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ABSTRACT OF THE DISSERTATION

Low-Mass Satellite Quenching in The Local Group
By
Sean Philip Fillingham
Doctor of Philosophy in Physics
University of California, Irvine, 2019

Professor Michael C. Cooper, Chair

Observations of low-mass satellite galaxies in the nearby Universe point towards a strong
dichotomy in their star-forming properties relative to systems with similar mass in the field.
Specifically, satellite galaxies are preferentially gas-poor and no longer forming stars, while
their field counterparts are largely gas-rich and actively forming stars. This dichotomy im-
plies that environmental processes play the dominant role in suppressing star formation
within this low-mass regime (M, ~ 105578 My). The high satellite quenched fraction ob-
served in the Local Group demands an extremely short quenching timescale (~ 2 Gyr)
for dwarf satellites in the mass range M, ~ 10° — 10® M. This quenching timescale is
significantly shorter than that required to explain the quenched fraction of more massive
satellites (~ 8 Gyr), both in the Local Group and in more massive host halos, suggesting
a dramatic change in the dominant satellite quenching mechanism at M, < 10® M. This
work posits that ram-pressure stripping can naturally explain this behavior, with the critical
mass (M, ~ 10® Mg) corresponding to halos with gravitational restoring forces that are
too weak to overcome the drag force encountered when moving through an extended, hot
circumgalactic medium. Physical models of this mechanism combined with the accretion
history of subhalos around a Milky Way-like host suggest that these ”environmental” trends
can extend well beyond the virial radius of the host, thereby providing an explanation for

the population of quenched dwarf galaxies in the nearby Local Volume.



Finally, in a complementary effort, this work also utilizes the newly-available Gaia DR2
proper motion measurements along with a suite of high-resolution cosmological simulations
in order to study low-mass satellite quenching around the Milky Way on an object-by-object
basis. To this end, we derive constraints on the infall times for 37 of the known low-
mass satellite galaxies of the Milky Way. We find that = 70% of the “classical” satellites
of the Milky Way are consistent with the very short quenching timescales inferred from
the total population in previous works. The remaining classical Milky Way satellites have
quenching timescales noticeably longer, with T uench ~ 6 — 8 Gyr, highlighting how detailed
orbital modeling is likely necessary to understand the specifics of environmental quenching
for individual satellite galaxies. Additionally, we find that the 6 ultra-faint dwarf galaxies
with publicly available HST-based star formation histories are all consistent with having
their star formation shut down prior to infall onto the Milky Way — which, combined with
their very early quenching times, strongly favors quenching driven by reionization. Overall,
this work builds and puts forward a consistent picture of environmental quenching across

more than 5 orders of magnitude in satellite stellar mass in Milky Way-like environments.

x1



Chapter 1

Introduction

The past 30 years has seen a remarkable expansion in our understanding of the Universe
driven largely by the many observational facilities that have come online during that time.
Across the electromagnetic spectrum, from the X-ray and Ultraviolet, through the optical
and infrared, to the sub-mm and radio, we are able to map the properties of galaxies both in
the nearby Universe and at higher redshift. By associating these measured properties with
the radiative mechanisms responsible for their creation, we can put together a snapshot of

the physical processes operating in galaxies at various moments in cosmic time.

Over the past 20 years their have been a number of large surveys that have utilized many of
these new facilities and dramatically changed the galaxy landscape. In the nearby Universe,
imaging surveys combined with spectroscopic surveys such as the Sloan Digitial Sky Survey
(SDSS) have mapped out many of the properties of nearby galaxies across huge regions of
the sky. By relating these properties to each other, many of the various galaxy empirical
scaling relations have been put on a firm statistical foundation. Other surveys (such as
DEEP2, DEEP3, and CANDELS) have specifically focused on smaller physical areas on the

sky, which allow them to observe significantly deeper, essentially going to fainter systems.



Pushing the statistically complete sample of galaxies further down the mass function (low-
mass galaxies in the nearby Universe) and out to further distances (massive galaxies at earlier

cosmic times).

One of the principal results from large surveys in the past ~ 15 years is that the population
of galaxies with suppressed (or “quenched”) star formation has grown by roughly a factor
of 2 since z ~ 2. Resulting in a buildup of the red sequence at late cosmic times, such that
quenched galaxies dominate the z ~ 0 stellar mass budget (Faber et al., 2007). Attempts
to understand this transition from star forming to quenched in both semi-analytic models
(SAMs) and hydrodynamic simulations have been somewhat successful, specifically in the
most massive galaxies when feedback from AGN are included. In stark contrast, the models
clearly begin to break down in low-mass galaxies, substantially overproducing the population

of low-mass quenched galaxies (Kimm et al., 2009).

1.1 The Role of Environment in Galaxy Evolution

Closer inspection of the low-mass galaxy population shows that centrals — the most massive
galaxy in their dark matter halo — are predominantly star forming and well matched by the
theoretical models (Kimm et al., 2009). While a higher fraction of satellites — smaller galaxies
orbiting within the virial radius of a more massive host — are quenched with the models
grossly overpredicting their frequency (Geha et al., 2012; Hirschmann et al., 2014). This
observed central-satellite dichotomy in the star forming properties of the low-mass galaxy
population strongly favors quenching mechanisms associated with the host environment,
such as ram-pressure stripping (RPS, Gunn & Gott, 1972) and/or starvation (Larson et al.,
1980). Leading to the conclusion that the struggle to model the low-mass galaxy population
hinges on inept environmental quenching models, more specifically it hinges on our inability

to account for the efficiency of environmental quenching mechanisms.



1.2 Galaxy Evolution in The Local Group

In the Local Group (LG), the central-satellite dichotomy is even more pronounced with the
field dwarf galaxies being almost exclusively gas-rich and star forming, while the satellite
galaxies are predominantly gas-poor and quenched (Spekkens et al., 2014; Wheeler et al.,
2014). The combination of very detailed observations and cosmological zoom-in simulations
makes the local Universe an ideal laboratory in which to test and further constrain the

environmental quenching mechanisms operating on the low-mass satellite galaxy population.

In what follows, I systematically study low-mass environmental quenching in Local Group-
like environments including both the satellites of the Milky Way and M31 in addition to
the nearby field galaxies that comprise what is known as the Local Volume (~ 1 Mpc from
either the MW or M31). In an effort to explain the very high quenched fraction observed
in the Local Group, Chapter 2 highlights how I built satellite accretion models in N-body
simulations in order to characterize how long a dwarf galaxy needs to continue forming
stars after becoming a satellite around the MW or M31 so as to reproduce the observed
quenched fraction. Chapter 3 explicitly tests the ram-pressure stripping hypothesis as a
potential explanation of both the satellite quenching critical mass and overall strength of
quenched fraction. Chapter 4 pushes the models out beyond the threshold for standard
environmental quenching, demonstrating that the models which operate deep within the
potential of the host system can alter the star forming properties of dwarf galaxies that
currently reside out beyond the host virial radius. In Chapter 5 I take advantage of the
second data release from the Gaia satellite and the subsequent measurements of the proper
motions for individual satellites of the MW. I characterize the infall time for individual dwarf
satellite galaxies and constrain the potential mechanisms responsible for quenching their star
formation on an object-by-object basis. As I describe in more detail below, overall my work

has focused on the dwarf galaxy population in the LG and has put together a complete



picture of environmental quenching in group environments (Fillingham et al., 2015, 2016,

2018, Fillingham et al. submitted to MNRAS).



Chapter 2

Taking Care of Business in a Flash 7:
Constraining the Timescale for
Low-Mass Satellite Quenching with
ELVIS

2.1 Introduction

Foremost among the results of galaxy surveys over the last decade has been the realization
that the galaxy population at z < 2 is bimodal in nature (e.g. Strateva et al., 2001; Baldry
et al., 2004; Bell et al., 2004; Cooper et al., 2006). That is, galaxies both locally and out to
intermediate redshift are effectively described as one of two distinct types: red, early-type
galaxies lacking significant star formation and blue, late-type galaxies with active star for-
mation. In color-magnitude space, the red galaxies populate a tight relation (often called the

red sequence), while the distribution of blue galaxies is more scattered (sometimes referred



to as the blue cloud). While the red and blue populations comprise approximately equal
portions of the cosmic stellar mass budget at z ~ 1, galaxies on the red sequence dominate
today, following a growth in stellar mass within the red population of roughly a factor of 2
over the past 7 Gyr (Bell et al., 2004; Bundy et al., 2006; Faber et al., 2007; Brown et al.,
2007). Despite uncertainty regarding the particular physical process(es) at play, the sup-
pression (or quenching) of star formation in blue galaxies, thereby making them red, is one
of the principal drivers of this dramatic growth in the number density of quiescent systems

at late cosmic time.

At both low and intermediate redshift, the local environment of a galaxy is known to be
well-correlated with the suppression of star formation, such that passive or quiescent galaxies
preferentially live in higher-density environments (Balogh et al., 2004; Kauffmann et al., 2004;
Blanton et al., 2005; Cooper et al., 2006, 2007, 2010b). While the stellar mass or surface mass
density of a galaxy may be more closely connected to quenching for massive systems (Peng
et al., 2010; Cheung et al., 2012; Woo et al., 2013), recent work has shown that environment is
likely the dominant driver of quenching at the lowest mass scales (M, < 10 M, Geha et al.,
2012). For example, studies comparing satellite galaxies to isolated field systems of similar
stellar mass in the local Universe find that satellites tend to exhibit lower star formation rates,
more bulge-dominated morphologies, as well as older and more metal-rich stellar populations
(Baldry et al., 2006; van den Bosch et al., 2008; Cooper et al., 2010a; Pasquali et al., 2010;
Tollerud et al., 2011; Phillips et al., 2014). This observed suppression of star formation in
satellite galaxies is commonly referred to as “environmental quenching”. At present, galaxy
formation models fail to reproduce this environment-dependent effect in detail, with both
semi-analytic and hydrodynamical models overpredicting the number of quenched satellites
at low masses (Kimm et al., 2009; Weinmann et al., 2011, 2012; Hirschmann et al., 2014;

Wang et al., 2014).



Understanding the physics of environmental quenching is complicated by the wide range of
physical processes that could be responsible for suppressing star formation in low-mass satel-
lites. For example, various quenching mechanisms preferentially operate on satellite galaxies
within overdense environments, including [i] “starvation” or “strangulation” — whereby gas
accretion onto a satellite galaxy is halted following infall, thus eventually eliminating the
fuel for star formation (Larson et al., 1980; Kawata & Mulchaey, 2008), [#] “harassment”
— by which close encounters between densely packed cluster or group members strip gas
from around the interacting galaxies (Moore et al., 1996), and [4i] “ram-pressure stripping”
— where the cold dense gas at the center of a satellite (or the hot halo surrounding it) is
removed from the galaxy as a result of a high-speed interaction with the hot gas halo of the

host (Gunn & Gott, 1972; Bekki, 2009).

To further complicate matters, each of these processes may be important in different host
halos and at different satellite mass scales. In an attempt to differentiate between these
various physical mechanisms, we aim to measure the timescale upon which satellite quenching
occurs across a broad range of satellite stellar mass. Throughout this work, we define this
quenching timescale (Tquencn) relative to the time at which a satellite was accreted onto its
current host system (i.e. relative to the infall time of the satellite). While quenching via
starvation will proceed according to the available cold gas reservoir for star formation within
an accreted satellite, ram-pressure stripping will largely act on a timescale set by the density
distribution of the host’s hot halo and infall velocity of the satellite. As such, constraining the
timescale for satellite quenching may therefore serve as a critical step towards differentiating

between various physical mechanisms.

By comparing satellite samples at low and intermediate redshift to galaxy and dark matter-
only simulations, several recent analyses of satellites at high stellar mass (> 5 x 10? M)
point towards relatively long quenching timescales of several Gyr or more (Wetzel et al.,

2013; De Lucia et al., 2012). Remarkably, when pushing this analysis to lower masses



(~ 10%% — 10°° M), Wheeler et al. (2014) find that quenching remains surprisingly ineffi-
cient, such that the average quenching timescale increases to > 7 Gyr. Here, we extend these
previous analyses of quenching timescales to yet lower masses by studying the satellite galax-
ies of the Local Group. Through comparison to simulations, we aim to establish a coherent
picture of the timescale upon which satellite quenching acts, spanning more than five orders
of magnitude in satellite mass. In §2.2, we detail the population of Local Group satellites
along with an estimation of the observed quenched fraction. In §2.3 and §2.4, we describe
the relevant N-body simulations and physically-motivated quenching models, respectively,
detailing the relevant constraints on the derived quenching timescale at low masses. Finally,
in §2.5 and §5.5, we discuss the implications of our analysis, including a “back of the enve-
lope” explanation of the underlying physics operating on low-mass satellites and a summary

of our main results.

2.2 Local Group Satellites

In assembling our sample of Milky Way and M31 satellites, we utilize the compilation of local
dwarf galaxy properties presented by McConnachie (2012). To minimize the potential impact
of incompleteness at low masses, we limit our analysis to those dwarfs with measured stellar
masses in the range 10 — 108 My; however, as discussed in more detail below, including
systems at lower masses has very little impact on our qualitative or quantitative results.
From this population of local dwarfs, satellite systems are selected to be within 300 kpc of
the Milky Way or M31 and bound with respect to their host — i.e. V3 Vips < Vige(r), where
Vese(r) is the escape velocity at a radial distance of r for an NFW halo with a concentration
(¢) of 8 and a total halo mass of 2 x 10! M.! To account for potential tangential motion,

we multiply all observed line-of-sight velocities from McConnachie (2012) by a factor of v/3

Warying the adopted host halo mass and concentration (and thus our satellite selection limits) does not
have a significant effect on our final sample of Local Group satellites.



in evaluating whether each system is bound. Within the stellar mass range of 10° M to
108 Mg, Figure 2.1 shows the position and velocity of all Local Group dwarfs relative to

their host (or nearest massive neighbor in the case of field systems such as the Pegasus dlrr).

We identify 12 satellite systems meeting our selection criteria (see Table 1), with the final
set of satellites and corresponding quenched fraction relatively independent of the adopted
selection criteria. For instance, field dwarfs such as NGC 6822, Leo T, and Phoenix, which
are nearly in our stellar mass limits, are located significantly beyond our radial selection
limit (i.e. > 400 kpc from the Milky Way). Moreover, while the observed line-of-sight
velocity of Leo I suggests that it may be unbound (see Fig. 2.1), recent proper motion
observations conclude that the system is very likely bound to the Milky Way even at a
distance of more than 250 kpc (Sohn et al., 2013; Boylan-Kolchin et al., 2013). Finally,
given the high metallicity and lack of overdensity in RR Lyrae stars, we categorize Canis
Major as an overdensity in the Milky Way and not a satellite (Momany et al., 2004; Butler
et al., 2007; Mateu et al., 2009, but see also Martinez-Delgado et al. 2005).

To determine whether a given satellite is quenched, we use the observed Hi gas fraction as a
proxy for the current star formation rate (SFR), defining dwarfs with atomic gas fractions
less than 10% to be quenched (see Fig. 3.2). This criterion leads to only one satellite in
our sample, IC 10, categorized as currently star-forming and yields a quenched fraction of
> 90% for satellites bound to the Milky Way and M31 in the selected mass range. Al-
ternative definitions of quenched versus star-forming — e.g. using star-formation histories
derived from photometric observations of spatially-resolved stellar populations (Weisz et al.,
2014a, 2015) or star-formation rates inferred from Ho emission (Kaisin & Karachentsev,
2013; Karachentsev & Kaisina, 2013) yield similar results. Moreover, our measurement of
the satellite quenched fraction is not strongly dependent on the adopted mass range, as the
quenched fraction is largely unchanged if we extend the lower mass limit down to 3 x 10° M,

so as to account for potential uncertainties or scatter in the stellar mass measurements. Over



this expanded stellar mass range, the sample would then also include Leo II, And XXI, And
XXV, and LGS 3. While Hr measurements suggest that LGS 3 is likely star-forming, a
variety of observations, including star formation rates inferred from Ha narrow-band imag-
ing, indicate that Leo II, And XXI, and And XXV are quiescent (Grcevich & Putman, 2009;
Kaisin et al., 2012; Kaisin & Karachentsev, 2013; Spekkens et al., 2014; Weisz et al., 2014a,b).
When including these four lower-mass systems in our sample, the resulting quenched fraction
remains quite high (~ 87%); furthermore, pushing to yet lower masses will similarly yield
little variation in the quenched fraction, as the lowest-mass satellites in the Local Group are
universally quenched (e.g. Okamoto et al., 2008; Sand et al., 2009, 2010; Weisz et al., 2014a;

Brown et al., 2014).

While our census of satellites in the Local Group is likely incomplete at low masses due to ob-
scuration by or confusion with the disk of both the Milky Way and M31, the focus of our anal-
ysis is the relative fraction of star-forming versus quenched systems. Assuming that neither
quenched nor star-forming systems preferentially reside in or behind the disk, the quenched
fraction should be independent of any such incompleteness. From an analysis of the Palomar
and UK Schmidt photographic plates, which cover more than 20,000 square degrees of sky
at high Galactic latitude (|b] > 20°), Irwin (1994) finds that the known satellite population
for the Milky Way is complete down to below our adopted mass limit (= 3 x 10°> My). This
conclusion is supported by deeper imaging data from the Sloan Digital Sky Survey (SDSS,
York et al., 2000), Pan-STARRS (Kaiser et al., 2010), and Dark Energy Survey (DES, Diehl
et al., 2014), which cover a significant portion of the northern and southern sky and are
complete to beyond the host virial radius (i.e. > 300 kpc) at these stellar masses (Tollerud
et al., 2008; Koposov et al., 2008; Laevens et al., 2014; Koposov et al., 2015; Bechtol et al.,
2015).

For M31, our knowledge of satellites is largely based on imaging surveys such as the Pan

Andromeda Archeological Survey (PAndAS, McConnachie et al., 2009, see also Ferguson

10
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Figure 2.1: Host-centric velocity versus distance for all known Local Group galaxies in the
stellar mass range of 10—108 M. To account for unknown tangential velocities, the observed
line-of-sight velocities have been multiplied by a factor of /3. The dotted vertical line at
300 kpc corresponds to the expected virial radius of the Milky Way and M31 and represents
the radial limit for our satellite selection. The dashed lines show the escape velocity for
an NFW halo with a concentration (¢) of 8 and a total mass of 2 x 10'? M. Satellites
are color-coded as star-forming (blue circles) or quenched (red diamonds) according to their
observed Hr gas fraction (see Fig. 3.2).
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Figure 2.2: Observed Hr gas fraction as a function of distance from the nearest host galaxy
for local dwarfs included in our mass range of 10° — 108 My. Systems with an atomic gas
fraction less than 10% are classified as quenched (red diamonds), with more gas-rich dwarfs
identified as star-forming (blue circles). At these low masses, roughly 90% of satellites are
quenched in the Local Group.
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Galaxy Name  Morphology M, My, Dyost Vios Quenched
(10° M) (10 Mg)  (kpc) (km s™1)

(1) (2) (3) (4) (5) (6)
Milky Way
Sagittarius dSph 21 < 0.007 18 169 Yes
Sculptor dSph 2.3 0.22 86 79 Yes
Fornax dSph 20 0.17 149 -33 Yes
Leo I dSph 5.5 < 0.006 258 174 Yes
M31
And I dSph 3.9 < 0.35 58 -82 Yes
And XXIII dSph 1.1 < 0.1 127 52 Yes
NGC 147 dE/dSph 62 < 0.003 142 118 Yes
And II dSph 7.6 < 0.27 184 73 Yes
NGC 185 dE/dSph 68 0.13 187 105 Yes
And VII dSph 9.5 < 0.36 218 24 Yes
IC 10 dlrr 86 50 252 -32 No
And VI dSph 2.8 < 0.015 269 -62 Yes

Table 2.1: Observed properties of satellite galaxies in the Local Group with measured stellar
masses in the range 10° — 108 M, and located within 300 kpc of either the Milky Way or M31
(separated according to host system): (1) morphological classification and (2) stellar mass
from McConnachie (2012); (3) atomic gas mass measurements from McConnachie (2012)
and Greevich & Putman (2009), plus upper limits from the literature (Burton & Lockman,
1999; Greevich & Putman, 2009; Huang et al., 2012a; Giovanelli et al., 2013); (4) distance
from the nearest host as given by McConnachie (2012); (5) line-of-sight velocity with respect
to the host from McConnachie (2012), with the exception of And XXIII (Kirby et al., 2014);
(6) identification as quenched versus star-forming, according to observed atomic gas fraction
(see Fig. 3.2).
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et al. 2002; Ibata et al. 2007; McConnachie et al. 2008). As shown by Brasseur et al.
(2011), PAndAS is complete down to our mass limit within a survey footprint that covers a
radial distance of roughly 150 kpc surrounding M31. While recent analysis of imaging data,
including that from Pan-STARRS, has likely uncovered several new satellites of M31 at radial
distances of 2 150 kpc (And XXX-XXXIV, Conn et al., 2012; Martin et al., 2013a,b, 2014),
we exclude these systems from our study given that distances (relative to M31) are poorly
constrained and potentially greater than 300 kpc. Early analysis of the stellar populations in
Andromeda XXXI and XXXII, however, do suggest passive populations devoid of young stars
(Martin et al., 2013a). As likely quenched satellites, we note that inclusion of And XXX-
XXXIV would have little impact on the observed quenched fraction in the Local Group and
thus on the results of our analysis. Moreover, while the M31 satellite population may be
incomplete at radial distances of 150 — 300 kpc from M31, this should have minimal impact
on the observed quenched fraction in the Local Group (even assuming that star-forming
satellites are possibly biased towards large radial distances, as our results would imply). In

§2.4, we discuss this potential selection effect in more detail.

