

properties of the MW satellies used in this work can be found in Tables 3.1 and 3.3.

We limit our sample of Milky Way satellites to those systems within a Galactocentric distance

of 300 kpc and exclude unconfirmed systems that are likely not galaxies (e.g. Indus I and

DESJ0225+0304). In addition, we exclude the Sagittarius (Sgr) dwarf from our sample. Sgr

is currently being disrupted via tidal interactions with the Milky Way [e.g. 108, 149, 141], such

that it is poorly reproduced in our comparison simulation data set (see §3.2.2). Our primary sample

includes 44 satellite galaxies. Figure 3.1 shows the distribution of these systems as a function of

Galactocentric distance and total velocity. Finally, we identify a subsample of 34 systems with

higher–precision tangential velocities, such that |+tan,err/+tan | ≤ 0.30. While this subset of systems

is biased towards smaller Galactocentric distance, it does span a broad range of velocities (see

Fig. 3.1). The particular selection limit used to define this subsample was adopted to exclude

those systems with exceptionally uncertain tangential velocities while maintaining a statistically

significant sample size.

3.2.2 Phat ELVIS

As a comparison data set, we utilize the Phat ELVIS (phELVIS) suite of 12 high–resolution,

dissipationless simulations of MW–like halos [128]. Building upon the ELVIS (Exploring the

Local Volume In Simulations) suite of Local Group and MW–like simulations [90], phELVIS

1Data presented by [235] are compiled from [260, 53, 265, 145, 98, 257, 183, 259, 131, 159, 52, 214, 142, 184, 13,
143, 261, 15, 14, 181, 176, 227, 185, 210, 17, 21, 151, 99, 41, 61, 89, 54, 279].
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incorporates the effects of tidal disruption due to an artificial disk potential [e.g. 91, 229]. This new

suite includes a total of 24 MW–like simulations, encompassing 12 high–resolution cosmological

dark matter–only (DMO) simulations of isolated MW–like halos and 12 re–runs of those DMO

simulations with an embedded galaxy potential matching the observed MW disk and bulge (from

here on referred to as the Disk runs). The 12 Disk runs begin as identical duplicates to the 12 DMO

suites. At I = 3, a galaxy potential, including a stellar disk, gaseous disk, and Hernquist bulge

component, is inserted into each of the Disk hosts. While the potentials temporally evolve, each

Disk host ends up at I = 0 as an observationally–constrained MW [128].

Each simulation occurs within a global cosmological box of length 74.06 Mpc (50 ℎ−1 Mpc) with

a dark matter particle mass of 3 × 104 M� and a Plummer–equivalent force softening length of

n = 37 parsecs. These parameters allow for the subhalo catalogs to be complete down to amaximum

circular velocity of+max > 4.5 km s−1 (i.e. a total bound mass of & 5×106 M�). The phELVIS halo

catalogs are constructed of 152 snapshots, evenly spaced in scale factor with a time resolution of

roughly 100 Myr. To increase the precision of the subhalo pericentric distances and infall times, we

spline interpolate the subhalo positions and velocities to achieve a time resolution of∼ 10Myr. Phat

ELVIS adopts the cosmology of [211] with the following parameters: Ωm = 0.3121, ΩΛ = 0.6879,

and ℎ = 0.6751.

In order to more directly compare to the MW satellite population, we select subhalos from the

phELVIS suite with +peak > 6 km s−1. While suppression of galaxy formation due to reionization

is often predicted to occur below a mass limit of +peak ∼ 20 − 25 km s−1 [e.g. 95, 105, 194], the

observed abundance of ultra–faint satellites of the MW are better matched via a lower mass limit

[97]. Adopting a more inclusive mass selection yields a considerably larger subhalo population for

comparison, better sampling the host potential and allowing control of systematics associated with

observational completeness.

While the phELVIS subhalos catalogs at I = 0 provide thousands of subhalos for comparison, they

are limited to a single snapshot of each subhalo orbit. To better sample the host potential, we expand
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our subhalo population to include subhalos at two earlier snapshots. These two other snapshots

were selected based on the average growth histories of the phELVIS hosts to minimize variation

in the host mass. A majority of the hosts have minor (. 2%) to no growth after I = 0.05, which

corresponds to the original 8th timestep prior to I = 0. The two snapshots chosen to examine here

are evenly spread — specifically the 8th and 4th (corresponding to I = 0.05, 0.02, respectively).

The vast majority (∼ 90%) of the subhalo population is present at all 3 timesteps, with a small

number of subhalos missing (or added) at earlier timesteps due to recent accretion, backsplashing,

and/or tidal destruction.

Throughout this work, we focus on the 12 MW–like hosts in the Disk runs. The hosts with

embedded disk potentials are chosen for their ability to better represent the observations relative

to the dark matter–only (DMO) hosts. In the DMO runs, the greatest subhalo Galactocentric total

velocities, which are all found at small Galactocentric distances, are systematically lower than those

found in the Disk runs. This trend is seen in all three of the host halo mass ranges displayed in

Fig. 3.1 and further strengthens the argument initially made in [128] — central–galaxy dynamics

must be included to match observations of the satellite population. The Disk host halos range

in virial mass2 from 0.71 − 1.95 × 1012 M�. We split the hosts evenly into 3 groups based on

mass — least massive, intermediate mass, and most massive. Specifically, the mass ranges of

the 3 bins are: 0.71 − 0.96 × 1012 M� (low mass), 1.04 − 1.20 × 1012 M� (intermediate mass),

and 1.40 − 1.95 × 1012 M� (high mass). Excluding subhalos with +peak < 6 kms−1, there are an

average of 1200 subhalos (< 'vir) associated with each of the 4 low–mass hosts, in comparison

to an average of 1400 (2100) subhalos for each of the 4 intermediate–mass (high–mass) hosts.

Within each of the 3 host mass bins, the halo–to–halo scatter in subhalo count is not great. The

normalized, cumulative distribution of each bin is approximately the average of the 4 individual host

distributions that comprise that particular bin. As shown in Figure 3.1, due to the tidal disruption

of subhalos in the Disk runs, phELVIS includes exceedingly few analogs to the Sagittarius dwarf.

As discussed in §3.2.1, for this reason Sgr is excluded from the sample of MW satellites studied.

2In the phELVIS simulations, virial mass, "vir, follows the [34] definition.
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Figure 3.2: The cumulative distributions of MW–centric and host halo–centric physical distances
are engineered to be nearly identical via our distance–matching scheme. The solid black line is the
cumulative distribution of Galactocentric distances for our primary sample of 44 satellite galaxies.
The dashed burgundy line, dash–dotted aqua line, and the dotted sienna line are the corresponding
cumulative distributions for subhalos drawn from the three host halo sets, where Galactocentric
distance is measured with respect to the corresponding host halo. The (thin) grey shaded region is
the range of reported errors in the literature (see [235] and references therein). The Mann–Whitney
U Test ?–value statistic is calculated using these errors. The legend reports the harmonic mean of
MWU ?–values from 500 randomly–selected, distance–matched subhalo distributions. This tight
comparison (as we cannot reject the null hypothesis that the distributions are drawn from the same
parent population due to the two–sided ?–values all being well above the statistical significance
level of 0.05), reduces the potential biases associated with the incompleteness of the MW satellite
population.
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3.3 Analysis

To study how the dynamics of the MW satellites depend on host halo mass, we select subhalos from

the phELVIS simulations from each of the the host mass divisions discussed in §3.2.2. We then

compare the subhalo samples to the observational data set via Galactocentric velocities — namely,

radial, tangential, and total. To mitigate selection effects driven by incompleteness in the sample

of MW satellites, we match our sample of MW satellites to phELVIS halos via Galactocentric

distance. For each of the three sets of host halos, we randomly select (with replacement) 10

subhalos for each satellite, selecting the subhalos from distance bins of width 10 kpc centered on

the Galactocentric distance of the satellite, where there is an average of 600 subhhalos in each

satellite’s distance bin. These distance–matched subhalos are randomly selected from the parent

catalog that combines the subhalo populations from all three timesteps. For our primary sample

of 44 satellites, this produces three comparison samples of 440 halos each, associated with the

low–mass, intermediate–mass, and high–mass hosts. As shown in Figure 3.2, this distance–based

matching enforces a very close correlation between the Galactocentric distances of theMW satellite

sample and our comparison subhalo samples. One caveat to this method of matching — it does

not guarantee each distance–matched halo is located within 'vir of the host. For example, Leo I’s

Galactocentric distance is 272 kpc while only the 5 most–massive phELVIS host halos have virial

radii greater than this distance. Thus, some of the subhalos, drawn from the lower–mass hosts and

distanced–matched to Leo I, may reside beyond 'vir. We choose not to match subhalos to observed

systems on normalized distance (i.e. Galactocentric distance which has been normalized to the

MW/host’s virial radius) to avoid introducing biases associated with the boundedness of a system

at or near the virial radius or possible tidal disruption for systems near the host halo’s center.

To quantify the observation–to–simulation comparisons (i.e. to measure if the distanced–matched

halos do not represent theMW satellites), we employ theMann–Whitney* (MWU) test [163, 123].

This is a non–parametric statistical ranked summation test that examines two independent samples.

This test does not require any knowledge of the underlying distribution in either of the independent
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samples. To avoid possible underlying biases in the ranked summation [76], we increase our

observational sample size by randomly sampling the observational quantities’ errors to match the

size of the distance matched halo population (i.e. 440 observational values are compared to 440

simulated values). For satellite characteristics that have asymmetric error distributions (e.g. for

+tan and +tot), the errors are drawn equally from the positive and negative sides. No galaxy in our

observational set has plus–minus errors that are extremely different from one another. Fortunately,

the MWU is attuned to only median changes, compared to say the Kolmogorov–Smirnov (KS) test

which is sensitive to the shape of the underlying distributions as well as the medians. The null

hypothesis for the MWU is that the two independent samples are, in fact, drawn from the same

parent distribution. We report the MWU test results as the associated two–sided ?–values. Our

statistical significance level to reject the null hypothesis is set at ? ≤ 0.05.

In an additional step towards bias avoidance, we conduct the MWU test 500 times for each

parameter. This is to reduce the possibility of sampling a randomly skewed distribution. 500 sets

of 10# distance–matched subhalos and 10# measures of corresponding satellite properties (as

drawn from the observed error distributions) are randomly drawn and a two–sided MWU ?–value

calculated for each. We then take the harmonic mean of these 500 ?–values and use this as our

statistical result.

To create a baseline to our distance–matched analysis, we compare the unmatched subhalo distri-

butions in the same way as comparing the matched distributions. Here, we compare 10# subhalo

properties randomly chosen from any subhalo in the host halo set (independent of distance) to a set

of 10# values randomly sampled from the error distributions of the observational quantities. We do

this twice — once where # = 44 for the full set of satellites and # = 34 for the set of systems with

proportionally low tangential velocity errors. Finally, we create the random samples 500 times,

comparing the unmatched set to the observational set each time and then take the harmonic mean

of the resulting ?–values. As detailed in Table ??, the comparison of Galactocentric distances for

both observational sets to each of the 3 unmatched host halo sets are rejected at greater than 5f,
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where 5f maps to ? = 0.00001 as determined by our choice of significance level (? = 0.05) and

the fact that we calculate a two–sided ?–value. The tangential and total velocity comparisons are

also rejected at greater than 5f for all three sets. The radial velocity ?–values are a bit different in

these comparisons. For the low–and intermediate–mass host halos sets, the ?–values are rejected

at greater than or near 3f, with 3f mapping to ? = 0.0027. The comparison for the high–mass

host halo set in radial velocity cannot be rejected (? > 0.05) — this is the only non–rejectable null

hypothesis between the unmatched subhalo distributions and the observations.

3.4 Results

We refine halo mass constraints for the MW by comparing the MW satellites’ Galactocentric

velocities to distance–matched distributions of Phat ELVIS subhalos split into 3 groups based on

host halo virial mass. The 3 host halo mass bins range from < 1012 M� to ∼ 2 × 1012 M�,

with ∼ 1012 M� being the intermediate bin. We focus on two sets of satellites drawn from the

MCV20a sample — all MW satellites and satellites with proportionally small tangential velocity

errors (see §3.2.1). These two subsets included 44 and 34 satellites, respectively.

The subhalo distribution from each of the 3 host halo sets is well matched in distance to each

of the 2 main satellite sets, by design (see Fig. 3.2 and §3.3). Given these subhalo samples

that are well matched on Galactocentric distance to the observed MW satellite population, the

velocity distributions of each satellite set is then compared to the corresponding measure for the

distance–matched subhalos from the 4 highest–mass host halos, the 4 intermediate–mass host

halos, and the 4 lowest–mass host halos. This results in 3 harmonic mean ?–values for the each

of the velocity components. When ? ≤ 0.05, the MWU test’s null hypothesis can be rejected,

which equates to the galaxy sample being poorly represented by the distance–matched subhalos in

a specific host halo mass set (based on that particular measure of velocity).
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With tight distance–matched populations, we first examine the most well–constrained kinematic

property — Galactocentric radial velocity (+rad). As illustrated in panel (a) of Figure 3.3, radial

velocities for the main set of 44 satellites are in good agreement with the corresponding velocities

for subhalos in the intermediate–mass host halo set, while the subhalos drawn from the low–mass

and high–mass hosts are inconsistent with the observations at & 5f (? < 0.00001).

Since the strength of Gaia’s data is the ability to calculate full 6–dimensional phase space, we

take the analysis a step further by incorporating the not as richly studied Galactocentric total and

tangential velocities. For the main set of 44 satellites, the preference for an intermediate–mass

host halo is not evident when examining either of these two velocities — i.e. the associated ?–

values reject the null hypothesis that the two samples are drawn from the same parent distribution.

