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ABSTRACT

Recent studies of galaxies in the local Universe, including those in the Local Group,
find that the efficiency of environmental (or satellite) quenching increases dramati-
cally at satellite stellar masses below ∼ 108 M�. This suggest a physical scale where
quenching transitions from a slow “starvation” mode to a rapid “stripping” mode at
low masses. We investigate the plausibility of this scenario using observed HI surface
density profiles for a sample of 66 nearby galaxies as inputs to analytic calculations of
ram-pressure and turbulent viscous stripping. Across a broad range of host properties,
we find that stripping becomes increasingly effective at M∗ . 108−9 M�, reproducing
the critical mass scale observed. However, for canonical values of the circumgalactic
medium density (nhalo < 10−3.5 cm−3), we find that stripping is not fully effective;
infalling satellites are, on average, stripped of only . 40 − 60% of their cold gas
reservoir, which is insufficient to match observations. By including a host halo gas
distribution that is clumpy and therefore contains regions of higher density, we are
able to reproduce the observed HI gas fractions (and thus the high quenched fraction
and short quenching timescale) of Local Group satellites, suggesting that a host halo
with clumpy gas may be crucial for quenching low-mass systems in Local Group-like
(and more massive) host halos.

Key words: galaxies: evolution – galaxies: dwarf – Local Group – galaxies: formation
– galaxies: star formation – galaxies: general

1 INTRODUCTION

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

? e-mail: sfilling@uci.edu
† e-mail: cooper@uci.edu
‡Einstein fellow

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

In an effort to connect these measured quenching
timescales to the relevant physical mechanisms at play, Fill-
ingham et al. (2015) present a comprehensive picture of

1 These measured satellite quenching timescales include the tran-

sition of a satellite system from star-forming to quiescent, which

must proceed quickly (within ∼ 1 Gyr) so as to reproduce the
observed bimodal distribution of specific star-formation rates and

rest-frame colors (Balogh et al. 2004; Wetzel et al. 2013).
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2 Fillingham et al.

satellite quenching spanning roughly 5 orders of magni-
tude in satellite stellar mass. The low efficiency and long
quenching timescales inferred for intermediate- and high-
mass satellites (M? & 108 M�) are consistent with quench-
ing via starvation – a scenario in which gas accretion on
to a satellite galaxy is halted following infall, thus eventu-
ally eliminating the fuel for star formation (Larson, Tins-
ley & Caldwell 1980; Kawata & Mulchaey 2008); lending
support to this picture, the measured quenching timescales
agree very well with the observed cold gas (HI + H2) deple-
tion timescales for field systems at z ∼ 0 (Fillingham et al.
2015). At lower satellite masses (M? . 108 M�), however,
the quenching timescales derived from analysis of the Lo-
cal Group satellite population suggest that the physics of
satellite quenching must change significantly; a more effi-
cient quenching mechanism (relative to starvation) must be
at play below a critical mass scale of ∼ 108 M�.

Stripping is a plausible candidate quenching mechanism
at low masses. This includes ram-pressure stripping (Gunn
& Gott 1972), a process by which the cool, dense interstel-
lar medium (and thus the fuel for future star formation)
is removed from a satellite galaxy as it passes through its
host’s circumgalactic medium (CGM). Ram-pressure strip-
ping becomes increasingly effective in lower-mass satellites,
due to their weaker gravitational restoring pressures (Hester
2006); moreover, ram pressure acts on roughly the dynami-
cal time of the host system (i.e. 1− 3 Gyr, Tonnesen, Bryan
& van Gorkom 2007; Bekki 2014), consistent with the short
quenching timescale inferred for low-mass satellites of the
Local Group. In addition to ram-pressure stripping, cold gas
may also be removed from a satellite due to turbulent vis-
cous stripping, which results from Kelvin-Helmholtz insta-
bilities at the interface of the satellite’s interstellar medium
and the CGM (Nulsen 1982). The relative motion of the
two media in addition to the substantial difference in their
mean densities can lead to perturbations that overcome the
local gravitational restoring force, such that gas is stripped
from the satellite. Within massive groups and clusters, a
wide range of observations provide abundant evidence of
stripping in action, showing its ability to quench infalling
galaxies via removal of their cold gas component (e.g. Ebel-
ing, Stephenson & Edge 2014; Kenney, Abramson & Bravo-
Alfaro 2015). It remains uncertain, however, if stripping is
an effective quenching mechanism in more typical host ha-
los, such as that of the Milky Way or M31, and specifically
at satellite stellar masses of . 108 M�.