2.3 Simulations

To model the evolution of satellite galaxies in the Local Group, we utilize the Exploring the
Local Volume In Simulations (ELVIS) suite of 48 high-resolution, dissipationless simulations
of Milky Way-like halos (Garrison-Kimmel et al., 2014a). The suite includes 24 isolated
halos as well as 12 mass-matched Local Group-like pairs, simulated within high-resolution
uncontaminated volumes spanning 2-5 Mpc in size using a particle mass of 1.9x10°> My, and a
Plummer-equivalent force softening of € = 141 physical parsecs. Within the high-resolution
volumes, the halo catalogs are complete down to Mpa, > 2 x 107 Mg, Viax > 8 km s_l,

Mpeax > 6 X 10" Mg, and Vpeak > 12 km s™1 — thus more than sufficient to track the
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evolution of halos hosting Local Group dwarfs with stellar masses of > 10° M. ELVIS
adopts a cosmological model based on Wilkinson Microwave Anisotropy Probe 7 (Komatsu
et al., 2011), with the following ACDM parameters: og = 0.801, ,,, = 0.266, Q, = 0.734,
ns = 0.963, and h = 0.71.

As hosts for the Local Group dwarfs in the stellar mass range of 10° — 10® Mg, we select
halos in the ELVIS simulations with masses of Mpeax = 5 x 10? — 6 x 10'° M, following the
abundance matching prescription of Garrison-Kimmel et al. (2014a). Abundance matching, a
common technique for populating simulated dark matter distributions with galaxies, assumes
a one-to-one relation between a galaxy’s stellar mass and the mass of its parent dark matter
(sub)halo (Behroozi et al., 2013; Moster et al., 2013). While this simple empirical approach
to modeling galaxy formation yields great success for massive galaxies, matching a wide
range of clustering statistics as a function of cosmic time (e.g. Berrier et al., 2006; Conroy
et al., 2006), it potentially breaks down at low masses, where the most massive subhalos
of Milky Way-like simulations are inconsistent with the observed dynamics of nearby dwarf
galaxies (Boylan-Kolchin et al., 2011, 2012; Garrison-Kimmel et al., 2014b; Kirby et al.,
2014; Tollerud et al., 2014).

While uncertainties remain in the potential efficacy or robustness of abundance matching
prescriptions at low masses, our results are largely unaffected by changes in the assumed
stellar mass-halo mass relation. As our fiducial model, we adopt the abundance matching
relation of Garrison-Kimmel et al. (2014a), which in our stellar mass range (10% — 10% M)
yields 9 subhalos as candidate satellite hosts within a typical ELVIS parent halo (after
removing stripped or disrupted subhalos). When applying the shallower stellar mass-halo
mass relation from Behroozi et al. (2013), the number of potential subhalo hosts increases
accordingly, but the quantitative and qualitative results with regard to satellite quenching
remain unchanged. To account for potential increased scatter in the abundance matching

relation at low masses, we also mimic scatter in the Garrison-Kimmel et al. (2014a) relation,
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by broadening the range of halo masses associated with the observed stellar mass range,
randomly selecting 9 subhalos within 2 x 109 < Mpe /Mg < 2 x 10'! as satellite hosts.
Again, while this biases the subhalo population to lower masses, our results with regard to

satellite quenching remain unaffected.

Independent of the particular abundance matching prescription, we account for satellites
that have been tidally-stripped or disrupted — and thus not included in our observational
sample — by restricting our analysis to subhalos for which Viax/Vieax > 0.3, where Viax is
the current (¢ = 0) maximum circular velocity for the halo and Vpeax is the value of Vi
when the halo mass is at its maximum. While a halo’s maximum halo mass generally occurs
prior to infall (typically at > 1.5 Ryi;), Vpeax is @ good approximation for Vi since a halo’s
mass, in general, does not change appreciably prior to infall (Behroozi et al., 2014). By
restricting our analysis to present-day halos with Viyax/Vipeax > 0.3, we eliminate all subhalos
(i.e. satellites) that have lost greater than 90% of their mass since infall, thereby selecting
those subhalos that are within the desired mass range and are highly likely to currently host
dwarf galaxies (i.e. not disrupted or significantly stripped). Finally, we note that our results
are not strongly dependent upon the adopted Viax/Vpeak cut; applying a more conservative

selection criterion (e.g. Vinax/Vpeak > 0.5) does not significantly change our results.

The ELVIS merger trees include 75 snapshots from z = 125 to z = 0, providing time
resolution of roughly 200 Myr. As discussed in more detail in §2.4, we are interested in using
ELVIS to explore models where satellite quenching occurs at a fixed physical radius from the
host (e.g. within 50 kpc radially). The crossing time on such scales (~ 100 kpc), however, is
typically greater than the median time resolution of the snapshots, such that subhalos would
potentially pass into and back out of the quenching radius between two successive snapshots.
To more precisely determine subhalo orbits within ELVIS, we map the spatial position of
each subhalo (relative to its host) at 20 Myr intervals by spline interpolating the position of

each subhalo and corresponding host halo across each of the 75 snapshots. This interpolation
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also allows us to determine the time at which each subhalo was accreted onto its host halo
(i.e. the infall time or #jy) at greater precision. Due to the linear spacing of the ELVIS
snapshots with scale factor (i.e. non-linear spacing with lookback time), the difference in
the measured infall time between our interpolated data and that inferred from the standard
ELVIS merger trees depends upon the lookback time at which a subhalo is accreted. For
systems with tiean < 3 Gyr, which place the strongest constraints on the satellite quenching
timescale, the difference in ti,¢. is relatively modest, with a median offset of less than 0.5 Gyr

for our fiducial sample of subhalos.

2.4 Quenching Models

As highlighted in §5.1, observations of low-mass galaxies in the local Universe suggest that
all isolated (or “field”) systems at < 10° Mg are star-forming. Thus, all quenching at
these low masses is likely driven by environmental effects associated with dwarf galaxies
being accreted onto more massive halos, such as that of the Milky Way or M31. Two
likely quenching mechanisms operating on satellite systems are starvation, where future gas
accretion onto the satellite is halted following infall into a more massive host halo, and ram-
pressure stripping, where the cold gas in a satellite galaxy is violently removed via interaction
with the hot gas halo of the host. To mimic these respective processes, we implement two
quenching models in the ELVIS simulations: (i) a “starvation” model in which quenching
depends only on time since infall into the host halo and (ii) a “stripping” model in which

quenching occurs once a satellite reaches a fixed physical distance from the host.

17



T | I | ! | ! | ! | ' |
GK14 (<05 R,,) _
P ==== GK14 + scatter
0.8 1 N oveel e . -
—~ N - Behroozil3
é -
0.6k
AN
£o4f
Q.\ =
0.2F .
1 | 1 | 1 | 1 | 1 | 1
0 2 4 6 8 10 12

Lookback Time (Gyr)

Figure 2.3: The cumulative distribution of infall times (inan) as a function of lookback time
for those subhalos in the ELVIS simulations identified as hosts of the Local Group satellites at
10% < M, /Mg, < 108. The solid black line corresponds to our default selection criteria, where
subhalos are selected according to the abundance matching relation of Garrison-Kimmel et al.
(2014a), restricting to those subhalos with Viax/Vpeax > 0.3 and within the host virial radius
at z = 0. The dashed cyan and magenta lines show the corresponding distribution of infall
times when applying alternative abundance matching prescriptions (see §2.3), while the
dashed gold line traces the accretion history of only those subhalos within 0.5 R,; at z =0
following the Garrison-Kimmel et al. (2014a) abundance matching relation. A quenched
fraction of 90% today, as observed for the Local Group at these masses, corresponds to a
quenching timescale (Tquencn) Of ~ 1.4 Gyr.
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Figure 2.4: Left: The dependence of the satellite quenched fraction on the assumed quenching
radius, Rqyench, for our ram-pressure stripping model (see §2.4.2). The solid black and dashed
cyan and magenta lines correspond to subhalo populations selected according to different
abundance matching prescriptions (see §2.3). In all cases, a quenching radius of 0.6 Ry is
required to reproduce a quenched fraction of 90% as observed in the Local Group. Right:
The dependence of the mean quenching timescale (Tquench) 01 the assumed quenching radius
(Rquench) for the same set of abundance matching relations. For our fiducial subhalo sample,
the grey shaded region illustrates the 1o scatter in the quenching timescale across the 48
ELVIS hosts. As for the starvation model, the high observed quenched fraction in the Local
Group implies a short quenching timescale (~ 1.1 Gyr) in our ram-pressure stripping model.
The typical Ry (at 2 = 0) for ELVIS hosts is ~ 300 kpc.

2.4.1 Starvation Model

When quenching occurs via starvation, the satellite galaxy is deprived of any additional
supply of cold gas after infall, such that star formation is halted following the consumption
of its current gas reservoir — i.e. quenching occurs within the gas depletion timescale (Tgep1 =
Mgas/SFR). While observations suggest that atomic and/or molecular depletion timescales
may vary with galaxy mass (Leroy et al., 2008; Bigiel et al., 2011; Boselli et al., 2014a;
Somerville et al., 2015), we adopt a fixed quenching timescale (following infall) over the

limited stellar mass range probed in our analysis (10 — 108 My,).

In the models, we define the infall time as the lookback time at which a halo first crosses
the virial radius, Ry (z), of the host. For the ~ 23% of subhalos that cross the host virial
radius more than once, we are likely overestimating the infall time. However, 90% of these

subhalos are accreted for a final time = 6 Gyr ago, thereby contributing little to no effect on
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the final inferred quenching timescale. Figure 2.3 shows the cumulative distribution of infall
times for subhalos selected as hosts of Local Group satellites in the simulations following
various abundance matching prescriptions. Universally, we find that subhalos are accreted
relatively uniformly over cosmic time, with the vast majority infalling into their host halo

> 2 Gyr ago.

As shown in Figure 2.3, to match the observed satellite quenched fraction of ~ 90% in
the Local Group, the starvation model — independent of the adopted abundance matching
prescription - favors a quenching timescale (Tquencn) Of roughly 1.4%52 Gyr, including the error
associated with the uncertainty in the observed Local Group quenched fraction (according
to binomial statistics). Thus, on average, satellites of the Milky Way and M31 (at M, ~
105—10% M) must quench within 1.4 Gyr of infalling onto their respective host halo. Within
the individual ELVIS simulations there is non-negligible scatter in the derived quenching
timescale, given the stochasticity of subhalo accretion events; assuming a quenched fraction
of 90%, the 1o scatter in Tyuench across the 12 Local Group-like host pairs in ELVIS is

approximately 0.7 Gyr.

A quenched fraction of 90% in the local group could be dependent on completeness of the
dwarf sample in this mass range, as discussed in the introduction. This is particularly
true around M31, where PAndAS imaging only surveys the volume within a radius of ~
150 kpe. To test the impact of this potential selection effect on our results, we also compute
the distribution of infall times for those subhalos that reside within 0.5 R,;, today. While
simulated subhalos with earlier infall times are slightly biased towards smaller host-centric
distances (e.g. Diemand et al., 2008; Rocha et al., 2012; Wetzel et al., 2015a), the correlation
between radial distance from the host and infall time exhibits significant scatter, such that
the quenching timescale derived from subhalos within 0.5 R; today is fully consistent with

that based on the full sample of subhalos within 1 Ry (see Fig. 2.3).
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In our starvation model, it is assumed that the quenching timescale (i.e. depletion timescale)
is independent of cosmic time. While studies at higher redshift are limited to significantly
more massive systems, current work suggests that molecular depletion timescales are rela-
tively weakly dependent on redshift (Geach et al., 2011; Magdis et al., 2012; Saintonge et al.,
2013; Bauermeister et al., 2013), favoring shorter timescales at higher z. This conclusion is
echoed in analysis of the satellite quenching timescale across a broad range of halo masses
at intermediate redshift (McGee et al., 2011, 2014; Mok et al., 2014; Muzzin et al., 2014;
Bahé & McCarthy, 2015). Altogether, a modest variation in the quenching timescale with
redshift would yield no significant impact on our results, as our analysis is focused on the
cumulative quenched fraction today and not on the detailed quenching times of individual

satellites.

2.4.2 Stripping Model

To mimic quenching via ram-pressure stripping, we implement a model in which satellites
are quenched at a fixed radial distance (Rguencn) from their host. In a stripping scenario, this
radial quenching scale would be set by the volume over which the host’s hot halo reaches a
density capable of stripping an infalling dwarf. To account for growth of the hot halo over
cosmic time, we define our quenching radius, Rquench, in terms of the host’s virial radius
as a function of redshift (i.e. Rquench ¢ Ryir(2)) and require that a subhalo cross within
the quenching radius at z < 3, allowing the host’s hot halo time to form (Birnboim &
Dekel, 2003; Keres et al., 2005; Dekel & Birnboim, 2006). For subhalos in ELVIS that have
crossed within the quenching radius at z < 3, we classify the corresponding satellite as
quenched; all other systems remain star-forming, independent of the time spent in the host

halo (i.e. independent of infall time).
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Figure 2.4a shows the dependence of the satellite quenched fraction on the adopted quench-
ing radius (from 0.2 Ry, to 1 Ry ). We find that to reproduce the observed quenched fraction
in the Local Group (90%) requires a quenching radius of roughly 0.6 Ry, again with lit-
tle dependence on the assumed abundance matching relation. Adopting this value for the
quenching radius (Rquench = 0.6 Ryi;), we are able to determine the time at which each
subhalo in the simulation (i.e. satellite) quenched following infall — and thus the quenching
timescale (measured relative to infall). In Figure 2.4b, we show the mean quenching timescale
as a function of the chosen quenching radius (Rquench) Within the 48 ELVIS simulations. For
large values of Rguench, €ach satellite — largely independent of orbit — spends little time in
the host halo prior to being quenched, such that the effective quenching timescale (Tquench)
is short. Adopting a quenching radius of Rguench = 0.6 Ryir, we find an average quenching
timescale of 1.1 Gyr, in very good agreement with that derived from our starvation model
(see §2.4.1). Finally, a complementary analysis by Slater & Bell (2014), in which quenching
commences at pericenter passage, finds very similar results (Tquench ~ 1 — 2 Gyr, see also

Weisz et al., 2015; Wetzel et al., 2015b).

2.5 Discussion

Given that nearly all field dwarfs are star-forming at stellar masses of < 10° Mg, (Grebel,
1997; Mateo, 1998; Geha et al., 2012), environment-dependent processes are the dominant
driver of quenching at low masses and must act on a timescale so as to avoid over- or under-
producing the number of star-forming satellite galaxies in the Local Group. Independent of
the particular physical mechanism(s) at play, the high quenched fraction (~ 90%) observed
for low-mass Local Group satellites thereby dictates a remarkably short quenching timescale,

measured relative to infall. Through a detailed comparison of the observed Milky Way and
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M31 satellites to the ELVIS suite of simulations, we show that this quenching timescale

(Tquench) 18 ~ 2 Gyr at stellar masses of 106 — 108 Mg, in the Local Group.

A very similar analysis by Wheeler et al. (2014), in which the properties of nearby dwarfs
in the SDSS are compared to the Millennium-II simulation (Boylan-Kolchin et al., 2009),
finds that the quenching timescale must be much longer (> 7.5 Gyr) at slightly higher
stellar masses (~ 10 Mg). This longer quenching timescale is dictated by the relatively low
quenched fractions observed in nearby groups (Geha et al., 2012). While Wheeler et al. (2014)
preferentially study higher-mass host halos than that of the Milky Way and M31, analysis
of the Local Group is in broad agreement. At M, ~ 10% — 10'° M, the satellite quenched
fraction in the Local Group is only ~ 40% (Wheeler et al., 2014; Phillips et al., 2015; Slater
& Bell, 2014), which requires a quenching timescale of ~ 7.8 Gyr when comparing the infall
times of ELVIS subhalos selected to have M, ~ 108 —10%5 M, according to the abundance

matching relation of Garrison-Kimmel et al. (2014a).

In an effort to study quenching for the most massive satellite systems, Wetzel et al. (2013)
and De Lucia et al. (2012) compare group and cluster populations from the SDSS (Yang et al.,
2007) to N-body and semi-analytic models, respectively. While analysis at these masses is
complicated by the fact that some isolated or field systems are quenched independent of
any environment-related effects, these independent analyses conclude that the quenching
timescale at ~ 10'° — 10'* M, increases with decreasing satellite stellar mass, reaching as
long as ~ 5 —6 Gyr (see also Hirschmann et al., 2014). Interestingly, for these most massive
satellites, no evidence is found for variation in the quenching timescale with host halo mass

(Wetzel et al., 2013, but see also Phillips et al. 2015).

In Figure 2.5, we combine our estimate of the quenching timescale for low-mass satellites
in the Local Group (M, ~ 10”7 M) with the complementary constraints from Wheeler
et al. (2014) and Wetzel et al. (2013) at higher stellar masses. Due to differences in the

adopted definiton of infall time (see discussion in Wheeler et al. 2014), we assume a quenching
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Figure 2.5: The dependence of the satellite quenching timescale (7quench) o1 satellite stellar
mass at M, ~ 10 — 10 M. The inset legend lists the typical host halo mass for each
data set. The magenta, gold, and cyan colored bands show the constraints for satellites in
different mass host halos derived from analysis of galaxy groups and clusters in the SDSS by
Wetzel et al. (2013). The black square denotes the typical quenching timescale for slightly
lower-mass satellites (~ 10° Mg) from Wheeler et al. (2014), with the horizontal error
bars denoting the 25 — 75% range in stellar mass probed by that work and the vertical
error bars giving the variation in Tguench corresponding to satellite quenched fractions of
25 —55% (as derived from analysis of subhalo populations in ELVIS, see §2.5). Our estimate
for the low-mass satellite quenching timescale in the Local Group is given by the black
circles (Tquench ~ 1.4 Gyr, see §2.4.1), where our sample of subhalos is divided into two
stellar mass bins of 10° — 10" My and 107 — 108 My. Each point gives the quenching
timescale for subhalos in that mass bin assuming a satellite quenched fraction of 90%, while
the vertical error bars illustrate the variation in 7yuench corresponding to satellite quenched
fractions of 80 — 100%. Our results are largely independent of mass, with increased scatter
at higher masses due to the smaller number (and thus increased stochasticity in the infall
times) of massive subhalos. The horizontal error bars show the quartiles of the subhalo
mass distribution within each bin. At high masses, the quenching timescale increases with
decreasing stellar mass. Below M, ~ 108 Mg, we find that satellite quenching becomes
dramatically more efficient, suggesting a likely change in the physical mechanisms at play.
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Figure 2.6: Left: The dependence of the satellite quenching timescale (Tyyench) and gas de-
pletion timescale (7qep1) on satellite stellar mass at M, > 10® M. The magenta, gold, and
cyan colored bands show the constraints for satellites in different mass host halos derived
from analysis of galaxy groups and clusters in the SDSS by Wetzel et al. (2013). The black
square gives the typical quenching timescale for lower-mass satellites (~ 10%% — 10%5 M)
from Wheeler et al. (2014). The solid and dashed black lines show the mass dependence
of the gas depletion timescale (Hy + Hi) derived from combining the observed gas frac-
tions of Boselli et al. (2014a) with the star formation rate-stellar mass relation of Salim
et al. (2007) and Speagle et al. (2014), respectively. The solid blue and solid green lines
give the corresponding predictions from the hydrodynamical and semi-empirical models of
Davé et al. (2011) and Popping et al. (2015), respectively. The inferred satellite quenching
timescales at > 10® M, show broad agreement with the observed gas depletion timescales
for field systems, suggesting that starvation is the main driver of satellite quenching at these
masses. Right: The dependence of the satellite quenching timescale on satellite stellar mass
at 10 < M, /Mg < 10", including the estimates of Tquenen from Fig. 2.5. The light grey
shaded regions highlight the expected dominant quenching mechanism and projected mass
dependence of Tyyench, While the vertical hashed grey region demarcates the critical mass scale
below which a more efficient physical process (e.g. ram-pressure stripping) drives relatively
rapid quenching in the Local Group. At high masses (= 10® M), satellite quenching is
consistent with being driven by starvation; below ~ 10® Mg, however, we posit that ram-
pressure stripping becomes increasingly effective, such that depletion (and thus quenching)
timescales are significantly shorter.
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timescale of 8 Gyr at 10 M. This value for Tquench 18 fully consistent with the results from
Wheeler et al. (2014, Tquench ~ 7-5—9 Gyr); as previously highlighted, analysis of higher-mass
subhalos in the ELVIS simulations — systems corresponding to 10%° —10%° M, following the
Garrison-Kimmel et al. (2014a) abundance matching relation — yields a very similar result
(Tquench ~ 7.8 Gyr; see also De Lucia et al. 2012). Altogether, we find that the quenching
timescale increases with decreasing mass at > 108 Mg, such that environmental processes
are relatively inefficient in suppressing star formation at ~ 10° M. At lower stellar masses
(< 10® Mg), however, the quenching timescale decreases dramatically, indicating a stark
increase in the satellite quenching efficiency for low-mass systems. Given that all known
satellites of the Milky Way and M31 are quenched below stellar masses of ~ a few x 10° Mg,
the quenching timescale is expected to remain short to even lower masses. For the lowest-
mass systems (i.e. ultra-faint dwarfs) environmental quenching is likely irrelevant, as the
smallest dark matter halos may have their star formation suppressed significantly by non-

environmental mechanisms like cosmic reionization (e.g. Rees, 1986; Efstathiou, 1992; Wyithe

& Loeb, 2006; Onorbe et al., 2015).

For an infalling satellite of any mass, assumed to be isolated from subsequent gas accretion,
an upper limit on the longevity of any star formation activity is set by the gas supply
within the satellite upon infall — including the satellite’s hot halo, from which gas may cool.
Processes such as ram-pressure stripping, tidal effects, and harassment would then work to
diminish this gas supply, so as to accelerate the quenching process. The long quenching
timescales observed for higher-mass satellites (~ 10%® — 10'° M) thus favor starvation as
the dominant quenching mechanism. Ignoring future accretion, recycling, or gas cooling,
the duration of star formation should follow the gas depletion timescale (Tgepi = Mgas/SFR,
where Mg, is the mass of a satellite’s cold gas reservoir upon infall). While studies of
nearby star-forming galaxies suggest that the surface density of ongoing star formation is
most closely tied to the dense Hy gas (Bigiel et al., 2008, 2011; Leroy et al., 2008), observed

molecular depletion timescales are much shorter than the inferred quenching timescales. For
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relatively massive galaxies (M, = 10 M), spanning a broad range of redshift, current
observations point towards molecular depletion timescales of roughly 1 —2 Gyr (Bigiel et al.,
2011; Leroy et al., 2013; Saintonge et al., 2011; Tacconi et al., 2010, 2013; Genzel et al., 2010,
2015). Moreover, recent work targeting larger samples of lower-mass galaxies conclude that
the molecular depletion timescale decreases with decreasing stellar mass, such that infalling
satellites at 102 Mg, should, on average, exhaust their molecular reservoirs in less than 1 Gyr

(Saintonge et al., 2011; Boselli et al., 2014a).