As shown in panels (b) and (c) of Figure 3.3, the subhalos of the intermediate–mass hosts are

inconsistent with the observational set. In panel (b) the tangential velocity comparison prefers the

low–mass hosts, i.e. this is the only non–rejected ?–value, while in panel (c) the total velocity

comparison rules out all host mass ranges — i.e. all samples yield ? < 0.05.

A caveat to theGaia–derived velocities is that a significant group of the observed systems have pro-

portionally large errors associated with their proper motions which translates to proportionally large

errors associated with the system’s tangential and total velocities. These larger uncertainties allow

for the possibility of extreme velocities that are not well represented in the phELVIS simulations.

Inclusion of these systems in the analysis potentially creates a bias primarily against higher–mass

hosts. The systems in the MCV20a sample with proportionally high tangential velocity errors tend

to have lower tangential and total velocities at further distances. These kinematically cool systems

become more rare with increasing host halo mass — in higher–mass hosts, hotter systems are the

norm. For example, Leo IV is one such system with proportionally large tangential velocity errors

(i.e. |+tan,err/+tan | ≥ 0.30). Of the 1108 halos within ±5 kpc of Leo IV’s distance (154.59 ± 4.99

kpc) in the 4 highest–mass host halos, there are exactly 0 halos with a tangential velocity in the

bottom range of Leo IV’s 1f tangential velocity error (+tan < 14 km s−1).
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To address this potential bias, we rerun our distance–matching analysis using the subsample of

34 satellites with low fractional uncertainty in +tan — specifically |+tan,err/+tan | ≤ 0.30. We then

compare the resulting velocity distributions for this pared–down set. As illustrated in Fig. 3.4,

the radial velocity comparison, panel (a), is essentially unaffected by the removal of systems with

proportionally high tangential velocity errors. However, the comparison in tangential velocity

space, panel (b), now prefers the intermediate–mass hosts. The preferred halo mass in the total

velocity comparison also changes from Fig. 3.3 to now prefer the intermediate–mass hosts. The

low–and high–mass hosts in all 3 velocity component comparisons are rejected (? < 0.05) at or

near 3f. All ?–values discussed here can be found in Table 3.9.

To explore the limits of this preferred intermediate–mass range, 1.04 − 1.20 × 1012 M�, we rerun

the analysis with thinner and wider intermediate–mass ranges. More specifically, we ran the

analysis with a thinner intermediate mass range of ∼ 1.04 − 1.10 × 1012 M� (3 host halos) and

a wider intermediate mass range of ∼ 0.96 − 1.40 × 1012 M� (6 intermediate–mass host halos

instead of 4). We compare these varying host halo mass ranges to the observational set of systems

with proportionally low tangential velocity errors. In the velocity comparisons for the thinner

intermediate–mass host halo set, this new intermediate–mass host halo set of 3 halos is preferred

across all 3 velocity components. The 3 ?–values for this host halo set are all greater than the

significance limit of 0.05, while the ?–values for the low–and high–mass hosts in all 3 velocity

components are rejected at or near 3f. In the velocity comparisons for the wider host mass set, there

is not one host halo set preferred across all 3 velocity components. Though the intermediate–mass

sample is nearly preferred across the components — the radial and total velocity ?–values are

greater than the significance limit while the tangential velocity ?–value is just below this limit

(? = 0.045). Overall, the results based on comparing the set of MW satellites with proportionally

low tangential velocity errors to the phELVIS simulations strongly indicate that the Gaia–based

distances and velocities are consistent with a MW dark matter halo mass of ∼ 1 − 1.20 × 1012 M�.
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Figure 3.3: Cumulative distributions of Galactocentric velocities — namely in panel (a) +rad, in
panel (b) +tan, and in panel (c) +tot — for the MW satellites in comparison to that of the simulated
subhalos. The solid black line is the distribution for the 44 satellite galaxies in theMCV20a sample.
The dashed burgundy line, dash–dotted aqua line, and the dotted sienna line are the distributions
for subhalos drawn from the three bins in host mass. The grey shaded regions are the cumulative
distribution of the range of 500 randomly sampled values from each systems reported errors. In
panel (a), the comparison in the well constrained parameter of Galactocentric radial velocity results
in the preference towards only an intermediate mass MW dark matter halo. Panels (b) and (c) tell
a different story. These subplots display how the inclusion of the further phase–space information
from Gaia shifts the preference toward a less massive MW in Galactocentric tangential velocity,
in that the low–mass hosts yield the only non–rejected ?–value, while no host halo mass range is
consistent with the observed Galactocentric total velocities for this sample.
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Figure 3.4: Cumulative distributions of all velocity components for the pared–down set of 34
satellites all with proportionally low tangential velocity errors. The color coding, line style and
legend conventions are identical to Fig. 3.3. These three plots display how excluding satellites with
their average plus–minus error ≥ 30% of their tangential velocity settles the host mass preference
on an intermediate mass MW. Specifically, compared to Fig. 3.3, the resulting ?–values for the
intermediate mass host halos in the Galactocentric tangential and total velocities are now above the
statistical significance level of 0.05 while the ?–values for the low–and high–mass host halos are
rejected and therefore the intermediate mass hosts halos is the preferred host mass range.

3.5 Discussion

3.5.1 Large Magellanic Cloud (LMC) Satellites

Of the 12 MW–like systems in the phELVIS suite with an embedded disk potential, there is only 1

host with a LargeMagellanic Cloud–like subhalo (i.e. with"vir ≥ 8×1010 M�). If this restriction is

lowered to "vir ≥ 3× 1010 M�, then there are 2 Large Magellanic Cloud–like subhalos throughout

the 12 disk hosts. It can be argued that including MW satellites that were originally LMC satellites

in our analysis may bias our results, as these systems may not be well–represented in the phELVIS

simulation suite. Here, we explore the impact of removing LMC satellites from our observational

sample of galaxies with low tangential velocity errors.

While there is some contention over which galaxies are satellites of the LMC, the derived proper

motions from Gaia DR2 have allowed for more direct investigation into potential associations

with the LMC. In addition to Horologium I, which has been found to be a likely LMC satellite in
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multiple studies [223, 67, 200, 228], Carina II, Carina III, and Hydrus I have also been classified as

long–term satellites of the LMC via their Gaia DR2 proper motions [125, 200], where long–term

is defined by being bound to the LMC for at least 2 consecutive orbits. Furthermore, [200] found

another 5 galaxies to be recently–captured LMC satellites (Reticulum II and Phoenix II) or have

had prior interactions with the LMC (Sculptor, Segue 1, and Tucana III).

To explore how our results may be biased by the dynamical influence of the LMC, we fully

rerun our distance–matching analysis on the set of MW satellites with low tangential velocity

error fractions excluding the 9 LMC–associated satellites, which includes long–term satellites plus

recent satellites and LMC interactors. When excluding these systems associated with the LMC,

across all 3 velocity components, the null hypothesis is rejected when comparing to subhalos drawn

from the low–and high–mass hosts (i.e. ? < 0.05), with the distribution of observed velocities for

the Milky Way satellites intermediate between these two subhalo samples (i.e. again favoring an

intermediate–mass MilkyWay). However, while the radial velocity distribution for subhalos drawn

from the intermediate–mass sample is visually consistent with that of the Milky Way satellite

population when excluding the LMC–associated satellites, we find that the tangential and total

velocities are less consistent (as compared to the distributions in Fig. 3.4). As seen in Fig. 3.5

and Table 3.9, the intermediate–mass host samples yield non–rejected ?–values, ? ≥ 0.05, when

comparing to the observed radial, tangential and total velocities. Overall, when satellites associated

with the LMC are removed from our analysis, the distance–matched subhalos continue to show a

preference for an intermediate–mass host halo (∼ 1 − 1.2 × 1012 M�).

So far in this work, all distance–matched subhalos are selected according to a peak maximum

circular velocity limit of +peak > 6 km s−1. As shown by [97], the abundance of Milky Way

satellites can be reproduced with subahlos down to +peak > 10 km s−1 when excluding those

systems associated with the LMC. While this more restrictive subhalo selection roughly quarters

the subhalo populations, only Draco II does not have at least 10 subhalos in its distance bin across

all host mass sets. As shown in Table 3.9, when limiting subhalos to +peak > 10 km s−1, our
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results are are clouded. The high–mass host samples are inconsistent with the observed Milky

Way satellites across all 3 velocity measures. Meanwhile, the subhalos drawn from the low–and

intermediate–mass hosts are consistent with the observed radial velocities, but unable to reproduce

the tangential and total velocity distributions of the Milky Way satellites.

3.5.2 Pericentric Passage, Eccentricity & Satellite Infall

To explore the orbits of the observed MW satellites in various dark matter halo potentials, we

calculate pericenters and orbital eccentricities for a low–, intermediate–, and high–mass MW

potential using galpy [24]. Assuming an NFW profile with a concentration of 15.3 along with the

EDR3 proper motions and other satellite properties from the literature (i.e. RA, Dec, heliocentric

distance, and line–of–sight velocity), we adopt 3 host potentials based on the average halo masses

from our 3 host sets— i.e. average masses of 0.835, 1.120, 1.675×1012 M�. The resulting inferred

orbital properties (3 pericenters and 3 eccentricities) for the MW satellites can be found in Table

3.5 and 3.7.

Comparing the resulting 3 pericenteric passages derived using galpy, there is a mild preference

for smaller pericenters in increasing host potentials — e.g. for satellites 30 − 60 kpc from the

center of the Milky Way, the median pericenter in the largest host potential is ∼ 30 kpc, while

the median in the smallest potential is & 35 kpc. This host mass–pericenter correlation is not

as strong amongst the distance–matched phELVIS subhalos, where the median pericenters in this

same distance bin (30 − 60 kpc) is roughly half the spread of that seen in the galpy pericenters.

While these predicted pericenters for all 44 satellites decrease with increasing host potential, the

correlation between orbital eccentricity and host halo mass is more complicated. As illustrated in

Fig. 3.6, for satellites currently in the outer MW halo (70 < �MW/kpc < 300), there is not a strong

correlation between host potential and orbital eccentricity. In the inner MW halo (�MW < 70 kpc),

however, there is a clear negative correlation, such that eccentricity decreases with increasing host
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Figure 3.5: Cumulative distributions of individual Galactocentric velocity components for the set
of (25) satellite galaxies excluding all 9 LMC–associated systems (and excluding satellites with
proportionally high tangential velocity errors). The color coding, line style, and legend conventions
are identical to Fig. 3.3. The exclusion of the 9 LMC–associated systems does not change the
intermediate host mass preference. Across all 3 velocity component comparisons, the ?–values for
the low–and high–mass host halos are rejected (? < 0.05) while the intermediate–mass host halo
?–values are above the significance limit.
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potential for ∼ 75% of the satellites — i.e. orbits become more circular in greater potentials.

The preferential circularization of orbits with increasing host mass is likely the result of satellite

disruption associated with tidal forces. At a given host–centric distance within the inner halo,

surviving satellites of more massive hosts tend to populate circular orbits, as tidal destruction has

preferentially destroyed systems on more plunging orbits.

Beyond pericenter and eccentricity, another critical orbital parameter is the infall time onto the

Milky Way (or host halo). Within the simulations, we are able to directly trace the infall of

subhalos, such that infall time is defined as the lookback time when a subhalo first crossed the host

halo’s virial radius. For observed satellites of the MW, on the other hand, constraining the infall

time is more challenging (given that we lack a DeLorean and a flux capacitor). Using Gaia proper

motions from [83] to estimate the binding energy of each Milky Way satellite, [72] estimate the

infall time according to a correlation between infall time and binding energy derived for subhalos

in the phELVIS simulations [see also 215]. When computing the binding energy of the Milky Way

satellites, [72] assume a host halo mass of 1.3 × 1012 M�, which is directly between that of our

intermediate–and high–mass host halo samples. As illustrated in Fig. 3.7, however, the distribution

of infall times within phELVIS is largely independent of host mass.

For the 26MWsatelliteswith proportionally low tangential velocity errors and infall times estimated

by [72], we draw distance–matched subhalo samples as described in §3.3. Figure 3.7 shows the

distribution of infall times for these subsamples alongside that of the Milky Way satellites, as

estimated by [72]. The inferred infall times for the MW satellite population are skewed to earlier

cosmic times relative to the distance–matched samples of subhalos drawn from phELVIS. While

the infall time for some of the MW satellites is quite well constrained, such as Leo I [27, 243], the

disagreement between the cumulative distribution of infall times in the simulations and the results

of [72] may be partially driven by an underestimation of the uncertainties in infall time for a subset

of systems. On the other hand, it is possible that the Milky Way may be an outlier with regard

to its accretion history, such that a larger fraction of its satellites were accreted at early cosmic
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Figure 3.6: Galactocentric distance against orbital eccentricity for the MW satellites with propor-
tionally low tangential velocity errors color coded by the ratio of Galactocentric radial velocity
versus tangential velocity. The satellites are separated into two groups: (left panel) systems outside
70 kpc and (right panel) systems inside 70 kpc. These figures display trends in eccentricity —
decreasing eccentricity with increasing MW dark matter halo mass for those systems inside 70 kpc
(right panel) and the lack of a strong trend in eccentricity for those systems outside 70 kpc (left
panel). As seen by the color coding, |+rad |/+tan > 1 indicates more radial orbits while those < 1
point towards more circular orbits. Eccentricity may serve well as host mass diagnostics.

time, potentially via correlated accretion of substructures [66, 62]. While the likely recent infall of

the LMC (and associated satellites) would counter this potential bias in accretion history to some

degree [19, 126], the possibly anomalous satellite quenched fraction for the MilkyWay might serve

as further evidence of a bias towards early accretion — and excess quenching — relative to other

nearby Milky Way–like systems [278, 74, 93].

