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ABSTRACT

While dwarf galaxies observed in the field are overwhelmingly star-forming, dwarf galaxies\in enyironments as dense
or denser than the Milky Way are overwhelmingly quenched. In this paper, we explore-quenching in the lower density
environment of the Small-Magellanic-Cloud-mass galaxy NGC 3109 (M, ~ 108 Mg,), 'whieh” hosts two known dwarf
satellite galaxies (Antlia and Antlia B), both of which are HI deficient compared to similar galaxies in the field and
have recently stopped forming stars. Using a new semi-analytic model in congert with the measured star formation
histories and gas masses of the two dwarf satellite galaxies, we show that théy coudld’not have been quenched solely by
direct ram pressure stripping of their interstellar media, as is common in denser’environments. Instead, we find that
separation of the satellites from pristine gas inflows, coupled with stellax-feedback-driven outflows from the satellites
(jointly referred to as the starvation quenching model), can quenchithe satellites on timescales consistent with their
likely infall times into NGC 3109’s halo. It is currently believedythat) starvation is caused by “weak” ram pressure
that prevents low-density, weakly-bound gas from being accréted onto the dwarf satellite, but cannot directly remove
the denser interstellar medium. This suggests that star-formation-driven outflows serve two purposes in quenching
satellites in low-mass environments: outflows from the hostiform a low-density circumgalactic medium that cannot
directly strip the interstellar media from its satellitessbut,is sufficient to remove loosely-bound gaseous outflows from
the dwarf satellites driven by their own star formation.

Key words: galaxies: dwarf — galaxies: evolution

1 INTRODUCTION derived from wide-field optical imaging surveys, it has been
shown that the galactic environment (and in particular, host
halo mass) is the primary driver of quenching in these lower-
mass galaxies (e.g., Woo et al. 2013; Zu & Mandelbaum 2016;
Kawinwanichakij et al. 2017; Moutard et al. 2018; Papovich
et al. 2018; Davies et al. 2019). This conclusion is consistent
with the long-standing observation that red, quenched galax-
ies are abundant in dense cluster environments (e.g., Dressler
1980; Butcher & Oemler Jr. 1984; Hogg et al. 2003; Kauff-
mann et al. 2004; Cooper et al. 2006; Haines et al. 2007).

One of the most important questions in galaxy evolution is
why galaxies transition from bluetand actively star-forming
to red and quiescent. While quénched high-mass (stellar mass
M. > 10" Mg) galaxies\are prevalent in the field, suggest-
ing that they may be.quenched by internal mechanisms like
feedback from active galactic nuclei and virial shock heat-
ing (e.g., Birnp6im & Dekel 2003; Di Matteo et al. 2005;
Wang & Abel 2008; Martig et al. 2009; Keres et al. 2009;
Davé et al“201%; Schreiber et al. 2018), galaxies with lower
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masses_ are very, rarely observed to be quenched when in iso- Much of the recent progress made in understanding en-
lation (Haimes et al. 2007; Geha et al. 2012; Kawinwanichakij vironmental star formation quenching is due to new wide-
et/al. 2017)7 Using catalogs of multi-band galaxy photometry area surveys which provide data for large statistical samples

of galaxies, typically reaching stellar masses of 10% Mg <

M. < 10'° Mg at the faint end (e.g., Driver et al. 2011; Tay-
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Zou et al. 2019). Below these masses, the study of star for-
mation quenching has mostly been limited to the Local Vol-
ume, with particular attention paid to satellites of the Milky
Way (MW) and Andromeda (M31). Due to the close prox-
imity of these dwarf satellites, a wide range of observational
and theoretical tools can be leveraged to learn about their
quenching processes (see, e.g., Mayer et al. 2006; Greevich &
Putman 2009; Nichols & Bland-Hawthorn 2011; Rocha et al.
2012; Gatto et al. 2013; Slater & Bell 2014; Weisz et al. 2015;
Wetzel et al. 2015; Fillingham et al. 2015, 2016, 2019; Buck
et al. 2019; Digby et al. 2019; Garrison-Kimmel et al. 2019;
Akins et al. 2021; Applebaum et al. 2021). These studies in-
dicate that there is a divide in the quenching pathways of
the Local Group dwarf satellites around stellar masses of 10°
Mg, where the least massive (“ultra-faint”) dwarf satellites
were quenched by reionization (e.g., Bullock et al. 2000; Ben-
son et al. 2002; Brown et al. 2014; Weisz et al. 2014, 2015;
Rodriguez Wimberly et al. 2019; Sand et al. 2022), while
the more massive (“classical”) dwarf satellites were quenched
later via environmental processes. This later environmental
quenching is typically attributed to ram pressure stripping
(RPS; Gunn & Gott 1972; Larson et al. 1980) caused by the
host’s hot gas halo (Gatto et al. 2013; Slater & Bell 2014; Em-
erick et al. 2016; Fillingham et al. 2016). In particular, the
intermediate mass (10° Mg < M, < 10% Mg) dwarf satellites
of the MW exhibit short (~ 2 Gyr) quenching timescales that
are best explained by direct stripping of the interstellar media
of the dwarfs via RPS or tidal stripping (e.g., Wetzel et al.
2015; Fillingham et al. 2015, 2019; Baxter et al. 2021). This
sort of “strong” RPS also appears in observations and sim-
ulations of dense cluster environments, where RPS is highly
effective due to the presence of a hot intracluster medium
(e.g., Lotz et al. 2019; Roberts et al. 2019; Tremmel et al.
2019; Tonnesen 2019).

However, the satellites of the MW seem to be somewhat
unique in this regard (Geha et al. 2017; Mao et al. 2021;
Karunakaran et al. 2021; Carlsten et al. 2021, 2022; Samuel
et al. 2022). By comparing star-forming and quenched pop-
ulations of bright (M, > 10® Mg) satellite galaxies mea-
sured in wide-area surveys, it has been found that massive
dwarfs have longer quenching timescales (~4-6 Gyr;"Wet-
zel et al. 2012; Wheeler et al. 2014). These longeriquenching
timescales are consistent with starvation, wherein agcretion
of gas is ceased after infall to the host but“thessatellite con-
tinues to form stars until its gas reservoir is depleted by star-
formation-driven outflows. Quenching\via starvation is the-
orised to require “weak” environmental ‘RPS, wherein low-
density gas at large radii from thie dwarf can be removed but
the denser interstellar gas of the dwarf cannot (e.g., Maier
et al. 2019), such that star formation can continue after in-
fall but gas loosened by ‘stellar feedback (e.g., supernovae) is
lost. Thus both “strong”.RPS and starvation require the pres-
ence of a circumgalactic medium around the host, given our
current theoretical understanding of these quenching mecha-
nisms. Such, a/circumgalactic medium could be generated by
stellar-feedbacksdriven gas outflows from the host.

Theré is an additional factor to be considered when study-
ing environmental quenching that we have so far only men-
tioned in passing; the dependence of the quenching timescales
and mechanisms on environmental density. Galaxy clusters
inhabit the densest environments, while an isolated low-mass
galaxy with a few dwarf satellites is a low-density environ-

ment. As previously mentioned, quenched dwarf satellites are
prevalent in dense environments, while equal-mass dwarfs are
predominantly star-forming in the field (i.e., when they are
far from more massive galaxies; Geha et al. 2012). However, it
is unclear how environmental quenching scales to lower host
masses.

Such low-density environments are poorly represented in
the literature, as the hosts and satellites are intrinsically
faint, severely limiting the distances to which such systems
can be studied. However, several pioneering surveys have
begun to extend the study of environmental quenching to
low-density environments (e.g., MADCASH and LBT-SONG;
Carlin et al. 2016, 2019, 2021; Garling et al. 2020; Davis et al.
2021), with initial results indicating that such low-mass hosts
can, indeed, quench their satellites, with starvation being the
most likely quenching mechanism. The theoretical litetature
considering environmental quenching in low-density=enviren-
ments is similarly sparse, but recent simulationsishow that
these low-mass hosts may be able to sustain hotyhales. of cir-
cumgalactic gas, which is generally thought to be'a require-
ment for these types of environmental .quenching processes
(Jahn et al. 2019, 2022). Clearly our/picture jof star forma-
tion quenching is incomplete, in particular at/low satellite and
host masses. Additionally, the studiés that probe low satel-
lite masses are generally confined to satellites of the MW and
M31 and are therefore incomplete in terms of galactic envi-
ronment; this is a particular problem given that host halo
mass is the primary driver of satellite quenching, as men-
tioned above. As awesult, there is much to be gained by ex-
tending the study of\low=mass (M, < 10® M) dwarf satellite
quenching beyond thee MW.

In order®onassess the efficacy of different quenching mech-
anisms in low=density environments, we study the NGC 3109
dwarf association, which is ideal for this kind of study. NGC
3109 itself is similar in stellar mass to the Small Magellanic
Cloud, (SMC) but has not yet been accreted by a larger
galaxy, making this a very low-density environment. NGC
3109 is known to host two classical dwarf analogs, the Antlia
and Antlia B dwarf satellite galaxies (see §2 for more dis-
cussion of the observational properties of the system). NGC
3109 can therefore be considered a dwarf group or association
(e.g., Tully et al. 2006; Stierwalt et al. 2015; Pearson et al.
2016).

The Antlia and Antlia B dwarf satellite galaxies both have
low present-day HI masses relative to the typical values for
isolated dwarfs of similar stellar mass (e.g., Papastergis et al.
2012; Bradford et al. 2015; Scoville et al. 2017), suggesting
that they have been affected by environmental quenching.
Based on the M, — My, relation of Bradford et al. (2015),
Antlia has only 2% of the HI mass of field dwarfs with com-
parable stellar mass, while Antlia B has roughly 15% of the Hi1
mass of comparable field dwarfs. While the M.. — My, relation
is uncertain at the low-mass end due to the limited sample
of low-mass field dwarfs, it is clear that Antlia and Antlia B
are significant outliers from the field population, prompting
us to examine how their Hi could have been depleted.

As the system is nearby (with distance ~ 1.3 Mpc; Dal-
canton et al. 2009) and well-studied observationally (with
measured star formation histories from resolved stellar pop-
ulations, stellar masses, line-of-sight velocities, etc.), we have
excellent data with which to set up a theoretical experiment.
These observational data allow us to select analog dwarf
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galaxy systems from a cosmological simulation, which we use
in concert with a simple semi-analytic model to study the
gas mass evolution of the satellites after infall. Through this
semi-analytic model we can assess which quenching mecha-
nisms are most important in this system, providing a tem-
plate that can be applied to other systems to search for a
model which is generally successful.

1.1 This approach

We adopt a semi-analytic approach to study satellite quench-
ing in the NGC 3109 system. The primary cosmological in-
gredient to our analysis is the merger history of NGC 3109;
of particular importance is exactly when Antlia and Antlia
B fell into NGC 3109, because these infall times define the
timescales over which our environmental quenching models
can act. For this purpose, we draw analogs of NGC 3109 and
its satellites from big-box hydrodynamic simulations. These
simulations are sufficient to resolve the satellites in dark mat-
ter, but they generally have poorly-resolved baryonic compo-
nents. As such, it is necessary to post-process the baryonic
components of the satellite galaxies, which we accomplish us-
ing simple analytic models coupled to the observed star for-
mation histories (SFHs). These theoretical tools, when com-
bined with the observed properties of the NGC 3109 system
(e.g., phase-space coordinates, SFHs, and present-day HI gas
masses), allow us to discern the most likely quenching path-
way for the satellites.

A schematic illustrating how our model operates is shown
in Figure 1. It begins with identifying analogs of the NGC
3109 system that host either an Antlia or Antlia B analog
satellite at present day in the simulation. We do not require
the system to host both an Antlia and an Antlia B analog; jus-
tification for this choice is given in §3.3.1. This process relies
on the measured stellar masses for each galaxy, which are con-
verted to halo mass probability density functions through a
halo mass function and an empirical relation between galaxy
stellar mass and halo mass; analogs are then selected from the
simulation on the basis of halo mass. The process of analog
selection is explained in §3.

From these simulated analogs we establish the initialicon~
ditions for our semi-analytic models by incorporating other
empirical and theoretical relations (§4.1). The stellarass of
the analog satellites at infall is set by integrating-the obser-
vational SFHs for the real satellites up until infall. We then
use the empirical relation between stéellar mass and Hi mass
for isolated dwarfs to set the HI mass of'‘thé satellites at in-
fall, which is used for both the/RPS (§4.2.2) and starvation
(84.2.3) calculations. For starvationjtheé only other important
variable quantity is the effectivesmass-loading factor, which
is the constant of proportionality between the star formation
rate and the star-formation-driven HI mass outflow rate (i.e.,
n such that dMp/dt oc—ndM., /dt). This mass-loading fac-
tor can generally be tied to the halo mass of the satellite.
Coupling the (initial}satellite HI mass, mass-loading factor,
observed SFH, ‘and”infall time gives us enough information
to calculate the,gas mass-loss rate due to starvation.