These relatively short molecular depletion timescales are in direct conflict with the derived
quenching timescales for satellites at ~ 10° — 10'° Mg, which indicate that star formation
typically continues for > 4 Gyr after infall. Given that strong variation in star-formation
efficiency for Hs is disfavored by both observations of the Kennicutt-Schmidt relation (Bigiel
et al., 2008; Leroy et al., 2008; Krumholz & McKee, 2005) and the bimodality of rest-frame
galaxy colors (or specific star formation rates, Balogh et al., 2009; Weinmann et al., 2010),?
the extended star formation in satellite galaxies seemingly must be driven by a fuel supply
beyond the molecular reservoir. While gas cooling from a satellite’s hot halo could replenish
the fuel supply for star formation, there is little observational evidence for significant hot
gas coronae around star-forming galaxies, even at the high-mass regime and especially when
restricting to gas with a sufficiently short cooling time (Sun et al., 2007; Rasmussen et al.,

2009; Crain et al., 2010; Miller & Bregman, 2015).

On the other hand, if atomic gas is included as a potential fuel source for star formation,
there may be better agreement between the expected gas depletion and satellite quenching
timescales. As previously stated, star formation is observed to follow molecular gas density
more closely than atomic gas density, although the weaker correlation with Hi surface density
could be largely due to atomic gas spanning a broader range of densities, thus on average

tracing dense star-forming clouds more poorly (Glover & Clark, 2012a,b; Clark et al., 2012).

2While a reduction in the star formation efficiency for satellites would yield longer depletion (and thus
quenching) timescales, it would also lead to overproducing galaxies in the “green valley”.
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As shown in Figure 2.6a, when including the atomic gas component, the inferred quenching
timescales at high stellar masses (M, 2> 10® M) are in broad agreement with the measured
and predicted (atomic plus molecular) gas depletion timescales and thus consistent with a

picture where satellite quenching is driven by starvation at high masses.

In the low-mass regime (< 10® Mg,), the atomic component becomes increasingly important,
with observations of nearby star-forming systems finding that the typical Hi gas fraction
increases steadily towards lower mass (Skillman et al., 2003; Geha et al., 2006; Leroy et al.,
2008; Schiminovich et al., 2010; Catinella et al., 2010; Huang et al., 2012b). More impor-
tantly, this relative growth in atomic gas outpaces the corresponding increase in the average
specific star formation rate (e.g. Noeske et al., 2007; Salim et al., 2007; Speagle et al., 2014),
such that the gas depletion timescale is generally long (2 10 Gyr) for low-mass star-forming
galaxies — a result that is fully consistent with the dearth of quiescent field galaxies at
< 10° Mg, (Geha et al., 2012; Ofiorbe et al., 2015). In comparison to the typical quenching
timescales at low masses, however, the overabundance of atomic gas in these systems suggests
that starvation alone cannot drive satellite quenching at < 10® My. Instead, a secondary
process, such as ram-pressure stripping, is needed to remove cool gas from infalling systems,

thereby decreasing the gas depletion timescale significantly.

As observations of systems such as Leo I suggest (Sohn et al., 2013), we would expect strip-
ping to occur as a satellite infalls from R,; towards pericenter, such that quenching at low
masses would proceed according to the dynamical time (74yy ), which is roughly 1—2 Gyr for a
Milky Way-like halo today (e.g. Stewart et al., 2009). While a detailed analysis of the efficacy
of ram-pressure stripping (or other quenching mechanisms such as tidal forces) is beyond the
scope of this work (see Fillingham et al. in prep), Figure 2.6b presents a qualitative depiction
of the potential physical processes at play, where satellite quenching is primarily driven by
starvation at higher masses (= 108 Mg, for the Local Group) while ram-pressure stripping

becomes increasingly effective below a critical mass scale of ~ 108 Mg, yielding shorter
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quenching timescales and high observed quenched fractions. In this qualitative picture, we
expect that ram-pressure stripping (or some other efficient quenching mechanism) plays a
critical role in suppressing star formation down to the mass scales at which reionization in-
hibits gas accretion and therefore star formation (perhaps, M, ~ 10* Mg, Brown et al., 2014;
Onorbe et al., 2015; Wheeler et al., 2015b). Applying this qualitative picture to higher-mass
host halos (e.g. rich groups and clusters), the critical scale at which ram-pressure stripping
becomes effective should move to higher satellite masses due to the increased density of the

host’s hot halo in concert with higher infall velocities for the satellites.

2.6 Summary

Comparing observations of the Local Group satellite population to corresponding high-
resolution N-body simulations from the ELVIS suite, we investigate the typical timescale
(following infall) upon which star formation is suppressed in low-mass (< 10® M) satellite
galaxies. When combining our work with complementary analyses of higher-mass satellite
populations, we present a comprehensive picture of satellite quenching spanning roughly five

orders of magnitude in stellar mass. Our principal results are as follows:

e To reproduce the high fraction of quenched low-mass satellites in the Local Group, the
typical quenching timescale at M, ~ 10° — 10® Mg, must be relatively short (Tquench ~

2 Gyr).

e The longer quenching timescales inferred for higher-mass satellites are roughly con-
sistent with the observed cold gas (Hy plus Hi) depletion timescales in corresponding
field systems; this suggests that satellite quenching is largely driven by starvation at

M, > 10% M.
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e At low masses (M, < 10® M), the much shorter satellite quenching timescales are
potentially set by ram-pressure stripping or some other process that removes the cold
gas reservoirs in infalling systems, such that nearly all low-mass satellites in the Local

Group (or more massive host halos) are quenched.

e [f ram-pressure stripping is responsible for increasing the satellite quenching efficiency
at low masses (M, < 10® My) within the Local Group, we expect that this critical
quenching scale will shift to higher satellite masses in higher-mass host halos (e.g. rich
groups and clusters) due to the increased density of the host’s hot halo in concert with

higher infall velocities for the satellites.

We have suggested here that the transition to rapid quenching in the smallest satellites
(M, < 10% M) is potentially explained as a ram-pressure scale (see Figure 2.6 and Fillingham
et al. in prep). Above this scale, satellite quenching occurs on a gas depletion time, as
accreted galaxies are starved of fresh fuel for star formation. Below this scale, a more rapid,
drag-induced stripping becomes dominant, such that the gravitational restoring force of
lower-mass dark matter halos can no longer retain cool gas against the fluid pressure they

experience while in orbit around a larger host.

The idea that Local Group dwarfs are quenched via ram pressure has been around for some
time (e.g. Einasto et al., 1974; Lin & Faber, 1983; Blitz & Robishaw, 2000) but the evidence
for very rapid quenching provided here adds further argument in its favor, and identifies a
characteristic mass scale where it may become dominant. Underlying this hypothesis is the
notion that the Milky Way and M31 both harbor extended (~ 150 kpc) reservoirs of hot
baryons with sufficient density to strip small galaxies of their gas. There is evidence that
M31 does indeed host an extended circumgalactic medium (Lehner et al., 2015), and X-ray
studies are consistent with this possibility around the Milky Way (Fang et al., 2013; Miller &

Bregman, 2015; Fang et al., 2015). If extended low-density coronae of this kind are common
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around ~ L* galaxies, then they may prove important for understanding the baryon cycle

and the global census of baryons in the Universe.

Of course, one shortcoming of our analysis is that we have restricted ourselves to satellites of
M31 and the Milky Way. Given completeness issues, the Local Group is a reasonable starting
point, but it remains possible that satellites in our vicinity are unusually quenched, perhaps
owing to an uncommonly dense distribution of hot baryons in our vicinity, or atypically early
infall times for the Local Group satellite population. Ongoing efforts to discover and char-
acterize dwarf satellite systems around other massive hosts will be important for solidifying
the existence of a sharp transition scale at M, < 108 M, where satellite quenching appears
to become extremely efficient in the Local Group. If future studies reveal that the Local
Group is indeed typical, then pinpointing the origin of this quenching scale and testing the

ram-pressure hypothesis will be of utmost importance.
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Chapter 3

Under Pressure: Quenching Star
Formation in Low-Mass Satellite

Galaxies via Stripping

3.1 Introduction

Recent studies probing the properties of satellite galaxies in the local Universe show that the
suppression (or “quenching”) of star formation in satellites is a relatively inefficient process
relative to the expectations of hydrodynamic and semi-analytic models of galaxy formation
(e.g. Kimm et al., 2009, 2011; Wang et al., 2014; Hirschmann et al., 2014; Phillips et al.,
2015). While satellites are rapidly quenched — following infall — in the models, analysis of
satellite populations identified in the Sloan Digital Sky Survey (SDSS, York et al., 2000)
instead find that quenching proceeds remarkably slowly, such that a typical satellite with

M, > 10® M, orbits within its host halo — continuing to form stars — for ~ 3 — 7 Gyr before
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being quenched (De Lucia et al., 2012; Wetzel et al., 2013; Wheeler et al., 2014).> Only at the
lowest satellite masses is quenching a highly efficient process, with low-mass (M, < 108 M)
satellites in the Local Group quenching within ~ 1 — 2 Gyr of infall (Weisz et al., 2015;
Wetzel et al., 2015b; Fillingham et al., 2015).

In an effort to connect these measured quenching timescales to the relevant physical mecha-
nisms at play, Fillingham et al. (2015) present a comprehensive picture of satellite quenching
spanning roughly 5 orders of magnitude in satellite stellar mass. The low efficiency and long
quenching timescales inferred for intermediate- and high-mass satellites (M, = 10% M) are
consistent with quenching via starvation — a scenario in which gas accretion on to a satel-
lite galaxy is halted following infall, thus eventually eliminating the fuel for star formation
(Larson et al., 1980; Kawata & Mulchaey, 2008); lending support to this picture, the mea-
sured quenching timescales agree very well with the observed cold gas (Hr + Hy) depletion
timescales for field systems at z ~ 0 (Fillingham et al., 2015). At lower satellite masses
(M, < 108 Mg,), however, the quenching timescales derived from analysis of the Local Group
satellite population suggest that the physics of satellite quenching must change significantly;
a more efficient quenching mechanism (relative to starvation) must be at play below a critical

mass scale of ~ 108 M.

Stripping is a plausible candidate quenching mechanism at low masses. This includes ram-
pressure stripping (Gunn & Gott, 1972), a process by which the cool, dense interstellar
medium (and thus the fuel for future star formation) is removed from a satellite galaxy as it
passes through its host’s circumgalactic medium (CGM). Ram-pressure stripping becomes
increasingly effective in lower-mass satellites, due to their weaker gravitational restoring
pressures (Hester, 2006); moreover, ram pressure acts on roughly the dynamical time of the

host system (i.e. 1 — 3 Gyr, Tonnesen et al., 2007; Bekki, 2014), consistent with the short

IThese measured satellite quenching timescales include the transition of a satellite system from star-
forming to quiescent, which must proceed quickly (within ~ 1 Gyr) so as to reproduce the observed bimodal
distribution of specific star-formation rates and rest-frame colors (Balogh et al., 2004; Wetzel et al., 2013).
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quenching timescale inferred for low-mass satellites of the Local Group. In addition to ram-
pressure stripping, cold gas may also be removed from a satellite due to turbulent viscous
stripping, which results from Kelvin-Helmholtz instabilities at the interface of the satellite’s
interstellar medium and the CGM (Nulsen, 1982). The relative motion of the two media in
addition to the substantial difference in their mean densities can lead to perturbations that
overcome the local gravitational restoring force, such that gas is stripped from the satellite.
Within massive groups and clusters, a wide range of observations provide abundant evidence
of stripping in action, showing its ability to quench infalling galaxies via removal of their
cold gas component (e.g. Ebeling et al., 2014; Kenney et al., 2015). It remains uncertain,
however, if stripping is an effective quenching mechanism in more typical host halos, such

as that of the Milky Way or M31, and specifically at satellite stellar masses of < 108 M,

In this work, our goal is to directly address the efficacy of stripping as a quenching mechanism
for low-mass satellites in Milky Way-like systems. By using observations of local field dwarfs
to inform analytic calculations of both ram-pressure and turbulent viscous stripping, we
measure the amount of cold gas that would typically be removed if these field dwarfs were
to interact with a Milky Way-like host. In Section 3.2, we detail our methods, including
the analytic framework and data sets that we utilize to estimate the impact of stripping on
infalling satellites. In Section 5.3, we present our primary results regarding the efficiency
of stripping in Milky Way-like environments, specifically addressing potential uncertainties
associated with the properties of the host halo and the satellite population. Finally, in
Sections 5.4 and 4.5, we discuss and summarize the implications of our results with regard

to the quenching of low-mass satellites in the Local Group and beyond.
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3.2 Testing Satellite Stripping

3.2.1 Analytic Framework

The effectiveness of stripping as a quenching mechanism boils down to a relatively simple
competition between the stripping pressure (Piipping) and the gravitational restoring force
per unit area (i.e. the gravitational restoring pressure, Prestore). When Prestore > Patripping, the
interstellar medium (or ISM, comprised predominantly of cold gas) is retained by the infalling
satellite galaxy, such that star formation may proceed. When the stripping pressure exceeds
the gravitational restoring pressure, however, some fraction of the cold gas is removed from
the satellite. In cases where this stripped fraction is large enough, star formation will be shut

down rapidly due to the loss of available fuel. In what follows, we investigate two different

mechanisms for removing the cold interstellar medium of infalling satellites.

3.2.1.1 Ram-Pressure Stripping
Following Gunn & Gott (1972), we estimate the ram pressure (Pram) as:

Pram ~ phalo‘/2 (31)

sat

where ppalo is the density of the host’s gas halo and V,; is the velocity of the satellite galaxy
with respect to the host’s frame of reference, or more precisely the local reference frame
of the host’s gas halo in the immediate vicinity of the infalling satellite galaxy. As shown
in Equation 3.1, the ram pressure experienced by an infalling satellite is dependent on the
local environment — thus, the properties of the host system, in particular its dark matter
halo mass, which plays a critical role in setting pna,, and Via. As described in Section 3.2.2,

we utilize N-body simulations and observations of the Local Group and similar systems
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to inform our selection of these global environmental parameters, applying average values
of ppalo and Vi to all infalling satellites in our analysis. The adopted values for these
parameters, along with uncertainties or biases that their selection introduces, are discussed

directly in Section 3.3.2.

Assuming a spherical mass profile for an infalling satellite, the gravitational restoring force
per unit area is given by:

G M(r)

P restore ™ Zgas (T> )

: (3.2)

where Y,,4(r) is the surface density of the cold gas to be stripped from the satellite and
M(r) is the total satellite mass interior to the radius r. As shown in Equation 3.2, the
restoring pressure depends exclusively on the properties of the infalling galaxy, varying from
one satellite system to the next, as it is accreted onto the parent halo. To model the
properties of a representative sample of infalling satellites, we utilize observational data for
a broad collection of nearby galaxies, including mass modeling to infer the local gravitational

potential on a system-by-system basis (see Section 3.2.3).

For an infalling satellite, the degree to which ram pressure is able to strip its ISM is de-
termined by the relative magnitude of the two pressures (Prm versus Piesore), such that
stripping will occur beyond a radius r (within the satellite) if

G M(r)

72

phalo‘/sit > Egas(r) (33)

Throughout this work, we define Ry, as the innermost radial distance at which this inequal-
ity holds. Inside Rgyip, the restoring pressure is able to resist stripping, while ram pressure

dominates beyond this radius.
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3.2.1.2 Turbulent Viscous Stripping

The interaction at the interface of the ISM and the CGM can result in the growth of Kelvin-
Helmholtz (K-H) instabilities due to the relative motion between the two phases. This
will allow turbulent viscous stripping to remove the outer regions of the ISM when the
gravitational restoring force is sufficiently small. Perturbations with wavenumber, k, are
unstable if they meet the following criteria (Murray et al., 1993; Mori & Burkert, 2000):

2 2
P gas Phalo

k>g ,
Pgas Phalo Vsit

(3.4)

where ¢ is the gravitational restoring force at the ISM-CGM interface.

Previous studies of turbulent viscous stripping find that the dominant wavelength is set by
the size of the cold gas region (Rjsy ), such that k = 27/ Rigy (Nulsen, 1982; Murray et al.,
1993). In our analysis, we make the assumption that ppao < pgas, Which is undoubtedly
true for gas-rich dwarfs accreted into the Local Group (or similar environments). Plugging
these approximations into Equation 3.4, leads to the following inequality of the same form

as Equation 3.3:

G MO ﬁgas

3.5
2m Rism (3:5)

2
Phalo Vsat >

where pg, is the average ISM density inside Rigm, and My is the total restoring mass inside
Rigy. If this inequality is true, then turbulent viscous stripping will proceed and the outer
layers of the ISM will be removed. When this inequality is false, the gravitational restoring

pressure is able to stabilize the outer layers of the ISM against the K-H instabilities.

When turbulent viscous stripping is able to proceed, the rate at which the ISM is removed
will determine how much gas is stripped and ultimately whether the reservoir for star for-

mation will be significantly depleted. The rate of total gas mass loss (M) is given in slightly
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different forms throughout the literature (e.g. Nulsen, 1982; Mori & Burkert, 2000; Roediger
& Hensler, 2005). In this work, we adopt the following approximation from Roediger &
Hensler (2005):

: Rism 2 TMhalo Viat M@
M ~ 20 ( ) . 3.6
(20 kpc) 103 cm=3/ \1000kms=t / yr (3:6)

The details regarding how Equations 3.5 and 3.6 are used to determine the fraction of ISM

removed from an infalling dwarf galaxy are discussed further in Section 3.2.4.

3.2.2 Estimating pp., and Vi

The strength of the stripping force acting upon an infalling satellite is primarily set by the
density of the host’s halo gas along with the relative velocity of the satellite (see Eq. 3.1
and Eq. 3.5). Within the Milky Way, a variety of indirect probes point towards halo gas
densities of ~ 107* ecm™ for the hot (T" ~ 10° K) component (e.g. Weiner & Williams,
1996; Stanimirovié¢ et al., 2002; Fox et al., 2005; Greevich & Putman, 2009; Salem et al.,
2015). Moreover, both observed X-ray emission and pulsar dispersion measurements in the
Milky Way are consistent with a cored hot halo distribution with a density of > 10~ cm™3

extending to radial distances of ~ 100 kpc (Fang et al., 2013, see also Anderson & Bregman
2010; Gupta et al. 2012; Miller & Bregman 2013, 2015; Faerman et al. 2016).

While the Milky Way’s hot halo component is clearly important with regard to stripping
in the Local Group, it is the density of the host’s halo gas — across all temperatures —
that dictates the strength of the stripping force. When folding in cooler phases of the
circumgalactic medium, recent studies of nearby massive galaxies, comparable to the Milky
Way, find halo gas densities of ~ 10735 cm™3 extending to at least = 0.25 Ry, (Tumlinson
et al., 2013; Werk et al., 2014; Faerman et al., 2016). These results are also supported by

the latest analysis of the CGM surrounding M31 using quasar absorption-line spectroscopy,
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Figure 3.1: The distribution of subhalo velocities (relative to their parent halo) in the ELVIS
suite of Local Group simulations for all subhalos that reside inside the virial radius at z = 0.
The cyan, magenta, and gold histograms correspond to subhalo velocities measured when
crossing the virial radius (i.e. infall), at 0.5 Ry, and at pericenter, respectively. For Milky
Way-like systems, the typical satellite velocity (relative to the host’s halo gas) is roughly
200 — 400 km s~! at the time of quenching. In our analysis, we adopt a fiducial value of

Vot = 300 km s~ 1.
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which finds evidence for a massive and extended gas halo (Lehner et al., 2015). Related
studies targeting more massive, high-z systems find extended, high-density reservoirs of cool
(10* K) halo gas reaching out to large fractions of the virial radius (Lau et al., 2015). In
accordance with these recent results, we assume a fiducial value for the host halo density
(Nhato) of 10735 cm™3, where ppao = pnnalemm- For the purposes of this analysis, the mean

molecular weight, u, is set to 1.

Given the significant uncertainties in the observed halo densities of the Milky Way and M31,
we explore how both our calculations of instantaneous ram-pressure stripping and continuous
viscous stripping depend on this adopted value of ny,, in Section 3.3.2. Throughout our
analysis, we make no assumptions regarding the radial profile of the halo gas. Given the
expected orbits of infalling satellite populations and the existing constraints on the quenching
timescale measured relative to infall, however, there are relevant constraints regarding the

extent of the CGM, which we discuss in Section 3.4.4.

To estimate the relative velocity of a satellite system in relation to the host’s halo gas (Viat),
we study the distribution of subhalo velocities within the Exploring the Local Volume In
Simulations (ELVIS) suite of 48 high-resolution, dissipationless simulations of Milky Way-like
halos (Garrison-Kimmel et al., 2014a). The ELVIS suite includes 24 isolated halos as well as
12 mass-matched Local Group-like pairs, simulated within high-resolution uncontaminated
volumes spanning 2 — 5 Mpc in size using a particle mass of 1.9 x 10> My and a Plummer-
equivalent force softening of € = 141 physical parsecs. Within the high-resolution volumes,
the halo catalogs are complete down to My, > 2 x 107 Mg, Vipax > 8 km s71, Mo >
6 x 10" M, and Voeak > 12 km s~ — thus more than sufficient to track the evolution of halos

hosting the Local Group dwarf population.

From ELVIS, we select subhalos corresponding to satellites with stellar masses of 106—10° M,
— i.e. halo masses of 10%7 — 102 M, following the stellar mass-halo mass (SMHM) relation

of Garrison-Kimmel et al. (2014a). We sample the velocities of these subhalos at the time
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of infall (i.e. crossing Ry;), at 0.5 Ry, and at pericenter. In Figure 3.1, we show the
distribution of subhalo velocities (relative to that of their host dark matter halo) at each of
these distances. As expected, the average velocity of the subhalo population increases from
infall towards pericenter, with a mean velocity of 183, 237, and 318 km s~ ! at Ryi, 0.5 Ruyir,
and Rpei, respectively.? To increase the precision at which we are able to measure the
position of pericentric passage and the velocity at pericenter for each subhalo, we 3-d spline
interpolate the position and velocity information for all subhalos across the 75 simulation
snapshots in ELVIS. While this interpolation scheme achieves a time resolution of ~ 20 Myr,
our resulting measurements of i and Ve are likely somewhat over- and under-estimated,

respectively.