3.5.3 Observational Completeness

With many new satellite galaxy discoveries within the past 2 decades [285, 279, 280, 287, 288, 16,

13, 61], the debate related to the observational completeness of the MW satellite population has

been revived [254, 264, 266, 101, 91, 190, 116, 224, 42]. By matching our subhalo subsamples

to the observed MW satellite population based on host–centric distance, our analysis effectively

minimizes any systematic bias associated with incompleteness. To more fully explore the potential
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Figure 3.7: Cumulative distribution of satellite/subhalo infall times. The solid black line shows
the cumulative distribution of first infall times for 26 MW satellites with low tangential velocity
errors, as inferred by [72]. The grey shaded region is the cumulative distribution of the range of
500 randomly sampled values from each of the 26 systems’ reported errors. The dashed burgundy
line, dash–dotted aqua line, and the dotted sienna line are the corresponding distributions for
distance–matched subhalos belonging to our adopted host–mass bins. As a whole, the distribution
of infall times, as inferred from Gaia proper motions, does not match that found in the simulations,
with the simulations favoring later (i.e. more recent) infall times.
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impact of observational completeness on our results, however, we limit the Milky Way satellite

population (and corresponding subhalo samples from phELVIS) to systems within 100 kpc. At

these Galactocentric distances (< 100 kpc), the MW satellite population is relatively complete,

especially in the Southern Hemisphere thanks to surveys such as the Dark Energy Survey (DES)

and other imaging campaigns using the Dark Energy Camera (DECam) on the Victor M. Blanco

Telescope at the Cerro Tololo Inter–American Observatory [60].

In our observational data set of systems with proportionally low tangential velocity errors, there

are 25 satellite galaxies within 100 kpc. For this restricted — yet largely complete — sample, the

observed velocity distributions are again inconsistent with the kinematics of subhalos drawn from

the low–and high–mass host samples (see Table ??). Meanwhile, while the distributions of observed

radial velocities for the nearbyMilkyWay satellites and for the distance–matched phELVIS subhalos

in the intermediate–mass hosts are consistent, the tangential (and total) velocity distribution for

the nearby MW satellites is inconsistent (? < 0.05) with that of the intermediate–mass subhalo

distribution. This slight disagreement between the velocity distributions is likely due to a preference

for circular orbits at small host–centric distance in phELVIS, such that the distribution of +tan is

biased towards higher velocities relative to that of the observed MW satellites. This perhaps

indicates that the tidal disruption of subhalos within phELVIS may be slightly over–estimated or

otherwise incomplete in is characterization of orbits within the inner part of the host halo.

3.5.4 Observational Predictions

As more MW satellites are discovered through deep and wide imaging surveys, such as the Legacy

Survey of Space and Time (LSST) at the Vera Rubin Observatory [113] or the Nancy Grace Roman

Space Telescope [9], or via future data releases from Gaia, the virial mass of the Milky Way

might be further refined. Fig. 3.8 attempts to illustrate the potential future refinement based on

2All ?–values discussed in this section can be found in Table ??.
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different observable quantities. The cumulative kernel density estimates plotted trace the unmatched

distribution of all halos within 350 kpc of the respective host halo from hosts split into the threemass

bins used throughout this work. The low–mass (burgundy dashed lines) and high–mass (sienna

dotted lines) sets are compared to the intermediate–mass (black dash–dotted lines) host halo sets

across 9 subhalo (or satellite) characteristics. MWU ?–values were calculated for comparisons

between the subhalo distributions drawn from the low–mass and high–mass hosts relative to those

in the intermediate–mass hosts. Any characteristic with rejected ?–values (? < 0.05) stand to be

good metrics to test the preferred host mass range as new data becomes available.

Galactocentric total velocity, tangential velocity, physical Galactocentric distance, and infall have

the most discernible differences between the host mass sets within phELVIS. Since infall must

be inferred from simulations [72] or modeling the orbital history of the satellite [e.g. 200] and

thus has greater measurement uncertainty, it is likely to be of less help in discriminating between

different host mass regimes. Distance and total velocity have the largest differences between

subhalo distributions. Subhalos in the more massive hosts are kinematically hotter and at further

distances from the center of their host halo than those in the less massive hosts. As new satellites

are discovered, it will be interesting to explore their phase space, and particularly their distance and

total Galactocentric velocity, to further refine the halo mass of the Milky Way.

3.6 Summary

Using the Phat ELVIS suite of #–body Milky Way–like cosmological simulations with embedded

disk potentials along with the full phase–space information for Milky Way satellites from Gaia

EDR3, we constrain the dark matter halo mass of the Milky Way and find a preferred mass range

of ∼ 1–1.2 × 1012 M�. A more complete summary of our main results are as follows:

1. As illustrated in Fig. 3.4, when limiting the observed sample of Milky Way satellites to those
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Figure 3.8: Cumulative distributions of all halos within 350 kpc of their respective host halo split
into three host halo mass sets. The low mass (burgundy dashed lines) and high mass (sienna dotted
lines) sets are compared to the intermediate mass (black dash–dotted lines) host halo sets across 9
subhalo properties. These plots illustrate which physical parameters of newly discovered satellites
will assist us in further refining the dark matter mass content of the MW— namely two of the most
straightforward to obtain properties — distance and total velocity.
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systems with well–measured kinematics, we find that the observed distribution of satellite

velocities (+rad, +tan, and +tot) are consistent with a host halo mass of ∼ 1 − 1.2 × 1012 M�.

2. Across all samples probed, the distribution of satellite velocities inferred fromGaia observa-

tions of the Milky Way satellites are inconsistent with that of subhalos populating host halos

with masses < 1012 M� or > 1.2 × 1012 M�.

3. Excluding systems associated with the LMC does not significantly change our results, with

the observed kinematics of the Milky Way satellites favoring a host halo mass of ∼ 1− 1.2×

1012 M� when compared to distance–matched subhalo populations in phELVIS.

4. In the inner halo (�MW < 100 kpc), we find a correlation between host mass and the eccen-

tricity of satellite orbits (as predicted by galpy), such that at a given Galactocentric distance

increasingly circular orbits are found in higher-mass hosts. This is likely a consequence of

subhalo destruction preferentially removing satellites on more radial orbits in more massive

hosts.

5. The distribution of infall times inferred from Gaia phase–space measures [72] are sys-

tematically skewed towards early cosmic times (i.e. early accretion) relative to that of dis-

tance–matched subhalos drawn from the phELVIS simulation suite.

6. The distribution of pericentric distances for subhalos in phELVIS show little dependence on

host mass, in contrast to the expectations from galpy that favor smaller pericentric distances

for satellites in more massive host halos.

7. Looking towards the discovery of future Milky Way satellites, likely to be at the smallest

galactic scales, by next–generation observational facilities, we show that the observed distri-

bution of Galactocentric total velocity and Galactocentric distance stand to be good metrics

to test the preferred host mass range for the Milky Way.
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Galaxy Confirmed? `U cos X `X � MW
(mas / yr) (mas / yr) (kpc)

Antlia II Y -0.09±0.01 0.12±0.01 133.0±6.0
Aquarius II Y -0.17±0.1 -0.43±0.08 105.3±3.3
Boötes I Y -0.39±0.01 -1.06±0.01 63.6±2.0
Boötes II Y -2.33+0.09

−0.08 -0.41±0.06 39.8±1.0
Canes Venatici I Y -0.11±0.02 -0.12±0.02 210.8±6.0
Canes Venatici II Y -0.15±0.07 -0.27±0.06 160.6±4.0

Carina Y 0.53±0.01 0.12±0.01 107.6±5.0
Carina II Y 1.88±0.01 0.13±0.02 37.1±0.6
Carina III Y 3.12±0.05 1.54+0.06

−0.07 29.0±0.6
Columba I P 0.19±0.06 -0.36±0.06 187.6±10.0

Coma Berenices Y 0.41±0.02 -1.71±0.02 43.2±1.5
Crater II Y -0.07±0.02 -0.11±0.01 116.4±1.1
Draco Y 0.042±0.005 -0.19±0.01 82.0±6.0
Draco II P 1.08±0.07 0.91±0.08 23.9±3.8
Fornax Y 0.382±0.001 -0.359±0.002 141.1±3.0
Grus I P 0.07±0.05 -0.29+0.06

−0.07 116.2±11.5
Grus II P 0.38±0.03 -1.46±0.04 48.4±5.0
Hercules Y -0.03±0.04 -0.36±0.03 126.3±6.0

Horologium I Y 0.82±0.03 -0.61±0.03 87.3±12.0
Horologium II P 0.76+0.2−0.29 -0.41+0.23

−0.21 79.1±7.5
Hydra II P -0.34±0.1 -0.09+0.08

−0.09 148.1±7.5
Hydrus I Y 3.79±0.01 -1.5±0.01 25.7±0.5
Leo I Y -0.05±0.01 -0.11±0.01 257.9±15.5
Leo II Y -0.14±0.02 -0.12±0.02 235.6±14.0
Leo IV Y -0.08±0.09 -0.21±0.08 154.6±5.0
Leo V Y -0.06±0.09 -0.25+0.09

−0.08 169.8±4.0
Phoenix II Y 0.48±0.04 -1.17±0.05 81.3±4.0
Pisces II Y 0.11±0.11 -0.24+0.12

−0.11 182.1±15.0
Reticulum II Y 2.39±0.01 -1.36±0.02 33.0±1.4
Reticulum III P 0.36±0.14 0.05+0.19

−0.25 92.0±13.0
Sagittarius II Y -0.77±0.03 -0.89±0.02 63.0±2.3
Sculptor Y 0.099±0.002 -0.16±0.002 86.1±5.0
Segue 1 Y -2.21±0.06 -3.34±0.05 28.0±1.9
Segue 2 Y 1.47±0.04 -0.31±0.04 43.1±3.0
Sextans I Y -0.41±0.01 0.04±0.01 98.1±3.0

Table 3.1: Properties of the MW Satellite Galaxies (Part 1) used in this work. Column (1) Status
of whether the system is a spectroscopically confirmed galaxy or not (i.e. Y = confirmed galaxy
and P = not confirmed but probably a galaxy). Columns (2) & (3) Proper motions derived by [174]
from Gaia EDR3 in mas yr−1. Column (4) Galactocentric distance with errors in kpc.
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Table 3.2: MW Satellite Phase Space Properties Part 1 Continued

Galaxy Confirmed? `U cos X `X � MW
(mas / yr) (mas / yr) (kpc)

Triangulum II P 0.56±0.05 0.07±0.06 34.8±1.6
Tucana II Y 0.9±0.02 -1.26±0.02 54.2±7.9
Tucana III P -0.08±0.01 -1.62±0.02 23.0±1.9
Tucana IV Y 0.54±0.06 -1.67±0.07 45.4±3.9
Tucana V P -0.14+0.06

−0.05 -1.15+0.08
−0.06 51.8±8.9

Ursa Major I Y -0.39±0.03 -0.63±0.03 102.1±5.8
Ursa Major II Y 1.72±0.02 -1.89±0.03 41.0±1.9
Ursa Minor Y -0.124±0.004 0.078±0.04 77.9±4.0
Willman 1 Y 0.21±0.06 -1.08±0.09 49.7±9.9

Galaxy + rad + tan + 3D Notes
(km / s) (km / s) (km / s)

Antlia II 70.4±0.5 125.0±6.1 143.5±5.3 1
Aquarius II 30.4±7.2 157.0±51.6 159.9±50.7 3
Boötes I 91.2±2.1 156.0±3.0 180.7±2.8 1
Boötes II -54.3±3.9 319.0+17.9

−16.0 323.6+17.6
−15.8 1

Canes Venatici I 78.2±0.5 69.0±22.5 104.3±14.9
Canes Venatici II -96.7±0.2 31.0±62.9 101.5±19.2

Carina 8.5±0.3 187.0±7.6 187.2±7.6 1
Carina II 219.5±1.9 268.0±3.8 346.4±3.2 1,2
Carina III 58.7±4.7 395.0+12.4

−12.5 399.3+12.3
−12.4 1,2

Columba I -22.8±6.8 205.0±52.4 206.3±52.1
Coma Berenices 31.9±0.7 264.0±4.2 265.9±4.2 1

Crater II -76.0±-0.1 102.0±9.4 127.2±7.5 1

Table 3.3: Properties of the MW Satellite Galaxies (Part 2) used in this work. Column (1) Status of
whether the system is a spectroscopically confirmed galaxy or not (i.e. Y = confirmed galaxy and
P = not confirmed but probably a galaxy). Columns (2) –(4) Radial, tangential and total velocities,
respectively, in the Galactocentric frame of reference, all in km s−1. Galactocentric distance and
radial velocity were converted from the heliocentric frame of reference using astropy and quan-
tities from MCV20a, MCV20b and the heliocentric distances referenced in §3.2.1. Galactocentric
tangential velocity was converted from the Galactocentric tangential velocity components provided
in MCV20a. Total velocity was then calculated from its two components. Column (5) indicates the
various subgroups a galaxy belongs to which are used throughout this work. 1 indicates belonging
to the group of systems with proportionally low tangential velocity errors. 2 indicates the system
is a long term satellite of the LMC as determined by [200]. 3 indicates the system is a short term
satellite or recent interactor with the LMC as determined by [200].
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Table 3.4: MW Satellite Phase Space Properties Part 2 Continued

Galaxy + rad + tan + 3D Notes
(km / s) (km / s) (km / s)

Draco -103.0±0.4 156.0±1.4 186.9±1.2 1
Draco II -156.6±1.6 299.0±15.0 337.5±13.3 1
Fornax -34.5±0.2 142.0±0.0 146.1+5.3−0.0 1
Grus I -187.3±4.3 71.0+38.0

−41.3 200.3+14.1
−15.2

Grus II -124.8±1.7 139.0±10.2 186.8±7.7 1
Hercules 141.1±1.3 146.0±24.4 203.0±17.6 1

Horologium I -28.4±4.3 193.0±15.9 195.1±15.8 1,2
Horologium II 29.1±25.0 128.0+111.9