In this work, our goal is to directly address the effi-
cacy of stripping as a quenching mechanism for low-mass
satellites in Milky Way-like systems. By using observations
of local field dwarfs to inform analytic calculations of both
ram-pressure and turbulent viscous stripping, we measure
the amount of cold gas that would typically be removed
if these field dwarfs were to interact with a Milky Way-like
host. In Section 2, we detail our methods, including the ana-
lytic framework and data sets that we utilize to estimate the
impact of stripping on infalling satellites. In Section 3, we
present our primary results regarding the efficiency of strip-
ping in Milky Way-like environments, specifically addressing
potential uncertainties associated with the properties of the
host halo and the satellite population. Finally, in Sections 4
and 5, we discuss and summarize the implications of our re-

sults with regard to the quenching of low-mass satellites in
the Local Group and beyond.

2 TESTING SATELLITE STRIPPING

2.1 Analytic Framework

The effectiveness of stripping as a quenching mechanism
boils down to a relatively simple competition between the
stripping pressure (Pstripping) and the gravitational restoring
force per unit area (i.e. the gravitational restoring pressure,
Prestore). When Prestore ≥ Pstripping, the interstellar medium
(or ISM, comprised predominantly of cold gas) is retained by
the infalling satellite galaxy, such that star formation may
proceed. When the stripping pressure exceeds the gravita-
tional restoring pressure, however, some fraction of the cold
gas is removed from the satellite. In cases where this stripped
fraction is large enough, star formation will be shut down
rapidly due to the loss of available fuel. In what follows, we
investigate two different mechanisms for removing the cold
interstellar medium of infalling satellites.

2.1.1 Ram-Pressure Stripping

Following Gunn & Gott (1972), we estimate the ram pres-
sure (Pram) as:

Pram ∼ ρhaloV
2
sat , (1)

where ρhalo is the density of the host’s gas halo and Vsat

is the velocity of the satellite galaxy with respect to the
host’s frame of reference, or more precisely the local refer-
ence frame of the host’s gas halo in the immediate vicinity
of the infalling satellite galaxy. As shown in Equation 1, the
ram pressure experienced by an infalling satellite is depen-
dent on the local environment — thus, the properties of the
host system, in particular its dark matter halo mass, which
plays a critical role in setting ρhalo and Vsat. As described in
Section 2.2, we utilize N -body simulations and observations
of the Local Group and similar systems to inform our se-
lection of these global environmental parameters, applying
average values of ρhalo and Vsat to all infalling satellites in
our analysis. The adopted values for these parameters, along
with uncertainties or biases that their selection introduces,
are discussed directly in Section 3.2.

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

Prestore ∼ Σgas(r)
GM(r)

r2
, (2)

where Σgas(r) is the surface density of the cold gas to be
stripped from the satellite and M(r) is the total satellite
mass interior to the radius r. As shown in Equation 2, the
restoring pressure depends exclusively on the properties of
the infalling galaxy, varying from one satellite system to
the next, as it is accreted onto the parent halo. To model
the properties of a representative sample of infalling satel-
lites, we utilize observational data for a broad collection of
nearby galaxies, including mass modeling to infer the lo-
cal gravitational potential on a system-by-system basis (see
Section 2.3).

c© 2016 RAS, MNRAS 000, 1–15



Ch-Ch-Changing Satellites via Stripping 3

For an infalling satellite, the degree to which ram pres-
sure is able to strip its ISM is determined by the relative
magnitude of the two pressures (Pram versus Prestore), such
that stripping will occur beyond a radius r (within the satel-
lite) if

ρhaloV
2
sat > Σgas(r)

GM(r)

r2
. (3)

Throughout this work, we define Rstrip as the innermost
radial distance at which this inequality holds. Inside Rstrip,
the restoring pressure is able to resist stripping, while ram
pressure dominates beyond this radius.