Typically, studies of instantaneous ram-pressure stripping assume the satellite velocity at
pericenter, where stripping is expected to be greatest. Quenching (i.e. stripping) when a
satellite reaches a radial distance of ~ 0.5 R, while on first infall, however, is consistent
with the inferred quenching timescales for the Local Group satellite population (Fillingham
et al., 2015). Herein, we compromise between these two scenarios, adopting a fiducial satellite
velocity (Viag) of 300 km s™!. In Section 3.3.2, we explore how our results depend upon this

choice of V.

3.2.3 Estimating Xg.s(r) and M(r)

As shown in Equation 3.2, the gravitational restoring pressure is dependent upon the prop-
erties of the infalling satellite, specifically the gas surface density and total mass profiles.
To estimate these parameters for a representative sample of infalling satellites, we utilize
existing observations of 66 nearby, star-forming dwarf galaxies from the THINGS, Little
THINGS, and SHIELD data sets (Walter et al. 2008; Hunter et al. 2012; Cannon et al. 2011;

2Both the subhalo velocity and pericenter distributions show no dependence on subhalo mass, consistent
with the idea that the host potential is the primary driver of these subhalo properties.
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Figure 3.2: The observed Hi surface density profiles for our sample of 66 nearby field galaxies
from THINGS, Little THINGS, and SHIELD, color-coded according to the stellar mass of
each system. While there is substantial scatter in profile shape from object to object, the
lower-mass dwarfs are preferentially less extended than their more massive counterparts.
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McNichols et al. in prep; Teich et al. in prep). This sample is dominated by isolated (or
“field”) systems, for which the ISM is largely unaltered by previous interactions with a more
massive host system — i.e. ideal candidates to test the effectiveness of ram-pressure stripping
as a quenching mechanism. While the satellites of the Milky Way and M31 were primarily
accreted at z ~ 0.5 — 1 (Wetzel et al., 2015a; Fillingham et al., 2015), our sample of nearby
galaxies is expected to be similar in cold gas (specifically Hi) content to similar systems at

intermediate redshift (Popping et al., 2015; Somerville et al., 2015).

For galaxies drawn from Little THINGS and SHIELD, we infer the stellar mass of the system
using the published V-band absolute magnitudes (Hunter et al., 2012; Haurberg et al., 2015)
and assuming a mass-to-light ratio of unity, which is roughly consistent with the expectations
for a ~ 1 Gyr-old simple stellar population following a Salpeter initial mass function (e.g.
Maraston, 1998). For those systems selected from THINGS, we utilize the stellar mass
estimates of Leroy et al. (2008), which are derived from Spitzer 3.6pum imaging assuming a
K-band mass-to-light ratio of 0.5. As discussed further in Section 3.3.1, uncertainties in the
measured stellar masses for our sample have little impact on the quantitative or qualitative
results of our analysis. For the 12 galaxies in the SHIELD sample, the resulting stellar mass
estimates are in relatively good agreement with those derived from stellar population fits to
multi-band Hubble Space Telescope photometry, with a typical offset (to higher masses) of
0.37 dex (McQuinn et al., 2015). Altogether, the sample of 66 field systems spans a broad
range in stellar mass, from ~ 10° — 10" Mg, covering the mass regime where Fillingham
et al. (2015) find evidence for a change in the dominant satellite quenching mechanism and

where stripping is presumed to become effective.

For each of the galaxies in our sample, we utilize the published Hr surface density profiles
from the THINGS, Little THINGS, and SHIELD projects, scaled by a factor of 1.36 to
account for helium (Leroy et al. 2008; Hunter et al. 2012; Teich et al. 2015; Teich et al. in

prep). For a typical low-mass galaxy, the cold gas component is largely dominated by atomic
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(versus molecular) gas (e.g. Popping et al., 2014; Boselli et al., 2014a), such that Xy, provides
a robust estimate of the ISM surface density and thus the efficacy of both ram-pressure
and turbulent viscous stripping. As shown in Figure 3.2, the Yy, profiles for our sample
exhibit significant variation in shape, with more massive systems having preferentially more
extended Hr surface density profiles. While the depth of the Hr observations varies from
object to object in our sample, the THINGS, Little THINGS, and SHIELD measurements
are sensitive to the bulk of the atomic gas component, such that any undetected low-density

gas at large radii would have a negligible impact on our stripping calculations.

To determine the mass profile, M (r), for each galaxy in our sample, we infer the total dark
matter halo mass according to the stellar mass-halo mass relation of Garrison-Kimmel et al.
(2014a) and assume an NFW density profile (Navarro et al., 1997) with a concentration given
by the ¢ — M relation of Klypin et al. (2011). While this methodology neglects contributions
to the mass profile from the baryonic component, these are relatively modest at these mass
scales (i.e. M, < 10! M), as illustrated in Section 3.3.1. Recognizing current uncertainties
in the dark matter density profiles of low-mass galaxies (e.g. Moore, 1994; de Blok et al.,
2001; Boylan-Kolchin et al., 2011, 2012), we also employ mass profiles derived from dynamical
modeling of the observed Hr kinematics for a subset of our systems, including NFW fits to
the THINGS and Little THINGS samples from de Blok et al. (2008) and Oh et al. (2015) as

well as fits to a Burkert profile (Burkert, 1995) from Pace (2016).

3.2.4 Measuring the Stripped Fraction (fstripped)

Using the H1 surface density profiles presented in Figure 3.2, we determine the fraction of Hr
gas stripped from each satellite in our sample, given an assumed host halo density (ppalo),

satellite velocity (Vi ), and satellite mass profile (M(r)). Throughout our analysis, we first
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Figure 3.3: The fraction of Hi gas stripped (fstrippea) Via ram pressure as a function of
stellar mass for our sample of 66 dwarf galaxies, assuming a host halo gas density of ny., =
1073% cm ™3 and a satellite velocity of Vi, = 300 km s~!. The grey solid line corresponds to
the mean fyyipped computed in a sliding bin of width 0.6 dex in stellar mass. At stellar masses
greater than roughly 10° Mg, we find that satellite systems are unaffected by ram pressure
in a Milky Way-like environment. At M, < 10%5 My, however, ram pressure is increasingly
effective, with infalling systems typically having ~ 40% of their cold gas stripped. It is worth
noting that the scatter in the stripped fraction at fixed stellar mass is driven entirely by the
variation in the Hi surface density profiles. For reference, we include the corresponding halo
mass for each system, as inferred via the stellar mass-halo mass relation of Garrison-Kimmel
et al. (2014a).
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determine the amount of ISM removed via instantaneous ram-pressure stripping, then we

allow turbulent viscous stripping to proceed for up to 1 Gyr.

3.2.4.1 Ram-Pressure Stripping

First, the satellite experiences ram pressure stripping, which is generally assumed to coincide
with either initial infall or pericentric passage. As discussed in Section 3.2.1, Equation 3.3
specifies the radial distance, measured from the center of each satellite, at which ram pressure
exceeds the gravitational restoring pressure (Ryip). By integrating the Hr surface density

profile beyond this radius, we compute the fraction of gas stripped from each satellite as

fR:l: gas(r) rdr

fORma" Ygas(r) rdr 7

(3.7)

fstripped =

where R,.. is the outermost radial distance at which Hr is detected. Here, the numerator
corresponds to the gas mass that is stripped from the satellite after it interacts with the
CGM of the host. The denominator is the total gas mass that resides in the system in
the absence of any environmental effects (i.e. prior to infall). The stripped fraction in this
scenario is the amount of gas removed in a single, instantaneous interaction between the

infalling satellite and the host halo.

As discussed in Section 3.2.3, the adopted definition for R,.. leads to an underestimate of
the stripped fraction, as low-density gas at large galactocentric radii is unaccounted for in
our analysis. However, given the sensitivities of the THINGS, Little THINGS, and SHIELD
Hr maps, any Hr component at large radii contributes minimally to the total atomic gas

mass, such that the resulting impact on fyippea should be negligible.
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3.2.4.2 Turbulent Viscous Stripping

After estimating fsuippea @s a result of ram-pressure stripping, we compute the corresponding
fraction of gas removed due to turbulent viscous stripping over a maximum timespan of
1 Gyr. First, we test whether the ISM and CGM interface conditions located at Rguip are
susceptible to viscous stripping via Equation 3.5. If true, we determine the gas mass lost
during a 100 Myr interval, M ;scous, using Equation 3.6. Miscous 1S then uniformly removed
from the outermost regions of the Hi surface density profile, leading to a new Ry, in addition
to a new value of both pg,s and My. The ISM-CGM conditions are then reevaluated allowing
the gas removal process to continue if Equation 3.5 is still true. We repeat this process for
up to 1 Gyr, leading to a total gas mass lost via turbulent viscous stripping. This additional
gas mass is added to the gas which was initially removed via ram pressure to get a total gas

mass lost as a result of stripping.

We limit the timespan on which turbulent viscous stripping occurs, so as to roughly match
the measured quenching timescale for Local Group satellites (i.e. < 2 Gyr, Fillingham et al.,
2015). Approximately 50% (or 55%) of the subhalo population in ELVIS reaches pericenter
(or 0.5 Ryy) within ~ 1.5 Gyr (or ~ 1 Gyr) of infall, where instantaneous ram-pressure
stripping is assumed to occur. A further 1 Gyr of turbulent viscous stripping therefore
yields a typical quenching time (relative to infall) in rough agreement with the expectations

of Fillingham et al. (2015) and Wetzel et al. (2015b).

3.3 Results

In Figure 3.3, we show the fraction of Hr gas ram-pressure stripped from our sample of
star-forming galaxies (with no viscous stripping), assuming a host halo density of npa, =

1073® ecm ™3 and a satellite velocity of Vi = 300 km s~!. For satellite systems with stellar
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Figure 3.4: (Left): the fraction of Hr gas ram-pressure stripped (fstripped) s a function of
stellar mass for the subset of systems with mass profiles determined via dynamical fits to an
NFW profile (de Blok et al., 2008; Oh et al., 2015) and to a Burkert profile (Pace, 2016).
As in Fig. 3.3, we assume a halo gas density of ny., = 1072 ecm™3 and a satellite velocity
of Viae = 300 km s=!. (Right): the difference in the fraction of Hi gas stripped relative to
the corresponding result (see Fig. 3.3) assuming our fiducial mass profile inferred via the
stellar mass-halo mass relation of Garrison-Kimmel et al. (2014a): A fsripped = fstripped,fid —
fstripped,dyn- 1D general, the mass profiles inferred from dynamical modeling favor cored
halos, such that stripping is more efficient relative to our fiducial model. Moreover, while
there is significant scatter from galaxy to galaxy based upon the assumed mass profile, the
qualitative results are universal with ram-pressure stripping becoming increasingly effective

at M, < 1087 M.

masses greater than ~ 10° My, ram pressure is unable to strip the interstellar medium,
consistent with the long quenching timescales inferred by Wheeler et al. (2014) and Fill-
ingham et al. (2015) at this mass regime. At M, ~ 10°7? Mg, however, we find that ram
pressure begins to overcome the local gravitational restoring force, such that a significant
fraction of the cold gas reservoir is removed from a typical infalling satellite at M, < 10® Mg
(< fetrippea >~ 40%). While there is considerable scatter in the efficacy of ram-pressure strip-
ping at low masses, our fiducial model for a Milky Way-like system qualitatively reproduces
the critical mass scale for quenching at ~ 10® Mg, such that ram-pressure stripping is a
viable candidate to be the dominant quenching mechanism at low satellite stellar masses.
In Section 3.3.1 and 3.3.2, we explore how this result depends on the specific parameters
adopted in our fiducial model (i.e. M(7), npal, and Viae). Additionally, in Section 3.3.3, we

discuss how the inclusion of turbulent viscous stripping impacts these results.
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3.3.1 Dependence on M (r)

The assumed dark matter density profile for each galaxy in our sample is critical in determin-
ing the strength of the local gravitational restoring pressure (see Eq. 3.2) and thus the degree
to which ram pressure is able to strip the infalling satellite’s ISM. In our fiducial model, the
mass profiles, M (r), are determined using the stellar mass-halo mass (SMHM) relation of
Garrison-Kimmel et al. (2014a), assuming an NFW density profile. At low masses, however,
less-cuspy dark matter profiles are typically favored and there are large uncertainties in the

slope of the stellar mass-halo mass relation (and its scatter, Garrison-Kimmel et al. 2016).

To explore how our estimates of fsyippea depend on the assumed mass profile, M(r), we
utilize alternative mass profiles derived from dynamical fits to the observed Hi kinematics
for a subset of the systems in our sample. In particular, we utilize the NFW fits to the
THINGS and Little THINGS velocity fields from de Blok et al. (2008) and Oh et al. (2015),
respectively. For 21 galaxies, we also employ Burkert profile fits to the Hi kinematics from

Pace (2016).

The two left most panels of Figure 3.4 show the fraction of atomic gas stripped for the subset

of objects with dynamical mass estimates, assuming a host halo density of 1y, = 1073 cm ™3

and a satellite velocity of Vi = 300 km s~!

. Qualitatively, the dependence of fyippea O1
satellite stellar mass is very similar to that shown in Fig. 3.3 for our fiducial model, which
employs mass profiles inferred from the SMHM relation of Garrison-Kimmel et al. (2014a).
At M, < 1087% Mg, ram-pressure stripping becomes increasingly effective. However, the
stripped fractions calculated using the dynamical mass profile fits are, on average, slightly
greater relative to those produced by our fiducial model. This effect is evident in the far
right panel of Figure 3.4, which shows the difference in the stripped fraction for each object

as we vary the restoring mass profile. For the dynamical fits to an NFW and Burkert

profile (magenta hexagons versus cyan diamonds), we find a mean difference in fyippea 0f
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Figure 3.5: The fraction of Hr gas stripped ( fstripped) Via ram-pressure stripping as a function
of satellite stellar mass for our sample of 66 dwarf galaxies. The solid line in each panel gives
the mean fipped i a sliding bin of width 0.6 dex in stellar mass, with the shaded region
tracing the corresponding 1o scatter. In the top and bottom rows, we assume a host halo gas
density of npa, = 10725 cm™3 and 107*° em ™3, respectively. From left to right, the satellite
velocity varies from 200 (cyan) to 250 (magenta) to 300 km s™! (gold). While the efficiency
of ram-pressure stripping depends on the assumed properties of the host halo, such that
< fstripped > ranges from ~ 10 — 40%, the satellite stellar mass where ram-pressure stripping
becomes significant is universally < 109 M.

—0.32 and —0.15, respectively. On average, the dynamical fits lead to greater stripped
fractions, consistent with these objects being hosted by less-concentrated (or lower-mass)
dark matter halos at fixed stellar mass. While there is not perfect agreement between the
different halo mass estimators, by adopting the SMHM relation as our fiducial method, we
are likely underestimating the stripped fraction and thus providing a conservative estimate

of the effectiveness of ram-pressure stripping.
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3.3.2 Dependence on ny,,, and Vi,

In addition to the uncertainty in the restoring mass profile, the amount of cold gas stripped
from each dwarf is highly dependent on the properties of the host system (i.e. npa, and
Viat)- The density of the host gas halo, for the Local Group in particular, is relatively poorly
constrained. To explore how variation in these global parameters will impact our results,
we measure the stripped fraction for our sample while varying both the satellite velocity,

Viar = {200, 250,300} km s~ ', and the density of the halo gas, npu, = {1074, 1073} em~3.

Figure 3.5 shows the mean and 1o scatter in the stripped fraction as a function of satellite
stellar mass for the adopted variation in both the density of the CGM and the satellite
velocity relative to the frame of reference of the host. Across the entire range of V. and
Nhalo €xplored, ram-pressure stripping becomes effective at roughly the same critical mass
scale (10379 My). The efficacy of ram-pressure stripping at low masses, however, is highly
dependent on the chosen parameters for ny., and Vi,. For example, at M, < 10° M, the
stripped fraction decreases, on average, by ~ 0.15 as the satellite velocity is reduced from
300 to 200 km s~! at fixed npao. Similarly, decreasing the host halo density from npa, =
10735 cm™3 to 107 cm ™ yields an average reduction in fstrippea Of ~ 0.2 at fixed Vga. The
scatter in fyripped associated with variation in Vi, is particularly noteworthy, given that in our
analysis we adopt a single value of V,; for the entire satellite population, thereby neglecting
objects that have velocities greater (or less) than this value. At pericentric passage, for
example, roughly 60% of subhalos in ELVIS have velocities greater than 300 km s™*. This

fraction increases to 82% and 96% for Vi, values of 250 and 200 km s !, respectively.

3.3.3 Turbulent Viscous Stripping

While ram-pressure stripping is effective at removing gas from satellites below the critical

quenching mass scale (< 10® Mg), it is only able to strip roughly half of the cold gas
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Figure 3.6: The fraction of Hr gas stripped (fstrippea) Via ram-pressure and turbulent viscous
stripping as a function of satellite stellar mass for our sample of 66 dwarf galaxies. The solid
line in each panel gives the mean fripped in a sliding bin of width 0.6 dex in stellar mass,
with the shaded region tracing the corresponding 1o scatter. In the top and bottom rows, we
assume a host halo gas density of npae = 1073° ecm™3 and 1074° ecm~
left to right, the satellite velocity varies from 200 (cyan) to 250 (magenta) to 300 km s~*
(gold). Including both ram-pressure and turbulent viscous stripping, we find an increase in
the fraction of stripped gas, such that the majority of gas is removed from low-mass satellites
orbiting hosts with a halo gas density of 1073 cm ™3,
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reservoir on average. As discussed in Section 5.1, however, infalling satellite systems are also
subject to turbulent viscous stripping, which results from K-H instabilities at the interface
of the satellite’s ISM and the CGM. To estimate the impact of this secondary stripping
mechanism, we allow turbulent viscous stripping to proceed for up to 1 Gyr following the

initial ram-pressure stripping.

Figure 3.6 shows the mean and 1o scatter in the stripped fraction due to both ram-pressure
and turbulent viscous stripping as a function of satellite stellar mass, assuming the same
range of V., and ny., values as in Figure 3.5. In contrast to when ram-pressure acts alone,
the inclusion of turbulent viscous stripping at high satellite velocities (Via > 250 km s_l) and
host halo densities (npa, > 1072 cm™3) yields non-zero stripped fractions for some massive
satellites. As discussed in Section 5.4, the amount of gas removed, however, is relatively
modest (< fsgripped > S 0.2), in agreement with the observations of massive satellites in
the Local Group. At low stellar mass, the efficacy of stripping is notably increased when
including turbulent viscous effects, such that the typical stripped fraction is roughly 1.5x

that produced by ram-pressure stripping alone. For a host halo density of npa, = 10733, the

majority of satellites in our sample are stripped of more than half of their cold gas reservoirs.

3.4 Discussion

Recent studies of satellite galaxies in the local Universe find that the efficiency of satellite
(or environmental) quenching — or the timescale upon which it occurs following infall —
strongly depends on the mass of the satellite system (De Lucia et al., 2012; Wetzel et al.,
2013, 2015b; Wheeler et al., 2014; Fillingham et al., 2015). For satellites with M, > 10® M,
the long quenching timescales inferred from the relatively low observed satellite quenched
fractions are consistent with starvation as the dominant quenching mechanism (Fillingham

et al., 2015, see also Davies et al. 2016). At stellar masses below a critical mass scale of

53



M, < 10® Mg, however, the lack of quenched systems in the field combined with the very
high satellite quenched fractions observed in the Local Group require a very short quenching
timescale, consistent with a physical process that acts on roughly the dynamical time, such
as ram-pressure stripping (Wetzel et al., 2015b; Fillingham et al., 2015). While stripping,
and in particular ram-pressure stripping, is often thought to be a possible factor in the dearth
of star-forming dwarfs in the Local Group (Einasto et al., 1974; Lin & Faber, 1983; Blitz
& Robishaw, 2000), these recent results provide possible benchmarks by which to measure
stripping as an active quenching mechanism. In particular, does stripping become dominant
at M, < 10% Mg, and is it strong enough to quench low-mass satellites on a timescale of

~ 2 Gyr in host systems such as the Milky Way or M317

3.4.1 Reproducing the Critical Mass Scale for Satellite Quenching

As first shown by Wheeler et al. (2014, see also Slater & Bell 2014; Phillips et al. 2015),
observations of galaxies in the Local Volume point towards a remarkable shift in the efficiency
of satellite quenching below a satellite stellar mass of ~ 108 M, such that quenching at low
masses proceeds relatively quickly following infall. Recent analysis of much larger samples
of Milky Way-like hosts in deep photometric datasets support this picture (Phillips et al. in
prep), indicating a global critical mass scale for satellite quenching. In agreement with this
picture, we find that ram pressure begins to overcome the local gravitational restoring force
only in systems below a stellar mass of ~ 10° M. Above this mass scale, dwarfs are largely
resistant to ram-pressure stripping, consistent with inefficient quenching via starvation. At
low masses, however, ram-pressure stripping is able to remove (at least some of) the fuel
for star formation from an infalling satellite system, thus contributing to quenching and
potentially driving the change in quenching efficiency below ~ 108 M. Moreover, when
including turbulent viscous stripping, this critical scale for satellite quenching persists, with

a dramatic increase in stripping efficiency evident over the full range of ny., and Vg, values
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explored. Altogether, our results show that stripping naturally gives rise to a critical scale

for satellite quenching, consistent with observations in the local Universe.