−157.7 131.3+109.3
−153.8

Hydra II 136.6±0.7 97.0+71.8
−72.6 167.5+41.6

−42.0
Hydrus I -40.1±1.4 363.0±5.0 365.2±4.9 1,2
Leo I 174.7±0.1 75.0±12.1 190.1±4.8 1
Leo II 26.5±0.3 103.0±22.6 106.3±21.9 1
Leo IV 8.6±0.2 52.0±63.8 52.7±62.9
Leo V 55.8±1.6 69.0+83.5

−78.6 88.8+64.9
−61.1

Phoenix II -38.1±5.9 271.0±20.7 273.7±20.6 1,3
Pisces II -75.7±8.7 47.0+102.1

−93.7 89.1+54.3
−49.9

Reticulum II -92.2±1.7 214.0±2.2 233.0±2.1 1,3
Reticulum III 113.4±17.9 78.0+83.1

−109.1 137.6+49.4
−63.6

Sagittarius II -115.7±1.8 239.0±10.4 265.5±9.4 1
Sculptor 76.3±0.3 163.0±0.0 180.0±0.1 1,3
Segue 1 136.9±0.0 240.0±6.5 276.3±5.7 1,3
Segue 2 59.9±5.0 134.0±7.2 146.8±6.9 1
Sextans I 88.1±0.1 220.0±4.0 237.0±3.7 1

Triangulum II -265.6±3.2 159.0±8.9 309.5±5.3 1
Tucana II -182.0±4.6 210.0±8.1 277.9±6.9 1
Tucana III -223.4±2.6 126.0±2.0 256.5±2.5 1,3
Tucana IV -90.6±5.3 197.0±16.0 216.9±14.7 1
Tucana V -157.8±5.9 181.0+30.9

−24.9 240.1+23.6
−19.1 1

Ursa Major I -0.8±0.7 126.0±20.8 126.0±20.8 1
Ursa Major II -64.5±1.6 262.0±6.5 269.8±6.4 1
Ursa Minor -83.4±1.4 148.0±0.0 169.9±0.7 1
Willman 1 16.7±1.9 120.0±17.5 121.2±17.3 1
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Galaxy �peri,l �peri,i � peri,h
(kpc) (kpc) (kpc)

Antlia II 69.8±13.1 54.9±10.8 43.4±8.3
Aquarius II 92.7±-45.2 72.5±-35.8 54.6±-25.5
Boötes I 43.9±3.1 37.4±3.2 30.8±2.9
Boötes II 39.1±1.0 39.0±1.0 38.8±1.1

Canes Venatici I 47.4±33.4 37.8±25.7 30.7±19.8
Canes Venatici II 9.8±32.0 8.3±25.5 7.2±20.4

Carina 107.3±5.1 106.5±5.7 83.6±25.3
Carina II 37.1±0.6 27.0±0.7 25.9±0.7
Carina III 28.9±0.6 28.5±0.6 28.4±0.6
Columba I 185.7±10.7 185.0±10.8 182.8±10.7

Coma Berenices 42.5±1.6 42.3±1.6 41.4±1.9
Crater II 39.9±8.4 31.9±6.5 25.8±5.0
Draco 49.0±5.9 41.2±5.3 33.8±4.3
Draco II 19.9±4.3 19.4±4.4 18.7±4.6
Fornax 98.7±12.6 73.4±10.1 55.9±7.2
Grus I 17.1±9.2 14.7±7.8 12.7±6.5
Grus II 26.0±9.4 22.4±9.0 18.9±7.8
Hercules 70.2±62.3 61.4±13.2 52.0±12.5

Horologium I 86.1±12.7 85.6±13.1 83.3±15.2
Horologium II 49.3±37.2 37.4±44.9 29.3±50.4

Hydra II 62.6±-7.5 52.8±-6.8 43.8±-5.7
Hydrus I 25.5±0.5 25.5±0.5 25.5±0.5
Leo I 257.7±15.5 257.7±15.5 35.6±6.4
Leo II 120.3±24.0 88.1±16.4 67.2±11.6
Leo IV 20.2±107.7 16.5±72.9 13.7±52.7
Leo V 32.5±89.2 26.1±70.1 21.3±52.8

Phoenix II 80.3±4.3 80.1±4.4 79.6±4.6
Pisces II 28.7±108.7 23.3±88.5 19.2±68.0

Reticulum II 28.7±2.3 27.3±2.7 24.8±3.3
Reticulum III 17.2±87.7 14.4±58.5 12.1±52.9
Sagittarius II 51.1±2.1 48.0±2.0 43.1±1.8
Sculptor 58.9±1.6 48.4±1.1 38.8±0.8
Segue 1 21.4±3.1 20.2±3.5 18.5±3.8
Segue 2 22.1±8.3 17.9±6.8 14.7±5.4
Sextans I 97.9±3.0 82.5±3.9 75.4±4.5

Table 3.5: Orbital Properties of the MW Satellite Galaxies used in this work. Columns (1) –(3)
Pericentric passage distances, in kpc, for each system in a low, intermediate and highMWpotential,
with an NFW profile and concentration of 15.3, via galpy. The corresponding MW dark matter
halo masses used for the 3 potentials are 0.835, 1.120, 1.675 × 1012 M�, respectively. These are
the average masses of the hosts in each of our fiducial phELVIS host sets.
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Table 3.6: MW Satellite Orbital Properties Continued

Galaxy �peri,l �peri,i � peri,h
(kpc) (kpc) (kpc)

Triangulum II 11.7±1.3 10.7±1.2 9.7±1.1
Tucana II 38.6±11.9 36.6±12.6 33.8±13.4
Tucana III 3.0±0.6 2.8±0.4 2.5±0.5
Tucana IV 36.1±6.3 32.5±7.1 27.6±7.0
Tucana V 27.9±9.4 24.7±8.7 21.4±7.7

Ursa Major I 70.6±3.7 51.4±2.6 39.3±1.9
Ursa Major II 39.3±2.2 38.9±2.4 38.1±2.7
Ursa Minor 44.8±8.1 36.4±7.0 29.5±5.6
Willman 1 24.6±21.4 19.4±15.2 15.7±11.2

Galaxy 4l 4i 4h C infall
(Gyr)

Antlia II 0.4±-0.0 0.5±-0.0 0.5±-0.0 –
Aquarius II 0.2±0.3 0.2±0.3 0.3±0.3 1.6+5.4−3.5
Boötes I 0.4±0.0 0.4±-0.0 0.4±-0.0 10.7+0.6−1.9
Boötes II 0.9±-0.0 0.7±-0.0 0.4±-0.0 1.1±0.6

Canes Venatici I 0.7±-0.1 0.7±-0.1 0.8±-0.1 9.4+0.9−2.3
Canes Venatici II 0.9±-0.2 0.9±-0.2 0.9±-0.2 9.0+1.0−2.8

Carina 0.3±0.2 0.1±0.1 0.1±-0.1 9.9+0.6−2.7
Carina II 0.9±0.0 0.8±0.0 0.7±0.0 7.9+2.5−2.4
Carina III 1.0±0.0 0.8±0.1 0.6±0.1 7.6+2.4−2.7
Columba I 0.7±-0.0 0.5±-0.1 0.2±-0.1 –

Coma Berenices 0.5±0.1 0.3±0.1 0.1±0.0 10.2+2.6−3.3
Crater II 0.6±-0.1 0.6±-0.1 0.7±-0.0 7.8+2.7−3.0

Table 3.7: Orbital and Infall Properties of the MW Satellite Galaxies used in this work. Columns
(1) –(3) Orbital eccentricities for each system in the three galpy MW potentials, with smaller
eccentricities corresponding to more circular orbits and larger eccentricities corresponding to more
radial/plunging orbits. Column (4) Satellite infall times, in Gyr, as derived by [72].
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Table 3.8: MW Satellite Orbital & Infall Properties Continued

Galaxy 4l 4i 4h C infall
(Gyr)

Draco 0.5±0.0 0.5±-0.0 0.5±-0.0 10.4+2.4−3.1
Draco II 0.8±0.1 0.6±0.1 0.5±0.1 10.2+1.8−2.4
Fornax 0.2±-0.0 0.3±-0.0 0.4±-0.0 10.7+0.8−3.1
Grus I 0.9±-0.0 0.9±-0.0 0.9±-0.0 1.1+1.0−0.9
Grus II 0.5±0.0 0.5±-0.1 0.5±-0.1 –
Hercules 0.7±-0.1 0.6±0.0 0.6±-0.0 6.6+2.3−0.7

Horologium I 0.6±0.3 0.3±0.4 0.1±0.3 8.8+1.8−2.0
Horologium II 0.3±0.5 0.4±0.1 0.5±-0.2 –

Hydra II 0.7±0.0 0.7±0.0 0.7±0.0 9.4+1.7−1.8
Hydrus I 0.9±0.0 0.7±0.0 0.5±0.0 10.7+1.3−1.4
Leo I 0.7±0.0 0.5±0.0 0.9±-0.0 10.5+1.5−2.4
Leo II 0.3±-0.1 0.5±-0.0 0.6±-0.0 2.3+0.6−0.5
Leo IV 0.8±-0.7 0.8±-0.5 0.8±-0.4 7.8+3.3−2.0
Leo V 0.7±-0.4 0.7±-0.4 0.8±-0.3 10.4±1.4

Phoenix II 0.9±0.0 0.6±0.1 0.4±0.1 –
Pisces II 0.8±-0.4 0.8±-0.4 0.8±-0.4 –

Reticulum II 0.5±0.1 0.3±0.0 0.3±0.0 8.3±1.8
Reticulum III 0.8±-0.1 0.8±-0.2 0.8±-0.3 –
Sagittarius II 0.6±0.0 0.5±-0.0 0.4±-0.0 –
Sculptor 0.4±0.0 0.4±0.0 0.4±0.0 10.6+1.6−1.9
Segue 1 0.6±0.1 0.5±0.1 0.4±0.0 9.9+1.7−2.9
Segue 2 0.4±-0.1 0.4±-0.1 0.5±-0.1 10.8+1.3−1.4
Sextans I 0.6±0.1 0.4±0.0 0.3±0.0 10.8+1.6−1.9

Triangulum II 0.9±-0.0 0.8±-0.0 0.8±-0.0 8.4+2.7−0.9
Tucana II 0.9±0.1 0.7±0.2 0.6±0.1 9.5+1.5−2.1
Tucana III 0.9±-0.0 0.9±-0.0 0.9±-0.0 –
Tucana IV 0.4±0.1 0.3±-0.0 0.3±-0.0 –
Tucana V 0.6±0.0 0.6±-0.0 0.6±-0.0 –

Ursa Major I 0.2±0.0 0.3±0.0 0.4±0.0 9.5+2.4−2.8
Ursa Major II 0.7±0.1 0.5±0.1 0.3±0.1 1.5+5.1−1.6
Ursa Minor 0.4±-0.0 0.4±-0.0 0.5±-0.0 10.7+1.4−2.3
Willman 1 0.3±-0.2 0.4±-0.2 0.5±-0.1 10.7+1.7−2.0
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DMW VRad VTan V3D

All Satellites (44) to Unmatched Subhalos
Low Mass Hosts < 0.001 < 0.001 < 0.001 < 0.001

Intermediate Mass Hosts < 0.001 0.003 < 0.001 < 0.001
High Mass Hosts < 0.001 0.367 < 0.001 < 0.001

Satellites with Proportionally Low
Tangential Velocity Errors (LTVE) (34) to Unmatched Subhalos

Low Mass Hosts < 0.001 < 0.001 < 0.001 < 0.001
Intermediate Mass Hosts < 0.001 0.001 < 0.001 < 0.001

High Mass Hosts < 0.001 0.384 < 0.001 < 0.001
All Satellites (44)

Low Mass Hosts 0.829 < 0.001 0.125 0.005
Intermediate Mass Hosts 0.812 0.727 0.004 0.015

High Mass Hosts 0.788 < 0.001 < 0.001 < 0.001
Satellites with Proportionally Low

Tangential Velocity Errors (LTVE) (34)
Low Mass Hosts 0.770 < 0.001 0.002 < 0.001

Intermediate Mass Hosts 0.744 0.875 0.076 0.115
High Mass Hosts 0.719 < 0.001 < 0.001 < 0.001

LTVE Satellites Excluding
Satellites Associated with the LMC (25)

Low Mass Hosts 0.834 0.003 0.021 0.003
Intermediate Mass Hosts 0.800 0.656 0.065 0.068

High Mass Hosts 0.814 0.001 < 0.001 < 0.001
LTVE Satellites with JMW < 100 kpc (25)

Low Mass Hosts 0.644 < 0.001 0.012 < 0.001
Intermediate Mass Hosts 0.641 0.061 0.005 0.044

High Mass Hosts 0.565 0.032 < 0.001 < 0.001
LTVE Satellites Excluding Satellites Associated

with the LMC and using limit of \peak > 10 km s−1 (25)
Low Mass Hosts 0.769 0.060 0.015 0.003

Intermediate Mass Hosts 0.798 0.055 0.049 0.008
High Mass Hosts 0.730 < 0.001 < 0.001 < 0.001

Table 3.9: Mann–Whitney * Test ?–values for the observation to distance–matched subhalo
comparisons. The reported ?–values are the harmonic means of 500 MWU Tests conducted on
sets of 10# distance–matched subhalo properties and 10# MW satellite properties drawn from
the properties’ errors. These ?–values are two–sided, i.e. ?max = 1. Our statistical significance
level is set at ? = 0.05. Values below this level reject the null hypothesis that the two compared
distributions are drawn from the same parent population. Values above our chosen significance
level signify that the null hypothesis cannot be rejected and are highlighted in yellow. Values
are reported for our fiducial phELVIS host sets for all the various groups of satellites discussed
throughout the paper.
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Chapter 4

Star Stuff at the Smallest Scales:

Detailed Chemical Abundances in Hydrus I

4.1 Introduction

While the entirety of the Local Group serves as a cosmic Rosetta Stone, ultra–faint dwarf galaxies

(UFDs) do so at the smallest of galactic scales. UFDs serve as windows into the earliest stages of

star and galaxy formation in the Universe [136, 79, 92, 271, 282, 117]. Relatively little is known

about this elusive set of galaxies, though. The first UFD was discovered in the Sloan Digital Sky

Survey in 2005 and since then more than 40 ultra–faint systems have been discovered and either

spectroscopically confirmed as a galaxy or are at least probably galaxies, as opposed to globular

clusters [279, 280, 235]. Thus far the study of UFDs has largely focused on discovery, determination

of “galaxy–hood” and characterization of the galaxy’s elemental abundances. Detailed chemical

abundances, especially in these ancient systems, illuminate early Universe chemical evolution and

nucleosynthesis events — the formation scenarios of the first stars and galaxies.