For RPS, We require a few more components. As RPS is
dépendent;on the satellite orbits, and the time resolution of
the simulation output is poor, we resimulate the orbits of
the satellite analogs with dynamical friction as discussed in
§4.2.1. RPS is also dependent on the satellite gas surface den-
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sity profile, which we couple to the initial Hi mass following
relations from the literature. The density profile of the host
circumgalactic medium is also important, for which we adopt
a literature relation tied to the host halo mass. Given the
satellite orbit and the gas profiles of the host and satellite,
we can determine how much gas is removed by RPS after in-
fall of the analog satellites. Due to our semi-analytic method,
we are able to separate the effects of starvation and RPS to
determine which is more effective.

In §5, we present results from the fiducial model and ex-
plore tidal stripping, alternate quenching model parameters,
and uncertainties in the quenching models. Our model clearly
indicates that starvation is more effective at removing gas
from satellites of low-mass hosts than RPS. We further show
that our fiducial RPS model, in the absence of starvation,
produces Antlia and Antlia B analogs that are too gas-rich
across the entire range of infall time of our simulatedsanalogs,
indicating the importance of starvation for quenching such
satellites of low-mass hosts. We comment on theiimplications
of this result in §6.

2 OBSERVATIONAL PROPERTIES

One of the principle reasons for ‘using the NGC 3109 sys-
tem as a case-study for quénching in low-mass systems is the
abundance of data available for the host and satellites, includ-
ing stellar masses, star formation histories, and H1 masses. In
this section, we highlight jthe observational properties that
will be relevantdor outr theoretical work. These quantities are
also presented in‘Table 1.

The primary, observable we use to select analogs from the
simulations are. the observed stellar masses for NGC 3109
and dts satellites (see §3 for a discussion of our selection pro-
cedure). We adopt a stellar mass of 7.340.9 x 10° M, for the
Antlia dwarf satellite based on its resolved SFH (McQuinn
et al.”2010a,b). Thus Antlia sits at the upper end of the clas-
sical dwarf regime, with a stellar mass within an order of
magnitude of the Leo I, Fornax, and Sculptor dwarf satel-
lites of the MW (McConnachie 2012, and references therein).
For the Antlia B dwarf satellite, we adopt 673 x 10° Mg, for
its stellar mass, based on the aperture photometry of Sand
et al. (2015). This work assumed a stellar mass-to-light ratio
of T = 1. This also makes Antlia B a classical dwarf analog,
with a stellar mass comparable to the Draco, Ursa Minor,
Sextans I, Carina, Canes Venatici I, and Leo II dwarf satel-
lites of the MW (McConnachie 2012).

It is worth noting that the stellar mass of NGC 3109 is sig-
nificantly uncertain; McConnachie (2012) lists 7.6 x 10" Mg
and cites Blais-Ouellette et al. (2001), who fit the stellar
mass-to-light ratio of NGC 3109 to their HI radial velocity
profile under several different models for the halo density pro-
file. However, these stellar-mass-to-light ratios have an order
of magnitude spread depending on which halo profile is con-
sidered, and several of these profiles have similar goodness
of fit. We derive the stellar mass of NGC 3109 by adopting
photometry from Cook et al. (2014), which is more precise
than the photometry used in Blais-Ouellette et al. (2001),
and estimate the stellar-mass-to-light ratio using the color-
dependent relationships in Garcia-Benito et al. (2019). Using
this method, we find a stellar mass-to-light ratio of T = 0.8,
which implies a stellar mass of 1.4 x 108 My. Adopting the
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Figure 1. Flow chart summarizing the relationships between different components of our semi-analytic quenching model. We begin at the
top of the figure with our selection procedure discussed in §3. Colored boxes indicate intrinsic (e.g., halo masses) or derived (e.g., satellite
gas masses at infall) properties’of individual analog systems from the IllustrisTNG simulation that are key inputs to our starvation and
RPS quenching models. We then run our semi-analytic quenching model on the analog systems from the simulation that pass our selection
criteria. The relationshipybetween the inputs and outputs for the quenching models are shown in their own labelled flow charts.

lognormal spread of 0.11 dex in the color-stellar-mass-to-light
ratio.from Garcia-Benito et al. (2019), the 1 — o range of stel-

ter photometry (Cook et al. 2014) and stellar mass-to-light
ratios (Garcia-Benito et al. 2019).

laf masses’is 1.1 x 10 to 1.8 x 10® M. These estimates are

roughly/twice the value of 7.6 x 10" Mg from McConnachie
(2012) and Blais-Ouellette et al. (2001), but are based on bet-

We can additionally compare to the K, band luminosity,
which has a fairly constant stellar-mass-to-light ratio of 0.6
with ~ 0.1 dex scatter (McGaugh & Schombert 2014). Adopt-
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ing the K mag from the 2MASS Large Galaxy Atlas (Jarrett
et al. 2003) we find a stellar mass of 2.4 x 108 M., with a 1o
range of 1.9 x 10% to 3.0 x 10® M,.. This is higher than the es-
timate from the optical photometry, but they agree at a 1.2¢0
level and both prefer a higher stellar mass than that given in
McConnachie (2012) and Blais-Ouellette et al. (2001). Both
the optical (Cook et al. 2014) and infrared (Jarrett et al.
2003) magnitudes were corrected for Galactic extinction us-
ing the Cardelli et al. (1989) extinction law and the Schlegel
et al. (1998) dust maps with the updated scaling from Schlafly
& Finkbeiner (2011).

Our revised stellar mass estimates from the optical (Cook
et al. 2014) and infrared (Jarrett et al. 2003) photometry are
sufficiently consistent that it makes no significant difference
to our conclusions in §5 which we use. We adopt the stellar
mass estimate for NGC 3109 based on the Cook et al. (2014)
magnitudes and Garcia-Benito et al. (2019) stellar mass-to-
light ratio for our analysis. This stellar mass is comparable
to that of the Small Magellanic Cloud (SMC; McConnachie
2012). We note that RPS is more effective for larger host
stellar masses, so by assuming a larger stellar mass for NGC
3109 we are making RPS more effective than it would be if
we adopted the Blais-Ouellette et al. (2001) stellar mass.

While the present-day stellar masses of the satellite galax-
ies are important for selecting analogs from the cosmolog-
ical simulation (§3), how the satellites built up their stellar
masses over time (i.e., their SFHs) matters for our implemen-
tation of quenching via starvation (§4.2.3). Normally in fully
semi-analytic models, the SFH of galaxies is self-consistently
evolved depending on other variables like neutral or molecu-
lar hydrogen masses. For a case-study like this, such an ap-
proach is undesirable because the real satellites have a fixed
intrinsic SFH which may not be well-sampled by the simu-
lated analogs. Fortunately, both Antlia and Antlia B have
measured SFHs based on resolved stars. We therefore adopt
these SFHs directly (from Weisz et al. 2011 for Antlia and
Hargis et al. 2020 for Antlia B) so that the SFH is not a free
parameter in our model. These SFHs are utilized in our model
of starvation, wherein stellar feedback from young stars (pri-
marily in the form of supernovae) ejects gas from the satel:
lite, slowly quenching its star formation after infalLas (under
the model assumptions) the satellite cannot accrete more gas
from its environment while inside the halo of NGC 3109. The
SFHs of both Antlia and Antlia B show Aittlesstar forma-
tion in the last few Gyr, suggesting that Some‘environmental
quenching process is responsible.

The measured HI masses of Antlia and.Antlia B are also
suggestive of environmental effects, as they are lower than
those of isolated dwarfs in the field of similar stellar mass
(e.g., Papastergis et al. 2012; Bradford et al. 2015; Scoville
et al. 2017). Typically such isolated dwarfs have at least twice
as much mass in HLass-in stars, but this is not the case for
the dwarf satellitesiof NGC 3109. Antlia has a measured Hi1
mass of 6.8 41,4 % 10%M¢ (Barnes & de Blok 2001), roughly
10% of its stellar mass, while Antlia B has an HI mass of
2.8+ 0.2 X'10°"Me(Sand et al. 2015), which is roughly half
of its stellar mass.

With the measured HI masses, we also get line-of-sight ve-
lotities for the dwarfs (Barnes & de Blok 2001; Ott et al.
2012; Sand et al. 2015), which we use in concert with the 2D
separation in the plane of the sky between NGC 3109 and
its satellites to further constrain our simulated samples (see
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§3.3 and Appendix A). While NGC 3109, Antlia, and Antlia
B all have robust distance measurements that indicate they
are associated (Dalcanton et al. 2009; Hargis et al. 2020), the
uncertainties are still large enough that there is little to be
gained (in a statistical sense) from including the distances of
the galaxies into these constraints.

3 SIMULATIONS

We use simulations to select an ensemble of NGC 3109-like
analogs, the key input for our semi-analytic quenching explo-
ration. Simulations allow us to sample the range of satellite
infall times and orbits that are consistent with the observed
properties of the satellites (e.g., their angular separation.and
relative line-of-sight velocity from the host). Infall times,mat-
ter because they set the clock for the timescale of gquenching,
and the orbits matter because RPS is orbit-depéndent. Ap-
plying the same semi-analytic model across the sample of
analog systems yields a statistical exploration of guenching
mechanisms and timescales. With the probabilistic analog se-
lection procedure we describe below, we can more accurately
examine the probability distributions ef guantities like the
satellite infall times and the Hianass loss due to RPS.

We utilize the public IllustrisTNG” cosmological simula-
tions to select analogs of the, NGC 3109 system (Nelson
et al. 2018; Naiman et al. 2018; Springel et al. 2018; Pillepich
et al. 2018b; Marinacci et al. 2018). IlustrisTNG is simulated
with a ACDM cosmelogy with parameters from the Planck
2015 results (h=0.6774; Planck Collaboration et al. 2016); we
will adopt this cosmology throughout. IllustrisTNG includes
hydrodynamies, \with a fiducial physics model presented in
Weinberger etval. (2017) and Pillepich et al. (2018a). We use
the TNG100 run, which simulates a comoving box of vol-
wme 110.7 Mpc? with 1820% particles each for dark matter
and~gas and twice as many tracers that are used to track
the,Lagrangian evolution of the gas (Genel et al. 2013). This
simulation suite is well-matched to our science goals, because
it has sufficiently high resolution in dark matter over a suffi-
ciently large volume for us to obtain a statistically significant
set of NGC 3109 system analogs.

We utilize the friends-of-friends (FoF) group catalogs to
identify isolated host systems, the SUBFIND subhalo cata-
logs to extract subhalo properties, and the SUBLINK merger
trees (Rodriguez-Gomez et al. 2015) to track the evolution
of the subhalos through time. The friends-of-friends halo
finder requires a minimum of 32 particles, corresponding to
2.4 x 108 Mg, if the particles are all dark matter, while SUB-
FIND requires a minimum of 20 particles that are gravita-
tionally bound, corresponding to a halo mass lower bound of
1.5x10® Mg. In §3.1 we show that the expected halo mass for
Antlia B, the least massive galaxy in the NGC 3109 system,
is a factor of 20 larger than this, giving us confidence that the
dark matter halos of satellites like Antlia and Antlia B in the
simulation will be sufficiently resolved for our purposes (see
Figure 1 for an overview of how we use the halo quantities
from the simulation).

To define a set of analogs, the principal observables we have
for NGC 3109 and its satellites are their stellar masses (see
Table 1). The easiest way to identify analogous systems in
TNG100 would be to find systems with similar stellar masses
in the simulation catalogs. However, the baryonic particle

$20z Aenuep || uo Jasn meT AlisiaAlun 81e1S oIyO AqQ LZL L LS/ L 09BIS/SEIUW/SE0 L 01 /10P/a[0IB-80UBAPE/SEIUW/WOD dNoolwapeoe//:sdiy Woll papeojumod



6 C. T. Garling et al.

Table 1. Assumed properties of the host, NGC 3109, and the satellites, Antlia and Antlia B. References: (1) Dalcanton et al. 2009 (2)
Cook et al. 2014; Garcia-Benito et al. 2019 (3) Barnes & de Blok 2001 (4) Ott et al. 2012 (5) McQuinn et al. 2010b (6) Hargis et al. 2020

(7) Sand et al. 2015

Object Distance R.A. Decl. My, V5os References
[Mpc] [hms] [dms] [10° Mg] [10° Mg] [km/s]
NGC 3109 1.29 £0.02  10P03™075 —26°09/36" 1400f§88 3800+ 500 4054+2 (1) (1) (1) (2) (3) (4)
Antlia 1.29 £0.02  10P04™045  —27°19'55” 73 49 6814 363+£2 (1) (1) (1) (5) (3) (4)
Antlia B 1.354+0.06 09P48™565  —25°59/24" 61’3 2.84+0.2 3762 (6) (7) (7) (7) (7) (7)

masses in TNG100 are 1.4x10° Mg, so that the stellar masses
of Antlia and Antlia B analogs will be poorly resolved. In-
stead, we can infer the halo masses of NGC 3109 and its
satellites from their stellar masses given a stellar-mass-halo-
mass (SMHM) relation, a halo mass function (HMF), and
a subhalo mass function (SMF). The conversion of observed
stellar mass to approximate halo mass must be considered
carefully. As noted in Dooley et al. (2017), Somerville et al.
(2018), Jethwa et al. (2018), and other works, the SMHM re-
lation cannot simply be inverted to obtain a halo mass from
an observed stellar mass because the relationship has intrinsic
scatter. This leads to significant Eddington bias, as there are
many more low-mass galaxies to be up-scattered than high-
mass galaxies to be down-scattered, indicating that a naive
inversion of the SMHM relation would overestimate the typ-
ical halo mass of galaxies observed at a fixed M.. This effect
can be mitigated by including models for the HMF and SMF
as shown below.