Unlike ram pressure, we find that at high halo densities and satellite velocities turbulent
viscous stripping is able to remove cold gas from some infalling satellites in the high-mass
regime (i.e. > 10° Mg). The amount of gas removed, however, is relatively modest and in
broad agreement with observations of massive satellites in the Local Group. For example,
there is clear evidence for stripping of the LMC and SMC, which are the only Milky Way
satellites more massive than 10® M. However, the stripped gas that comprises the Magel-
lanic Stream and Leading Arm (Mathewson et al., 1974), may result from tidal effects (e.g.
Lin & Lynden-Bell, 1977; Besla et al., 2010, 2012; Guglielmo et al., 2014) versus ram-pressure
or viscous stripping (e.g. Moore & Davis, 1994; Mastropietro et al., 2005; Salem et al., 2015;
Hammer et al., 2015). Given the uncertainties associated with the orbit of the LMC and
SMC and the physical origins of the stripped gas, it is difficult to make a clear accounting of
the stripped fraction for the two systems (e.g. D’Onghia & Fox, 2015). However, the total
Hi gas mass attributed to the Magellanic Stream and Leading Arm versus that of the two
Magellanic Clouds jointly is consistent with an average stripped fraction for the two systems
of < 25%, consistent with our expectations at M, > 10% M, (see Fig. 3.6, Briins et al., 2005;

Nidever et al., 2008, 2010).

Finally, the mass scale at which stripping begins to be effective should depend directly on
the the properties of the host system (i.e. npa, and Vi in our analysis). That is, these
parameters should, on average, scale with the mass of the host, such that a typical infalling
satellite would experience a stronger ram pressure in more massive host systems and the
critical mass scale for satellite quenching would increase accordingly. While values of 71,0
and Vi, consistent with those expected for the Milky Way lead to an onset of stripping at
roughly ~ 10872 Mg, observations of more massive host systems, such as rich groups and

clusters, should yield high quenched fractions at yet higher masses as the critical quenching
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mass increases with host mass. This picture is supported by observations of local clusters,
which find very few star-forming satellites at stellar masses of 10°° M, versus the ~ 30%
quenched fraction measured for group and Milky Way-like hosts (e.g. Smith et al., 2012;
Boselli et al., 2014b; Phillips et al., 2015; Sanchez-Janssen et al., 2016).

3.4.2 Does Stripping Quench Low-Mass Satellites?

While ram-pressure stripping acts at the correct mass scales, our analysis finds that ram
pressure alone is unable to suppress star formation in infalling satellites on the timescales
predicted by Fillingham et al. (2015). As shown in Fig. 3.5, for expected values of ny,,
and V., infalling satellites are typically ram-pressure stripped of < 50% of their cold gas
reservoirs. Given the typical Hi gas fractions and star formation rates for low-mass field
dwarfs, which imply exceptionally long depletion timescales (Skillman et al., 2003; Geha
et al., 2006; Schiminovich et al., 2010), a satellite stripped of only 50% of its cold gas will
still retain enough fuel to potentially form stars for many Gyr. For ny., = 1073° cm™3
and Vi, = 300 km s~!, the gas fractions for our satellite population, following ram-pressure
stripping, are still typically ~ 3x greater than the current observational limits for quenched
satellites in the Local Group (i.e. fi, < 0.136, Spekkens et al., 2014); that is, ram pressure
only quenches < 15% of our low-mass satellite population, such that fi; < 0.136. Ultimately,
to reproduce the observed Hi gas fractions for satellites in the Local Group and thus the
inferred satellite quenching timescales at low stellar masses, ram-pressure stripping would
need to be substantially more efficient than our predictions (i.e. stripping nearly the entire
cold gas reservoir of all systems, <fsuippea™>~ 0.9). Emerick et al. (2016) come to a similar
conclusion based on wind-tunnel modeling of an idealized Leo T-like satellite during infall.

Using the FLASH hydrodynamics code (Fryxell et al., 2000), they find that ram-pressure

stripping is unable to fully strip the satellite within 2 Gyr.
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Figure 3.7: The Hi gas mass as a function of stellar mass for our galaxy sample at
M, < 10® My, prior to infall (solid cyan circles) and after interaction with the host CGM
(solid magenta diamonds). To account for potential variations in the local halo gas density,
we assume Npae = 1072 cm ™ and Ve = 300 km s~!, including both ram pressure and tur-
bulent viscous effects in our stripping calculations. For comparison, we show the observed
Hr gas masses for field galaxies in the Local Volume (open cyan circles) and satellites of
the Local Group (open magenta diamonds) from McConnachie (2012) and Spekkens et al.
(2014). Arrows indicate observed upper-limits or systems that are completely stripped in
our analysis. The dashed black line corresponds to an Hi gas fraction of 0.136, below which
we define a galaxy as quenched. Including a clumpy host CGM, we find that stripping is able
to quench ~ 90% of our infalling satellite population at low masses (33 out of 37 systems).
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With the inclusion of viscous effects in our fiducial model, stripping is able to remove the
majority of cold gas from the low-mass, infalling satellite population (i.e. at M, < 10® M, see
Fig. 3.6). In 60% of low-mass systems following stripping, we find Hr gas fractions consistent
with the observed limits for the Milky Way dwarf spheroidal population (fi;, < 0.136), such
that stripping is nearly able to reproduce the high satellite quenched fraction observed in
the Local Group (fquencheda ~ 0.9 — 1). For roughly 40% of systems, however, the resulting
gas fractions — post stripping — are still greater than that observed for satellites of the Milky
Way. Again, to bring our satellite population into agreement with the roughly 90 — 100%
satellite quenched fraction at low masses in the Local Group requires yet stronger stripping,

such that the typical stripped fraction is closer to fstrippea ~ 0.9 at M, < 108 M.

While current observations of comparable nearby systems (e.g. M81, M106) find low-mass
satellite populations that roughly mirror that found in the Local Group (Kaisin & Karachent-
sev, 2013; Spencer et al., 2014), it remains possible that the low-mass satellite quenched
fractions for the Milky Way and M31 are abnormally high relative to comparable host ha-
los. As shown in Fig. 3 of Fillingham et al. (2015), if the satellite quenched fraction for a
Milky Way-like halo is typically ~ 70% (versus 90 — 100%), the satellite quenching timescale
increases to ~ 4 — 5 Gyr (versus ~ 1 — 2 Gyr). In such a scenario, stripping would not
need to fully quench infalling satellites; instead, stripping could simply remove roughly half
of a satellite’s cold gas supply, so as to decrease the depletion (i.e. starvation) timescale
accordingly. Our analysis suggests that this level of stripping is very much realistic for a

Milky Way-like environment, even from ram pressure alone.

3.4.3 The Efficacy of Stripping: Refining Our Analysis

Within our analysis, there are several factors or approximations by which we are likely over-

or under-estimating the true effectiveness of stripping. For example, we assume instantaneous
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ram-pressure stripping, which likely overestimates the ram pressure (Tonnesen et al., 2016).
Moreover, like many studies of ram-pressure stripping, we adopt a smooth host halo in
equilibrium with the dark matter potential. X-ray observations, however, find that massive
hot halos, typically associated with galaxy clusters, exhibit structure on scales of < 1 Mpc
(Buote & Tsai, 1996; Schuecker et al., 2001). In addition, quasar absorption-line studies
of low- and high-z hosts find significant clumpiness in the CGM of massive galaxies (e.g.
Thom et al., 2012; Arrigoni Battaia et al., 2015). What the observed substructure in these
systems implies for a typical Milky Way-like object is unclear, but the assumption of a smooth
halo certainly ignores potentially important details. Specifically, a clumpy gas halo will yield
regions of higher density and thus an increased ram pressure. Such a halo is also likely to have
some net velocity relative to the host’s dark matter halo (our point of reference in determining
satellite velocities, see Section 3.2.2). As shown by Tonnesen & Bryan (2008), bulk motion
of the gas halo tends to be in the same direction as that of the satellites, leading to a
smaller effective V,; and thus weaker ram pressure. Clearly, more detailed hydrodynamical
simulations are needed to fully address the impact of a clumpy CGM on our calculations.
However, to quench roughly 80 — 90% of satellites in our sample via stripping (i.e. including
ram-pressure and viscous effects) requires local variations in the halo gas density on the

-3

order of 2 — 3x that assumed in our fiducial model (i.e. Ny = 10732 — 1073 cm™3), given

a satellite velocity of 300 km s~

As shown in Figure 3.7, by including a clumpy CGM,
our analysis is able to reproduce the observed Hr gas fractions for the Local Group satellite
population, with ~ 90% of our satellite population quenched following infall. To achieve the
same quenched efficiency with a satellite velocity of only 200 km s™!, thereby accounting for
potential bulk motion of the halo gas, our analysis requires a local increase in CGM density
of roughly 10 — 20x that of our fiducial model (i.e. e = 107%% — 10722 ¢cm~3). While
such extreme CGM densities are unrealistic on average, local variations of this scale are in

good agreement with the results of recent hydrodynamic simulations of stripping by Bahé

& McCarthy (2015), which find that galaxies undergoing stripping in groups and clusters
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typically experience increased ram pressure associated with CGM overdensities as large as

100x the mean.

Along with potential variations in the density of the host CGM, the efficacy of stripping
is also impacted by the density of the satellite dark matter halo. As discussed in Sec-
tion 3.3.1, the satellite dark matter halo mass profiles assumed in our fiducial model yield
a potentially significant underestimate of the stripping efficiency. If low-mass dwarfs live in
less-concentrated host halos, as suggested by their observed internal kinematics, the result-
ing stripped fractions should increase by 2 10%. With the inclusion of cored mass profiles,
stripping becomes an increasingly realistic physical driver for the high quenched fractions

and short quenching timescales for low-mass satellites.

While adopting less-concentrated mass profiles alone will likely not be enough to fully strip
all systems, it emphasizes another missing ingredient in our analysis: baryonic feedback. As
shown by Geha et al. (2012), field dwarfs (and thus infalling satellites) are nearly univer-
sally star-forming at stellar masses of < 10° My and will be subject to the stellar feedback
associated with radiation pressure and supernovae (e.g Murray et al., 2005; Hopkins et al.,
2014). As part of our analysis, we employ observed Hi surface density profiles for a sample of
star-forming field dwarfs, along with halo masses modeled from spatially-resolved kinemat-
ics, which should thus naturally capture the impact of feedback on ¥,,s and M(r). Infalling
satellites, however, may experience an elevated level of star formation and thus feedback.
This increased star-formation activity would result from compression of the satellite’s ISM
due to interaction with the host CGM, thereby increasing the local gas density and allowing
star formation to proceed at an accelerated rate. For example, simulations of massive satel-
lites in groups and clusters find that ram pressure often leads to a burst of star formation for
the infalling system (Fujita & Nagashima, 1999; Bekki & Couch, 2003; Bekki, 2014). Within
the Local Group, modeling of the orbit and star-formation history of Leo I suggest that it

experienced a small burst of star formation at pericentric passage prior to being quenched,
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consistent with being initiated by ram pressure (Sohn et al., 2013; Boylan-Kolchin et al.,
2013; Weisz et al., 2014a). This increase in star formation, driven by interaction with the
host CGM, can inject energy into the ISM of the satellite, puffing up the system and thereby
making it more susceptible to stripping (Stinson et al., 2007; El-Badry et al., 2016, but see
also Emerick et al. 2016). High-resolution hydrodynamic simulations of Milky Way- or Local
Group-like environments should provide a robust means for studying the possible importance
of feedback in increasing the efficiency of stripping (e.g. Zolotov et al. 2012; Mistani et al.

2016; Wetzel et al. 2016; Garrison-Kimmel et al. in prep).

3.4.4 Towards a Complete Picture of Satellite Quenching

Figure 3.8 presents current constraints on the satellite quenching timescale from Wetzel
et al. (2013), Wheeler et al. (2014), and Fillingham et al. (2015) along with a qualitative
depiction of the dominant quenching mechanisms likely at play as a function of satellite
stellar mass. As illustrated by Fillingham et al. (2015), the measured satellite quenching
timescales at high masses, including the lack of strong dependence on host halo mass, are
broadly consistent with the expectations for quenching via starvation (see also van den Bosch
et al., 2008; Wetzel et al., 2013). At low masses, on the other hand, the short quenching
timescales inferred from analysis of the Local Group satellite population are difficult to fully
explain. As our analysis shows, stripping is a likely culprit in suppressing star formation at
low masses, as it qualitatively reproduces the critical mass scale for satellite quenching (M)
within the Local Group. However, our analysis suggests that stripping (and specifically ram-
pressure stripping) may require a significantly clumpy host CGM or the assistance of baryonic
feedback to effectively remove enough cold gas from the most gas-rich and concentrated
systems. Additionally, recent work by Pearson et al. (2016) and Marasco et al. (2016) shows

that the distribution of H1 in low-mass field galaxies can be significantly altered via close
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Figure 3.8: The dependence of the satellite quenching timescale on satellite stellar mass
in Milky Way-like and more massive host halos (> 10'? M), as adapted from Fillingham
et al. (2015). The magenta, gold, and cyan colored bands show the constraints from Wetzel
et al. (2013) for satellites in host halos of My ~ 1012713 My, 10137 My, 101715 M,
respectively. The black square and circles correspond to the typical quenching timescale
for intermediate- and low-mass satellites from Wheeler et al. (2014) and Fillingham et al.
(2015), respectively. The light grey shaded regions highlight the expected dominant quench-
ing mechanism as a function of satellite mass, while the vertical dashed black line denotes
the critical mass scale below which satellite quenching becomes increasingly efficient. At
M, > 10% Mg, the satellite quenching timescales show broad agreement with the observed
gas depletion timescales for field systems, suggesting that starvation is the main driver of
satellite quenching at these masses. At low masses, stripping — potentially assisted by stel-
lar feedback and a clumpy host CGM - is the most probable mechanism responsible for
the high satellite quenched fractions and short quenching timescales observed in the Local
Group. The critical satellite stellar mass, M., at which the dominant quenching mechanism
shifts from starvation to stripping should depend on the halo mass of the host system, with
more massive hosts able to strip more massive satellites.
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encounters with neighboring dwarfs. If these encounters occur just before or during infall

onto a host system, the resulting satellite’s ISM will likely be more susceptible to stripping.

If stripping drives quenching at low masses, then there are clear implications regarding the
CGM of the Milky Way and similar systems. In particular, to quench all low-mass satellites
within ~ 2 Gyr of infall requires that the CGM extends to roughly 0.5 Ry (or ~ 150 kpc,
Fillingham et al., 2015) at a density of nyp. = 1072° ecm™3. This large physical extent
is needed to explain the quenching of satellites with more circular or non-plunging orbits.
In ELVIS, we find that ~ 25% of subhalos in our selected mass range and accreted at
0.15 < zinran < 3 reach their first pericentric passage at 0.5 < R/Ry;, < 1. To reproduce

the extremely high satellite quenched fractions at < 108 Mg, via stripping, the CGM must

therefore have a relatively cored density profile (e.g. Maller & Bullock, 2004).

While the physical picture presented in Fig. 3.8 broadly explains the suppression of star
formation in satellite systems, it largely ignores any corresponding structural evolution. Re-
cent observations at intermediate redshift suggest that quenching of massive central galaxies
is closely associated with development of a bulge-dominated morphology (Bell et al., 2012;
Cheung et al., 2012). Moreover, observations of galaxy morphology in field and group/cluster
populations at M, > 10%® Mg, point towards an evolution of satellite systems from disk- to
bulge-dominated (van den Bosch et al., 2008; Weinmann et al., 2009), suggesting that an
additional mechanism beyond starvation must likely be driving satellite evolution — un-
less fading of the stellar population, post quenching, can account for observed differences in
the light profiles of field and satellite populations. In lower-mass hosts such as the Milky
Way, however, there is little morphological difference between massive satellites and field
systems of comparable mass (Phillips et al., 2014). In addition, at lower satellite masses,
structural evolution of satellites is relatively modest following infall and is potentially driven

by baryonic feedback effects (Sdnchez-Janssen et al., 2016; Wheeler et al., 2015a).
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3.5 Summary

Through the utilization of observed Hr surface density profiles for nearby dwarf galaxies,
we investigated the effectiveness of ram-pressure and turbulent viscous stripping in Milky
Way-like environments. Our analysis was motivated by recent results which point towards
a sharp change in the satellite quenching timescale, and therefore the dominant quenching
mechanism, for low-mass satellite galaxies. The principal results of our analysis are as

follows:

e Ram-pressure and turbulent viscous stripping become increasingly effective in satellite
galaxies with M, < 10° Mg, consistent with the observed decrease in the satellite
quenching timescale at M, ~ 10® My. If stripping dominates the quenching of
low-mass satellites, then we predict that the critical mass scale for satellite quenching

should increase with host halo mass.

e Assuming a smooth host halo with a density of ny., = 1073% cm™3 and a satellite

! we find that stripping is able to remove enough cold

velocity of Vi, ~ 300 km s~
gas so as to quench ~ 60% of infalling satellites at low masses. However, when in-
cluding a clumpy halo, such that the typical CGM density at which stripping occurs is
Nhalo ~ 10732° —1072° cm ™ (i.e. ~ 2 — 20 times the mean density), stripping is able

to effectively quench ~ 90% of infalling satellites, such that their gas fractions agree

with observational limits for dwarf spheroidals in the Local Group.

e The efficiency of stripping may be further enhanced with the inclusion of stellar feed-
back, which could play an important role in making satellite systems susceptible to ram
pressure and turbulent viscous effects. Further studies of stripping via hydrodynamic
simulations will be a critical step in further constraining the role of stripping in the

quenching of low-mass satellites.
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Chapter 4

Environmental Quenching of

Low-Mass Field Galaxies

4.1 Introduction

Recent observations of nearby dwarf galaxies show that low-mass systems (M, < 107 M)
currently residing > 1 Mpc from a massive neighbor are almost exclusively star forming
(Mateo, 1998; Haines et al., 2008; Weisz et al., 2011; Geha et al., 2012). This is supported
by Hi observations of systems in the Local Volume, which find a predominately gas-rich field
population (Spekkens et al., 2014). Together, these results indicate that low-mass systems
largely lack the ability to cease forming stars, or quench, in the field. In other words, “in situ”
processes, such as morphological quenching (Martig et al., 2009) or stellar feedback (Larson,
1974; Dekel & Silk, 1986) that operate on more massive field galaxies appear unable to shut

down star formation at the lowest galaxy masses.

In contrast to the local field population, the low-mass satellites of the Local Group are nearly

universally quenched (e.g. Mateo, 1998; Greevich & Putman, 2009; Spekkens et al., 2014).
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This dramatic difference in the star-forming properties of low-mass field and satellite galaxies
strongly indicates that environmental mechanisms are responsible for quenching low-mass
systems. Moreover, the environmental mechanism at play must act with great efficiency
(i.e. rapidly following infall, Fillingham et al., 2015; Wetzel et al., 2015b). Using N-body
simulations to model the accretion history of satellites in the Local Group, Fillingham et al.
(2016) present a coherent picture of satellite quenching as a function of satellite and host
mass in which satellites above a host-dependent, critical mass scale are quenched via star-
vation while low-mass systems are rapidly quenched via stripping. This model is supported
by complementary observations of satellite populations in the local Universe, such that it
reproduces the fraction of quenched satellites at z ~ 0 over a broad range of masses (e.g. De

Lucia et al., 2012; Wetzel et al., 2013; Davies et al., 2016; Stark et al., 2016).

Studies of dark matter halo populations within N-body simulations, however, show that a
significant fraction of low-mass halos residing just beyond the virial radius (Ry;.) of a massive
halo today were previously located within Ry;, (Balogh et al., 2000; Mamon et al., 2004; Gill
et al., 2005; Teyssier et al., 2012; Wetzel et al., 2014). For example, Garrison-Kimmel et al.
(2014a) find that these so-called “backsplash” halos comprise roughly 50% of systems in the
Local Volume (i.e. within 1 < R/R.;, < 2 of the Milky Way). Given this sizable backsplash
population, highly-efficient satellite (or environmental) quenching, needed to reproduce the
Local Group satellite population at low masses, could be expected to produce a non-negligible

number of quenched galaxies in the field — potentially in conflict with current observations.

In this work, we utilize a suite of N-body simulations to investigate the degree to which
environmental quenching models reproduce the observed population of quenched field galax-
ies that are currently known to reside beyond the virial radius of either the Milky Way or
M31 (i.e. in the Local Volume). Specifically, does the model of satellite quenching presented
by Fillingham et al. (2015, 2016) overproduce the relative number of quenched systems in

the field? For more massive galaxies (~ 10%° M), where environmental quenching is less
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efficient, Wetzel et al. (2014) show that observations agree with the expectations of the
model, with ~ 40% of systems within ~ 2 R, of local groups and clusters likely quenched
by environmental effects. In Section 4.2, we detail the observational and simulation data
used in this analysis. Additionally we introduce the quenching models that facilitate com-
parison between observations and theory. In Section 5.3 and 5.4, we present our results and
discuss any implications and limitations this analysis might have on the current galaxy evo-
lution paradigm. Finally, in Section 4.5, we summarize this work and discuss how ongoing
efforts will clarify and enhance this framework of environmental quenching of dwarf satellite
galaxies. Where necessary, we adopt a ACDM cosmology with the following parameters:
os = 0.801, Q,, = 0.266, Q5 = 0.734, ng = 0.963, and h = 0.71 (WMAP7, Larson et al.,
2011).

4.2 Data and Models

4.2.1 Local Volume Dwarfs

Our sample of local dwarf galaxies is drawn from the compilation of McConnachie (2012).
The dataset builds upon the low-mass satellite sample from Fillingham et al. (2015) by
extending beyond the virial radius of the Milky Way and M31 systems while maintaining
the same stellar mass range in order to facilitate a clean comparison to the known classical
satellites of the Local Group. Our field population is selected to be in the stellar mass range
~ 10% — 10® M and within 1.2 Mpc of either the Milky Way or M31. While this stellar
mass range leads to a complete sample of dwarf galaxies inside the virial radius of the Milky
Way and out to 0.5 R, in M31, the field sample within the Local Volume is potentially

incomplete at these stellar masses.
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Whiting et al. (2007) demonstrate that all-sky surveys using photographic plates are complete

down to a surface brightness of ~ 25.5 mag arcsec™2.