The preliminary work presented here details chemical abundances in 3 member stars in the Hydrus
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I system, a satellite of the Large Magellanic Cloud (LMC) [125, 200]. Of the nearly 50 confirmed

UFDs, Hydrus I (Hyi I) is only the 20th to have chemical abundance measurements of any member

stars [235, 121]. This chapter reports on the observations and data reduction of 11 member stars of

Hyi I and on some detailed chemical abundances of 3 of the 11 member stars.1

4.2 Observations & Data Reduction

11member stars in Hyi I were observed over 3 nights on theMichigan/Magellan Fiber Spectrograph

(M2FS) [171] and the Magellan Inamori Kyocera Echelle (MIKE) [18] spectrograph on the Magel-

lan/Clay Telescope in Chile. The combined exposure time was 6.25 hours with 95`m slits and the

seeing ranged from 1.5 − 0.6. Tables 4.1 and 4.2 detail some of the observational data used with

more data presented for the 3 stars observed with the MIKE spectragraph, as those observations

are fully reduced and analysis is mostly complete. The spectra taken with the MIKE instrument

were reduced with CarPy [129], while the M2FS data was reduced using the just completed M2FS

Reduction Pipeline2.

To complete reduction on this data, updates to the pipeline were required — namely, the inclusion

of a Coherent Point Drift Algorithm. Over the several nights of observations, the fiber placement

on the instrument was slightly shifted resulting in mismatched arc frames which were then unable to

be used in wavelength calibration. A Coherent Point Drift (CPD) algorithm is the perfect solution

to correcting this mismatch! Commonly used in facial recognition software, this algorithm takes a

skewed, or otherwise altered, set of source data points and calculates the path needed to shift the

source points to match in bulk a set of reference points. We implemented a CPD algorithm built

on Fast Fourier Transforms to achieve the quickest possible mismatch correction. This updated

version of the reduction pipeline will be made publicly available in the coming publication.

1Full detailed chemical abundances of all 11 stars, along with the processes presented here will be discussed in a
forthcoming publication.

2www.github.com/alexji/m2fs_reduction
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Star source_id RA Dec G BP
(mag) (mag)

HyiI–1402 4632590247028988672 02:27:32.72 -79:14:43.0 15.39 16.02
HyiI–K165 4632211190394998528 02:27:37.37 -79:22:13.7 16.15 16.72
HyiI–K154 4632590590626285568 02:28:46.10 -79:12:40.8 16.28 16.83
HyiI–K150 02:29:26.66 -79:17:11.87 17.16 17.70
HyiI–K225 02:31:31.55 -79:20:48.23 17.64 18.10
HyiI–K052 02:30:33.47 -79:18:04.14 16.98 17.53
HyiI–K030 02:31:48.36 -79:18:51.19 17.94 18.42
HyiI–K102 02:27:27.13 -79:20:25.68 17.87 18.07
HyiI–K068 02:28:47.96 -79:26:36.33 16.88 17.41
HyiI–K077 02:28:21.48 -79:12:25.20 17.14 17.67
HyiI–K182 02:29:55.75 -79:18:18.23 17.57 18.07

Table 4.1: Observational data for 11 member stars in Hydrus I. Data missing from the 8 stars
observed with the M2FS instrument on Magellan will be reported in the forthcoming publication.
Note the source_ids are from Gaia Early Third Data Release.

Star Instrument g0 r0
(mag) (mag)

HyiI–1402 MIKE 15.9115±0.02 15.1630±0.02
HyiI–K165 MIKE 16.5631±0.02 15.8640±0.02
HyiI–K154 MIKE 16.6729±0.02 15.8640±0.02
HyiI–K150 M2FS
HyiI–K225 M2FS
HyiI–K052 M2FS
HyiI–K030 M2FS
HyiI–K102 M2FS
HyiI–K068 M2FS
HyiI–K077 M2FS
HyiI–K182 M2FS

Table 4.2: Additional observational data for 11 member stars in Hydrus I. Data missing from
the 8 stars observed with the M2FS instrument on Magellan will be reported in the forthcoming
publication.
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Star Teff log 6 at [M/H]
(K) (dex) (km s−1)

HyiI–1402 4727 ± 43 1.20 ± 0.16 2.31 −2.73
HyiI–K165 4787 ± 44 1.51 ± 0.16 1.75 −3.01
HyiI–K154 4880 ± 41 1.51 ± 0.16 2.00 −2.63

Table 4.3: Stellar parameters derived from a combination of photometric and spectroscopic data
for the 3 member stars observed with the M2FS instrument.

4.3 Abundance Analysis and Details

Analyzing the chemical abundances was carried out using Spectroscopy Made Harder (SMHR,

[43]). Upon full data reduction completion, radial velocity determination, order normalization and

line measurement quality review, stellar parameters were determined through a photometric and

spectroscopic data combination. Effective stellar temperature, )eff and surface gravity, log g, were

determined using data from Gaia’s Early Third Data Release [87]. Model metallicity, [M/H], and

microturbulence, at, were determined spectroscopically using SMHR. The final stellar parameters

for the 3 analyzed stars are presented in Table 4.3.

A standard abundance analysis methodology was used which includes use of the 2017 version

of MOOG [241, 242], a 1D LTE radiative transfer code with scattering, and ATLAS model atmo-

spheres [44]. SMHR was then used to measure equivalent widths, interpolate ATLAS, run MOOG

and fit syntheses. The abundances present in the following section are the results of equivalent

width measurements only. Resulting abundances from spectral syntheses will be presented in the

forthcoming publication.

4.3.1 Abundance Summary

Detailed abundance measurements for 10 elements are presented in Tables 4.4, 4.5 and 4.5 and

displayed in Figure 4.1 compared to UFD star measurements in the literature, grey markers.
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The UFD literature compilation is comprised of Boötes I, Boötes II, Carina I, Carina II, Coma

Berenices, Grus I, Grus II, Hercules, Horologium I, Leo IV, Pisces II, Reticulum II, Segue 1, Segue

2, Triangulum II, Tucana II, Tucana III and Ursa Major II [81, 134, 186, 237, 78, 80, 118, 119,

120, 70, 192, 112, 94, 139, 138, 218, 219, 47, 122, 100, 165, 246]. We remind the reader that the

following abundances have been determined through equivalent width measurements only.

U–elements: Mg, Si, Ca. Magnesium and calcium are measured from at least 6 and 8 lines,

respectively. Alternatively, silicon is only measured from a single line, or in the case of HyiI–K165,

from dual lines. the 4102 Å line is detected in all stars, while the weak 5948 Å line is detected in

HyiI–K165 only.

Odd–Z elements: Na & K. Sodium is measured via the Na D doublet in each star. Potassium is

not measured in HyiI–K165, is detected from 1 line only in HyiI–K154 and from dual lines in

HyiI–1402, namely 7664 Å and 7698 Å.

Fe–peak elements: Ti, Cr, Ni, Zn. Abundances of 2 ionization states of Titanium are characterized

in all 3 stars. Ti I is detected with at least 5 lines and Ti II with at least 19 lines. Chromium also

has 2 examined ionization states — Cr I is measured with at least 4 lines in each star while Cr II is

detected via a single line in both Hyi–K165 and Hyi–K154 and not detected in Hyi–1402. Nickel

is detected in all stars via at least 3 spectral lines and Zinc is only measured in Hyi–K165 at the

4810 Å line.

Neutron Capture–element: Sr. Strontium is detected in all 3 stars via the 4077 Å and 4215 Å lines.

Following suit with other UFDs, Hydrus I has low neutron capture abundance — the origin of

which remains unknown [122].
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Figure 4.1: Hydrus I’s Detailed Chemical Abundances
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Table 4.4: Chemical Abundances for HyiI–1402

Elem. N logn f [X/H] f[X/H] [X/Fe] f[X/Fe]
Na 2 3.387 0.024 -2.778 0.272 0.183 0.269
Mg 6 4.941 0.133 -2.674 0.091 0.288 0.096
Si 1 4.921 0.0 -2.589 0.217 0.372 0.217
K 2 2.644 0.067 -2.416 0.112 0.545 0.111
Ca 9 3.695 0.148 -2.631 0.084 0.33 0.085
Ti 8 1.843 0.346 -3.091 0.186 -0.129 0.184
Ti II 29 2.141 0.166 -2.742 0.136 0.207 0.114
Cr 9 2.276 0.256 -3.362 0.153 -0.4 0.151
Fe I 98 4.542 0.181 -2.961 0.042 0.0 0.0
Fe II 17 4.527 0.177 -2.949 0.127 0.0 0.0
Ni 9 3.297 0.167 -2.88 0.124 0.082 0.124
Sr II 2 -1.183 0.223 -4.193 0.385 -1.244 0.299

Table 4.5: Chemical Abundances for HyiI–K165

Elem. N logn f [X/H] f[X/H] [X/Fe] f[X/Fe]
Na 2 2.769 0.07 -3.54 0.211 -0.056 0.209
Mg 7 4.748 0.285 -2.858 0.143 0.625 0.145
Si 2 5.155 0.325 -2.31 0.247 1.173 0.248
Ca 10 3.000 0.257 -3.322 0.105 0.161 0.107
Ti 6 1.994 0.458 -2.956 0.229 0.527 0.228
Ti II 20 1.47 0.204 -3.432 0.131 0.015 0.093
Cr 4 1.935 0.113 -3.669 0.139 -0.185 0.1378
Cr II 1 2.978 0.0 -2.662 0.112 0.785 0.117
Fe I 72 4.024 0.138 -3.483 0.041 0.0 0.0
Fe II 13 4.05 0.158 -3.447 0.098 0.0 0.0
Ni 3 3.008 0.161 -3.192 0.166 0.291 0.164
Zn 1 1.528 0.0 -3.032 0.107 0.451 0.108
Sr II 2 -2.933 0.006 -5.806 0.179 -2.359 0.121
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Table 4.6: Chemical Abundances for HyiI–K154

Elem. N logn f [X/H] f[X/H] [X/Fe] f[X/Fe]
Na 2 3.4 0.027 -2.891 0.241 0.22 0.237
Mg 6 4.793 0.184 -2.829 0.103 0.282 0.108
Si 1 4.636 0.0 -2.874 0.177 0.237 0.176
K 1 2.243 0.0 -2.787 0.104 0.324 0.104
Ca 8 3.594 0.182 -2.727 0.098 0.384 0.1
Ti 5 2.127 0.329 -2.83 0.202 0.281 0.199
Ti II 19 1.776 0.228 -3.038 0.192 0.033 0.133
Cr 4 2.264 0.201 -3.371 0.157 -0.26 0.155
Cr II 1 3.387 0.0 -2.253 0.122 0.818 0.109
Fe I 58 4.414 0.142 -3.111 0.048 0.0 0.0
Fe II 12 4.408 0.188 -3.071 0.147 0.0 0.0
Ni 4 3.163 0.284 -3.051 0.184 0.06 0.183
Sr II 2 -1.587 0.335 -4.483 0.415 -1.411 0.336

4.4 Discussion: U–element evolution

With only 3 Hydrus I stars analyzed thus far, the U–Fe "knee" that is present in the abundance trends

of many galaxies [252], which can provide some insight into overall star formation timescales for

that galaxy, is not discernible in the 3 U–elements examined here (Mg, Ca, Si — the deep purple

dots in Fig. 4.1). However in this preliminary data set, the 3 point trend in Ca is different that

what is commonly seen. Here the star with the lowest calcium abundance is the most metal poor

star, instead of being the least metal poor star. If this trend holds once the full data set of 11

stars is analyzed, possible anomalous star formation scenarios will be explored as U–elements are

commonly produced in core–collapse supernovae which is indicated by higher abundances at lower

metallicity.

The difference in trends across metallicity between Ca and Mg can indicate variations in the initial

mass function (IMF) at these smallest galactic scales. With the emerging Ca trend being opposite

of the common UFD trend, Figure 4.2 highlights the contrast in these U–element abundance

variations across metallicity in individual UFDs. The periwinkle dots, outlined in black, is the

[Mg/Fe] –[Ca/Fe] ratio across metallicity ([Fe/H]) for the 3 Hydrus I member stars with associated
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errors and the grey markers are measurements for UFDs from the literature — identical to Fig.

4.1. While the Ca trend does not follow the common abundance decrease as metallicity increases,

when the difference between [Mg/Fe] and [Ca/Fe] is examined, the trend follows suite with the other

analyzed UFDs. Here [Mg/Ca] declines ∼ 0.6 dex across & 0.5 dex in [Fe/H]. Since high (low, < 0)

[Mg/Ca] ratios can be interpreted as enrichment via massive (lower mass) stars with " > 30M�

(" < 15M�) [191, 49, 139, 256, 175], the extreme decline traces the possible high–mass end IMF

variation within Hydrus I.