3.1 Selection of Analogs via Halo Mass Probabilities

The probability density function (PDF) of a halo mass given
a stellar mass, P(M,|M.) can be related to the PDF of a
stellar mass given a halo mass from the SMHM relation,
P(M,|Mp), and the halo mass function, dN/dM;, « P(M#),
through Bayes’ theorem as P(Mp|M.) o< P(M.|M;,) P(Mp).
We additionally add a reionization quenching model that de-
scribes the fraction of halos of mass My that are’luminous,
denoted fium(Mp). For a constant lognormal .scattér in the
SMHM relation in dex of o and a fiducial stellar mass of M.,
we can write the PDF of a stellar mass given,a halo mass as

um (M
POMLIM,) = SO
M, o In10v27 (1)
— (log, (M, — log,,SMHM (Mh))2
X exp 9072

where SMHM(M},)“is_the median stellar mass from the
SMHM relation . forta halo mass of Mj,. In order to apply
Bayes’ theorem to«find P(Mp|M.) we must calculate the
Bayesian eyvidence to properly normalize the PDF, which can
be written as

A= /Ooo /OOOP(M*IMh)

where P(M.) is the PDF for the stellar mass of the object

N pML)dMdM.  (2)

in question. We can then write the conditional PDF of M
given M, as

dN
P(My|M.) A/ POMLM,) 2 POLL) AT 1)

One useful application of this equation is to,compute the ex-
pectation value for the halo mass of a galaxy given its stellar
mass, which can be written as

(M) = //MhP(Mh|M)thdM*

_ 7/ / M P(M. |Mh) AN P(M*) M, dM.,

(4)
When considering,thehalo mass PDF's for subhalos, the SMF,
dN/dM}p, «5¢(Mip, host ), should be used instead of the HMF.
We use_the form of the halo mass function from Sheth et al.
(200%) with the transfer function from Eisenstein & Hu (1999)
torgenerate the halo mass function, the SMF and fium(Mp)
from Doodley et al. (2017), and the Moster et al. (2013) SMHM
relation. We assume a constant 0.2 dex scatter in stellar mass
at fixed My, (e.g., Behroozi et al. 2013; Dooley et al. 2017).
There is evidence for increased scatter in the SMHM below
M}, ~ 105 Mg, but we choose to keep a constant scatter for
easier comparison to other work. The expected Mj derived
from Equation 4 are typically ~ 10% lower than the result
from a simple inversion of the Moster et al. (2013) SMHM
relation in the range of stellar mass considered here.

With PDFs for the halo masses of NGC 3109 and its satel-
lites, we are able to select halo mass ranges for each based
on percentiles of enclosed probabilities, e.g. 68% correspond-
ing to the 1-o range for a Gaussian distribution. It is typical
when selecting analogs of observational systems from simu-
lations to choose a narrow range around the expected halo
mass and approximate all simulated analogs as being equally
likely to represent the observed system. However, this ap-
proach both limits the sample size of simulated analogs and
neglects the tails of the halo mass PDF. We instead derive
analog halo mass selection ranges as the intervals that con-
tain 99.7% of the probability from the full halo mass PDFs
(equivalent to £3-0 for a Gaussian distribution), and fully
propagate the probability that each simulated system repre-
sents the observed system through our analysis. We present
our expectation values for M;, and selection ranges in Table
2, along with the results from a naive inversion of the SMHM
relation for comparison.
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3.2 Halo Overdensity Definitions

There is an additional complication here related to the defi-
nition of the halo mass. This matters because we match the
stellar and dark matter halo masses of satellites at the time of
satellite infall, and because Antlia is a major merger event for
NGC 3109. Often halo masses are defined relative to spheri-
cal overdensity (SO) criteria; e.g., Maooc is defined to be the
total halo mass enclosed in a sphere whose average density is
200 times the critical density of the Universe, with a corre-
sponding radius Ragoc. Such SO masses and radii are only cal-
culated in IllustrisTNG for the FoF group catalogs, while the
SUBFIND subhalo catalogs and SUBLINK merger trees contain
no such quantities, having instead only total gravitationally-
bound masses; these are not directly comparable to SO quan-
tities. Generally, models of the type used in Equation 3 are
expressed in terms of SO mass definitions, with Mago. be-
ing the most common mass definition — we adopt Magoc to
evaluate Equation 3, as all of the component models support
this definition. Given that the stellar masses of satellites are
more closely tied to their halo masses at infall than at present
day (e.g., Reddick et al. 2013; Rodriguez-Puebla et al. 2017;
Campbell et al. 2018; Behroozi et al. 2019; Buck et al. 2019;
Moster et al. 2021; Wang et al. 2021), what we would like in
order to perform our analog selections are present-day Magoc
values for the hosts, and Mago. values at infall for the satel-
lites.

The obvious choice would be to use the Magoc values from
the FoF catalogs for the hosts at present-day, but these will
include the masses of all subhalos. This is normally fine in
the limit of Mpost >> Msqt, but given that Antlia is expected
to have a halo mass ~ 25% that of NGC 3109 (i.e., Antlia’s
infall constitutes a major merger), using these FoF masses for
the hosts may bias our host selection as the FoF masses are
correlated with the total mass in substructure. Instead, we
identify the most massive subhalo in the SUBFIND catalogs
to be the central subhalo for a given satellite’s FoF group.
The subhalo mass for the central will consider particles that
are only bound to the central and no other substructure,
allowing us to avoid this bias. In order to convert the/SUB-
FIND subhalo mass to an SO mass, we approximate Msuprn
~ Mjis0c. Prior to Antlia’s infall, we find good agreement
between the FoF Mago. values and those obtdined by» this
approximation, where we convert Misoc to Maggs, assuming
the concentration-mass relation of Diemer & Joyce (2019).
We show the probability-weighted halo mass distribution for
our NGC 3109 analogs prior to the infall of Antlia or Antlia
B in Figure 2, along with the distribution derived for Magoc
assuming that the subhalo masses, areapproximately Misoc.
For the range of halo massesp(and thus, concentrations) con-
sidered here, Maooc/Misge is typically 0.93 —0.96 at z = 0, so
this correction is modest and allows us to avoid biasing our
host selection by includingthe mass of Antlia in the mass of
NGC 31009.

3.3 Summary of Analog Selection

With these complexities explained, our analog selection pro-
ceeds as\follows. We first identify present-day analogs of NGC
3109 by finding all central subhalos of the FoF groups and
assuming their SUBFIND masses are approximately equal to
Misoc. We convert these to Magoe using the concentration-
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Figure 2. Comparison of the FoF Mago¢ values (erange line) to
the SUBLINK subhalo masses (black dashed line) for our NGC 3109
analogs prior to the infall of Antlia or/Antlia B""These distributions
are weighted by P(Mp, host,i|[Mx Kost) for each host 4, as given in
Equation 3. If we assume that the SUBLINK subhalo masses are
approximately equal to M1spc, we obtain the blue line when we
convert them to Magoc. This distribution is a good approximation
of the FoF Magpc distribution, and using the subhalo masses for
host selection allows'us,to aveid including substructure in the host
masses, as would,be the case if we adopted the FoF masses.

mass’ relation of Diemer & Joyce (2019), and save all the
centrals that have halo masses within the 99.7% credible in-
terval for NGC 3109, given in Table 2. For every subhalo of
these’/centrals identified at present-day, we identify each in-
fall event, where the subhalo transitions from being its own
central in the FoF catalogs to being a subhalo of the present-
day host. We refer to the first infall as being the earliest
such event. Note that by requiring subhalos to be associ-
ated with NGC 3109-like hosts at present-day, we are ex-
cluding splashback halos which may be beyond the host’s
virial radius at present-day but on a bound orbit. We are
also excluding orphaned subhalos, which do not survive un-
til present day. There are hints that Antlia could be tidally
disrupting (Penny et al. 2012) which might support includ-
ing orphans, but given the limited extent of the disruption
likely only ~ 90% of the dark matter halo has been stripped
(e.g., Penarrubia et al. 2008), and so we would not expect
such a subhalo to be fully disrupted in TNG100. For each
infall event, we record the satellite’s Magoc value from the
FoF catalog of the snapshot prior to infall, when the satellite
was its own central, and refer to this value as the infall mass.
We note that using the SUBFIND mass and converting it to
Mazpoc as we did for the hosts works equally well here, but we
prefer to take the Mggg. directly from the FoF catalogs for
the satellites as it avoids assuming a halo concentration. This
choice of infall mass does not meaningfully affect our conclu-
sions. Once these infall masses have been recorded, analogs of
Antlia and Antlia B are chosen based on the 99.7% credible
intervals for each satellite, given in Table 2. Our final sam-
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Table 2. The expectation values of Magoc and infall mass selection
ranges for analogs from IllustrisTNG derived from Equation 4,
compared to the expectations from a naive inversion of the SMHM
relation neglecting scatter. The selection ranges enclose 99.7% of
the halo mass PDFs.

the baryonic particle mass in TNG50 is still 8.4 x 10* Mg,
galaxies with stellar masses less than ~ 10" Mg, (like Antlia
and Antlia B) are not well-resolved in baryons. However the
enhanced resolution in the dark matter component could still
be beneficial for our purposes if, for example, it leads to im-
provements in dynamical accuracy for infalling satellites.

Object (M20oc)  Naive Inversion Lower Limit  Upper Limit Implementing the same selection procedure outlined above
[10° Mg)] [10° Mg)] [10° Mg)] [10° Mg)] led to a sample of fewer than 300 NGC 3109 analogs with

NGC 3109 38.7 43.0 19.2 69.3 both Antlia and Antlia B analog satellites. Thi§ is roughly
Antlia 10.8 12.9 5.70 19.2 12% as many systems as the ~ 2500 we found in TNG100,
Antlia B 3.12 4.26 1.26 8.13 consistent with the difference in the size of the volumes sim-

ple of Antlia analogs consists of over 5000 subhalos, while we
identify over 20000 analog subhalos for Antlia B.

3.3.1 A Joint Sample

For inclusion in our final sample, we only require that an
NGC 3109 analog have either an Antlia analog or an Antlia
B analog. We formed a separate sample where we required
each NGC 3109 analog to have both an Antlia and an Antlia B
analog, but found that the important quantities derived from
the simulations (e.g., infall time distributions and orbital tra-
jectories) were consistent between both samples. This “joint”
sample contained ~ 2500 systems; given that there were 5000
systems with an Antlia analog and 20000 systems with an
Antlia B analog when we required only one or the other, we
may naively estimate that ~ 50% of systems like NGC 3109
with an Antlia-like satellite also host a satellite like Antlia B,
while ~ 12.5% of systems with an Antlia B analog also host
an Antlia analog. This indicates that, given the presence of
Antlia, it is fairly common to find a satellite like Antlia B as
well. We additionally find that, even though the infall time
distributions of our Antlia and Antlia B analogs are similar
(see §5.1.1), they rarely fell into their present-day hosts at the
same time. Only ~ 5% of systems in the “joint” sample had
their Antlia and Antlia B analogs fall into the NGC 3109 ana-
log host in the same simulation snapshot, and in only ~0.5%
of the “joint” samples were Antlia and Antlia B associated
in the snapshot prior to infall. Given that the quantities‘zel-
evant for our calculation are consistent between,the'separate
and “joint” samples, and that it is unlikely that ‘Antlia and
Antlia B fell in together, we choose to ptoceed by allowing
NGC 3109 analogs to have either an Antlia or”an Antlia B
analog to increase our sample size, and we sort the satellites
according to whether P(Mp|M.,) (Equation 3) is larger for
the observed stellar mass of Antlia or Antlia B, given the
satellite’s halo mass at infallwln casés where an NGC 3109
analog includes multiplessatellites with infall halo masses in
our acceptance range (see Table2), all such satellites are used
in our analysis.