This roughly corresponds to And V
(M, ~ 4x10% M) at the distance of M31, suggesting that we are largely complete for stellar
masses above a few x 10° Mg out to distances of at least ~ 750 kpc from the Milky Way.
Inside the footprints of the Sloan Digital Sky Survey (York et al., 2000) and the Dark Energy
Survey (The Dark Energy Survey Collaboration, 2005; Diehl et al., 2014), however, dwarf
galaxy samples are complete well below our lower stellar mass limit of M, = 10® Mg, out to
distances of (at least) 1.5 Mpc from the Milky Way (Koposov et al., 2008; Tollerud et al.,
2008; Walsh et al., 2009; Jethwa et al., 2016; Newton et al., 2017). Finally, while all optical
imaging datasets will suffer incompleteness due to obscuration by the disk of the Milky Way,
assuming the dwarf galaxy population is not biased in a manner where quenched (or star-

forming) objects preferentially reside behind the disk, our results should not be strongly

affected by this incompleteness.

Our final sample includes 11 dwarf galaxies in the field within 1.2 Mpc in addition to the
previously-identified 12 satellite galaxies from Fillingham et al. (2015). The left-hand panel
of Figure 4.1 shows the host-centric radial velocities for our sample (McConnachie, 2012;
Tollerud et al., 2012; Makarova et al., 2017), scaled by V/3 to approximately account for
tangential motion, as a function of distance to the nearest host (Milky Way or M31). The
vertical dotted line at 300 kpc denotes the approximate location of the virial radius in a
Milky Way-like dark matter halo. Throughout this work, we adopt R,; = 300 kpc for
both the Milky Way and M31. The dashed lines illustrate the region in which a subhalo is
likely bound to the host, assuming a Navarro-Frenk-White (NFW) dark matter halo profile

(Navarro et al., 1997) with a virial mass of 2 x 10 M, and a concentration of 8.

In the right-hand panel of Figure 4.1, we show the H1 gas fraction for each dwarf in our sample
as a function of host-centric distance. The filled points correspond to Hi detections while the

open points denote upper limits (Hunter et al., 2012; Spekkens et al., 2014; McConnachie,
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Figure 4.1: Left: Host-centric radial velocity (scaled by v/3 to approximately account for
tangential motion) for all known Local Volume dwarf galaxies in the stellar mass range
10 — 108 My, as a function of distance from the nearest host (either the Milky Way or M31).
The dotted vertical line roughly corresponds to the virial radius of a Milky Way-like host
and the dashed lines correspond to the boundary between bound and unbound systems.
Satellite points are color-coded according to their observed Hr gas fraction, with blue (and
red) points denoting gas-rich (and gas-poor) systems, respectively. The closed points signify
Hi detections, while the open points correspond to upper limits on the total Hr mass. Right:
The gas fraction (Mp;/M,) as a function of distance from the nearest host for the same dwarf
galaxies as in the left panel. The horizontal dashed line corresponds to a gas fraction of 0.2,
below which systems are considered quenched.

2012). To separate gas-rich, star forming systems from gas-poor, quenched systems, we divide
the sample based on the Hi gas fraction (My,/M,). Galaxies with an Hr gas fraction above 0.2
are considered star forming, while galaxies with Hi gas fractions below 0.2 are quenched. The
points in Fig. 4.1 are color-coded according to this classification, with blue and red points
corresponding to star forming and quenched dwarfs, respectively. Our resulting quenched
fraction in the local field is fquench = 0.36 £ 0.15, assuming a binomial error on the measured
quenched fraction. The measured quenched fraction is largely independent of host-centric
distance, with fquencn = 0.40 £ 0.22 within 1 < R/Ryi; < 2 and fquench = 0.33 £ 0.19
within 2 < R/Ry;, < 4, which suggests that our sample is not dramatically incomplete for
passive systems at large distances. While varying the classification threshold for quenched
versus star-forming systems will have a mild impact on the measured quenched fraction, it

does not significantly change the qualitative results of this analysis.
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As an independent measure of the quenched fraction, we also include data from the Updated
Nearby Galaxy Catalog (UNGC, Karachentsev et al., 2013). Objects are selected according
to the same stellar mass limits (10® — 108 M), given their K-band magnitude and assuming
a mass-to-light ratio of M/L = 1 (Bell & de Jong, 2001). Due to the heterogeneity of
star formation rate measurements within the UNGC, we instead use the morphology of
each system as an indicator of its current star-forming activity. As an upper bound to the
quenched fraction, we assume that both elliptical and transitional morphologies correspond
to quenched galaxies, while the lower bound for fquench assumes only galaxies with elliptical
morphologies are quenched. For each galaxy in the UNGC, which covers the entire Local
Volume, we compute the distance to M31 and the Milky Way, adopting the lesser of the two
as the host-centric distance. We then compute the quenched fraction, fquench, as a function of
host-centric distance (see the grey shaded regions in Figures 4.2, 4.3, and 4.4). Our measured
quenched fraction within the Local Volume is in good agreement with the observed fraction

of early-type galaxies in the vicinity of other nearby massive hosts (Karachentsev & Kudrya,

2015).

4.2.2 Simulations

The Local Group and its environs provide a unique laboratory for studying the details of how
star formation in low-mass field and satellite galaxies is affected by the host environment. In
order to take full advantage of this opportunity, a comparably specific suite of simulations
is needed in order to understand both the details of the host environment and satellite
population. That is, an unbiased comparison of observations in the Local Volume to galaxy

formation and evolution theory requires simulations that span the entire Local Volume.

The Exploring the Local Volume in Simulations (ELVIS) project is a suite of cosmological

zoom-in dark matter-only simulations and is comprised of 24 Milky Way-like hosts as well
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as 12 Local Group-like pairs (Garrison-Kimmel et al., 2014a). Each simulated Local Volume

! within a high-

provides complete halo catalogs for My, > 2x 107 Mg and Viyayx > 8kms™
resolution region spanning 2 — 5 Mpc, so as to enable tracking of the orbital and accretion
histories of all dark matter subhalos that could potentially host a M, > 10° M., dwarf galaxy.
In addition, the ELVIS suite of simulations is uncontaminated by lower resolution particles

out to at least 3 R, for each host, such that they reliably trace the properties of the nearby

field dark matter halo population.

From ELVIS, we select dark matter halos and subhalos in the range Mpcax = 5 X 109 —
6 x 101° My, which corresponds to M, = 10° — 108 Mg, via the abundance matching (or
stellar mass-halo mass) relation of Garrison-Kimmel et al. (2014a). Varying the abundance
matching prescription only has a minor affect on the typical infall times for subhalos in
this mass regime and thus a negligible impact on our results (Fillingham et al., 2015). In
order to increase the precision at which we track subhalo accretion events, we interpolate,
using a cubic spline, all of the dark matter halo properties in the ELVIS catalog, following
Fillingham et al. (2015).

4.2.3 Quenching Models

The physical mechanisms that act upon a galaxy while in the vicinity of a more massive
host are thought to suppress star formation through modification of the gas reservoir itself
or by preventing the gas reservoir from replenishing its supply. However, there are many
different potential mechanisms that can accomplish this and distinguishing which mechanism
is operating in each satellite stellar mass regime can be challenging. In order to constrain
the possible quenching mechanisms, our recent work has developed subhalo accretion-based
models in N-body simulations that should capture the global properties of the quenching

process and constrain the typical quenching timescale (Fillingham et al., 2015; Wheeler et al.,
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Figure 4.2: The quenched fraction as a function of host-centric distance for the Rquench
model and Local Volume dwarfs. The black diamonds show the quenched fraction for our
sample of Local Volume dwarfs (see Fig. 4.1) spanning five radial bins, with error bars on
the host-centric distance corresponding to the 5" and 95" percentiles of the distribution
in each respective bin and the error bars on fyuencn denoting the 20 uncertainty assuming
binomial statistics. The grey shaded region illustrates a complementary measurement of
the quenched fraction in the Local Volume determined using the UNGC. The upper bound
is determined by assuming that both elliptical and transitional morphologies are quenched
systems, while the lower bound assumes that only elliptical systems are quenched. Finally,
the colored lines show the inferred quenched fraction in the ELVIS suite when varying the
radius at which a subhalo is considered quenched, Rguench. Beyond 3 R the model lines
are dot-dashed to illustrate the point at which some of the simulations in the ELVIS suite
are contaminated by low resolution particles such that our modeling is less reliable. At
R < 2 Ry, there is excellent agreement between the observed quenched fraction and a model
with Rquench = 0.5 Ryir, such that all low-mass dwarfs within ~ 2 R4 of the Milky Way and
M31 can be explained via environmental quenching. Beyond ~ 2 R, the models cannot
explain the observed quenched fraction such that these objects are likely self-quenching in
the field.
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2014). What follows is a brief description of both quenching models used in this work — see

Fillingham et al. (2015) for a more detailed description.

4.2.3.1 Rquench Model

The first model that we examine is based on a “ram pressure-like” quenching scenario where
quenching will only occur once a satellite reaches a sufficient host circumgalactic medium
(CGM) density and/or a high enough velocity relative to the host frame-of-reference, such
that the ram pressure experienced by a satellite is capable of disrupting its gas reservoir.
Both the host CGM density and typical satellite velocity scale with host-centric distance,
such that a model which includes a radial quenching dependence can broadly capture how

these processes should affect the subhalo (i.e. satellite galaxy) population.

Within this model, any subhalo that crosses within the quenching radius (Rquench) 1 in-
stantaneously and permanently quenched, regardless of where the subhalo resides today. In
contrast, those halos that never pass within the quenching radius remain star forming. By
varying the quenching radius (Rguencn), in & manner similar to Fillingham et al. (2015), the
model produces different quenched populations that can then be compared to the observed
quenched fractions in the Local Volume, as shown in Figure 4.2. This model naturally leads

to a quenched fraction of unity inside of the adopted quenching radius.

4.2.3.2  Tgyench Model

The Tyuench model assumes that quenching occurs at some time, Tquench, after a dark matter
halo crosses within the virial radius of the host (i.e. once it becomes a subhalo). In other
words, the adopted quenching timescale (Tquench) sets how long a dark matter halo must
remain a subhalo before it is considered quenched. This model is able to approximate a

“starvation-like” scenario, where the infalling satellite galaxy has been cut off from cosmic
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accretion and therefore will stop forming stars when it runs out of its current reservoir of fuel
(i.e. Hi+Hy gas). For relatively short quenching timescales, however, the model may also
mimic suppression of star formation via ram-pressure stripping (e.g. where Tyyencn roughly

follows the crossing time of the host system).

Within this model, all subhalos that remain inside the host dark matter halo at least as
long as the quenching timescale are instantaneously and permanently quenched. Subhalos
that enter and subsequently exit beyond the virial radius in less time than the quenching
timescale remain star forming. Such halos are rare for short quenching timescales (< 2 Gyr),
however, comprising < 8% of subhalos at 1 < R/Ry;, < 2 within our mass range. As shown in
Figure 4.3, by varying the quenching timescale, the Tqyencn model makes distinct predictions
for how the quenched fraction depends on host-centric distance. Overall, a shorter timescale

produces more quenched systems.

4.3 Results

For a wide range of quenching radii (Rquencn) and timescales (Tquench), We apply the models
described in §4.2.2 to the ELVIS subhalo populations. For each implementation of a given
model, we measure the dwarf quenched fraction as a function of distance from the nearest
host, extending to at least 3 Ry (or 2 0.9 Mpc for these Milky Way-like systems). Fig-
ure 4.2 shows the results for the Rquencn model, illustrating the quenched fraction, fquench,
as a function of distance to the nearest host for values of Rguench ranging from 0.4 R, to
1 Ryi. For comparison, the black diamonds show the observed quenched fraction in the
Local Volume covering 5 bins in host-centric distance and the grey shaded region shows the

UNGC quenched fraction as described in §4.2.1.
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Figure 4.3: The quenched fraction as a function of host-centric distance for the Tquench
model and Local Volume dwarfs. The black diamonds show the quenched fraction for our
sample of Local Volume dwarfs (see Fig. 4.1) spanning five radial bins, with error bars on
the host-centric distance corresponding to the 5™ and 95" percentiles of the distribution
in each respective bin and the error bars on fyuench denoting the 20 uncertainty assuming
binomial statistics. The grey shaded region illustrates a complementary measurement of
the quenched fraction in the Local Volume determined using the UNGC, as detailed in
Fig. 4.2. Finally, the colored lines show the inferred quenched fraction in the ELVIS suite
when varying the quenching timescale from 7guench = 1 — 6 Gyr. Beyond 3 R.; the model
lines are dot-dashed to illustrate the point at which some of the simulations in the ELVIS
suite are contaminated by low resolution particles such that our modeling is less reliable.
While the satellite quenched fraction in the Local Group favors Tquencn = 1.5 Gyr, such a
short quenching timescale overproduces the observed quenched fraction at 1 < R/Ry;, < 2
due to the contribution from backsplashing systems. Similar to the Rquencn model, beyond
~ 2 Ry the models cannot explain the observed quenched fraction such that these objects
are likely self-quenching in the field.
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Within the satellite population (R < Ry ), the observed quenched fraction is remarkably high
(fquencn ~ 0.9), so as to favor a quenching radius of 0.5 £ 0.1 Ry;, (Fillingham et al., 2015).
For a quenching radius on this scale, our Rqyencn model predicts a field quenched fraction of
Squench = 0.52 £ 0.26 at 1 < R/Ryi, < 2 (see Fig. 4.2).1 Overall, at R < 2 Ry, our quenching
model with Rguench = 0.5 Ry, is consistent with the observed field quenched fraction in the
Local Volume, such that all passive systems at these distances can be explained through
interactions with either the Milky Way or M31. Beyond 2 R.;, however, the backsplash
fraction decreases dramatically such that the model predicts a quenched fraction < 0.25 for
all quenching radii. At these distances from a massive host, the observed quenched fraction
begins to exceed what the models predict by roughly a factor of two. The implications of

this excess are discussed further in Section 5.4.

For the Tquencn model, the quenched fraction of the Local Group satellite population (i.e. at
R <1 R.y) is best reproduced by a quenching timescale of Tuench ~ 1.5 £ 1 Gyr (Fillingham
et al., 2015). As shown in Figure 4.3, this relatively short quenching timescale following
infall yields a field quenched fraction of fuuencn = 0.65 £ 0.24 within 1 < R/Ryi; < 2,
due to the large population of backsplash halos at that host-centric distance. Compared
to observations of dwarf systems at similar distances in the Local Volume, this slightly
overpredicts the fraction of quenched field galaxies. Meanwhile, at R > 2 Ry, the Tquench

models underpredict the fraction of passive systems found locally.

Ultimately, both the Rguench and Tquench models do not dramatically overpredict the field
quenched fraction within the Local Volume. Instead, the models offer a potential explanation
for a substantial number of the quenched dwarf galaxies that are observed outside of the virial
radius of either the Milky Way or M31 today. Both models, however, do struggle to explain

quenched systems beyond ~ 600 kpc from either of the Local Group hosts.

!The reported quenched fraction for both models is the mean quenched fraction in that distance range
and the uncertainty is the 1o scatter in the quenched fraction as measured individually for each ELVIS host.
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4.4 Discussion

Recent work has shown that the vast majority of low-mass dwarf galaxies that reside in the
field are star forming while a significant fraction that reside near a massive neighbor are
quenched (e.g. Geha et al., 2012). A likely consequence of this scenario is that all quenched
dwarf galaxies observed in this mass regime (M, < 10° M) should have their star formation
shut down via external, environmental processes. There have been many recent studies that
test this picture under the assumption that the low-mass dwarf galaxy population in the
Local Group is representative of the Universe at large (e.g. Wheeler et al., 2014; Slater &
Bell, 2014; Weisz et al., 2015; Wetzel et al., 2015b; Fillingham et al., 2015, 2016).

However, the environmental-only quenching hypothesis for low-mass galaxies can be called
into question in the Local Volume since there have been numerous quenched dwarf galaxies
discovered beyond the virial radius of their most massive nearby neighbor. This has lead some
studies to the conclusion that in-situ quenching of field dwarf galaxies is potentially occurring
(Makarova et al., 2017). In this work, we have shown that our models of environmental
quenching (i.e. quenching that only occurs inside R.;) can lead to a quenched fraction of
~ 0.5 beyond the virial radius but within 2 R.;,. Beyond 2 R, it becomes increasingly
difficult to explain the number of quenched galaxies through an interaction with either the

Milky Way or M31.

4.4.1 Baryonic Effects on the Dark Matter Distribution

As shown by D’Onghia et al. (2010), and more recently by Garrison-Kimmel et al. (2017)
and Sawala et al. (2017), the baryonic component of the host system can substantially alter
the final subhalo distribution inside the virial radius at z = 0 (relative to that found in a pure

N-body simulation such as ELVIS). Due to tidal forces, subhalo destruction preferentially
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Figure 4.4: The quenched fraction as a function of host-centric distance for both the 7qyencn
and Rguench models in comparison to the corresponding measurement in the Local Volume.
The solid lines are the result of applying the quenching models to the ELVIS dark matter-
only simulations, while the dashed lines show how our results change when we include the
effects of tidal disruption by the host potential (ELVISHP, see §5.4). The black diamonds
and grey shaded region illustrate the measurements of the quenched fraction in the Local
Volume as given in Fig. 4.2. As before, beyond 3 R, the model lines are dot-dashed to
illustrate the point at which some of the simulations in the ELVIS suite are contaminated
by low resolution particles. The inclusion of subhalo destruction due to tidal effects brings
both models into better agreement with current observations, such that these models can
fully explain the observed distribution of quenched dwarf galaxies within 2 R,;. of both the
Milky Way and M31. For all of our modeling, quenched dwarf galaxies that currently reside
beyond 2 R,; cannot be fully explained via environmental quenching in either the Milky
Way or M31 systems. Further emphasizing that self-quenching via star formation feedback
is the likely quenching scenario in these objects.
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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. Given our quenching models, which are directly connected
to the accretion and orbital history of subhalos, this bias will skew the inferred quenched

fractions as a function of host-centric distance.

In the Rguench model, the inclusion of the host system’s baryonic potential will destroy
many subhalos that plunge deep into the central regions of the host halo on highly radial
orbits. Given that the majority of these systems will have pericentric passages within our
adopted quenching radius, our model as applied to ELVIS is likely biased towards greater
fquenen (see Fig. 4.2). Specifically, we have counted subhalos as “quenched” that would have
been destroyed through interactions with a host baryonic potential, therefore overpredicting
the quenched fraction within the Local Volume. Similarly, in the Tquench model as applied to
ELVIS, we again overpredict the environmental quenched fraction, since the typical surviving
subhalo in ELVIS spends more time inside the virial radius of the host. Subhalos accreted at
early cosmic time, which are more likely to be tidally disrupted, are classified as quenched
within our model, thereby over-counting the true number of quenched subhalos that survive

to 2z = 0.

To demonstrate how subhalo destruction will affect the results presented in §5.3, we imple-
ment a correction to the ELVIS dark matter distributions that will broadly capture the tidal
effects of the host. Figures 5 and A2 in Garrison-Kimmel et al. (2017) show the fraction of
subhalos that exist as a function of pericentric distance in two dark matter-only simulations
of Milky Way-like host halos relative to the corresponding subhalo population in hydrody-
namic simulations of the same hosts (using the FIRE model for star formation and feedback,

Wetzel et al., 2016; Hopkins et al., 2014, 2017). The ratio of subhalos in the dark matter-only
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versus hydro simulations roughly follows

Npuo/Nrmg = 40 ¢ 22 feri/kpe (4.1)

where Npyo is the number of subhalos that survive to present day in the dark matter-only
simulation, Ngrg is the corresponding subhalo count for the hydrodynamic simulation, and
dperi is the host-centric distance at pericenter in kpc. This radial dependence for subhalo
disruption is supported by a larger number of dark matter-only simulations of Milky Way-like

hosts run with an evolving disk potential (Kelley et al. in prep).

To mimic the disruption of subhalos in ELVIS, we adopt (Npmo/Nrmre) ! as the likelihood
that a subhalo survives as a function of pericentric distance. Beyond 50 kpc, we assume no
subhalo destruction. Within ELVIS, we then randomly destroy subhalos as a function of
their pericentric distance given this probability of survival. The results of this exercise can
be seen in Figure 4.4 for the preferred values adopted in both the Rqyench and Tquench models.
For both models, we find a decrease in the quenched fraction relative to the same model
applied to the dark matter-only simulations, with the difference being particularly strong
for measurements of fquencn Outside of Ry;,. Overall, the inclusion of tidal effects brings
our model predictions into better agreement with the star-forming properties of dwarfs at
R <2 Ry. At R 2 2 Ry, however, tidal disruption has relatively little impact on the
number of low-mass halos, with environmental processes unable to explain the suppression
of star formation in the most distant dwarfs. Finally, it should be noted that the subhalo
survival fraction given in Equation 4.1 is derived from a sample dominated by low-mass
systems, such that our subhalo destruction model will likely overpredict the effect for the
“classical” dwarfs. A conservative interpretation would be to treat the results of our tidal
disruption models (as shown in Fig. 4.4) as a lower limit on the predicted quenched fraction

in the Local Volume.
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4.4.2 Quenched Dwarfs in the Field

As shown in §5.3, several of the passive dwarf systems in the local field population are
potentially the product of environmental quenching mechanisms. Specifically, And XVIII,
Phoenix, and Cetus currently reside within 2 R, of their nearest host, such that they can
potentially be explained with this model. Weisz et al. (2014a) measured the star forma-
tion histories (SFH) inferred from color-magnitude diagrams of resolved stars in Cetus and
Phoenix (see also Hidalgo et al., 2009; Monelli et al., 2010a,b, 2012). Both objects are
consistent with a quenching event occurring roughly 2 Gyr ago. Additionally, Makarova
et al. (2017) inferred a relatively recent star formation event in And XVIII, approximately
1.5 Gyr ago. The quenched backsplash subhalos in our models that are currently located at
similar distances from their most massive neighbor have a mean lookback time to infall of
tinfal = .5 £ 1.5 Gyr. Assuming a quenching timescale (Tquench) of ~ 2 Gyr, this suggests a
quenching time of ~ 2 — 5 Gyr ago, consistent with the quenching times inferred from the
measured SFHs of Cetus, Phoenix, and And XVIII. Lower-mass quenched systems within
2 Ryir (e.g. Eri I, Bechtol et al., 2015; Koposov et al., 2015) could have been influenced by
environmental processes, however it is likely that reionization is at play in quenching the

lowest-mass dwarfs independent of environment (Brown et al. 2014; Wimberly et al. in prep).