2.1.2 Turbulent Viscous Stripping

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

k > g
ρ2

gas − ρ2
halo

ρgas ρhalo V 2
sat

, (4)

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

Previous studies of turbulent viscous stripping find that
the dominant wavelength is set by the size of the cold gas
region (RISM), such that k = 2π/RISM (Nulsen 1982; Murray
et al. 1993). In our analysis, we make the assumption that
ρhalo � ρgas, which is undoubtedly true for gas-rich dwarfs
accreted into the Local Group (or similar environments).
Plugging these approximations into Equation 4, leads to the
following inequality of the same form as Equation 3:

ρhaloV
2
sat >

GM0 ρ̄gas

2π RISM
, (5)

where ρ̄gas is the average ISM density inside RISM, and M0

is the total restoring mass inside RISM. If this inequality is
true, then turbulent viscous stripping will proceed and the
outer layers of the ISM will be removed. When this inequal-
ity is false, the gravitational restoring pressure is able to
stabilize the outer layers of the ISM against the K-H insta-
bilities.

When turbulent viscous stripping is able to proceed,
the rate at which the ISM is removed will determine how
much gas is stripped and ultimately whether the reservoir
for star formation will be significantly depleted. The rate of
total gas mass loss (Ṁ) is given in slightly different forms
throughout the literature (e.g. Nulsen 1982; Mori & Burkert
2000; Roediger & Hensler 2005). In this work, we adopt the
following approximation from Roediger & Hensler (2005):

Ṁ ≈ 20

(
RISM

20 kpc

)2 ( nhalo

10−3 cm−3

)( Vsat

1000 km s−1

)
M�

yr
. (6)

The details regarding how Equations 5 and 6 are used to
determine the fraction of ISM removed from an infalling
dwarf galaxy are discussed further in Section 2.4.

Figure 1. The distribution of subhalo velocities (relative to their

parent halo) in the ELVIS suite of Local Group simulations for all

subhalos that reside inside the virial radius at z = 0. The cyan,
magenta, and gold histograms correspond to subhalo velocities

measured when crossing the virial radius (i.e. infall), at 0.5 Rvir,

and at pericenter, respectively. For Milky Way-like systems, the
typical satellite velocity (relative to the host’s halo gas) is roughly

200 − 400 km s−1 at the time of quenching. In our analysis, we

adopt a fiducial value of Vsat = 300 km s−1.

2.2 Estimating ρhalo and Vsat

The strength of the stripping force acting upon an infalling
satellite is primarily set by the density of the host’s halo gas
along with the relative velocity of the satellite (see Eq. 1
and Eq. 5). Within the Milky Way, a variety of indirect
probes point towards halo gas densities of ∼ 10−4 cm−3 for
the hot (T ∼ 106 K) component (e.g. Weiner & Williams
1996; Stanimirović et al. 2002; Fox et al. 2005; Grcevich &
Putman 2009; Salem et al. 2015). Moreover, both observed
X-ray emission and pulsar dispersion measurements in the
Milky Way are consistent with a cored hot halo distribution
with a density of > 10−4 cm−3 extending to radial distances
of ∼ 100 kpc (Fang, Bullock & Boylan-Kolchin 2013, see
also Anderson & Bregman 2010; Gupta et al. 2012; Miller &
Bregman 2013, 2015; Faerman, Sternberg & McKee 2016).