These U–element trends may also be a result of a UFDs evolutionary history. In some aspects

UFDs do not display significant environmental dependence. Previous work has shown that the

Milky Way’s environment did not affect the UFDs star formation [217] and that they typically

ceased forming stars by I ∼ 2 (or a lookback time of ∼ 10.3 Gyr) [33, 270]. Further work assessing

environmental dependence has shown that for HyiI a conservative approximation of the tidal radius,

to estimate the likely–hood of tidal mass stripping, results in ∼ 10% of the systems stars being

unbound [235]. When more realistic mass assumptions are used the likely–hood of stellar stripping

drops completely (e.g. using recent results showing the MW’s mass to be closer to 1.1 × 1012 M�

[216] than the 1.6 × 1012 M� used in these calculations).

In addition to potential effects by the MW’s environment, there is potential for HyiI to have been

altered by the LMC. HyiI is, also, a satellite of the LMC — recent work even shows that HyiI

was brought into the MW system via the Magellanic system. The exact likely–hood that the LMC

has altered the structure or chemistry of it’s UFD satellites is not yet known. Some theories that

may affect the LMC UFD satellites specifically are the integrated galactic IMF theory [269, 175],

which suggests that gas–poor galaxies cannot form the most massive stars, and Lyman–Werner

feedback delayed Pop III star formation, which suggests that the UFD progenitors would then be

more susceptible to external metal enrichment [162]. Future work exploring how these theories

impact the LMC UFDs, such as HyiI, is critical.
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Figure 4.2: This figure highlights the contrast in U–element abundance variations across metallicity
in individual galaxies. The greymarkers aremeasurements forUFDs from the literature— identical
to Fig. 4.1. The periwinkle dots, outlined in black, is the [Mg/Fe] – [Ca/Fe] ratio across metallicity
([Fe/H]) for the 3 Hydrus I member stars with associated errors. Interestingly, while the individual
U–element trend in calcium does not follow what is seen in other UFDs such as Carina II [121],
when the difference between these U–elements is examined, the trend follows suite with the other
analyzed UFDs. This trend points to possible variations in the initial mass function at the smallest
galactic scales.
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Figure 4.3: Stars from LMCUFD satellites are grouped and binned by metallicity then compared to
grouped and metallicity–binned stars fromMWUFD satellites. The purple circles, with associated
errors, and dashed line show the negative trend with increasing metallicity for LMC satellites.
The blue squares, with associated errors, and dashed line show the relatively flat trend across the
metallicity range for UFDs which are not associated with the LMC. This serves as evidence that
the LMC has impacted the evolution of it’s UFD satellites.
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4.5 Conclusion

This chapter presented preliminary detailed chemical abundances for 3 member stars in Hydrus I

from data taken with the MIKE spectrograph on the Magellan Telescope. Hyi I, a satellite of both

the MW and LMC, is only the 20th UFD to have detailed chemical abundances measured out of the

over 40 known ultra–faint systems. A summary of these partial results are as follows:

• Detailed Abundances for 10 elements, visualized in Figure 4.1 and presented in Tables 4.4,

4.6 and 4.5, were determined using equivalent width measurements, the elements include

U–elements, Mg, Si, and Ca, Odd–/ elements, Na and K, Fe–Peak elements, Ti, Cr, Ni and

Zn, as well as Sr, a neutron capture element.

• The abundances within Hyi I follow suit with measurements in other UFDs which suggests

similar formation and evolutionary histories within this set of ancient galaxies.

• As recently seen in other UFDs, amongst the 3 analzyed Hyi I stars there is a decreasing

U–element ratio ([Mg/Ca]) trend across metallicity, highlighted in Figure 4.2. This trend

suggests possible variations in the IMF at the smallest scales.

• This decreasing trend seems to be driven by the stars in MW UFD satellites which are also

satellites of the LMC, as displayed in Figure 4.3, which highlights the possibility that the

LMC’s environment has impacted the evolution of our UFDs.

• Additionally, the M2FS data reduction pipeline has been updated during this work with a

Coherent Point Drift Algorithm to correct occasional shifted arc frames during calibration.

It will be interesting to see if these trends hold when the 8 other observed Hyi I member stars are

fully analyzed and spectral synthesis is completed for all 11 stars provided abundances for more

elements — all of which will be presented in a forthcoming publication.
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Chapter 5

Mentorship at the Smallest Scales:

Peer Mentorship for Community and

Confidence

5.1 Mentorship & Peer Mentorship Introduction

In the 2019 report of the National Academy of Science, Engineering, and Medicine (NASEM) en-

titled, “The Science of Effective Mentorship,” mentorship is defined as “a professional, working al-

liance in which individuals work together over time to support the personal and professional growth,

development, and success of the relational partners through the provision of career and psychosocial

support” [188]. This definition highlights the critical role both mentor and mentee play in the ef-

fectiveness of the relationship. Research indicates that the frequency and quality of mentee–mentor

interactions positively correlates with students’ persistence in STEM degree programs. Mentorship

has also been positively associated with students’ identity, research self–efficacy and their sense

of belonging. For students from historically underrepresented groups (HU), mentorship has been
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positively correlated with enhanced recruitment into graduate school and research–related career

pathways (see [207, 187, 189] for summary of the literature).

Importantly, the ability of mentors to meet the psychosocial needs of their mentees is associated

with increases in how mentees perceive the quality of the mentoring relationship and satisfaction

with that relationship [248, 262]. Additionally, skills in cultural awareness can help students

from underrepresented groups navigate the often challenging experience they face in majority

environments and reinforces their research self–efficacy [39]. In addition, quality mentorship

increases HU students’ sense of belonging, discipline identity development, and overall confidence

to be a scientist [68]. Mentoring relationships can occur in many forms including the traditional

dyad, single mentors working with multiple mentees, and groups of mentors working with a

single mentee as a mentoring network. “Mentorship networks — the constellations of mentoring

relationships and resources that a mentee taps for support — have gained increasing recognition

both within and outside of STEMM.” [188]. Thus, mentorship roles can be fulfilled by many

individuals who engage with a given mentee including research advisors, instructors, program

directors, program meeting leaders, committee members, peers, etc. [213].

Mentoring networks include many scales — with a student as a mentee, mentors can range from

senior faculty (large scale connections), to administrators, counselor and professionals to other

students/peers (small scale connections). Peer mentorship groups have been shown to promote

collaboration, provide mentees with both psychosocial and career support and increase retention. In

their 2014 study, Tenenbaum et al. demonstrated gains for both near–peermentors and their mentees

highlight the positive impacts on all engaged in this type of arrangement [249]. Peer or near–peer

groups may also serve to enhance self–efficacy and diminish feelings of isolation. For example,

the Fisk–Vanderbilt Master’s–to–PhD Bridge Program has found that a tiered, peer–mentoring

approach involving seniors linked to first year students, helps students feel emotionally supported

[247].

Here we examine the role that peer mentorship programming plays in the success of Cal–Bridge
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scholars. The remainder of the article is broken into three parts: first, we describe the impetus

for the creation of Cal–Bridge’s Peer Mentorship Program. Second, we describe the Cal–Bridge

Program overall, UC Irvine’s Physics and Astronomy Community Excellence Program— the pre-

cursory program this Peer Mentorship Program, and finally describe Cal–Bridge’s Peer Mentorship

Program. Next in coarse detail, we discuss the evaluation methods for the first year of the Peer

Mentorship programming. The fourth section explores the programs effectiveness based on survey

results and finally, we discuss lessons learned and future directions.

5.2 The Impetus

To investigate how the Cal–Bridge Scholarship Program overall was affecting the success, retention

and advancement of its Scholars, an external evaluator (Scherr) conducted annual evaluations of

the program, consisting primarily of interviews and surveys of scholars. Early in the program,

we found that faculty mentoring was the element mentioned most frequently as very important to

scholars’ success. We also discovered some areas where the scholars identified gaps in the program,

mainly around peer mentoring and providing a sense of community to the group.

It is well known that human beings have a need for affiliation and attachment that comes from

belonging to a community. There is ample evidence that people survive and thrive when they feel

socially connected [12, 63]. In the academic context, in their 2018 study, Estrada et al. describe

the key role that social inclusion and a sense of belonging play in promoting persistence among

HU students in academia. In particular, the development of discipline identity, a form of social

identity, has been shown to be a strong predictor of persistence in STEM [46, 69, 96].

Quality mentorship increases HU students’ sense of belonging, discipline identity development, and

overall confidence to be a scientist [68]. Upon the success of a 1–year–old peer mentorship program

co–created and lead by a Cal–Bridge Cohort 1 Alumna (Rodriguez Wimberly), Cal–Bridge’s

73



Director (Rudolph) brought Rodriguez Wimberly onto the Cal–Bridge Leadership Team to create

peer mentorship programming for Cal–Bridge Scholars. The goal of this new programming was

to create the community and peer mentorship opportunities Scholars desired, results of the annual

evaluations, and increase the Scholar’s community, discipline identity, and confidence.

5.3 The Programs

5.3.1 Cal–Bridge Overview

Cal–Bridge is an NSF–funded bridge program that helps current STEM students in California

State Universities (CSUs) and California Community Colleges (CCCs) stay on the path through

their undergraduate studies, successfully apply to and succeed in graduate school, and enter the

professional world well–positioned to enter the STEM workforce, possibly in a faculty position

[220, 221]. The Cal–Bridge program (www.calbridge.org) is a partnership between all three

tiers of the California higher education system: 9 University of California (UC), 23 CSU, and

116 community college campuses in California, with almost 300 faculty from the three systems

participating.

Cal–BridgeScholars are recruited from theCSUand community college campuses in theCal–Bridge

network, with the help of local faculty and/or staff liaisons at each campus. Community college

students transfer to a participating CSU to join the bridge program. The current Cal–Bridge pro-

gram originally focused on physics and astronomy, and more recently we have added computer

science and computer engineering. Eventually, the program will expand to include other STEM

fields. This work will focus on the physics and astronomy subprogram, which has existed since the

program was founded in 2014.

The Cal–Bridge program uses research–validated selection methods to identify students from
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Figure 5.1: The Cal–Bridge 4 Pillars of Support

groups historically excluded from STEM (e.g., URMs, women, LGBTQ+, etc., collectively re-

ferred to as Historically Underrepresented or HU students) who display strong socioemotional

competencies, along with academic potential, and provides them with the support necessary to suc-

cessfully matriculate to a PhD program, targeted at the UC campuses in the Cal–Bridge network.

The philosophy of the Cal–Bridge program is based on the concept of high expectations coupled

with the support required to meet those expectations. Once a student is selected into the Cal–Bridge

program, they receive that support through four “pillars of support” (Figure 1): multi–level mentor-

ing, professional development workshops, summer research experience opportunities, and financial

aid, if the scholar qualifies. Each of these elements is designed to assist the scholar in achieving

a high level of performance as an undergraduate as part of a process of helping them to prepare

successful graduate school applications, and more importantly prepare them to be successful in

graduate school.
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5.3.2 PACE

TheUC Irvine (UCI) Physics andAstronomy PACE (Physics&AstronomyCommunity Excellence)

program (www.uci-pace.github.io) is a graduate student led mentoring organization — a

peer–mentorship program for students by students. The program was created in response to

department climate surveys which revealed that graduate students in the PhD program wanted

improvement in the mentoring efforts by the department. A team, led by Rodriguez Wimberly

(who went on to create the Cal–Bridge Peer Mentorship program) with fellow graduate student,

Arianna Long, and advised by Professor Franklin Dollar, volunteered to create the program as a

response to this need. Rodriguez Wimberly brought her experiences as a Cal–Bridge scholar, as

well as experiences with the UCI Competitive Edge program, to bear on the design of the program,

which later informed her creation of the Cal–Bridge Peer Mentorship program.

PACE programming consists of 3 main components, outlined in Table 5.1. These programs aim to

normalize a holistic approach to success as a physics student and strengthen the graduate student

community. This holistic approach to success combines topics on mental health and spreading

awareness of non–cognitive resources with traditionally recognized steps toward academic success

such as discussions on how to prepare for comprehensive exams and how to select a research

advisor. The overall goal is to present all material in to emphasize equity and inclusion, major

tenets of both PACE and Cal–Bridge. We now briefly describe these 3 programs.

Program component Description

Fire up Fridays Workshops for first–year graduate students on various topics
Exceleration 1–on–1 peer mentoring between first year and more senior graduate students

Stride! Undergraduate–graduate mentoring focused on applying to graduate programs

Table 5.1: Major components of the UCI PACE program.
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Fire Up Fridays

Fire Up Fridays (FUF) is a series of monthly workshops for the first year graduate students (∼ 25

people) led by more senior graduate students (∼ 10) and facilitated by the PACE Leadership

team (2–5 people). These include structured and unstructured activities to foster community and

resilience amongst the graduate population. The content for this program is influenced heavily by

core curricula created by the National Center for Faculty Development and Diversity, University

of California, Irvine’s (UCI) Mentoring Excellence Program and PACE’s leaders’ and mentors’

previous experiences as beginning graduate students [2, 3]. Topics covered in FUF sessions include

time management, building a network of mentors, demystifying the physics comprehensive exam

and personal wellness. During several sessions throughout an academic year, specific faculty are

invited to discuss topics such as the comprehensive exam and funding within the department.

Additionally, the UCI graduate academic counselor leads sessions on community, inclusivity, and

wellness.

Exceleration

To provide more individualized peer mentoring to the first–year graduate students, the Exceleration

program pairs up more senior graduates in the department with the incoming graduate cohort.

The goal is to help guide the peer mentees through a healthy first year as a graduate student,

with an emphasis on becoming a contributing member of the department and navigating life as a

graduate student. Mentors and mentees are provided with brief (2–3 hours) training on mentorship,

recommendations on meeting frequency and length (setting boundaries), conversation guidelines,

and resources on being an effective mentee/mentor, based on the UCI Mentoring Excellence

Program [3].
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Stride!