At > 2 R, there are several passive dwarfs with M, ~ 10% — 10® M, in the Local Volume:
Tucana, KK258, KKs3, and KKR 25 (Lavery & Mighell, 1992; Makarov et al., 2012; Weisz
et al., 2014a; Karachentsev et al., 2014, 2015a,b). These are very unlikely to have been
quenched as a result of interaction with either the MW or M31. Instead, star formation
in these systems was most likely suppressed via in-situ processes. One possibility is highly-
efficient feedback, relative to the depth of the dark matter potential, that sufficiently disrupts
the gas reservoir such that star formation is halted (if not completely shut down). Dwarf

galaxies quenching in isolation (i.e. in the field), independent of environment, have been
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found in hydrodynamic simulations and can offer insight into the mechanisms responsible

for shutting down star formation in these isolated dwarf galaxies (e.g. Fitts et al., 2017).

4.5 Summary

Based on our analysis of quenching models applied to high-resolution N-body simulations, we
show that the highly-efficient environmental quenching, required to suppress star formation
in the Local Group satellite population, does not overpredict the fraction of quenched systems
in the local field. Within 2 R, of the Milky Way and M31, the passive population at 10¢ <
M, /Mg < 10% is consistent with being quenched by environmental processes. Moreover,
beyond the Local Volume, we conclude that environmental mechanisms are likely at play
in quenching a significant fraction of the low-mass (M, < 108 M), passive field systems
observed in the local Universe (see also Simpson et al., 2018). Passive dwarfs at R 2
2 Ry, such as Tucana or KK25, are unlikely to have been quenched due to interaction with
the Milky or M31. Instead, these systems may represent a tail of the star-forming field
population, quenched by highly efficient feedback (e.g. Wang et al., 2015; Di Cintio et al.,
2017; Fitts et al., 2017). Altogether, our work adds further support to the model of satellite
quenching outlined by Fillingham et al. (2015, 2016), in which low-mass (M, < 10® M)

satellites are rapidly quenched following infall onto a Milky Way-like host.

In conclusion, it should be noted that the broader impact of our work relies on the assumption
that the star-forming properties of the Local Group and surrounding Local Volume are
cosmologically representative (i.e. are not atypical, Boylan-Kolchin et al., 2016). Studies of
low-mass satellites in other nearby systems, however, find a similarly high quenched fraction
like that observed in the Local Group (e.g. Kaisin & Karachentsev, 2013). Moreover, by
stacking photometric measurements of satellite populations surrounding a large sample of

local Milky Way-like host systems in wide-field imaging datasets, Phillips et al. (in prep)
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measure a satellite quenched fraction of fouencn ~ 0.7 at M, ~ 1072 M, in broad agreement
with that observed in the Local Group. On the other hand, observations of the NGC 4258
group find a significant number of blue, likely star-forming, satellites with M, < 10® Mg
(Spencer et al., 2014). In addition, recent work by Geha et al. (2017) to spectroscopically
identify a large population of low-mass satellites orbiting Milky Way analogs finds very few
passive systems, suggesting that the high satellite quenched fraction within the Local Group
may be very atypical. Without question, more work remains to fully place the Milky Way

(and more broadly the Local Group) in a cosmological context.
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Chapter 5

Characterizing the Infall Times and
Quenching Timescales of Milky Way

Satellites with Gaia Proper Motions

5.1 Introduction

Large surveys of the nearby Universe demonstrate that galaxies at (and below) the mass scale
of the Magellanic clouds (10° Mgy < M, < 10 Mg) are predominantly star forming in the
field (Haines et al., 2008; Geha et al., 2012). This stands in stark contrast to the population of
low-mass galaxies that currently reside near a more massive host system, where the fraction of
systems that are no longer forming stars (i.e. “quenched”) is significantly larger (Weinmann
et al., 2006; Geha et al., 2012; Phillips et al., 2015). For dwarfs with M, < 10® M, in the
Local Volume, this field-satellite dichotomy is very apparent, with satellites of the Milky
Way (MW) and M31 being largely gas-poor, passive systems in contrast to the gas-rich,

star-forming field population (e.g. Mateo, 1998; Greevich & Putman, 2009; Spekkens et al.,
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2014). This clear distinction between the field and satellite populations strongly favors
environmental processes as the dominant quenching mechanisms in this low-mass regime
(M, < 10® Mg, Lin & Faber, 1983; Slater & Bell, 2014; Weisz et al., 2015; Wetzel et al.,
2015b; Fillingham et al., 2015, 2016, 2018; Simpson et al., 2018). At the very lowest mass
scales (i.e. the regime of ultra-faint dwarfs), however, there is evidence for a transition in the
dominant quenching mechanism from one associated with galaxy environment to one driven
by reionization. The universally old stellar populations observed in the ultra-faint dwarfs
(UFDs) suggest that star formation on the smallest galactic scales is suppressed at very early
times, favoring a transition in the dominant quenching mechanism at M, < 10° My, (Brown

et al., 2014; Rodriguez Wimberly et al., 2019).

Across all mass scales, some of the most powerful studies of satellite quenching have utilized
measurements of satellite and field quenched fractions to infer the timescale upon which
satellite quenching occurs following infall (e.g. Wetzel et al., 2013; Fillingham et al., 2015;
Balogh et al., 2016; Fossati et al., 2017). These studies point to a picture where quenching
proceeds relatively slowly at high satellite masses, consistent with quenching via starvation
(Wheeler et al., 2014; Fillingham et al., 2015; Davies et al., 2016; Trussler et al., 2018). Below
some host-dependent critical mass scale, however, quenching is rapid, as stripping becomes
increasingly efficient (Fillingham et al., 2016). In defining this model of satellite quenching,
simulations are commonly utilized to constrain the distribution of infall times for an observed
sample of satellites. This statistical approach is required, as it is extremely difficult to infer
the infall time for a significant fraction of the satellite population in even the most nearby
groups and clusters. Moreover, in systems more distant than ~ 1 Mpc, it is difficult to
measure a precise star-formation history via spatially-resolved stellar photometry, even with
the aid of imaging from the Hubble Space Telescope (HST). Within the Local Group, however,
we are afforded the luxury of more detailed observations of the nearby satellite and field
populations. This is particularly true with the release of Gaia Data Release 2 (DR2, Gaia

Collaboration et al., 2016a, 2018a), which now enables an investigation of satellite quenching
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timescales (measured relative to infall) on an object-by-object basis. This offers a unique
opportunity to test the results of large statistical analyses and our current physical picture

of satellite quenching.

In this work, we aim to determine the quenching timescale and ultimately constrain the
potential mechanisms responsible for suppressing star formation in individual MW satellite
galaxies. Utilizing the latest data products from Gaia DR2 (Gaia Collaboration et al.,
2018a,b), we infer the cosmic time when each dwarf galaxy around the MW became a satellite
(i.e. the infall time) through comparison to the Phat ELVIS suite of cosmological zoom-in
simulations of MW size galaxies (Kelley et al., 2018). In addition, we infer the quenching
times for the MW satellites based on their published star-formation histories, as derived from
HST imaging (Weisz et al., 2014a, 2015; Brown et al., 2014). Finally, through comparison
of the quenching times to the infall times, we characterize the quenching timescales for
each object and constrain the potential mechanisms responsible for quenching each MW
satellite galaxy. In §5.2, we discuss our sample of local dwarfs and the methodology by
which we measure the infall and quenching time for each system. Our primary results are
presented in §5.3, followed by a discussion of how these results connect to physical models
of satellite quenching in §5.4. Finally, we summarize our results and conclusions in §5.5.
Where necessary, we adopt a ACDM cosmology with the following parameters: og = 0.815,
Q,, = 0.3121, Q) = 0.6879, ng = 0.9653, and h = 0.6751 (Planck Collaboration et al., 2016),

consistent with the simulations used in this work.
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5.2 Milky Way Dwarf Galaxies

As shown in Tables 1 and 2, our sample of Milky Way satellite galaxies is selected from
Fritz et al. (2018), totalling 37 systems located within 300 kpc of the MW and for which the
Gaia DR2 dataset yields a proper motion measurement. Combined with measurements of
distance and line-of-sight velocity from the literature, the Gaia observations constrain the
Galactocentric position and 3D velocity of each system (i.e. full 6D phase-space informa-
tion). For those galaxies located within a Galactocentric distance of 300 kpc (i.e. within
what we assume to be the virial radius of the MW), HST/WFCP2 and ACS imaging of
15 systems yields estimates of their star-formation history. These 15 dwarfs comprise our
primary sample, spanning a stellar mass range of M, ~ 10>5=8 M. All of the systems show
no evidence of ongoing star formation, with minimal Hr reservoirs (My, / M, < 0.1, Gree-
vich & Putman, 2009; Spekkens et al., 2014). While this sample is undoubtedly incomplete
below M, ~ 1055 Mg, (Irwin, 1994; Tollerud et al., 2008), particularly at large Galactocen-
tric distances, our analysis focuses on the potential quenching mechanism for each system
individually, such that it does not rely strongly on uniformly sampling the MW satellite
population. Another source of incompleteness is expected to be the limited sky coverage of
imaging surveys such as the Sloan Digital Sky Survey (York et al., 2000) and the Dark Energy
Survey (Dark Energy Survey Collaboration et al., 2016), which should not be significantly

correlated with the accretion history of the satellite population.

To better constrain the physical mechanisms responsible for quenching the low-mass satellites
of the Milky Way, we aim to characterize the quenching timescale for each system. As we
define more explicitly below, the quenching timescale is the difference between the infall time
and the quenching time — i.e. the time that a satellite spends inside the host dark matter
halo, following infall, prior to having its star formation shut down. To infer the quenching
timescale, we must first measure the quenching time and infall time for each galaxy in our

sample.
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Figure 5.1: The binding energy (£), scaled by the present-day Vj,.x of the host, as a function
of distance from the host (in units of host Ry;) for subhalos in the pELVIS simulation suite.
Each point is color-coded by the lookback time to first infall for the subhalo. The black
squares correspond to the Milky Way satellites in our primary sample, assuming M, =
1.3 x 10'2 My, Ry = 300 kpe, Ry = 18.75 kpc, and Vi = 200 km/s. To constrain ¢z, we
select the 15 subhalos closest to each MW dwarf in the plotted parameter space, restricting
to only those subhalos that also have the same directionality in their host-centric radial
velocity component. The error bars illustrate the selection region for each MW dwarf based
on this selection criteria (see §5.2 for more details). There exists a strong gradient in typical
infall time within this parameter space. Many of the Milky Way satellites reside in regions
with well-defined infall times, such that strong constraints can be placed on ti. Two
objects, Sag I and Leo IV, are not well matched in this analysis, see §5.4 for a more detailed
discussion.
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5.2.1 Quenching Time

A galaxy’s star-formation history (SFH) provides a direct constraint on the epoch at which
a galaxy quenched. For nearby systems, where the stellar population can be resolved and
imaging can reach the oldest main sequence turn-off population, we can constrain the SFH
with relative precision (Dolphin, 1997; Weisz et al., 2011). Here, we adopt the lookback
time at which a galaxy forms 90% of its present day stellar mass (tg9) to be the quenching
time. Following Weisz et al. (2015), we utilize tgy (versus t199) to minimize the potential

uncertainty associated with the modeling of blue straggler populations.

For 15 of the dwarfs in our sample (see Tables 1 and 2), there are published star-formation
histories from Weisz et al. (2014a) and Brown et al. (2014), based on HST/WFPC2 and
ACS imaging. In the case of three systems (all UFDs), the SFH is measured by both Brown
et al. (2014) and Weisz et al. (2014a), with excellent agreement between the two datasets for
Hercules and Leo IV. For the third dwarf in common (CVn II), Weisz et al. (2014a) find a
more extended SFH, in contrast to the largely ancient stellar population inferred by Brown
et al. (2014). Given that the HST/WPFC2 imaging analyzed by Weisz et al. (2014a) is
shallower and covers a smaller area than the HST/ACS imaging employed by Brown et al.
(2014), we opt to utilize the SFH from Brown et al. (2014). Even allowing for the more
extended SFH measured by Weisz et al. (2014a), our results are qualitatively unchanged,
such that we find CVn II quenches prior to infall. It should be noted that recent simulations
of dwarf galaxies have found that stellar age gradients can exist and depend strongly on the
SFH and merger history of an individual dwarf galaxy (El-Badry et al., 2016; Graus et al.,
2019). These gradients can introduce an observational bias that varies depending on the
location of the HST field relative to the galaxy half-light radius, with the potential to shift
the inferred median stellar age by as much as +2 Gyr (Graus et al., 2019). For the SFHs

from Weisz et al. (2014a) and Brown et al. (2014), the corresponding HST imaging fields are,
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on average, biased towards the center of each system, so as to weakly favor younger SFHs

and thus slightly underestimate tgg.

To determine the time at which each system formed 90% of its stellar mass (tgg), we linearly
interpolate the measured SFHs from Weisz et al. (2014a), using the published data tables
(Weisz et al., 2017). As shown in Figure 5.2 for Leo II, the corresponding uncertainty in ¢gg
is determined by similarly interpolating and evaluating the SFHs including their associated
lo random and systematic errors. For the remaining 6 systems in our sample, we visually
inspect the published SFHs from Brown et al. (2014) to measure tgg. In particular, utilizing
the 1o confidence intervals from Figure 8 of Brown et al. (2014), we select the lookback
time at which the upper and lower bounds of the SFH reach 90% of the present day mass
of the system. The average of these two times is taken to be tgy. For Hercules and Leo IV,
we find a very minor difference between the tgq inferred from using the Weisz et al. (2014a)
dataset and from visually inspecting the Brown et al. (2014) results (Atgy < 1 Gyr). The

tgo measurements for each system in our sample, which we take to be the quenching time

(tquencn), are listed in Tables 1 and 2 along with their corresponding uncertainties.

5.2.2 Infall Time

For low-mass dwarfs in the Local Volume, there is a stark difference in the star-forming
properties of those within the virial radius (~ 300 kpc) of either the MW or M31 and those
in the field (e.g. Spekkens et al., 2014). While it is uncertain as to the exact physical scale
at which environmental effects begin to affect satellite galaxies, this observed field-satellite
dichotomy makes a strong case that infall onto the host system (as defined by crossing within
the host’s virial radius) marks the onset of environmental quenching. In order to constrain

the timescale upon which environmental processes act (i.e. the quenching timescale), we
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must infer the infall time — i.e. the time at which a satellite crosses within the virial radius

of the host — for each dwarf in our sample.

5.2.2.1 Gaia Proper Motions

The Gaia mission recently transformed the observational landscape, providing proper motion
measurements for stars in a large number of local dwarfs (Gaia Collaboration et al., 2016a,b,
2018a). Using these data, several studies inferred proper motions for the Milky Way satellites,
utilizing various membership criteria (Gaia Collaboration et al., 2018b; Simon, 2018; Fritz
et al., 2018; Kallivayalil et al., 2018; Massari & Helmi, 2018; Pace & Li, 2019). Here, we use
the results from Fritz et al. (2018), as they provide the most comprehensive set of proper
motion measures for the MW satellite population. For our primary sample, the observed
proper motions as measured by Fritz et al. (2018) agree (within the quoted errors) with
those estimated by both Simon (2018) as well as Gaia Collaboration et al. (2018b). From
Fritz et al. (2018), we adopt the Galactocentric distance, radial velocity, tangential velocity,
3D velocity, and eccentricity measures for each system (see Tables 1 and 2). Using this
phase-space information, we match the MW satellites to a subhalo population drawn from
high-resolution, cosmological, zoom-in simulations in an effort to constrain their infall times.
It should be noted that the proper motions (and resulting Galactocentric velocities) in some
cases have very large uncertainties, which lead to an overestimation of the proper motion.
We therefore expect that some of the objects in this analysis (e.g. Leo IV) will have unusually
large Galactocentric velocities. Ultimately this uncertainty only affects Leo IV in our primary

sample (see Fig. 5.1), and does not change our overall conclusions.
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Figure 5.2: Ilustrative example of both the quenching time and infall time measurements.
Left: The cumulative SFH for Leo II, adapted from Weisz et al. (2014a), showing the adopted
quenching time (solid red line) and corresponding lo uncertainty in the quenching time
(dashed red lines). Right: The distribution of infall times for Leo II based on selecting
the 15 subhalos that both reside nearest to Leo IT in the log(€/V:2, )-host-centric distance
space (see Fig. 5.1) and have the same directionality in their radial velocity. The ¢ty KDE
(magenta line) is inferred using a gaussian kernel with a bandwidth selected via a leave-
one-out cross validation grid search. We adopt the peak in the distribution (black dashed
line) as the characteristic infall time for Leo II. The accompanying magenta shaded region
illustrates the bounds on the uncertainty in the inferred t;,g, corresponding to the most
probable region encompassing 68 % of the total distribution. For reference, the red line
shows the quenching time as derived from the star formation history in the left panel. The
typical Leo Il-like subhalo in the simulations falls onto the host system for the first time
~ 2 Gyr prior to the cessation of star formation. This relatively fast quenching timescale
is consistent with previous statistical work and favors ram-pressure stripping as the domi-
nant quenching mechanism, perhaps assisted by tidal stripping and stellar feedback during
pericentric passage.
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5.2.2.2 Simulations

To determine the infall time of each Milky Way satellite in our sample, we utilize the Phat
ELVIS (pELVIS) suite of 12 high-resolution, dissipationless simulations of Milky Way-like
halos along with an analytic potential set to match the observed properties of the MW disk
and bulge (Kelley et al., 2018). The suite includes 12 isolated halos simulated within high-
resolution uncontaminated volumes spanning 1 — 3 Mpc in size and using a particle mass of
2.92 x 10* Mg, and a Plummer equivalent force softening of € = 25 physical parsecs. Within
the high-resolution volumes, the halo catalogs are complete down to Mya, > 3 x 106 Mg,
Vinax > 4.5 km s71 Mpeae > 8 x 10° Mg, and Vieax > 5 km s™! — therefore more than
sufficient to track the evolution and infall time of halos hosting MW dwarfs with M, >
1035 M, (Garrison-Kimmel et al., 2014a). The simulations adopt a cosmological model with
the following ACDM parameters: og = 0.815, €, = 0.3121, Q4 = 0.6879, n, = 0.9653, and
h = 0.6751 (Planck Collaboration et al., 2016). For a detailed discussion of the simulations
and the impact of the host baryonic potential on the subhalo (i.e. satellite) population, we
refer the reader to Kelley et al. (2018, see also D’Onghia et al. 2010; Garrison-Kimmel et al.

2017; Sawala et al. 2017; Graus et al. 2018).

For all subhalos with Mpeax > 108 Mg, we determine their infall time, defined to be the
first timestep when the subhalo passes within the host virial radius. Some (~ 24%) of the
subhalos have multiple infall times, with a median difference between first and last infall
of 3.9 Gyr. These differences lead to a marginal change in the infall time inference for
individual MW satellites (~ 0.71 Gyr), however they do not change the qualitative results
of this work. On average, there are 250 subhalos per host above our adopted mass limit of
Mpeare > 108 Mg, with the 100% scatter ranging from 129 to 367. All of the subhalos from
each simulation box are combined into one final catalog when compared to the MW satellite

population.
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To facilitate constraining the infall time for each MW dwarf galaxy, we match the observed
6D phase-space properties of the MW satellites to subhalo properties in the simulations.
Using the measured infall time for each subhalo, we can map the infall time distributions
to the phase-space distributions in the simulations. A useful method for mapping these two
distributions is presented in Rocha et al. (2012), where a very strong correlation is found
between the present-day binding energy of the subhalos in simulations and their infall times.
We use a modified version of the subhalo binding energy presented in Rocha et al. (2012) in
order to match the observed binding energies to the subhalo properties, thereby constraining

the possible distribution of infall times for each MW satellite.

5.2.2.3 Binding Energy

As shown by Rocha et al. (2012), the binding energy per unit mass, £, of a dark matter
subhalo strongly correlates with its infall time, such that early accreted subhalos have higher
binding energies. Following Rocha et al. (2012), we define the binding energy of a subhalo

(or local dwarf) as
L
£ = —o(R) — 1V*, (5.1

where ¢(R) is the potential of the subhalo (or MW satellite) at the host-centric radial
distance, R, and V?/2 corresponds to the kinetic energy of the subhalo (or galaxy), with V

representing the magnitude of the 3D velocity vector in the frame of reference of the host.

To determine the potential of each satellite galaxy and subhalo, we assume the host mass is

distributed in an NFW potential (Navarro et al., 1997):

In(1+r/ry)

_ 2
¢(T) - 4Terors T‘/TS

: (5.2)
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where G is the gravitational constant, pg is the average density of the dark matter halo, and
rs is the scale radius. We define ¢(Ry) = 0 at Ry = 5 Mpc. Varying the distance where
we anchor the potential does not significantly affect the binding energy measurement or the
subsequent distribution of infall times for each MW satellite galaxy. Adopting Ry = 5 Mpc
ensures that Ry is well outside the virial radius of the host for all of cosmic time. The
simulations include hosts spanning a range of virial masses and we use their respective con-
centrations as given in Table 2 of the pELVIS halo catalogs (Kelley et al., 2018). These
concentrations tend to be larger than their dark-matter-only counterparts owing to the re-
sponse of the baryonic potential. For the suite of 12 hosts, the median concentration is

c ~ 16.

Due the variation in the host virial masses across the simulation suite, the absolute nor-
malization of the binding energy also varies from host to host. Essentially, the subhalos of
more massive hosts have larger binding energies, on average, due to their deeper potentials.
To better compare the simulations to the observational data, we combine the subhalo pop-
ulations across the various simulation boxes. We “normalize” the binding energy of each
satellite by dividing the measured binding energy by the present-day host maximum circu-

lar velocity squared (V2. ). For the MW dwarfs, we assume the host potential is an NFW

max

with the following properties: M., = 1.3 x 102 My, Ry = 300 kpc, and Ry = 18.75 kpc

(Bland-Hawthorn & Gerhard, 2016).