3.8.2 Comparison to TNG50

We repéated our selection process using data products from
the TNGH0 (Nelson et al. 2019; Pillepich et al. 2019) simula-
tién, which has a simulation volume roughly ~ 12% of that of
TNG100 while evolving an equivalent number of baryonic and
dark matter particles, allowing lower mass halos and galaxies
to be resolved in TNG50 than in TNG100. However, given

ulated. With fewer than 300 systems, the infall statistics we
use as input for our quenching model (e.g., infall time; out-
lined further in §4) show significant Poisson scatter from the
small sample size, such that any potential improvement, due
to the enhanced resolution of TNG50 is counteracted by the
much smaller sample size.

In comparing our larger samples, consisting of NGC 3109
analogs with either an Antlia or an Antlia B analog, satel-
lite, the samples in TNG50 were large enotigh to'warrant a
quantitative comparison to the same samples sélected from
TNG100. We calculated two of the main infall statistics used
as input to our semi-analytic model“(the infall times and first
pericenter distances; see §4) for these’'Samples in both TNG50
and TNG100 and compared themvia-bootstrap resampling.
Assuming Poisson sampling uncertainties, we found the me-
dian absolute deviation between the TNG100 distributions
and the resampled TNG5H0 distributions to be ~ 1.50, in-
dicating that theremmay be slight differences between these
quantities in TNG50.and TNG100 but that they are broadly
consistent.

For simplieity we compared only the marginal distributions
of the satellite infall times and first pericenter distances, but
in reality these distributions are covariant with each other,
and are likely covariant with other quantities as well (e.g., in-
fallweloeity, infall trajectory, etc.). In order to properly sam-
pleisuch a multi-dimensional distribution, a large sample size
is rieeded to reduce the likelihood of bias in the downstream
analysis. As such, we choose to proceed with TNG100 as the
quantities relevant for our analysis seem broadly consistent
with TNG50, while TNG100 gives us a much larger sample
of analogs to use as input for our semi-analytic model.

8.8.8 Propagating Probabilities

The formalism for calculating the probability that a simu-
lated analog is representative of an observed satellite has the
additional benefit of enabling propagation of these probabili-
ties through further analysis on the simulated analogs. For a
quantity X measured from the simulated analogs (e.g., infall
time), we define z; to be the value of X measured for subhalo
i. We can derive an improved estimate of the value of X for
the observed system by weighting each x; by the probability
that the simulated system is representative of the observed
system. Denoting these weights as w;, we find

w; = P(Mh,sat,i

M*,sat) P(Mh,host,i|M*,host) (5)

where P(Mj|M,) is defined as in Equation 4. Estimates can

$20z Aenuep || uo Jasn meT AlisiaAlun 81e1S oIyO AqQ LZL L LS/ L 09BIS/SEIUW/SE0 L 01 /10P/a[0IB-80UBAPE/SEIUW/WOD dNoolwapeoe//:sdiy Woll papeojumod



then be made for, e.g., the mean value of X for the observed
system as

X = Zz Wi T
Ziwi

We can incorporate additional data, in particular the pro-
jected separation of the satellite and the host and the line-of-
sight velocity difference between the two, to further constrain
the simulated analog set. This has historically been done by
Monte Carlo rejection sampling, but it can be done more effi-
ciently; in Appendix A we derive analytic forms for the PDFs
of these projected quantities for simulated systems with full
6D information. These probabilities are multiplied into the
weights defined in Equation 5 to give the final weights for
each simulated analog (Equation AG6).

(6)

4 GAS MASS EVOLUTION

In this section, we describe the semi-analytic framework we
develop to assess the relative importance of different quench-
ing mechanisms in terminating star formation in satellite
galaxies. The primary mechanisms we assess are starvation
(e.g., the cessation of cold gas inflows after infall; Larson et al.
1980; Peng et al. 2015) and ram pressure stripping (RPS;
Gunn & Gott 1972). These are the main environmental pro-
cesses thought to quench star formation of dwarfs after infall
(see Cortese et al. 2021 for a review).

In our semi-analytic model, we evolve the HI gas masses
of satellites along their orbits in the host potential via a set
of coupled ODEs. Once a satellite enters the host halo, with
galaxy properties set at infall, we treat the satellite as be-
ing starved of gas inflows. In the starvation model, gas is
continuously removed from the satellite according to stel-
lar feedback. We treat this gas removal as instantaneously
proportional to the star formation rates (SFRs), as inferred
from the measured SFHs of the satellites assuming an effec-
tive mass-loading factor 7 for the stellar outflows (dMgas /dt. o<
—n dM., /dt). Unlike other semi-analytic models, we treat RPS
as a continuous process, and not as an instantaneous process
at pericenter. Because of this, and because of the,relatively
high mass ratio between the satellite and host hales, wemodel
the satellite orbits explicitly, including dynamieal-friction. In
this section, we describe how we model the,initial conditions
and quenching mechanisms and motivate our)fiducial param-
eter choices for our semi-analytic model.

We start in §4.1 with a description of the initial conditions
for the host and satellite analogs prior to infall. In addition
to the satellite stellar masses (which we infer based on the
measured SFHs of Antlia‘and ‘Antlia B) and their infall dark
matter halo masses (determined as in §3.2), we must spec-
ify the dark matter,halo concentrations for the orbital inte-
grations, as well as the Hi1 gas surface density profile of the
satellite, X (1), artdjthe density profile of the circumgalactic
medium (CGM)wofthe host, prost(R), for the RPS calcula-
tion. Care in modeling the gas distributions is particularly
important fortesting RPS as a quenching mechanism.

In §4.2,)we describe the physics and our specific semi-
analytic'implementations of starvation and RPS as post-infall
quenching mechanisms of satellite star formation. We ignore
any quenching process that might begin prior to infall onto
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the NGC 3109 analog host. This lack of pre-processing is
justified by the simulations of Jahn et al. 2022, who find it
unimportant for satellites with stellar masses similar to the
Antlias and hosts similar in mass to NGC 3109. We describe
our model for each mechanism and motivate our specific pa-
rameter choices, and show how we evolve the satellite orbits
through the potential of the host with an analytic model for
dynamical friction.

Throughout this section we will focus on our fiducial model
while pointing out parts of the model that are uncertain. Re-
sults for our fiducial model are presented in §5. An explo-
ration of alternate model choices is presented in §5.2 and a
deeper discussion of model uncertainties is presented in §5.3.

4.1 Initial Conditions

All integrations of our semi-analytic ODEs are initialized
at the lookback time corresponding to the first“snapshot in
which a satellite was recognized as a subhalo‘ef the host.
Important initial conditions include the halo, masses of the
host and satellite, the stellar mass of the satellite at infall,
the CGM density of the host, and thetotal mass and surface
density profile of atomic hydrogen/in the satellite.

We take dark matter halo properties)(e.g., mass and infall
velocity vector) directly frony the analeg sample described in
§3.3. The initial halo mas§ for the host is taken to be the
converted Mogoc inferred from the SubhaloMass column of
the simulation catalogspas discussed in §3.2. For the satel-
lite, we set the initial,halormass to be the FoF Magoc in the
snapshot prior to infall to avoid assuming a halo concentra-
tion. We assume ‘the)stellar mass of the satellite at infall is
fixed according, to the measured SFHs of the satellites from
Hargis et al. (2020) for Antlia B and Weisz et al. (2011) for
Antlia.

Wenmodel the density of the host CGM as a singular
isothermal sphere (p o< r~2), as suggested by simulations
(e.g./Fielding et al. 2017; Hafen et al. 2019), with a density
normalization of n = 107% ecm™ at 0.1 Ry, following the
fiducial high 7 results from Fielding et al. (2017) (see their
table 1). We note that the lightest halo considered by Field-
ing et al. (2017) has a mass of 10'" Mg, with an overdensity
criterion of 200 times the mean density of the Universe (i.e.,
Ma200m ), while our estimated halo mass for NGC 3109 is only
3.87 x 10*® Mg, based on a density criterion of 200 times the
critical density of the Universe (i.e., Magoc). From their fig-
ure 7, it is clear the density profile of the CGM, even as a
function of r/Ruyir, evolves with halo mass, especially as the
halos become less massive. Thus this normalization has an
uncertainty which we discuss in more detail in §5.2.2.

As we integrate the satellite through the host’s potential
(described in §4.2), we do not evolve the masses of the dark
matter halos through the ODE integration, so neither can
the host CGM density be evolved. We therefore choose to
use the present-day value of the host virial radius to set the
density normalization, such that RPS at earlier times will be
more effective than in a self-consistently evolved calculation.
This has a minimal effect for recent infalls, and we will show
that other components of our model (principally, the satel-
lite H1 surface density profile) limit the effectiveness of RPS
for early infalls, even with this simplification. For our fidu-
cial host halo mass, this corresponds to a cumulative CGM
mass within 100 kpc of ~ 10° Mg. While generally high 5
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models produce galaxies with clumpier circumgalactic media
compared to low 17 models, we do not attempt to model CGM
clumpiness, which would effectively add stochasticity to our
gas mass evolutions (Simons et al. 2020; Akins et al. 2021).

For the initial gas masses of the satellites, we use the
double-power-law fit of My, to M. from Bradford et al.
(2015), based on measurements of isolated galaxies selected
from the NASA Sloan Atlas (Blanton et al. 2011; Geha et al.
2012). Similar fits for samples that are selected via radio or
infrared luminosities (e.g., Scoville et al. 2017) generally pre-
fer higher gas masses at lower stellar masses, but are likely
biased in this regime due to completeness effects. Typical in-
fall gas masses are ~ 1.5 x 10° Mg for Antlia B analogs and
~ 1.7 x 10" Mg for Antlia analogs. We do not include red-
shift evolution of the HI mass scaling, as theoretical work
predicts very weak redshift scaling of the M, — My, relation
out to 2 < z < 3 (e.g., Popping et al. 2015) and there are no
observational constraints for such low-mass galaxies at these
redshifts. We calculate the stellar masses of the satellites at
infall by integrating the SFHs; thus satellites with earlier in-
falls have lower initial stellar and gas masses. We assume
constant SFRs between bins in the SFHs (Weisz et al. 2011;
Hargis et al. 2020).

For the satellite H1 distributions, we assume an exponential
surface density profile X (r) = Xo exp(—r/rs) as is observed
over a wide range of M. As galaxies are observed to follow
a tight locus in D (defined as the Hi diameter where the
surface density equals 1 Mg pc72) and Mpy;, we set the ini-
tial HI scale radii following this relation, which is given as
log,o Dar = 0.506 log, oMm; — 3.293 by Wang et al. (2016), ne-
glecting uncertainties. Typical values of rs are ~ 250 pc for
Antlia B analogs and ~ 750 pc for Antlia analogs. The gas
scale radius is similar to the stellar half-light radius for Antlia
B analogs, while the gas scale radius is about 50% larger than
the stellar half-light radius for Antlia analogs. We find typical
Yo values of 4.0 Mg pc™? for Antlia B analogs and 4.3 Mg
pc~2 for Antlia analogs.

4.2 Quenching Models

In this section we show how we semi-analytically model
quenching processes for our analog NGC 3109 systems. In
summary, our quenching model is formulated as‘a system of
ODEs with the following components:

(i) Two-body orbit integration of the satellite and host
after first infall, including dynamical frietion (§4.2.1).

(if) RPS due to the gaseous halo of the host (§4.2.2), which
depends on the orbit models in §4:2.1,

(iii) Starvation in the satellite due to cessation of gas in-
flows upon infall and mass loss due to star-formation-driven
outflows (§4.2.3).

4.2.1 Satellite/ orbits and dynamical friction

The modeling of-RPS in particular requires that we track
satellite” orbits through the host potential. The time resolu-
tion of the MustrisTNG snapshots is not sufficient to resolve
orbits, so we develop the following model to trace orbits to
our desired resolution. As noted in §3.1, our analysis indicates
that Antlia was likely ~ 25% as massive as NGC 3109 at in-
fall. Thus it is expected that Antlia’s infall will induce some

reflex motion of the center of NGC 3109’s halo — this inval-
idates the assumption of a static host potential required for
an analytic pericenter estimation, as was employed in Garling
et al. (2020). Therefore, we must track the orbital evolution
post-infall to determine a reliable pericenter for considering
RPS. We take this one step further: by formulating the or-
bital evolution of the host and satellite as a system of ordinary
differential equations (ODE), we can additionally couple the
quenching mechanisms directly to the orbit.

We implement the host and satellite system as a system of
two rigid, extended bodies (as Gémez et al. 2015 did to study
the interaction of the LMC with the Milky Way). We use
NFW (Navarro et al. 1996) density profiles for the dark mat-
ter halos of the galaxies and use the median concentration-
mass relation of Diemer & Joyce (2019) as calculated for our
adopted Planck 2015 (Planck Collaboration et al. 2016). cos-
mology to set the scale radii. We set the halo masses,of both
objects to be constant over the ODE integration and equal’to
their halo masses at the satellite’s first infall. Weneglect grav-
itational forces from the baryonic components of the galax-
ies, as the stellar-to-halo mass ratios of the satellites are low
(~2x 107" for Antlia B and ~ 7 x 10™* for Antlia).