Stride! combines the individualized (1–on–1 pairing) and group (workshops) peer mentorship

styles, focusing on mentoring undergraduates in the department who are applying to graduate pro-

grams. Content for this program is heavily influenced by UCI’s Summer Undergraduate Research

Fellowship and Cal–Bridge workshops [6, 220]. Rising undergraduate seniors are matched with

graduate students at the beginning of summer before senior year. Mentor–mentee pairs meet on a

regular basis to navigate various aspects of the graduate school application process and the overall

graduate school experience. Panels and workshops are held to provide the undergraduate mentees

with multiple graduate student perspectives on topics including: Life as a Graduate Student, Pick-

ing a Graduate Program, The Graduate Program Application Process, and Application Essays and

Research as a Graduate and as an Undergraduate.

5.3.3 Cal–Bridge Peer Mentorship Program Overview

In response to theCal–Bridge scholar feedback request formore peer interactionswithin the program

and based on the success of the first year of PACE, Cal–Bridge Director Rudolph asked Cal–Bridge

Cohort 1 alumna RodriguezWimberly to create and direct the Cal–Bridge PeerMentorship program

using her experiences as a Cal–Bridge scholar and as co–founder and leader of the PACE program.

Specifically, the 1–on–1 near–peer mentoring and small group activity elements of the PACE

program were adapted to best serve the Cal–Bridge Scholar community. In the initial year of

the Cal–Bridge Peer Mentorship Program, the PACE program components were implemented

regionally (Northern and Southern California) to facilitate the possibility of in–person mentoring,

though the coronavirus (COVID–19) pandemic interfered with in–person activities in the Spring

2020. In addition, a group of Cal–Bridge alumni attending PhD programs outside the UC system

attempted to form a parallel program to promote peer–to–peer interactions; however, as we detail

below, this group did not work in practice, and Cal–Bridge alumni were instead invited to join in
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the on–line activities of the southern regional group. In practice, each regional group (Northern

and Southern California) chose different approaches to peer mentorship in response to interest

of the regional participants (see Table 5.2). In the second year, the components of the Peer

Mentorship program were merged into a single, all online program of all scholars and alumni in

response to the coronavirus (COVID–19) pandemic. We will report on this second year of the

program in a future publication. While mentor training has yet to be implemented within these

programs, Mentor–Mentee Contracts have been implemented. These lay ground rules for the

following conversations and the ethical treatment of each party. Additionally, meetings with the

peer mentors are held, prior to each workshop, to discuss behavior and the sensitivities needed

regarding the particular workshop topic. As the program grows, funding will be sought to provide

mentor training.

PACE Program Component Cal–Bridge Peer Mentoring Adaptation
Area Description

1–on–1 Peer Mentoring Northern California Near peer pairing based on geographic
location and research interests

Group Peer Mentoring Southern California In person and via Slack — Q&A, Ac-
tivities, Panels

Table 5.2: Major components of the Cal–Bridge Peer Mentorship program and the geographic
region they were executed in.

Southern California Program

In Southern California, based on Rodriguez Wimberly’s experience with PACE, the decision was

made for the first year to focus on group activities rather than 1–on–1 near–peer mentoring for two

reasons: 1) unlike the graduate student population at UC Irvine, Cal–Bridge scholars and alumni

are spread out over the region, making 1–on–1 in–personmeetings challenging, and 2) there was not

an easy mechanism to provide the mentor training that PACE gave near–peer mentors. To facilitate

possible spontaneous near–peer pairings, all peer mentors created a short biography highlighting

their areas of expertise. These biographies were posted to a private south–scholars–only Slack
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channel as part of an introduction to the peer mentoring program. Because Cal–Bridge scholars

have significant exposure to mentoring relationships through their participation in the program, any

senior Cal–Bridge scholar or alumni who were interested were accepted. However, as the program

grows, there are plans to implement a more formal application process to become a peer mentor.

Spanning the full academic year (2019–2020), there were 6 virtual and two in–person workshops:

the topics covered in the activities were “Building Your Mentor Map,” “Graduate Applications

Question and Answer,” “Prospective Grad Visits Question and Answer,” “Weekly Planning Activ-

ity,” “ResearchWorkflowDiscussion,” and “AccountabilityMeetings.” This lastworkshop consisted

of stating goals in the morning, encouraging one another, and then recapping progress at the end

of the workday. Attendance at these activities ranged from a high for 4 mentors and 6 mentees to a

low of 2 mentors and 1 mentee, with a general decrease as the year progressed. One possible reason

for this drop, other than commitment fatigue, may have been the beginning of the coronavirus

(COVID–19) pandemic. Regardless of attendance, lively conversations occurred in each session

with multiple pieces of advice and concerns, fears, and experiences being shared.

The two in–person workshops were held during the lunch break of two of the mandatory Saturday

Cal–Bridge workshops; thus, all the current scholars were in attendance. These two workshops

began with a short introductory lecture on a topic (“Building a Mentoring Network” and “Bal-

ancing Academic and Familial/Personal Cultures”) followed by multiple small group discussions

with short regroup discussions, sharing, and activities. At the second workshop, the discussion

quickly moved from the topic of balancing cultures to sharing the groups’ anxieties and struggles

related to the coronavirus pandemic. The state of emergency in California had been active for

roughly 2.5 weeks at that point, and the statewide stay–at–home order began 2 days prior to the

workshop. In fact, this coronavirus–centered discussion was scheduled to last half an hour but in

fact extended past the intended workshop timeframe and lasted over 2 hours. Towards the end of

this discussion, Cal–Bridge leadership joined and provided reassurance that their academic and

professional aspirations need not be derailed by the pandemic and that the Cal–Bridge program
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would continue to support them.

Northern California Program

The Cal–Bridge Northern California program focused their peer mentorship efforts on 1–on–1 pair-

ing between scholars and a near–peer mentor. As the 2019–2020 Academic Year is only the second

year of operation for Cal–Bridge North, the near–peer mentor pool was small, so non–Cal–Bridge

PhD student volunteers were sought in Northern California UC departments — 15 students volun-

teered from the Berkeley, Davis and Santa Cruz campuses. These volunteer peer mentors ranged in

academic level within their respective PhD programs (from 1st to 5th year) and with a range of men-

toring experience — some mentors were actively working in peer mentoring programs within their

own departments, others had prior experience during their undergraduate career while some had

no prior experience. Each peer mentor volunteer was paired with a Cal–Bridge Scholar based on

research interest and geographic location to facilitate physical meetings. The suggested interaction

between mentors and mentees was at least 1 hour each month. Though in–person meetings were

preferred, since institutions are geographically spread out in Northern California, the majority of the

meetings took place digitally via Zoom or Skype. These suggestions were moderately successful

as half the End of the Year survey respondents reported meeting with their peer mentor at least 3

times over the academic year with a quarter meeting monthly as recommended. The scope of the

meetings was strictly separated from tutoring — they were used to give the mentees professional

tips, share experiences, provide emotional support, and build their personal network in research.

Once the program started thementors andmenteeswere free to organize themeetingswithminimum

intervention from the organizers. The experiences of both the volunteer peer mentors and the

Scholars/mentees were gauged in the twoMid–Year Surveys, which focused strictly on the Northern

California Scholars and the peer mentorship program wide End of the Year Survey.

In addition to the 1–on–1 near–peer mentoring, a group topical meeting was held. Topics included:
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organizing research and classes, choosing a field of research (including how to approach professors

and normalizing switching thesis advisors), and science communication to the general public. Even

though Scholar attendance at this optional workshop was sparse, at 4 attendees, these participants

rated their experience as having a neutral to very good impact. Of all the Mid–Year Survey

respondents, the majority did indicate interest in future workshops similar to this. Finally, a Slack

group was created for the Cal–Bridge North peer mentoring participants, but participation was low.

Alumni Program

As the Cal–Bridge program matures, more and more program alumni are choosing PhD programs

outside of California. In the 2019–2020 academic year, there were 24 Cal–Bridge alumni attending

non–UC graduate programs in various parts of the US. At the beginning of the academic year there

was interest in creating a virtual network of peer mentoring from many of these former scholars.

Initially some community building was attempted through peer mentoring discussions on Slack,

but it was soon realized that the interested parties wished to serve as mentors to current Cal–Bridge

scholars instead of each other. These wishes were not implemented in the 2019–2020 year, but

four from this group did participate as mentors in Cal–Bridge South Slack activities; and this past

2020–2021 academic year, all former Cal–Bridge scholars were given the opportunity to participate

as peer mentors to current scholars, thereby integrating the alumni into the main Peer Mentorship

program. In the current 2020–2021 academic year, 16 alumni were matched with current scholars

as near peer mentors. Six of these pairings are still active in Spring 2021.

5.4 Program Evaluation

In order to evaluate the Peer Mentorship program, a series of 4 scholar surveys were conducted

— a survey at the beginning of academic year given to scholars in all geographic regions and at the
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mid–year point two separate follow–up surveys were given to scholars attending CSUs in Northern

California and at the end of the academic year a survey was given all scholars regardless of their

region. We describe the surveys here.

5.4.1 Start of Academic Year Survey

All scholars and alumni were asked to complete a peer mentoring interest survey in August

2019 which was designed and administered by the peer mentoring program director (Rodriguez

Wimberly). Here senior scholars and alumni could volunteer to act as a peer mentor in the academic

year’s activities and indicate their interest in being a mentee in the program. Of the 60 active scholar

and 33 alumni in the 2019–2020 academic year, 41 in total responded to this initial interest survey

with 78% showing interest in the programming —16 alumni were interested in serving as peer

mentors and 5 of these alums were also interested in being a peer mentee while 12 active scholars

were interested in being a peer mentee and 11 were interested in serving as peer mentors (7 of these

11 were interested in both). The responses to this survey were evaluated by the peer mentoring

program director. A separate interest survey was created and administered for the active scholars

in Northern California by that region’s program leads (Gignac and Mazza). This survey simply

requested information from participants on whether they would like to be paired with a peer mentor

and academic demographic information (year in undergraduate program and field of interest). 11

scholars responded with 9 indicating interest in being paired with a peer mentor.

5.4.2 Mid–Academic Year Surveys

Two mid–academic year surveys were conducted for the participating Northern scholars in January

and April 2020 which were designed and administered by that region’s peer mentoring program

leads (Gignac and Mazza). In both surveys, Scholars and peer mentors were asked to indicate the

frequency of their 1–on–1 meetings, rate their experience in the program and overall usefulness,
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as well as provide suggestions for improvement. For the January survey, 6 Scholars/peer mentees

responded along with 9 peer mentors. This peer mentor group includes volunteer graduate students

from outside the Cal–Bridge program. In the April survey, 4 peer mentees responded while only 3

peer mentors responded. For both surveys, responses were coded by the peer mentoring program

director (Rodriguez Wimberly).

5.4.3 End of Academic Year Survey

In May 2020, all scholars and volunteer alumni mentors were requested to complete an end of

the year survey regarding the peer mentoring program activities conducted. This survey was

designed by the Southern California peer mentoring program lead (Rodriguez Wimberly) and the

Northern California peer mentoring program leads (Gignac and Mazza). It was administered

by the peer mentoring program director (Rodriguez Wimberly). All recipients were informed

that responses to the survey are confidential: no member of the Cal–Bridge leadership team has

access to information on who gave which responses, except the peer mentoring program director

and leads (Rodriguez Wimberly, Gignac and Mazza). The alumni–mentors and scholar–mentees

received separate end of the year surveys, though most questions on the alumni–mentor survey

were simple rewordings from the scholar–mentee survey. The survey aimed to take a general

census of the availability and awareness amongst Scholars and Alumni of various peer mentoring

programs; evaluate the effectiveness of the specific program elements and activities; evaluate how

the programming impacted their sense of community within the Cal–Bridge structure and gauge

interest in continuing the program in following academic years. While only 17 active scholars

indicated interest at the beginning of the academic year, 24 responded to this End of the Year survey

with all but 1 of these 24 scholars having participated in at least one peer mentoring activity. Of the

16 alumni interested in serving as peer mentors at the beginning of the academic year, 6 responded

to the end of the year survey. For both surveys, responses to open–ended questions were coded by

the peer mentoring program director and Cal–Bridge’s evaluator (Rodriguez Wimberly and Scherr,
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respectively).

5.5 Peer Mentorship Program Effectiveness

In theMid–Year Surveys given to Northern California Scholars, the 1–on–1 peer mentoring compo-

nent was positively evaluated with a score from mentees from 3 to 5 (out of 5 maximum). Roughly

35% of the students indicated that the meetings had a positive impact on their studies or academic

career, 35% had partial positive influence and the rest of the mentees still enjoyed the meetings. The

most beneficial aspect of the meetings was learning about other people’s experiences, normalizing

fears and anxiety about the academic career and receiving assistance in clarifying the mentee’s

academic/career path. It was found from the survey that some pairs of mentor/mentees met several

times (more than 5) in the quarter, while other pairs had trouble organizing meetings and could not

meet. Interestingly, the volunteer (non–Cal–Bridge Scholars or Alumni) peer mentors desired an

increased meeting frequency while the Scholar mentees were content with the frequency.

Overall participation in the first year of peer mentoring activities was far less than all other

Cal–Bridge programming (e.g. the mandatory monthly professional development workshops), in

part due to the optional versus required nature of these activities. The topics discussed during

these peer mentoring sessions are similar to those covered in the required faculty–led Cal–Bridge

workshops — e.g. graduate program application essay writing, goal planning and building your

mentor network. The survey results revealed that providing information on academic resources,

various structures available for personal organization, and general graduate program information

were not valued as much as detailed highly current impactful topics — i.e., mentor maps are less

valued than GRE Prep.