5.2.2.4 Subhalo Matching

Both the binding energy, as defined in Equation 5.1, and the radial distance from the host
are scalar quantities. By including the vector information (namely the direction of the
radial velocity) associated with the satellite velocities, we endeavor to further constrain
the inferred infall times using a two-step subhalo selection criteria — essentially a vector-

based selection followed by a scalar-based selection. First, we select all subhalos with radial
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velocity components in the same direction as the dwarf galaxy in question (e.g. since Leo II
has a positive radial velocity, we first select all of the subhalos that also have positive radial
velocities). From the remaining subhalos, we select the 15 nearest to the Milky Way dwarf

in the log(€/V2, )-versus-R/ Ry, space (see Figure 5.1).

For each sample of N = 15 subhalos, we infer the underlying distribution of infall times
through kernel density estimation (KDE). We adopt a gaussian kernel and select the band-
width using a grid search with leave-one-out cross validation for each individual galaxy (e.g.
Efron, 1982). The peak in each KDE is adopted as the characteristic infall time for each MW
dwarf galaxy. To estimate the uncertainty in the inferred infall time, we integrate the KDE,
centered at the peak, until the bounds include 68% of the area under the curve, thereby
approximating the 1o width of the distribution (see the magenta shaded region in Fig. 5.2

as an example).

We check the validity of this method by drawing a “test” sample from the simulation data
and attempt to infer the true infall times of this subset using the methodology described
above. By construction, the total sample includes the test subhalos, such that adopting
a comparison set of N = 1 (versus N = 15) returns the exact subhalos in question and
a “perfect” infall time inference. We estimate the accuracy of our methodology from the
difference between the inferred infall time and the true infall time for the subhalo population.
The distribution of differences in the infall time is sharply peaked at 0 Gyr with a standard
deviation of ~ 1.0 Gyr, suggesting that we are able to accurately constrain the true infall
time for the majority of subhalos. It should be noted that exclusion of the vector information
from our method increases the standard deviation to ~ 3.0 Gyr, highlighting how using both
the vector and scalar selections dramatically improves the accuracy of the inference. For
each subhalo (or satellite), the resulting infall time distribution does not depend strongly

on the choice of N = 15 for 5 < N < 20. We select N = 15 so as to balance properly
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sampling the underlying distribution against sampling too much of the log(€/V:2, )-versus-

R/Ry;, parameter space.

5.2.3 Quenching Timescale

As discussed previously, we define the quenching timescale (Tquencn) @s the time that a satellite
continues to forms stars following infall. In other words, the quenching timescale is the

difference between the infall time and the quenching time:

Tquench = Linal — tquench 5 (53)

where tintan and tguench are the lookback time to infall and quenching, respectively. In Tables 1
and 2, we report the measured infall time for all dwarfs in the Fritz et al. (2018) sample
within 300 kpc of the MW and the quenching time for each dwarf in our primary sample.
The uncertainty in both the infall time and quenching time are added in quadrature to

compute the total uncertainty in the quenching timescale.

5.3 Results

Figure 5.3 shows the quenching time as a function of infall time, color-coded by stellar mass,
for our primary sample of Milky Way satellites with published HST-based star-formation
histories. For the lowest mass systems (M, < 10° M), we find that the quenching time
universally exceeds the infall time (fquench > tintan), such that the suppression of star forma-
tion preceded infall onto the Milky Way. In contrast, at higher satellite masses, quenching is
found to occur at (or after) the time of infall (¢quench S tinfan). In this manner, the quenching
time—infall time space can be used to determine the class of quenching mechanisms poten-

tially responsible for shutting down star formation. Specifically, objects that fall below and
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Figure 5.3: The relationship between quenching time (fquencn) and infall time (#inpan) for
our primary sample of MW satellites. The points are color-coded by their present-day
stellar mass, assuming M /Ly = 1 (see color bar for scale). The low-mass (M, < 10° M)
satellites have quenching times consistent with suppression of star formation due to cosmic
reionization, as illustrated by the dot-dashed line. For the “classical” (M, = 10578 M)
satellites, we generally find quenching and infall times that are consistent with a rapid
cessation of star formation following accretion onto the MW. The lack of satellites with recent
infall times is largely a consequence of observational bias, particularly at low stellar masses.
Objects that recently fell onto the MW system preferentially reside at larger Galactocentric
distances, such that we are likely “missing” a significant number of low-mass satellites for
which we would infer more recent infall times. Finally, none of the satellites studied have
quenching and infall times that strongly favor self-quenching via internal processes.
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Figure 5.4: The quenching timescale as a function of satellite stellar mass for our primary
sample of MW dwarfs (cyan hexagons). We include an estimate of the quenching timescale for
both the SMC and LMC (magenta hexagon) based on a lookback time to first infall of 1.5 Gyr
from Kallivayalil et al. (2013). The black data points and grey bands illustrate the results
of statistical studies of satellites in groups and clusters (including the Local Group, Wetzel
et al., 2013; Wheeler et al., 2014; Fillingham et al., 2015), with the grey bands corresponding
to groups with estimated halo masses of 102713, 101314 and 1015 M, (black, dark grey,
and light grey, respectively). Our measured quenching timescales, computed on an object-
by-object basis, are in general agreement with the results of statistical studies, such that
satellites with 10° < M, /My < 10® have positive and short quenching timescales consistent
with relatively rapid environmental quenching. Below this mass scale (M, < 10° M), our
measured quenching timescales are systematically negative, consistent with a scenario in
which the lowest-mass galaxies quench prior to infall (i.e. at the time of, or shortly following,
reionization).
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to the right of the dashed line in Figure 5.3 are consistent with environmental quenching,
where star formation is quenched after the galaxy becomes a satellite. The distance from
the dashed line in combination with how early (or late) infall time occurred, can further
constrain which environmental quenching mechanisms are most likely responsible. The hor-
izontal dot-dashed line at fquench = 12.5 Gyr (2 ~ 6) marks the approximate location of
the end of reionization (e.g. Fan et al., 2006; Robertson et al., 2015). Galaxies with tquench
consistent with this value are potentially quenched during (or shortly after) the epoch of
reionization. The remaining region in the fquench-tinfan space, above and to the left of the
dashed line but below the dot-dashed line, favors quenching via feedback or some other inter-
nal process such that star formation is suppressed prior to infall. As evident in Fig. 5.3, this
region of parameter space is largely unoccupied, suggesting that internal processes are not a
primary driver of quenching within the low-mass galaxy population. This is consistent with
observations of the field population, which is dominated by star-forming systems at these
mass scales (Geha et al., 2012). Our measurements are very consistent with rapid quenching

(Tquench ~ 1 Gyr) within the MW halo at a < 20 level.

Subtracting the quenching time from the infall time, we determine the quenching timescale
(Tquench) for every satellite galaxy in our primary sample (see Equation 5.3). In Figure 5.4,
we plot this quenching timescale, for each system, as a function of its stellar mass (cyan
hexagons). In addition, we include an estimate of the quenching timescale for the Small and
Large Magellanic Clouds (SMC/LMC) as denoted by the the magenta hexagon. Under the
assumption that the SMC and LMC are on first infall, orbital modeling can estimate the
lookback time at which they crossed the MW virial radius (Besla et al., 2007; Kallivayalil
et al., 2013). We estimate the infall time for the Magellanic system to be ~ 1.5 Gyr (Figure
13 of Kallivayalil et al., 2013), which leads to a conservative lower limit on the quenching
timescale based on the framework described in this work. For comparison to the estimates
of the quenching timescale for individual MW satellites, we also include the results of sev-

eral statistical studies that provide estimates of the typical quenching timescale for various
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satellite and host samples in the local Universe (Wetzel et al., 2013; Wheeler et al., 2014;
Fillingham et al., 2015). Overall, the individual measures of Tquench for the MW satellites are
in good agreement with the results based on the analysis of ensembles. At M, > 105 M, the
positive quenching timescales are broadly consistent with the expectations from Fillingham
et al. (2015). Meanwhile, the universally negative quenching timescales for the lowest mass
systems (M, < 10° M) are consistent with quenching driven by reionization (Rodriguez

Wimberly et al., 2019).

5.4 Discussion

5.4.1 Quenching in Classical Dwarf Satellites

For decades now, the suppression of star formation in the “classical” dwarf galaxy population
orbiting the MW (M, ~ 10°7® M) has been commonly attributed to processes associated
with environment (e.g. Lin & Faber, 1983; Blitz & Robishaw, 2000). More recent modeling
work shows that the timescale, over which the transition from star forming to quiescent
must occur (following infall onto the host), is very short (Slater & Bell, 2014; Wetzel et al.,
2015a; Fillingham et al., 2015; Simpson et al., 2018). This short quenching timescale is
consistent with ram-pressure stripping being the dominant quenching mechanism. In an
effort to explicitly test the validity of this hypothesis, Fillingham et al. (2016) find that
gas stripping processes can reproduce the necessary timescales if the density of the MW
circumgalactic medium (CGM) is clumpy (see Emerick et al., 2016, for a contrasting view),
such that orbiting satellite galaxies will experience elevated ram-pressure stripping when
they interact with these overdensities. The majority of classical MW satellite galaxies in
this study are consistent with having their star formation shut down very rapidly after

falling onto the MW system and becoming a satellite (i.e. Tquench ~ 1 — 2 Gyr). These
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objects fit nicely into the environmental quenching picture put forward in Fillingham et al.

(2015, 2016).

As evident in Figure 5.4, however, there are three dwarfs (Sagittarius, Fornax, and Carina)
with inferred quenching timescales significantly longer than the short quenching timescales
inferred from previous work. Closer inspection of Sag I suggests that its infall time (and thus
quenching timescale) is not reliably measured via comparison to subhalos in the pELVIS
simulation suite. As readily seen in Figure 5.1, Sag I occupies a region of the binding
energy-vs-distance parameter space that is largely devoid of corresponding subhalos in the
simulations. This is likely due to the fact that the pELVIS simulations do not account for
the satellite’s baryonic component. In the case of a system such as Sag I that is being
disrupted via tidal interaction with the MW, the corresponding subhalo population in the
pELVIS simulations is quickly stripped, whereas Sag I is better able to resist disruption due
its non-negligible baryonic mass (Lazar et al., in prep). Put another way, at fixed host mass,
low-mass subhalos are stripped more slowly (Boylan-Kolchin & Ma, 2007; Boylan-Kolchin
et al., 2008), such that at small host-centric distance and high binding energy the subhalo
population in pELVIS is dominated by low-mass subhalos that have been preferentially
accreted at higher z. As a result, the measured infall time for Sag I, based on comparison to
pELVIS, is biased towards early cosmic time. Previous work modeling the associated stellar
stream suggests that Sag I was accreted onto the MW roughly < 2 —8 Gyr ago, following an
orbit with a close pericentric passage (< 20 kpe, Law & Majewski, 2010; Purcell et al., 2011;
Dierickx & Loeb, 2017). If we assume ¢y ~ 5 Gyr for Sag I, instead of our estimate of
tintan ~ 11 Gyr, we find a quenching timescale of Tyuenching ~ 1.6 Gyr, consistent with rapid

suppression of star formation following infall.

The other two satellites (Fornax and Carina), for which we measure Tguencn > 4 Gyr, suf-
fer far less from the issues associated with modeling Sag I, such that the long quenching

timescales inferred for these systems are much more reliable. These two systems, however,
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are outliers with regard to their orbits as inferred by Fritz et al. (2018) for the “heavy”
MW potential. In Figure 5.5, we plot the measured quenching timescale as a function of
orbital eccentricity, color-coded by pericentric distance, for those satellites in our primary
sample with M, > 10° M,. Among the massive satellites in our primary sample, Carina
and Fornax have some of the lowest orbital eccentricities (i.e. the most circular orbits). In
addition, Carina and Fornax are on orbits with relatively large pericenters of 60 and 58 kpc,
respectively. Taken together, the orbital eccentricity and pericentric distance for Carina and
Fornax are consistent with orbits about the MW that would lead to less efficient quenching
via environmental processes (e.g. ram-pressure stripping), which operate with greater effi-
ciency deeper in the host potential. Essentially, if ram pressure is less effective at removing
cold gas from an infalling dwarf, then the system will continue to form stars for several Gyr
longer (yielding a longer Tquench) relative to satellites of similar mass that are on more radial

orbits and experience higher ram pressure.

5.4.2 Quenching in Ultra-Faint Dwarf Satellites

As highlighted in §5.1, the inferred SFHs of the ultra-faint dwarf galaxy population around
the MW are universally consistent with a cessation of star formation at very early times
(see also Martin et al., 2016, 2017). Recent work shows that these early quenching times are
consistent with reionization being responsible for the suppression of star formation in the
lowest mass galaxies (Brown et al., 2014; Rodriguez Wimberly et al., 2019). This is in good
agreement with hydrodynamic simulations of isolated dwarfs, which find that reionization
is effective in shutting down star formation on the smallest mass scales (Benitez-Llambay

et al., 2015; Fitts et al., 2017; Jeon et al., 2017; Wheeler et al., 2018).

Our work adds further evidence to this reionization quenching scenario by determining the

infall time for each of the UFDs with a measured SFH. Not only did star formation termi-
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Figure 5.5: The quenching timescale as a function of orbital eccentricity, color-coded by
pericentric distance, for the MW satellites with M, > 10% M, in our primary sample. Due
to the limitations of modeling Sag using the pELVIS simulations, it is given a different
marker (square) to distinguish it from the other satellites (diamonds) in this analysis. The
satellite galaxies with the longest quenching timescales are on orbits with some of the smallest
eccentricities — i.e. more circular orbits. When combined with the relatively large pericentric
distances for their orbits, these dwarf galaxies have likely experienced lower ram-pressure
stripping, on average, allowing them to retain more of their cold gas reservoir and continue
to form stars longer than satellites on more radial orbits.
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nate at very early times, the inferred infall times for the UFDs occur after the SFH-based
quenching time, strongly suggesting that quenching mechanisms associated with the MW
environment are not the dominant mode of star formation cessation. In agreement with
simulations and related work, our analysis adds additional evidence for a stellar mass scale

of M, ~ 10° M, below which star formation is shut down by reionization.

5.4.3 Comparison to Previous Studies

Utilizing the recently-measured 6D phase-space information for the MW satellites based on
Gaia DR2 proper motions, we infer the infall time for 37 MW satellites through comparison
to the phase-space distributions of subhalos in the pELVIS simulation suite. Previous work
demonstrated the viability of this exercise using the Via Lactea simulations (Diemand et al.,
2007, 2008) and showed the existence of a strong correlation between the binding energy
and infall time for subhalos (Rocha et al., 2012). By applying a similar method to higher-
resolution simulations that include a disk potential, we recover the same qualitative trends
as those found by Rocha et al. (2012). However, the normalization, slope, and scatter of the
correlation between binding energy and infall time varies from host to host. Additionally,
previous work utilized only 4 components of the phase space for the majority of the MW
dwarf galaxies and demonstrated that incorporating the full 6 components led to a stronger

constraint on the infall time distribution (Rocha et al., 2012).

In our analysis, we are able to take advantage of the full phase-space measurements now
available and a suite of simulations that better captures the host-to-host scatter in the
properties of the subhalo population. Where applicable, the infall times in Rocha et al.
(2012) and in this work agree within 20. However, we generally infer earlier infall times.
This difference is driven by the inclusion of the full 6D phase-space measurements based

on Gaia proper motions. If we instead infer the infall time using only the Galactocentric
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position and radial velocity, then we find much better agreement (within 1o) with Rocha
et al. (2012). This agreement, however, does not imply accuracy, as the overall accuracy of
this method decreases if we omit the tangential velocity component. When compared to the
true infall times for subhalos in pELVIS, the inclusion of tangential motion to the estimate
of tinan reduces the catastrophic failure rate from ~ 30% to ~ 20%, where failure is defined
to be |Atingan|/ (1 + tintan true) > 0.2. Thus, when possible, the entire 6D phase space should

be used to infer the most likely infall time for the MW dwarf galaxies.

Weisz et al. (2015) also characterize the quenching time for the MW satellite galaxies using
HST-based star-formation histories. That work, however, was based on the less accurate
infall times from Rocha et al. (2012), leading to the conclusion that many of the MW
satellite galaxies with M, > 10° Mg, had their star formation shut down prior to becoming
a satellite, in conflict with the established picture of environmental quenching. With the
updated phase-space measurements from Gaia DR2, the infall times for these systems are

now better constrained and favor a scenario in which environmental quenching dominates at

M* ~ 105_8 M@

5.5 Summary

Our work highlights the power of combining detailed observations of galaxies in the nearby
Universe with cosmological simulations. We characterize the infall time for the population of
MW satellite galaxies with Gaia DR2 based proper motion measurements from Fritz et al.
(2018). When combined with quenching times inferred from HST-based SFHs, we measure
the quenching timescale for individual satellites, facilitating a detailed, object-by-object

study of satellite quenching. The principal results of our analysis are as follows:

108



e Using the Phat ELVIS suite of high-resolution, zoom-in simulations, we develop a
mapping from binding energy to subhalo infall time that allows for relatively precise
constraints on the infall time of MW satellites. As shown in Tables 1 and 2, using this
mapping, we estimate the infall time for all MW satellites with a Gaia DR2 proper
motion measurement from Fritz et al. (2018) and currently reside within 300 kpc of

the MW.

e The inferred quenching timescales for satellites of the Milky Way with M, = 10°~% M
is broadly consistent with the rapid cessation of star formation following infall, sup-
porting the model for satellite quenching developed by Fillingham et al. (2015, 2016,
2018).

e The infall and quenching times measured for the UFD satellites of the MW are consis-
tent with quenching via reionization and support a critical scale of M, ~ 10° Mg, below

which reionization is effective in suppressing star formation at early cosmic time.

e Within the sample of MW satellites studied (at M, < 10® M), our measurements
of infall and quenching times are fully consistent with quenching via reionization or
environment, such that there is no need for satellites at these mass scales to be quenched

due to internal processes — e.g. self-quenching via feedback.
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Chapter 6

Conclusion

The environment in which a galaxy resides is known to have an impact on the overall evo-
lution through various mechanisms that operate in these rich environments, such as ram
pressure stripping and starvation. The satellite galaxies of the Local Group also appear
to have had their star forming properties shaped by the environment due to their overall
quiescent nature and lack of cold-gas reservoirs, which stand in stark contrast to the actively
star forming, gas-rich galaxy population in the nearby field. This clear dichotomy in the star
formation properties of Local Group satellites relative to the field population has motivated
many studies in the past decade and provides the context for the work in this dissertation.

Ultimately, my work comes to the following primary conclusions:

e To reproduce the high fraction of quenched low-mass satellites in the Local Group,
the typical quenching timescale, defined relative to infall onto the host system, at

M, ~ 10% — 10®* M, must be relatively short (Tquench ~ 2 Gyr).

e The longer quenching timescales inferred for higher-mass satellites are broadly con-

sistent with the observed cold gas (Hy plus Hi) depletion timescales in corresponding
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field systems; this suggests that satellite quenching is largely driven by starvation at
M, > 10® M.

Ram-pressure and turbulent viscous stripping become increasingly effective in satellite
galaxies with M, < 10° Mg, consistent with the observed decrease in the satellite
quenching timescale at M, ~ 108 Mg. If stripping dominates the quenching of low-
mass satellites, then the critical mass scale for satellite quenching should increase with

host halo mass.

1

Assuming a satellite velocity of Vi ~ 300 km s™ and a clumpy hot gas halo —

such that the typical CGM density at which stripping occurs is npae ~ 10732 —
1072° ecm™3 (i.e. ~ 2 — 20 times the mean density) — ram-pressure stripping is able to

effectively quench ~ 90% of infalling satellites, such that their gas fractions agree with

observational limits for dwarf spheroidals in the Local Group.

Within 2 R, of the Milky Way and M31, the passive population of dwarf galaxies at
106 < M, /Mg < 108 is consistent with being quenched by environmental processes.
Suggesting that the effects of environmental quenching can be seen well outside the

region where it is physically occurring.

The inferred quenching timescales for individual satellites of the Milky Way, based
on Gaia proper motions, with M, = 10°~8 M, are broadly consistent with a rapid
cessation of star formation following infall, supporting the statistically driven models

for satellite quenching developed in Chapters 2, 3, and 4.

In conclusion, it should be noted that the broader impact of this work relies on the assumption

that the star-forming properties of the Local Group and surrounding Local Volume are

cosmologically representative (i.e. are not atypical, Boylan-Kolchin et al., 2016). Studies of

low-mass satellites in other nearby systems, however, find a similarly high quenched fraction

like that observed in the Local Group (e.g. Kaisin & Karachentsev, 2013). On the other hand,
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observations of the NGC 4258 group find a significant number of blue, likely star-forming,
satellites with M, < 10® My, (Spencer et al., 2014). In addition, recent work by Geha et al.
(2017) to spectroscopically identify a large population of low-mass satellites orbiting Milky
Way analogs finds very few passive systems, suggesting that the high satellite quenched

fraction within the Local Group may be somewhat atypical.

The idea that Local Group dwarfs are quenched via ram pressure has been around for some
time (e.g. Einasto et al., 1974; Lin & Faber, 1983; Blitz & Robishaw, 2000) but the evidence
for very rapid quenching provided here adds further argument in its favor, and identifies a
characteristic mass scale where it may become dominant. Underlying this hypothesis is the
notion that the Milky Way and M31 both harbor extended (~ 150 kpc) reservoirs of hot
baryons with sufficient density to strip small galaxies of their gas. There is evidence that
M31 does indeed host an extended circumgalactic medium (Lehner et al., 2015), and X-ray
studies are consistent with this possibility around the Milky Way (Fang et al., 2013; Miller &
Bregman, 2015; Fang et al., 2015). If extended low-density coronae of this kind are common
around ~ L* galaxies, then they may prove important for understanding the baryon cycle

and the global census of baryons in the Universe.

Without question, more work remains to fully place the Milky Way (and more broadly the
Local Group) in a cosmological context. Ongoing efforts to discover and characterize dwarf
satellite systems around other massive hosts will be important for solidifying the existence
of a sharp transition scale at M, < 108 M, where satellite quenching appears to become
extremely efficient in the Local Group. If future studies reveal that the Local Group is indeed
typical, then pinpointing the origin of this quenching scale and testing the ram-pressure

hypothesis will be of utmost importance.
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