The system of rigid bodies we haveiconstructed does not
experience dynamical friction, whieh can decrease the peri-
center distances of the satellites andwthus increase the effec-
tiveness of RPS. It is important that we include dynamical
friction because the satellite'dark matter halos are compara-
ble in mass to those of their hosts (see Table 2). We add this
effect to the satellitesonly, using the standard approximation
(Chandrasekhar 1943 Binney & Tremaine 2008)

stat

T — 4G Miat phost (R) InA x
7
/‘Vsat‘ v2fhost(v)dv Vsat 3 ( )

0 ‘Vsat|

where f is the velocity distribution function and A is the
Coulomb factor. Assuming a Maxwellian velocity distribu-
tion, the integral can be approximated as

/Olvwl 0° frost (v)dv & Erxf (z) — % exp (—wg) (8)

where x = |Vat|/V2 02 and o is the one-dimensional velocity
dispersion of the host’s dark matter halo. The velocity dis-
persion can be approximated (e.g., Zentner & Bullock 2003)
or calculated by solving the Jeans equation

2 2
p dr r dr
where o, is the radial velocity dispersion and B(r) = 1 —

o5(r)/o(r) is a measure of the anisotropy in the velocity
distribution. We adopt the solution for constant § and set
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B = 0.4 (Lokas & Mamon 2001). For the Coulomb factor, we
use the semi-analytic model of Petts et al. (2015) where

dr
bmin = max (Thm,GMsat / ‘V|2)

bmax = min <phost (R) / dth(R)y R)

bmax

if bmax > bmin

A

bmin
0, otherwise

where bpax and bymin are the maximum and minimum impact
parameters, and rny, is the half-mass radius of the satellite.

4.2.2 Ram Pressure Stripping

Although RPS was originally formulated in the context of
hot gas halos (e.g., Gunn & Gott 1972; Tonnesen & Bryan
2009; Fillingham et al. 2016; Roberts et al. 2019), evidence
is mounting that the cool CGM can contribute significantly
to RPS in low-mass hosts (Roediger & Hensler 2005; Simons
et al. 2020). RPS proceeds when the ram pressure from the
host’s gas halo

Prps(R) = poam(R) [Viar|? (11)

exceeds the maximum gravitational restoring force per unit
area of the satellite

G Msat (’f‘)
" (12)
d(I)sat (T)
dr

Prestore(r) = Zgas,sat (T)
= Egas,sat (T’)

for a system with dynamics dominated by a spherical poten-
tial, and can be written as

PRPS(R) > Prcstorc(r)- (13)

Here, R is the distance from the satellite to the host,. .z is
the distance from the point being considered in the  satel-
lite’s disk to the satellite’s center, G is the gravitational
constant, Ygassat(r) is the gas surface density,of\the satel-
lite at r, Mg (r) is the total mass of the satellite enclosed
within radius r, ® is the gravitational potentialvef'the satel-
lite, Vsat is the velocity vector of the satéllite with respect to
the host’s gaseous halo (called simply“V. in the prior section),
and pcem(R) is the density of the host’s'gas halo at R (Mc-
Carthy et al. 2008; see also Képpen et al. 2018, which gives
an alternate formulation for cases where a stellar disk poten-
tial is important). The value'ofmat which Prps = Prestore 1S
called the stripping radius, (7strip ), and is minimized at peri-
center where the hostegas.;halo density and satellite velocity
are maximized. For, this reason, RPS is often implemented
as happening instantly at pericenter or occuring gradually
over the relevant péricenter timescale (e.g., Font et al. 2008).
However, not, allssatellites may experience a pericenter pas-
sage by’ present-day. Moreover, most gradual RPS schemes
neglect dynamical friction, which is likely to be important
for the Antlia analogs, so we adopt a different method for
calculating RPS.

To include RPS in our ODE, we require time differentials
related to the satellite’s orbital parameters in order to evolve

the stripping radius and remaining HI mass dynamically. We
write the time differential of the RPS pressure as

dPres _ dpoom(R) dR Ve
dt dR dt ' (14)
d |Vsat|
+ 2 pcam(R) [Viat| 7

where dR/dt in the first term can be written as the scalar
product Vgat R with R being the unit vector in the direction
of the host center. If we assume that the only significant bulk
motion of the host’s gaseous halo is the reflex motion due to
the satellite we can rewrite d|Vgas|/dt as agas - Vsat, which
gives the component of the acceleration in the direction of

the velocity. Substituting these terms, we have

dPres _ dpcem(R)
dt dR

+ 2 pcam(R) |Vsatl (asat ; vsat)

(VS‘“ ‘ R) [Veask (15)

which contains only basic terms related-to the orbit and the
host gas density profile. With this expression, we can track
Prps explicitly in our ODE. In generalithis/could be done in
a post-processing step after orbit‘integration, but including
the differential for Prpg is useful when“using error-controlled,
adaptive-timestep ODE integrators.

Additionally, with a_differential form for the ram pres-
sure, we can also look for a differential form for the strip-
ping radius. Generally. the”stripping radius must be solved
numerically (fof example, by root-finding) as the solution
of Prps = Phrestore is'Tarely analytic. However, the equality
Prps(t) = Prastore (Tstrip) Which holds at the stripping radius
requires_that

dPrps /dt = dPrestore/d'rstrip X drstrip/dt (16)
sothat
dPRps/dt
drstrip/dt = ————. 17
st P/ dprestore/drstrip ( )

We have already formulated the time differential for Prps, so
now we need the radial differential for Prestore from Equation
12, which can be written as

dPrestore _ d Zgas,sat d(bsat
dr (r) = dr ) dr ()
dz(bsat (7") (18)
+ Egas,sat (T) T

The time differential of rerip is then simply

drstrip dPRPS dPrestore
= stri 1
dt a | ar () (19)

Thus, we must only compute the stripping radius numerically
once to set the initial value, and we can then track its evo-
lution via the differentials, which have components that are
analytic for most gas distributions and potentials. We can
then write the gas mass differential as

dM as,sat,tot . dM as,sat,enc T'stri
gas, s — min 07 gas, > P (20)

dt drewp  dt
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where Mgas,sat,enc(7) is the total gas mass of the satellite en-
closed within radius r, and min(a,b,c,...) is the minimum
function, which returns the lesser of its arguments. This dif-
ferential is always equal to or less than 0 by construction.

4.2.8 Starvation

To define our model for starvation, we begin with our as-
sumptions of the state of the atomic gas in the satellites prior
to infall. In isolation, it is typical in semi-analytic models to
make gas accretion proportional to the halo mass growth rate
(e.g., Benson 2012; Kravtsov & Manwadkar 2022), with the
simplest constant of proportionality being the cosmic baryon
fraction, Q5/Q, . In field dwarfs, this accretion rate must out-
pace star-formation-driven outflows at early times to produce
the high Mpu; / M, ratios that are observed in field dwarfs
(generally 1-6 at M. = 10® Mgy; Papastergis et al. 2012;
Popping et al. 2015; Koribalski et al. 2018). Given these high
gas fractions, it is understandable that the vast majority of
field dwarfs are observed to be actively star-forming (e.g.,
Geha et al. 2012; Dickey et al. 2021).

In starvation, it is assumed that these inflows are shut
off after accretion to the host; this is typically explained by
the presence of a hot gas halo in the host that intercepts
these inflows. Recent simulations suggest that roughly LMC-
mass hosts can sustain such a halo (e.g., Jahn et al. 2022),
but generally the physical mechanism of starvation is uncer-
tain for such low host masses. With gas accretion shut off,
the dwarf can continue to form stars from its gas reservoir.
However, this reservoir depletes over time due primarily to
star-formation-driven outflows. The gas supply eventually ex-
hausts and star formation is quenched. We thus assume that
starvation depends only on time since infall, the star forma-
tion rate, and outflows.

We utilize a simple model for starvation, in which there is
no net gas accretion to a satellite after infall, and the change
in the gas mass is completely specified by

dMgas sat dM*
dt dt (21)

where R is known as the recycled fraction and quantifies how
much of the gas that goes into forming stars is\returned to
the ISM, and 7 is the dimensionless mass-leading.factor that
relates the gas outflow rate to the SFR (%). We adopt
R = 0.3 (Portinari et al. 2004), but it‘makeslittle difference
given our fiducial mass-loading factors are.typically an order
of magnitude greater than R. As{such, the gas mass loss rate
due to star-formation-driven outflows/in our fiducial model
(n(t) 45=) is much greater thafithe rate at which gas mass is
locked up in the stars thémselves ((1—R) %= ~ 0.7 £=). To
calculate the starvationsratey we utilize the SFH from Hargis
et al. (2020) for Antlia'B and Weisz et al. (2011) for Antlia.

The key parameter that most influences the importance of
starvation is the mass-loading factor, and specifically how it
varies as a functien”of galaxy or halo mass and/or time. For
our fiducial model, we adopt the power-law fit of Christensen
et al. (2016);"which relates the mass-loading factor to the
cifcularyvelocity at the virial radius as 7 oc v;%%. This fit
is'based/on hydrodynamical simulations of galaxies with halo
virial masses from 3 x 10° to 7 x 10! My, using the GASOLINE

code (Wadsley et al. 2004). This halo mass range includes

=(R—1-n(t))

our expectations for both Antlia and Antlia B (see Table 2).
Typical mass-loading factors for Antlia and Antlia B with this
model are about 6 and 10, respectively. We explore alternate
model choices in §5.2.1.

5 RESULTS

In this work, we are primarily interested in assessing the rel-
ative efficacy of RPS and starvation in quenching satellites of
low-mass hosts. This relative efficacy will change depending
on the specific choices of the quenching parameters and ini-
tial conditions. For a given set of model parameters, the best
way to assess the relative efficacy of RPS and starvation is to
examine the gas mass evolutions of the set of simulated ana-
log systems whose final, present-day HI masses are consistent
with those observed for the real satellite.

Following this principle, we examine the relative efficacy
of RPS and starvation under our fiducial quenching model
in §5.1. We first present the distributions of‘infallitimes and
pericenter distances for our full analog samplé*terprovide in-
sight into the typical properties of the gimulated analog satel-
lites. We then present the mean gas mass evolutions of our
Antlia and Antlia B analogs in 1 Gyr'bins of infall time un-
der the effects RPS and staryation separately; this allows us
to separate the effects of the two quenching mechanisms and
illustrate the range of infall\times which can reproduce the
observed HI masses of the satellites under each.

We then proceed,to examine the gas mass evolutions of
individual samples under the effects of both RPS and star-
vation simultaneeusly. to illustrate the variety of evolution-
ary paths that ourrsatellite analogs take under our fiducial
quenching model: In §5.2 we examine how our results change
under”alternate quenching models, and in §5.3 we show how
observational and theoretical uncertainties affect our conclu-
sions.

5.1 Fiducial Model

In this section we will study the evolution of Antlia B and
Antlia analogs from the TNG100 simulations under the fidu-
cial model choices presented in §4.1. To facilitate interpre-
tation, we focus on computing expected values and general
trends and thus neglect uncertainties in the initial conditions
and scaling relations used to compute the gas mass evolu-
tion. We discuss some of these sources of uncertainty in §5.3
and find that the uncertainties in the absolute quenching
timescales are quite large, typically spanning multiple Gyr.
However, our goal is not to robustly estimate the infall times
of Antlia and Antlia B using quenching timescales, but to
assess the relative importance of starvation and RPS in de-
pleting the gas reservoirs of these systems, and such relative
comparisons are robust to these uncertainties.

Throughout the rest of the paper, weighted distributions
utilize the full weights, including halo mass probabilities
(83.1) and projected quantity probabilities as defined in
Equation A6, while unweighted distributions include only the
probabilities of projected quantities as derived in Appendix
A, to facilitate comparison to other work and illustrate the
difference made by including halo mass probabilities. Gener-
ally, including halo mass probabilities makes a 10-20% differ-
ence per bin across most distributions. We allow the satellite
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Figure 3. The probability distributions of lookback time at first infall (in Gyr ago) for Antlia B (left) and Antlia/(right)ianalogs selected
from TNG100. Weighted distributions are weighted by the host and satellite halo mass probabilities (§3.1) in addition to projected quantity
probabilities (Appendix A), while unweighted distributions are weighted only by the projected quantity pregbabilitiess as is more typical
in the literature. The magenta dashed lines show the weighted median infall times for the analogs, which is"about 4 Gyr ago for both

satellites.
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Figure 4. Probability distributions for the host-satellite separation at first pericenter after infall for Antlia B (left) and Antlia (right)
analogs selected from TNG100, withyweights as in Figure 3. The distributions are similar, with peaks around ~ 30 kpc. About 7% of the
analog satellites experience pericenters)< 10 kpc where tidal stripping may become important (see §5.3.3).

gas masses to go negative'inrour ODE integration to facilitate
easier comparison$ between different infall times, though we
mark regions of negative gas masses as unphysical. We begin
by discussing the infall time distributions, as these set the
relevant quenching timescales for the satellites.