While the Milky Way’s hot halo component is clearly
important with regard to stripping in the Local Group, it is
the density of the host’s halo gas – across all temperatures
– that dictates the strength of the stripping force. When
folding in cooler phases of the circumgalactic medium, re-
cent studies of nearby massive galaxies, comparable to the
Milky Way, find halo gas densities of ∼ 10−3.5 cm−3 ex-
tending to at least & 0.25 Rvir (Tumlinson et al. 2013; Werk
et al. 2014; Faerman, Sternberg & McKee 2016). These re-
sults are also supported by the latest analysis of the CGM
surrounding M31 using quasar absorption-line spectroscopy,
which finds evidence for a massive and extended gas halo
(Lehner, Howk & Wakker 2015). Related studies targeting
more massive, high-z systems find extended, high-density

c© 2016 RAS, MNRAS 000, 1–15



4 Fillingham et al.

reservoirs of cool (104 K) halo gas reaching out to large frac-
tions of the virial radius (Lau, Prochaska & Hennawi 2015).
In accordance with these recent results, we assume a fidu-
cial value for the host halo density (nhalo) of 10−3.5 cm−3,
where ρhalo = µnhalomHI. For the purposes of this analysis,
the mean molecular weight, µ, is set to 1.

Given the significant uncertainties in the observed halo
densities of the Milky Way and M31, we explore how both
our calculations of instantaneous ram-pressure stripping and
continuous viscous stripping depend on this adopted value
of nhalo in Section 3.2. Throughout our analysis, we make
no assumptions regarding the radial profile of the halo gas.
Given the expected orbits of infalling satellite populations
and the existing constraints on the quenching timescale mea-
sured relative to infall, however, there are relevant con-
straints regarding the extent of the CGM, which we discuss
in Section 4.4.

To estimate the relative velocity of a satellite system
in relation to the host’s halo gas (Vsat), we study the dis-
tribution of subhalo velocities within the Exploring the
Local Volume In Simulations (ELVIS) suite of 48 high-
resolution, dissipationless simulations of Milky Way-like ha-
los (Garrison-Kimmel et al. 2014a). The ELVIS suite in-
cludes 24 isolated halos as well as 12 mass-matched Lo-
cal Group-like pairs, simulated within high-resolution un-
contaminated volumes spanning 2 − 5 Mpc in size using a
particle mass of 1.9 × 105 M� and a Plummer-equivalent
force softening of ε = 141 physical parsecs. Within the high-
resolution volumes, the halo catalogs are complete down to
Mhalo > 2×107 M�, Vmax > 8 km s−1, Mpeak > 6×107 M�,
and Vpeak > 12 km s−1 – thus more than sufficient to track
the evolution of halos hosting the Local Group dwarf popu-
lation.

From ELVIS, we select subhalos corresponding to satel-
lites with stellar masses of 106− 109 M� — i.e. halo masses
of 109.7 − 1011.2 M� following the stellar mass-halo mass
(SMHM) relation of Garrison-Kimmel et al. (2014a). We
sample the velocities of these subhalos at the time of infall
(i.e. crossing Rvir), at 0.5 Rvir, and at pericenter. In Fig-
ure 1, we show the distribution of subhalo velocities (rel-
ative to that of their host dark matter halo) at each of
these distances. As expected, the average velocity of the
subhalo population increases from infall towards pericenter,
with a mean velocity of 183, 237, and 318 km s−1 at Rvir,
0.5 Rvir, and Rperi, respectively.2 To increase the precision
at which we are able to measure the position of pericentric
passage and the velocity at pericenter for each subhalo, we
3-d spline interpolate the position and velocity information
for all subhalos across the 75 simulation snapshots in ELVIS.
While this interpolation scheme achieves a time resolution
of ∼ 20 Myr, our resulting measurements of Rperi and Vperi

are likely somewhat over- and under-estimated, respectively.
Typically, studies of instantaneous ram-pressure strip-

ping assume the satellite velocity at pericenter, where strip-
ping is expected to be greatest. Quenching (i.e. stripping)
when a satellite reaches a radial distance of ∼ 0.5 Rvir

while on first infall, however, is consistent with the inferred

2 Both the subhalo velocity and pericenter distributions show no
dependence on subhalo mass, consistent with the idea that the

host potential is the primary driver of these subhalo properties.