Is the desire to focus on highly current impactful topics, and consequentially immediate individual

performance, the reason why this year’s peer mentoring efforts had a seemingly null impact on
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the scholars’ sense of community within the program? One of the two main goals in creating this

programming was to increase the sense of scholar community. Unfortunately, more End of the

Year Survey respondents felt their participation in the program did not affect their relationships

with current or former scholars (former scholars served as peer mentors) than those who felt it

fully strengthened these relationships. Perhaps the nebulous definition of community is to blame

here. It is surprising that the majority of respondents are interested in serving as a peer mentor in

future years of the initiative yet there was the strong null response to the proposed strengthened

community. This can certainly be mitigated through clearer communication of the program’s goals

at the beginning of the academic year, more precise definitions in survey questions and questions

specifically seeking scholars’ definition of certain activities –e.g., are leadership opportunities,

such as serving as a peer mentor, thought of as community building or a professional development

opportunity. A few other avenues that will be explored in the second year of peer mentoring

programming to strengthen the scholar community is to offer opportunities to share personal and

academic experiences, such as virtual social hours and conducting peer mentoring group sessions

via Zoom, as opposed to through Slack, to increase face time amongst the scholars.

While the Mid–Year and End of the Year surveys highlight deficiencies in our initial year of

programming, our efforts at minimum lived up to the value Scholars saw in peer mentoring prior to

this programming. In fact, there is an exciting strong interest in future programming. The interest

is so strong that respondents desire an increased frequency of sessions. Their wish will be granted!

Additionally, we will monitor the programs progress more closely throughout the academic year

via multiple short check in surveys, improved beginning and end of the year surveys, and tracking

changes in the scholars’ Mentor Maps from the start to the end of the academic year. In last

year’s peer mentoring activities, a Mentor Map session was conducted in person for scholars in

Southern California but the primary goal of this activity was group discussion on what mentoring

looks like in all forms and the role of peer mentors in their academic careers. An edited National

Center For Faculty Diversity and Development Mentor Map was introduced to these scholars and

an initial completion pass conducted but no collection or follow up occurred. In the second year
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of the program, we are concretely implementing mentor mapping. A Cal–Bridge Mentor Map has

been created which combines various aspects of other Mentor Maps, such as the NCFDD version.

This new Mentor Map includes aspects of Goal Setting and more holistic success (i.e. sections for

Mental and Physical Health in addition to traditionally academic categories). With this improved

tool, scholars will be able to visualize their support networks and it’s growth while directors track

the program’s success. Overall, minor changes will be implemented as a result of these survey

results with the largest change being increased concise communication of the program’s goals and

structure.

5.6 Discussion & Future Work

In future years, we will explore topics or a combination of topics with the goal to achieve both

immediate results and long term development. Another future point of interest is examining possible

Cal–Bridge specific cultural phenomena. This scholarship program is unique in its approach to

setting high expectations throughout a scholar’s tenure in the program. Where many scholarship

programs only offer opportunities, Cal–Bridge is meticulous in the maintenance of academic

excellence throughout, especially inmeeting certain class grade thresholds. The effect this ’pressure

to perform’ has on influencing the type of peer mentoring desired by the undergraduate scholars

will be explored in future surveys and programming.

While similar opportunities are often available to Scholars at their home institutions, this peer

mentorship program represents a community different from that found at any single institution —

namely diverse Scholars with the shared plan of applying to PhD programs in their field — and

is vital in sustaining a thriving community of diverse scientists within the Cal–Bridge program

itself as research shows that peer mentorship also creates community and camaraderie (Lewis

2017). Additionally, this programming provides participants with opportunities to give back to

their communities and learn in a more intimate environment than is often unavailable at universities
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where student populations do not represent larger societal demographics.

The Cal–Bridge Program is working to expand the populations served to include PhD students and

postdocs. Within this expanded program, we will create a Vertical Mentoring Structure where I will

direct each level of peer mentorship. This expanded program will continue to broaden participation

of HU students in STEM and provide leadership experiences for peer mentors through opportunities

to lead workshops and 1–on–1 discussion. Throughout each of these proposed peer mentorship

programs, participants will be surveyed regularly seeking feedback to improve the programs and

the participants’ experiences within STEM spaces. As has been done with previous Cal–Bridge

Peer Mentorship evaluation surveys, the design, implementation and evaluation of results will be

conducted in collaboration with experts in educational evaluations. For established programming,

surveys will be conducted at the beginning, middle and end of each academic year as feedback

to verify support of the students to the best of the program’s ability. For new programming, an

interest survey and focus group will be conducted to establish the needs and desires of the intended

participants. After collected data has been anonymized and aggregated, or proper permission is

received, it will be made available through future publications. These Peer Mentorship Programs,

mentorship at the smallest scales, will continue to broaden the participation of students from

historically underrepresented groups by creating a thriving community and leadership opportunities

for these young, diverse scientists to strengthen their identities as researchers.
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Chapter 6

Conclusion

The work presented here is a culmination of roughly 6 years of work which includes incredible

growth as a scientist and invaluable work, guidance and support from a vast network of scientists.

This chapter highlights the results of my gradute work.

6.1 The Suppression of Star Formation on the Smallest Scales

Using the ELVIS suite of Milky Way–and Local Group–like #–body simulations to constrain the

infall times for dark matter subhalos likely to host the ultra–faint dwarf galaxy satellite population

of the Milky Way, we explore the potential role of environment in suppressing star formation on

small scales. Our principal results are as follows.

1. When incorporating the effects of subhalo tidal disruption due to the inclusion of the host’s

baryonic component, we find a shift in the typical infall time of ∼ 0.7 Gyr for subhalos in the

mass range of "halo = 107.9−9.75 M�, such that subhalos are preferentially accreted at later

cosmic time versus the same subhalos in a pure dark matter–only, #–body simulation.
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2. For the 6UFDs included in the Brown ([33]) sample, we find that there is a . 0.1% probability

that the Milky Way environment was solely responsible for quenching their star formation at

I > 1.

3. For larger samples of UFDs, the likelihood that environment plays a dominant role in quench-

ing decreases dramatically, such that there is a < 0.01% probability that environmental mech-

anisms are responsible for quenching all 10 UFDs included in the Brown ([33]) and Weisz

([270]) samples.

4. Given the inability of environmental effects to reproduce the observed star–formation histories

of observed UFDs, we conclude that reionization is the most likely mechanism by which star

formation is suppressed on the smallest scales.

5. Finally, we predict that there is a population of & 250 UFDs within 1 < '/'vir < 2 of the

Milky Way and M31, all with ancient stellar populations. Future imaging surveys, such as

LSST, will be able to uncover much of this population.

Combined with previous results ([74] and [73]), our results produce a coherent physical picture

describing the dominant quenching mechanism across the entire range of satellite (and host) masses

(see Fig. 2.5). At the very smallest scales, we argue that the suppression of star formation is largely

independent of environment and set by the minimum halo mass at which reionization curtails gas

accretion.

6.2 Sizing from the Smallest Scales

Using the Phat ELVIS suite of #–body Milky Way–like cosmological simulations with embedded

disk potentials along with the full phase–space information for Milky Way satellites from Gaia

EDR3, we constrain the dark matter halo mass of the Milky Way and find a preferred mass range

of ∼ 1–1.2 × 1012 M�. A more complete summary of our main results are as follows:
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1. As illustrated in Fig. 3.4, when limiting the observed sample of Milky Way satellites to those

systems with well–measured kinematics, we find that the observed distribution of satellite

velocities (+rad, +tan, and +tot) are consistent with a host halo mass of ∼ 1 − 1.2 × 1012 M�.

2. Across all samples probed, the distribution of satellite velocities inferred fromGaia observa-

tions of the Milky Way satellites are inconsistent with that of subhalos populating host halos

with masses < 1012 M� or > 1.2 × 1012 M�.

3. Excluding systems associated with the LMC does not significantly change our results, with

the observed kinematics of the Milky Way satellites favoring a host halo mass of ∼ 1− 1.2×

1012 M� when compared to distance–matched subhalo populations in phELVIS.

4. In the inner halo (�MW < 100 kpc), we find a correlation between host mass and the eccen-

tricity of satellite orbits (as predicted by galpy), such that at a given Galactocentric distance

increasingly circular orbits are found in higher–mass hosts. This is likely a consequence of

subhalo destruction preferentially removing satellites on more radial orbits in more massive

hosts.

5. The distribution of infall times inferred from Gaia phase–space measures [72] are sys-

tematically skewed towards early cosmic times (i.e. early accretion) relative to that of dis-

tance–matched subhalos drawn from the phELVIS simulation suite.

6. The distribution of pericentric distances for subhalos in phELVIS show little dependence on

host mass, in contrast to the expectations from galpy that favor smaller pericentric distances

for satellites in more massive host halos.

7. Looking towards the discovery of future Milky Way satellites, likely to be at the smallest

galactic scales, by next–generation observational facilities, we show that the observed distri-

bution of Galactocentric total velocity and Galactocentric distance stand to be good metrics

to test the preferred host mass range for the Milky Way.

91



6.3 Star Stuff at the Smallest Scales

This chapter presented preliminary detailed chemical abundances for 3 member stars in Hydrus I

from data taken with the MIKE spectrograph on the Magellan Telescope. Hyi I, a satellite of both

the MW and LMC, is only the 20th UFD to have detailed chemical abundances measured out of the

over 40 known ultra– faint systems, the very smallest on the scale of the galaxy mass. A summary

of these partial results are as follows:

1. Detailed Abundances for 10 elements, visualized in Figure 4.1 and presented in Tables 4.4,

4.6 and 4.5, were determined using equivalent width measurements, the elements include

U–elements, Mg, Si, and Ca, Odd–/ elements, Na and K, Fe–Peak elements, Ti, Cr, Ni and

Zn, as well as Sr, a neutron capture element.

2. The abundances within Hyi I follow suit with measurements in other UFDs which suggests

similar formation and evolutionary histories within this set of ancient galaxies.

3. As recently seen in other UFDs, amongst the 3 analzyed Hyi I stars there is a decreasing

U–element ratio ([Mg/Ca]) trend across metallicity, highlighted in Figure 4.2. This trend

suggests possible variations in the IMF at the smallest scales.

4. This decreasing trend seems to be driven by the stars in MW UFD satellites which are also

satellites of the LMC, as displayed in Figure 4.3, which highlights the possibility that the

LMC’s environment has impacted the evolution of our UFDs.

5. Additionally, the M2FS data reduction pipeline has been updated during this work with a

Coherent Point Drift Algorithm to correct occasional shifted arc frames during calibration.

It will be interesting to see if these trends hold when the 8 other observed Hyi I member stars are

fully analyzed and spectral synthesis is completed for all 11 stars provided abundances for more

elements — all of which will be presented in a forthcoming publication.
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6.4 Mentorship at the Smallest Scales

The Cal–Bridge Scholarship Program is a California–wide bridge program preparing Califor-

nia State University physics, astronomy, and computer science undergraduate students primarily

from historically underrepresented backgrounds to competitively apply for and succeed in STEM

Ph.D. programs, specifically those at the University of California campuses. Within Cal–Bridge’s

4–pillared support system — scholarship funds, professional development workshop, summer re-

search experiences and multiple engaged mentors — a new peer mentorship program is becoming

a vital part in both creating community amongst the Scholars, active, former and affiliate, and in

increasing the academic confidence of participants. The Peer Mentorship Program is comprised of

optional professional development workshops and the opportunity to participate in paired 1–on–1

peer mentorship meetings. Through evaluation surveys, participants reported that 1–on–1 meetings

were most valued for the normalization of academic anxieties and for discussing each other’s lived

experiences. The most valued workshops focused on skills which would provide Scholars with

immediate results such as test prep tips as opposed to a workshop learn how to build a weekly

schedule. In future years, we will explore workshop topics or a combination of topics with the

goal to achieve both immediate academic results and long term professional development. Another

future point of interest is examining possible Cal–Bridge specific cultural phenomena, such as

experienced ’pressure to perform’ in an intensive scholarship program.

The Cal–Bridge Program is working to expand the populations served to include PhD students and

postdocs. Within this expanded program, we will create a Vertical Mentoring Structure where I will

direct each level of peer mentorship. This expanded program will continue to broaden participation

of HU students in STEM and provide leadership experiences for peer mentors through opportunities

to lead workshops and 1–on–1 discussion. Throughout each of these proposed peer mentorship

programs, participants will be surveyed regularly seeking feedback to improve the programs and

the participants’ experiences within STEM spaces. As has been done with previous Cal–Bridge

Peer Mentorship evaluation surveys, the design, implementation and evaluation of results will be
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conducted in collaboration with experts in educational evaluations. After collected data has been

anonymized and aggregated, or proper permission is received, it will be made available through

future publications. These Peer Mentorship Programs, mentorship at the smallest scales, will

continue to broaden the participation of students from historically underrepresented groups by

creating a thriving community and leadership opportunities for these young, diverse scientists to

strengthen their identities as researchers.

6.5 Future

As I gleefully transition into my new academic position, I will continue on as Director of the

Cal–Bridge Peer Mentorship Program and focus growth of the programming over the coming 3

years to incorporate more leadership opportunities for alumni and strengthen the sense of com-

munity amongst current, former and affiliate Scholars. Upon expansion of the overall Cal–Bridge

Scholarship Program, the Peer Mentorship programming will grow to include peer mentoring

amongst graduate students and post doctoral researchers.

In my new role as a National Science Foundation Mathematical and Physical Science Ascend

Postdoctoral Research Fellow at University of California, Riverside, I will expand my research

scope to more robust studies of ultra–faint dwarf galaxy evolutionary histories. Proposed projects

include conducting more detailed chemical abundance analyses on ultra–faints (visible from the

Northern Hemisphere) and simulation–to–observation comparisons to constrain the evolutionary

histories of the ultra–faint satellites. In further exploration, for the first time, I will investigate metal

pollution throughout ultra–faints in hydrodynamic cosmological simulations. These 3 projects

combined will create methodology for deeply studying galaxies at the smallest scales to illuminate

the formation and evolution of the first stars and galaxies ever formed.
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