501.1 Satellite Infall Times

We plot the infall time probability distributions for the Antlia
B and Antlia analogs selected from TNGI100 in Figure 3.

Distributions weighted only by projected radius and veloc-
ity probabilities (Appendix A), as is more typical in the
literature, are shown in translucent orange (labelled “un-
weighted” ), while distributions weighted by host and satellite
halo mass probabilities (§3.1) in addition to the projected
radius and velocity probabilities (Appendix A) are shown
in solid blue. The distribution for Antlia B analogs shows
a statistically significant peak in the infall time distribution
between 1 and 2 Gyr ago, and relatively similar probabil-
ity from 3-7 Gyr ago, with the probability dropping off for
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Figure 5. Gas mass evolutions for Antlia B analogs (left column) and Antlia analogs (right column) over the full range of analog infall
times, considering RPS (top row) and starvation (bottein row) separately. The plotted tracks are weighted means across 1 Gyr bins of
lookback time, where each sample is weighted by its host and satellite halo mass probabilities (§3.1) in addition its projected radius and
velocity probabilities (Appendix A). Marginal‘histograms show the weighted infall time distributions from Figure 3. Red horizontal lines
mark the measured present-day gas masses of*Antlia and Antlia B (see Table 1). RPS is ineffective at early times due to our adopted Hi
mass-size relation producing more compagct. gas distributions for lower infall gas masses. We find that RPS in our fiducial model produces
present-day analogs which are too gas-rich aeross the entire range of infall times, while starvation can match the observed gas masses for

infall times that are likely given the weighted infall time distributions.

earlier infalls. Including<the halo mass probabilities in the
weights further disfayors earlier infall times. Antlia analogs
show a slightly earlier peak in the infall distribution from 2—4
Gyr ago. Similarto Antlia’B analogs, the Antlia analogs have
fairly flat infall probability from 4-7 Gyr ago, with earlier in-
falls disfavereds Including the halo mass probabilities in the
analysis-for the Antlia analogs makes the peak at 2-4 Gyr
ago miore prominent and disfavors earlier infalls. Overall, the
infall timeydistributions for the Antlia B and Antlia analogs
show relatively similar patterns, but it is unlikely they fell
intoNGC 3109 together; see §3.3.1.

5.1.2 Orbital Parameters

As the pericenter distance of the satellites is important to
the effectiveness of RPS, we show the distributions of first
pericenters for Antlia B and Antlia analogs in Figure 4. Only
~ T% of analog satellites experience close pericenters < 10
kpc for which tidal stripping may be important (see §5.3.3).
This may partly be due to survivor bias; we require satellites
to survive until the present day in TNG100 to be selected,
and satellites with small pericenters are more likely to be
disrupted. The pericenter distributions reach their peaks at
about 20-30 kpc. The means of the distributions are slightly
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Figure 6. The relative gas mass evolution due to RPS (tep row) and starvation (bottom row), calculated as the ratio of the gas mass as
a function of time to the infall gas mass, for Antlia, B (left column) and Antlia (right column) analogs in the ranges of infall times that
give reasonable agreement with the observed HI masses (generally 3-5 Gyr ago). The weighted median infall times for the full samples
of Antlia and Antlia B analogs are indicated by, vertical magenta dashed lines as in Figure 3. The majority (~ 95%) of analogs show
less than 20% gas mass loss due to RPS in this infall time range, while starvation removes the majority of the gas. The variation in the
starvation plot is caused by differences in the satellite halo masses at infall.

larger than their modes as the distributions are mildly skewed
to larger pericenters. Inclusion 6fihalo mass probabilities af-
fects the pericenter distfibutions minimally.

5.1.83 Mean Gas FEuvolution

In Figure 5 we show the weighted mean gas mass evolutions
in 1 Gyr bins of infall time for Antlia B (left column) and
Antlia_(right"column) analogs, considering RPS (top row)
and starvation (bottom row) separately. The marginal his-
tograms show the infall time distributions from Figure 3 for
each satellite, while the red horizontal lines mark the present-
day observed HI masses from Table 1.

Under our fiducial model, RPS is never effective enough to
reproduce the observed H1 masses of Antlia and Antlia B on
its own. Even for early infall times, which should afford the
satellites several pericenters over which to experience RPS,
we find that RPS is made ineffective by our assumed HI mass-
size relation, which produces more compact gas distributions
for lower infall gas masses; such compact distributions are
quite resilient to stripping via RPS. Meanwhile, our fiducial
starvation model is quite capable of reproducing the observed
Hi1 masses for a feasible range of infall times. For Antlia B
analogs, infalls in the range of 2-4 Gyr produce comparable
Hi1 masses to those observed, and this infall time range is
highly probable. For Antlia analogs, infalls in the range of
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3-5 Gyr show good agreement with the observed HI mass,
which is again a preferred infall time range based on Figure
3.

These results indicate that starvation better explains the
quenching of the Antlias than RPS. It is also worth looking at
how individual systems evolve, and how starvation and RPS
act together; we explore this in the next section.

5.1.4 Gas Mass Fvolutions of Individual Systems

Here we look at the gas mass evolutions on a per-sample basis
in order to understand the variance in the quenching history
of the satellite analogs. To simplify this task, we focus on
samples in a narrow range of infall times identified in the
previous section to give good agreement with the present-day
HI mass measurements.

In Figure 6 we show the gas mass evolutions (as a fraction
of infall mass) for individual Antlia and Antlia B samples
with infalls roughly 3-5 Gyr ago. We choose this range of
infall times because it produces analogs that agree well with
the measured present-day HI masses of Antlia and Antlia B
when both starvation and RPS are active; these infall times
are also highly probable given our simulation sample (Figure
3). Most satellites in this range of infall time have experienced
one to two pericenter passages. We once again separate the
effects of starvation and RPS for presentational clarity. The
variation in the gas mass evolutions due to starvation is a
result of the dependence of the mass-loading factor on the
circular velocity of the satellite halos; since the simulated
analogs have different halo masses, they experience slightly
different effective mass-loading factors. The variation in gas
mass evolutions due to RPS is driven primarily by differences
in pericenter distances and velocities.

Overall these plots show that there is a large degree of
sample-to-sample variation in the gas mass evolutions. How-
ever, it is clear that RPS rarely removes more than 20% of the
initial gas mass of satellite analogs that fell into NGC 3109-
like hosts between 3—5 Gyr ago, while starvation can remove
almost an order of magnitude more gas. Typically ~42% of
the infall gas mass is removed by RPS, while ~ 80% of the
infall gas mass is removed by starvation. Only rareyhighly'ra-
dial infalls see greater mass loss due to RPS, and\theseinfalls
are disfavored due to the observed line-of-sight*velocities and
2D projected separations of the satellites Trom"WGC 3109. As
such, the most probable orbits for Antlia and)Antlia B do not
result in significant mass loss due to RPS:

In reality, both RPS and statvation are likely to act on
satellites and a holistic view of quenching should take into
account all mechanisms simultaneously. We present absolute
gas mass evolutions of individual analogs with both RPS and
starvation active in Figure,7.It'is clear that the evolutions are
dominated by a similar pattern of mass loss via starvation,
but variations atre visible’due to the unique signature of RPS.

Due to our wide selection range of satellite halo masses (see
Table 2) and our-choice of a scaling relation for the mass-
loading/factor that depends on the halo circular velocity, our
satellite analogs can experience quite different strengths of
starvation.~ we find this is actually a larger sample-to-sample
variation than that introduced by different RPS strengths.

In summary, the quenching results for individual samples
enforce our prior result based on mean evolutions that star-

vation is significantly more effective than RPS at quenching
Antlia and Antlia B analogs in our fiducial model.

5.2 Alternate Model Parameters

In this section we consider how varying the key parameters
of our quenching models affects the results of the previous
section. We identify the primary model parameters as the
mass-loading factor () for the starvation quenching model
and the host CGM density profile (pnost(R)) for the RPS
quenching model. For the purpose of presentational clarity,
we will discuss other sources of uncertainty stemming from
things like initial conditions in §5.3.

5.2.1 Mass-Loading Factors

The strength of starvation as a quenching mechanismy,is
closely tied to the mass-loading factor. To explore how our
conclusions depend on this model choice, we examineytwo al-
ternate models; scaling relations from the FIRE simulations
(Muratov et al. 2015) and a constant n =1 as,is often used in
studies of the quenching of MW satellites (Eillingham et al.
2015; Jahn et al. 2022; Trussler et/al. 2020)

The scaling relations for mass-leading factors from Mura-
tov et al. (2015) are based on measurements from cosmolog-
ical FIRE simulations (Hepkins 2012; Hopkins et al. 2014).
Of particular interest are two.isolated dwarf galaxies in their
sample with halo masses.of M, = 2.5 and 7.8 x 10° Mg, com-
parable to the expéeted halo masses of Antlia B and Antlia,
respectively (seé Tablé 2). These simulated galaxies are stud-
ied in more detailin Onorbe et al. (2015). The mass-loading
factors reported in those works are larger than some others in
the literature (e.g., our fiducial model from Christensen et al.
2016) butisome of the difference in the normalization is due
tordiffering outflow definitions. However, Christensen et al.
(2016) find that these differing outflow definitions do not re-
solve/the difference in the low-mass slope of the relations;
Muratov et al. (2015) find o v>>? and Christensen et al.

circ

(2016) find 1 oc v;2;%. We note that the Muratov et al. (2015)
relations may be superseded by Pandya et al. (2021), who use
an improved outflow definition and the most recent version of
FIRE; they find the same 7 scaling as Muratov et al. (2015),
but a different normalization so that their mass-loading fac-
tors are about a factor of two lower. We take the Muratov
et al. (2015) values here as representative of the higher mass-
loading factors in the literature. Typical mass-loading factors
for Antlia and Antlia B with the Muratov et al. (2015) scal-
ing relation are generally 40 < n < 60 and 100 < n < 120,
respectively; these are about a factor of ten higher than the
Christensen et al. (2016) values.

As expected, the higher mass-loading factors result in much
shorter starvation quenching timescales of about 1-2 Gyr for
both satellites such that starvation is even more effective
than in the fiducial model. RPS removes almost no gas in
comparison; only ~ 1% of analogs exhibit greater than 5%
Hi1 mass loss due to RPS. If we also increase the initial gas
mass by adopting the mean Papastergis et al. (2012) scal-
ing relation between HI mass and stellar mass, then we can
obtain similar quenching timescales to the fiducial model.
However, starvation remains much more effective than RPS
at quenching these analogs. Coupled with our fiducial Brad-
ford et al. (2015) gas masses (based on a larger sample of
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Figure 7. Left: The total gas mass evolution including both RPS and starvation for Antlia B analogs with infall times between 3 and 4
Gyr ago. Such an infall time is relatively likely given the weighted distribution of infall times presented in Figture 8. The weighted median
infall time for all Antlia B analogs is indicated by a vertical dashed magenta line as in Figure 3. The red horizental line marks the observed
Hi mass of Antlia B at present-day of 2.8 x 10> Mg (see Table 1). Right: As left, but for Antlia analogs with_infall times between 4-5
Gyr ago. The red horizontal line marks the observed HI mass of Antlia at present-day of 6.8 x 105 My

low-mass galaxies than Papastergis et al. 2012), the Muratov
et al. (2015) mass-loading factors indicate faster quenching
and more recent infall times than the infall time distribu-
tions shown in Figure 3 suggest. We show the absolute gas
mass evolutions for Antlia and Antlia B analogs with infalls
between 1 and 2 Gyr ago using the Muratov et al. (2015)
mass-loading factors in Figure B1.

We next consider a constant 7 = 1, corresponding to
outflows equal to the instantaneous SFR; such a low mass-
loading factor is often utilized in semi-analytic calculations
(Fillingham et al. 2015; Jahn et al. 2022; Trussler et al. 2020):
As expected, the greatly reduced mass-loading factorsArans-
late to much longer quenching timescales for the satellites,
necessitating satellite infalls around 7 to 8 Gyr ago. Analogs
with these infall times are able to reproduce the, present-day
Hi1 masses of Antlia and Antlia B, but suchsearly infalls are
relatively rare for the simulated analogs given their infall time
distributions (Figure 3). We additionally nete that despite
the earlier infall times required by this starvation model al-
lowing for more pericenter passages, there is not a significant
increase in the effectiveness of RPS. This is illustrated in the
top row of Figure 5 — satellitesywith early infall times have
lower HI masses at infallthan\satellites that fall in later, and
these lower HI masses imply.more centrally-concentrated gas
distributions which(areumore resilient to RPS (see the discus-
sion on HI distributions in §4.1). We show the absolute gas
mass evolutions for®Antlia B and Antlia analogs with infall
times betwéen 7.and 8 Gyr ago using n = 1 in Figure B2.

To summarize the results from our different mass-loading
factor. medels; we show a breakdown of the success of the
models as’a function of satellite infall time in Figure 8. A
simulated analog is a “successful” sample if its final HI mass
at present-day is —2Mobs,mi < Mur < 4 Mobs, i, with this
range chosen to highlight the differences between the models.

It is clear from this comparison that the fiducial Christensen
et al. (2016) mass-loading” factors are completely consistent
with the weighted median infall times of Antlia and Antlia B,
which are both ~4,Gyr (see Figure 3). With n = 1, quench-
ing is much ‘slower, necessitating considerably earlier infalls,
which~are rare” for our simulated samples. Conversely, the
high\Muratov et al. (2015) mass-loading factors require quite
late infall’times, generally within the last 2 Gyr. This demon-
strates the importance of including realistic mass-loading fac-
tors’when considering the quenching timescales of low-mass
dwarfs post-infall.

5.2.2 Alternate Host CGM Models

As the ram pressure experienced by the satellite is linearly re-
lated to the host CGM density (Equation 11), our conclusions
about the efficacy of RPS depend directly on our assumptions
about the host CGM. Though our fiducial singular isother-
mal sphere density model is well-supported by simulations
(e.g., Fielding et al. 2017; Hafen et al. 2019), the normaliza-
tion (and thus, the total mass in the CGM) is significantly
more uncertain, especially for galaxies as low-mass as NGC
3109. Under our fiducial normalization, the total mass in the
CGM of NGC 3109 within 100 kpc of its center is ~ 10° M;
here we examine changes in the effectiveness of RPS when
increasing the total CGM mass of our hosts.

Under our fiducial host CGM model, Antlia and Antlia B
analogs with infalls around 4 Gyr ago lose ~ 10% of their
infall HI mass due to RPS (see the left column of Figure 6).
If we increase the host CGM mass by a factor of two, to
~ 2 x 10° Mg, we see an additional ~ 4% mass loss due to
RPS, for an average HI mass loss due to RPS of ~ 14% of
the infall HI mass. Analogs with earlier infall times still do
not experience significant mass loss due to RPS because their
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Figure 8. Breakdown of the success of the three mass-loading factors we consider in our starvation model as a function-of:satellite infall
time. A simulated dwarf analog is counted as a successful sample if the final Hi mass at present-day is —2 Mqps 11/< M <4 Mobs, - The
weighted median infall time of Antlia and Antlia B analogs is ~ 4 Gyr, indicated by vertical dashed magenta lines. It is clear that the
fiducial Christensen et al. (2016) mass-loading factors give the best agreement with the median infall times, whilesp"= 1 requires earlier
infalls to reproduce the observed HI masses, and the Muratov et al. (2015) mass-loading factors require later‘infalls.

Hi distributions are more compact at infall (see the top row
of Figure 5). If we increase the host CGM mass by a factor
of four, to ~ 4 x 10° Mg, we see a greater change in the Hi
mass loss, which becomes ~ 22% of the infall HI mass. The
CGM mass must be ~ 2.5 x 10'° Mg before we reach 50%
mass loss due to RPS, a factor of 25 greater than our fiducial
value and nearly equal to our estimated halo mass for NGC
3109 of 3.87 x 10" Mg (see Table 2).

Even with a significantly increased CGM mass, we do not
find it plausible that Antlia and Antlia B were quenched via
RPS. Even with a host CGM four times more massive than
in our fiducial model, Antlia and Antlia B analogs with in-
falls around 4 Gyr ago are too Hi-rich at present day, hav-
ing 5-10 times more mass in HI than is measured.{or the
real satellites. Analogs with earlier infall times aremno better;
they experience less mass loss due to RPS becauseitheyyhave
more compact HI distributions at infall. This reinforees our
conclusion that starvation is necessary for"the“quenching of
Antlia and Antlia B and shows that our results,are robust to
uncertainties in the host CGM normalization.

5.3 Model Uncertainties

Having examined the dependence of our results on the key
model parameters, we nowmove on to discuss other sources
of uncertainty in our ‘analysis. These relate in particular to
initial conditions«(e.gy, the'initial HI masses of the satellites at
infall) and observational quantities of the NGC 3109 system
(e.g., the assumed SFHs of the satellites).

5.3 1 nitial H1 Mass

Our experimental setup with a fixed, empirical SFH is quite
sensitive to the choice of satellite HI mass at infall. We
demonstrated this in §5.2.1, where we computed gas mass

evolutions under the Muratow.et al. (2015) mass-loading fac-
tors with two different medels for satellite HI masses at infall.
For these high mass=leading factors, the change in infall H1
masses led to gatellite quenching times that were a factor
of ~ 2 different) Howéver, we have thusfar neglected scatter
in the empirieal relation we assume for our fiducial infall H1
masses.(Bradferd et al. 2015). Given the dependence of the
quenching behavior on the initial HI mass, it is reasonable
to"question what effect including the empirical scatter in our
model has on our conclusions.

With the simplicity of the quenching models, we can rea-
son about the effects of including uncertainty on the initial
Hi. Under our fiducial model, namely the double-power-law
fit of Mu to M. from Bradford et al. (2015), the initial HI
masses of Antlia and Antlia B analogs are typically ~ 25
and ~ 5 times greater than their present-day measured HI
masses, respectively. If we model the intrinsic scatter as log-
normal, as indicated in the literature (e.g., Papastergis et al.
2012; Bradford et al. 2015; Scoville et al. 2017), it is clear
that the spread in the initial HI masses will be comparable
to or greater in magnitude than the target final Hr mass. For
instance, if the expected initial HI mass at a given infall time
for an Antlia B analog is 1.5 x 10° Mg, then a 0.2 dex log-
normal scatter results in a 1-o range of roughly 1.515% x 10°
Mg at fixed infall time, while the present-day observational
value is 3 x 10° Mg.

We can see how this uncertainty affects our analog samples
in Figure 9, which is analogous to the left panel of Figure 8§,
but where we have randomly sampled the initial H1 masses
of the satellites at infall according to a lognormal distribu-
tion with 0.2 dex of scatter as discussed above. Including
this uncertainty allows for a broader range of analog infall
times to produce final HI masses that are comparable to the
observed values for the satellites. This effect is stronger for
more recent infall times, as more recent infalls have higher
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Figure 9. The fraction of analog satellites in 1 Gyr bins of infall
time with final HI masses at present-day between —2Mgps m <
Mp; < 4 Mgps, i when randomly sampling the Hi mass of the satel-
lites at infall according to the empirical scatter (Bradford et al.
2015). This is analogous to the left panel of Figure 8, but includes
the empirical uncertainty on the HI masses at infall. In compar-
ison, including uncertainty on the infall H1 masses broadens the
distribution of plausible infall times, but does not meaningfully
change our conclusions.

mean HI masses at infall under our fiducial model, leading
to larger scatter under the lognormal distribution. Including
this uncertainty does not lead to any significant increase in
the average effect of RPS; it remains relatively ineffective at
removing gas from our satellite analogs in the presence of
this uncertainty. We additionally see that when accounting
for this uncertainty, the mean infall times of our simulated
analogs still agree well with the distribution of successful sam-
ples.

In addition to this large intrinsic scatter, there is/also'some
disagreement in the literature about the low-mass'slope of the
M..—My; relation. If we adopt instead the power-law fit,of My,
to M, from Papastergis et al. (2012), we find"expected initial
Hi1 masses for Antlia and Antlia B that arefactors of 2.5 and
7.5 higher than our fiducial values utilizing the relation from
Bradford et al. (2015). As we have shownuthat the simulated
present-day HI masses scale almeost linearly with the initial H1
masses, adopting the Papastergis etyal/ (2012) relation would
translate to quenching timescales,a few Gyr longer than we
obtain with the fiducial ‘H1 masses based on the results of
Bradford et al. (2015)=The, larger initial HI masses result
in more extended satellite H1 distributions under our surface
density model (§4:1) such that RPS is slightly more effective,
stripping on averagep~ 15 — 20% of the infall HI masses of
Antlia and ‘AntliasB analogs compared to an average of ~
10% umder ourpfiducial model. However, significantly more
gas needs.to be removed to reproduce the present-day satellite
Hi1 masses,and RPS cannot remove all of this gas on its own
—the majority of analogs end up with present-day HI masses
that are at least 5-10 times higher than the observed values
under the effects of RPS alone.

As the large uncertainty in the initial HI mass propagates
to the final present-day HI mass, the quenching timescales
quoted throughout the paper should be regarded as expec-
tation values with relatively large uncertainties (~ 1 Gyr).
However, our conclusion that starvation is more effective at
quenching Antlia and Antlia B analogs is robust in the pres-
ence of this uncertainty due to the weak scaling of RPS mass
loss with the initial H1 mass for our adopted gas surface den-
sity model.

5.8.2 Star Formation Histories and Stellar Masses

In this section, we consider the effects of the uncertainty
in the SFHs of the two satellites on our inferences about
the relative efficacy of quenching mechanisms. For SFHS de-
rived from resolved stellar photometry, such as we uSe here,
there is generally an anti-correlation between adjacent time
bins in the absolute SFH (i.e., the total amotnt ef stellar
mass formed in a time bin) because if the SFRWs overesti-
mated in bin 4, it is typically underestimated in bin 7 + 1 due
to the similarities in the color-magnitude diagrams (Weisz
et al. 2011; Dolphin 2013). However) this trait is removed
by constructing a cumulative SFH (i:e.,"the sum of all stel-
lar mass formed up to and including bin ¢) and normalizing
it to the final integrated stellar mass. In a cumulative SFH,
the uncertainties in adjacent timesbins are uncorrelated. We
use these cumulative SEHs.for our analysis and normalize
them to the stellar masses in Table 1. In our simple star-
vation model, neglecting, time-evolution of the mass-loading
factor 7, the present-day gas mass considering only starva-
tion is simply M=o = Muyintan + (R — 1 — 1) AM. where
AM., = M, 3=0=M. intann is the total stellar mass formed be-
tween-infall and the present-day. Since 7 is at least an order
of magnitude greater than R for the dwarf masses considered
Iere, the/scatter in the present-day HI mass will approxi-
mately scale with 7 and the uncertainty in M. ,—o.

As the uncertainties in the present-day stellar masses are
of the same order as the present-day HI masses, and the time-
averaged 7 for Antlia and Antlia B are about 6 and 10, re-
spectively, the stellar mass uncertainties introduce a large
uncertainty on the present-day HIi mass. This uncertainty is
subdominant to the uncertainty in the initial H1 mass for
Antlia analogs, but is about a factor of 2—4 greater than the
uncertainty in the initial HI mass for Antlia B analogs due to
the larger mass-loading factors of Antlia B analogs. It should
also be clear that since the initial HI masses are based on
the stellar masses, uncertainty in the stellar masses will also
increase the scatter in the initial H1 masses. We do not ex-
plore this correlation further, as we have demonstrated that
the uncertainties in the initial HI masses and SFHs introduce
significant errors into the present-day HI mass estimates at
fixed infall time. We reiterate that, given these large uncer-
tainties, the absolute quenching timescales derived in §5.1 are
largely uncertain, but conclusions about the relative efficacy
of starvation and RPS remain robust.

5.8.8 Tidal Stripping

In our fiducial model we neglect tidal stripping in order to
simplify the orbital evolution. However, it is worth consider-
ing whether tidal stripping affects the gas reservoirs of our
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analog satellites. If the tidal radius is at any point smaller
than the historical minimum of the RPS stripping radius,
then tidal stripping may remove additional gas from the satel-
lite. Adopting the definition of tidal radius from Penarrubia
et al. (2008) of {psat(r¢)) = 3 (Pnost(R)) where (psat(r:)) is
the mean dark matter density of the satellite inside the tidal
radius and (pnost(R)) is the mean dark matter density of the
host inside R, which is the distance between the host and
satellite centers. We observe median pericenters of ~ 35 and
~ 45 kpc for Antlia and Antlia B analogs, respectively, and
find tidal stripping radii at these pericenters greater than 10
kpc, at least twice as large as the RPS stripping radius. The
tidal radius is similar to the RPS stripping radius for peri-
centers around 10 kpc, with a typical value of ~ 3 kpc for
Antlia analogs and ~ 1 kpc for Antlia B analogs, though
we have few analog samples with such small pericenters. For
pericenters closer than 10 kpc, tidal stripping can remove gas
if the velocity of the satellite is low enough, but only ~ 7%
of the analog satellites have such close pericenters (Figure 4).
It therefore seems unlikely that tidal stripping is a significant
quenching mechanism for hosts of NGC 3109’s mass.

Given these calculations, we can comment briefly on the
observation of elongation of the stellar component of Antlia
presented in Penny et al. (2012), which they suggested may be
due to tidal disruption. Given Antlia’s stellar effective radius
of ~ 500 pc and assuming that the full extent of the stellar
population is ~ 1 kpc, we see that the tidal stripping radius
is beyond the stellar radius for even very close pericenters
(< 10 kpc), due in large part to the fact that our expected
halo mass for Antlia is roughly a quarter that of NGC 3109
and so is larger than assumed in their work. As such, for
our simulation sample and adopted halo mass ranges, tidal
stripping of Antlia’s stars seems quite unlikely. However, it is
still possible, as they argue, that an increase in the internal
binding energy of the satellite may lead to partial dissolution.
A full exploration of the possible tidal disruption of Antlia’s
stellar population is beyond the scope of this work.

We note that the above calculations assume the satellité
dwarfs inhabit cuspy dark matter halos that can be approx-
imated by NFW density profiles. It is well established that
dwarf galaxies in nature exhibit a variety of density. profiles,
including so-called cored profiles that have lower.¢entral dén-
sities than are predicted from dark-matter-only, simulations
for halos of equivalent mass (e.g., Oh et al. 2015).If Antlia or
Antlia B have dark matter cores, then tidal stripping would
be more effective (e.g., Errani et al. 2023) and could play a
more substantial role in star formation‘guénching if either
dwarf has had a close pericenter¢passage, as discussed above.
Unfortunately there are no currentyobservational constraints
on the density profiles of Antliasor Antlia B that we can use
to inform this analysis.

6 CONCLUSION

In order to'study~the quenching mechanisms relevant for
satellites of low-mass hosts, we have selected systems anal-
ogous.toaNGC 3109, which hosts two satellites, Antlia and
Antlia B, both of which have well-measured H1 masses and
SEHs (see Table 1 for observational properties and Table 2
for halo mass estimates). Analogs are selected from the cos-
mological TNG100 simulation with hydrodynamics (Nelson

et al. 2018; Naiman et al. 2018; Springel et al. 2018; Pillepich
et al. 2018b; Marinacci et al. 2018). We derive halo mass
probability distributions for the observed galaxies, allowing
us to select a larger sample of analogs and propagate the
probability that they represent the observed system through
our analysis. We additionally derive probability distributions
for the projected separations and line-of-sight velocities of
the simulated systems and utilize the observational data to
further constrain our analog sample.

With simulated analogs in hand, we construct an
observationally-constrained semi-analytic model to study the
evolution of the gas masses of the satellites after infall. We
implement gas mass loss due RPS and starvation (i.e., ces-
sation of cold gas inflows) in the semi-analytic model, and
examine tidal stripping in post-processing. Because we esti-
mate that Antlia was about 25% as massive as NGC 3109 at
first infall, we resimulate the orbits of all systems, ineluding a
model for dynamical friction, from first infall tothe present-
day to properly model RPS. Rather than sélf-consistently
evolving the star formation, we fix the SFHS of the,satellites
to the observed values when computing.the ‘massloss due to
starvation.

For our fiducial quenching models; we find that starvation
is much more effective than RPS¢ Inyparticular, ~ 95% of ana-
log satellites have less than 20% ‘of théir initial HI removed
by RPS, which is insufficient to produce the present-day ob-
served HI masses unless the infall gas masses of the satellites
were an order of magnitude lower than our fiducial values.
Only for rare (< 1%wof samples), highly radial orbits is RPS
able to strip acsignificant fraction of gas. We additionally
show that the tidal stripping radius is almost always larger
than the RPS,stripping radius in our model, such that tidal
stripping is ineapable of removing a significant amount of gas
under thewast majority of likely satellite orbits. In contrast,
we. find starvation to be highly effective, producing reason-
able.agreement with the observed present-day gas masses for
infalltimes between 3 and 4 Gyr ago for Antlia and 4 to 5
Gyt ago for Antlia B, squarely in the middle of the infall
time probability distributions indicated in the TNG100 sim-
ulations. While absolute quenching timescales are difficult to
constrain due to uncertainties in the initial conditions for our
semi-analytic model, it is clear from our results that star-
vation is the primary quenching mechanism for Antlia and
Antlia B under our fiducial model choices.

To survey the range of model parameters supported by the
literature, we examine two alternate mass-loading factors, in-
cluding a constant 7 = 1 and the relation between n and M.
given in Muratov et al. (2015), with the former being lower
than the fiducial values from Christensen et al. (2016) and
the latter being higher. For the Muratov et al. (2015) rela-
tion, we find much shorter quenching timescales as expected,
with starvation being perhaps too effective, as the quench-
ing timescales for starvation with the Muratov et al. (2015)
model are as short as 1-2 Gyr. For = 1, we find much longer
quenching timescales that imply first infalls around 7 to 8 Gyr
ago, which are unlikely for our sample; importantly, we still
find that starvation is the main mechanism that removes gas
from the dwarfs, even with such a low mass-loading factor.

Our results suggest that starvation is significantly more ef-
fective than RPS at removing gas from the satellites of such
low-mass hosts. This is in contrast to some recent work with
hydrodynamic simulations (e.g., Jahn et al. 2022) that sug-
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gests RPS is the dominant quenching mechanism at this mass
scale. However, it is difficult to differentiate between starva-
tion and RPS in hydrodynamic simulations because energetic
stellar feedback may “loosen” the gas of the dwarf satel-
lites, allowing it to be more easily stripped by RPS. Such
“weak” RPS, which primarily only removes such loosened
gas, could be differentiated from “strong” RPS that directly
strips the dense interstellar media of the dwarf satellites (as
implemented in our model) by testing whether gas particles
ejected from the dwarf galaxy were recently exposed to stellar
feedback (e.g., a supernova).

Given these simulation results, we find it likely that “weak”
RPS may explain starvation in low-mass systems by both in-
tercepting pristine gas inflows and preventing satellites from
re-accreting metal-enriched outflows. Such a scenario does
not require “strong” RPS to directly remove cold, dense H1
from the disks of accreted satellites, which we have shown to
be ineffective at these mass scales. This scenario does, how-
ever, require that low-mass galaxies have circumgalactic me-
dia or bulk outflows that are capable of causing this “weak”
RPS as is indicated by recent work at mass scales slightly
above that of NGC 3109 (e.g., Bordoloi et al. 2014; John-
son et al. 2017; Fielding et al. 2017; Hafen et al. 2019; Jahn
et al. 2022; Pandya et al. 2021). Given these results, our work
with the satellites of the NGC 3109 system suggests that out-
flows play a major dual role in the evolution of satellites: out-
flows from low-mass hosts cause “starvation” by preventing
gas from being accreted onto dwarf satellites, and outflows
from dwarf satellites dramatically shorten the timescale for
quenching once satellites are disconnected from their gas sup-
ply. Extending observational and theoretical studies of star-
formation-driven outflows and galactic CGM to lower galaxy
masses will shed further light on this subject.
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APPENDIX A: UTILIZING PROJECTED
QUANTITIES

In the past it has been common to use projected quanti-
ties of the observed system, such as the 2D separation and
line-of-sight velocity difference, to further constrain/the set of
analogs (e.g., Sales et al. 2013; Besla et al. 2018; Garling et al.
2020). This is typically implemented with Monte\Carlo’rejec-
tion sampling, where random rotation matrices-are sampled
and applied to the 3D positions and veloeities of simulated
subhalos before calculating projected“quantities along a cho-
sen axis of observation. If these projected«Guantities match
some set selection range, the subhalo is saved for later analy-
sis. This procedure produces a better/set of subhalo analogs
because the projected quantities'of the system we observe are
correlated with their 3D quantities and thus contain useful
information about thesystem. However, rejection sampling is
a suboptimal method for this calculation. It is computation-
ally inefficient,as a large portion of the samples are discarded
on each iteration, and it is prone to numerical error when the
sample size itselfiis’small, as may be the case when working
with small simulation volumes or very specific analog selec-
tions. Toyavoid these issues, we derive directly the probabili-
ti¢s of subhalos with given 3D positions and velocities having
specific projected quantities. We first consider the projected
separation.

Random observation of a host-subhalo system is equivalent

to stating that the host-centric coordinate axes are randomly
aligned with respect to our observation point; i.e., in spheri-
cal coordinates, the ¢ (polar angle) and 6 (azimuthal angle)
coordinates of the subhalo are uniformly distributed over the
sphere. However, the host-centric distance of the subhalo is
fixed (r in spherical coordinates). If we choose to observe
along the Cartesian z axis, we find a joint PDF of

dP(z,¢,0lr) 1 .
drdpdd ~ dm on(9)

5 <7‘ V/[Sin (¢) Cos ()] + [Sin (¢) Sin (6)] — x)

where §(X) is the Dirac delta function and z is the projected
separation between the host and satellite. Marginalization
over ¢ and 6 gives the PDF for x given r,

(A1)

dP(z|r)
dx

- (A2)

where © (X) is the Heaviside functiont; which is 0 when
X < 0 and 1 when X > 0. The PDF diverges as
limg_r % = oo, though itg”integratéd probability is
finite with [ dp(z ") dz = 1. Giverl a PDF for the observed
value of = given the data Dj\denoted %, the probabil-
ity that a random observation of.a’subhalo with host-centric
distance r is consistentrwith,the observation is

Plelf) = / 2] )dP(ac|D)
\/ o

/ x dP(a:|D) i
0 ’f’2 x

2
2

(A3)

Thoughywe find no position uncertainties for NGC 3109 in the
literature, determining the center of such a dwarf irregular is
difficult and cannot be done to infinite precision. We adopt a
Gaussian distribution for M with 0 = 1 kpc as an upper
limit to the uncertainty.

We next consider the line-of-sight velocity difference (Av)
between satellite and the host. The velocity problem can be
thought of analogously to the position problem; the magni-
tude of a subhalo’s 3D velocity difference from its host is
fixed, but the orientation of the velocity vector with respect
to our observational axis is random. For a subhalo with a ve-
locity difference vector V.= Vgat — Vst with norm |V| =V,
the probability of measuring a line-of-sight velocity Awv is uni-
form from —V to V, such that FENV) — @ (v — |Av|) /2V.
If the data, D, include some uncertainty on the observa-
tional line-of-sight velocity difference described by the PDF
M, we can write the probability that a random obser-

dAv
vation of V will match the observed value as

dP(Av|D)
P(AulV) = 5 / dAv

is Gaussian with mean p and standard deviation

bl ()] oo

dAv (A4)

dP(Av|D)
If =R —

o, then

P(Av|V) =
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We take the measured line-of-sight velocities and uncertain-
ties from Table 1 for p and o. The probabilities are then
multiplied into the weights from Equation 5 as

w; =P(Mp sat,i|[Mx,sat) P(Mh,host,i | Mx host)

A
P(x|r) P(Av|V) (A6)

APPENDIX B: GAS MASS EVOLUTIONS FOR
ALTERNATE MASS-LOADING FACTORS

We present here absolute gas mass evolutions for our simu-
lated Antlia and Antlia B analogs (analogous to Figure 7)
under the effects of both RPS and starvation, but with al-
ternate models for the mass-loading factors. In Figure Bl
we show the absolute gas mass evolutions for Antlia B and
Antlia analogs using the mass-loading factors from Muratov
et al. (2015) which are about a factor of ten greater than the
fiducial Christensen et al. (2016) values. This leads to signif-
icantly reduced quenching times, necessitating more recent
infalls (generally 1-2 Gyr ago) for the satellites in order to
reproduce their present-day measured HI masses. In contrast,
Figure B2 shows analogous results but for a constant mass-
loading factor of 1, as is sometimes used in semi-analytic
calculations. In this case, the quenching timescales are much
longer than in the fiducial case, necessitating earlier infalls
for the satellites in order to match their measured present-
day Hi masses. Both alternate mass-loading factors require
infall times that are less likely for our sample than the fidu-
cial Christensen et al. (2016) mass-loading factors (see Figure
3).
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Figure B1. The total gas mass evolution including RPS and starvation for Antlia B (left) and Antlia (right) analogs,with infall times
between 1 and 2 Gyr ago computed with the Muratov et al. (2015) mass-loading factors. These mass-loading/factors aré about a factor of
ten higher than the fiducial Christensen et al. (2016) mass-loading factors, leading to much shorter quenching timescales due to starvation.
The weighted median infall times for the Antlia and Antlia B analog samples are both about 4 Gyr, considerably€arlier than required by
this outflow model. The red horizontal lines mark the observed Hi masses of Antlia and Antlia B, respectively (see Table 1).
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Figure B2. The total gas mass évelution including RPS and starvation for Antlia B (left) and Antlia (right) analogs with infall times
between 7 and 8 Gyr ago€omputed ‘with constant mass-loading factors of 1. These infall time bins were chosen to produce present-day
satellite gas masses that are consistent with the observations. The red horizontal lines mark the observed present-day HI masses of Antlia
and Antlia B, respectively (see Table 1). A mass-loading factor of unity is sometimes used in semi-analytic calculations, but requires very
early infall times for Amntlia-and Antlia B; the weighted median infall times for the analog satellite populations are indicated by vertical
magenta dashed linesgas in Figure 3.
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