Figure 2. The observed HI surface density profiles for our sample
of 66 nearby field galaxies from THINGS, Little THINGS, and

SHIELD, color-coded according to the stellar mass of each system.

While there is substantial scatter in profile shape from object to
object, the lower-mass dwarfs are preferentially less extended than

their more massive counterparts.

quenching timescales for the Local Group satellite popula-
tion (Fillingham et al. 2015). Herein, we compromise be-
tween these two scenarios, adopting a fiducial satellite ve-
locity (Vsat) of 300 km s−1. In Section 3.2, we explore how
our results depend upon this choice of Vsat.

2.3 Estimating Σgas(r) and M(r)

As shown in Equation 2, the gravitational restoring pressure
is dependent upon the properties of the infalling satellite,
specifically the gas surface density and total mass profiles.
To estimate these parameters for a representative sample
of infalling satellites, we utilize existing observations of 66
nearby, star-forming dwarf galaxies from the THINGS, Lit-
tle THINGS, and SHIELD data sets (Walter et al. 2008;
Hunter et al. 2012; Cannon et al. 2011; McNichols et al. in
prep; Teich et al. in prep). This sample is dominated by
isolated (or “field”) systems, for which the ISM is largely
unaltered by previous interactions with a more massive host
system — i.e. ideal candidates to test the effectiveness of
ram-pressure stripping as a quenching mechanism. While the
satellites of the Milky Way and M31 were primarily accreted
at z ∼ 0.5 − 1 (Wetzel, Deason & Garrison-Kimmel 2015;
Fillingham et al. 2015), our sample of nearby galaxies is ex-
pected to be similar in cold gas (specifically HI) content to
similar systems at intermediate redshift (Popping, Behroozi
& Peeples 2015; Somerville, Popping & Trager 2015).

For galaxies drawn from Little THINGS and SHIELD,
we infer the stellar mass of the system using the published

c© 2016 RAS, MNRAS 000, 1–15
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V -band absolute magnitudes (Hunter et al. 2012; Haurberg
et al. 2015) and assuming a mass-to-light ratio of unity,
which is roughly consistent with the expectations for a
∼ 1 Gyr-old simple stellar population following a Salpeter
initial mass function (e.g. Maraston 1998). For those systems
selected from THINGS, we utilize the stellar mass estimates
of Leroy et al. (2008), which are derived from Spitzer 3.6µm
imaging assuming a K-band mass-to-light ratio of 0.5. As
discussed further in Section 3.1, uncertainties in the mea-
sured stellar masses for our sample have little impact on the
quantitative or qualitative results of our analysis. For the 12
galaxies in the SHIELD sample, the resulting stellar mass es-
timates are in relatively good agreement with those derived
from stellar population fits to multi-band Hubble Space Tele-
scope photometry, with a typical offset (to higher masses) of
0.37 dex (McQuinn et al. 2015). Altogether, the sample of
66 field systems spans a broad range in stellar mass, from
∼ 106 − 1011 M�, covering the mass regime where Filling-
ham et al. (2015) find evidence for a change in the dominant
satellite quenching mechanism and where stripping is pre-
sumed to become effective.

For each of the galaxies in our sample, we utilize the
published HI surface density profiles from the THINGS, Lit-
tle THINGS, and SHIELD projects, scaled by a factor of 1.36
to account for helium (Leroy et al. 2008; Hunter et al. 2012;
Teich, McNichols & Cannon 2015; Teich et al. in prep). For
a typical low-mass galaxy, the cold gas component is largely
dominated by atomic (versus molecular) gas (e.g. Popping,
Somerville & Trager 2014; Boselli et al. 2014a), such that
ΣHI provides a robust estimate of the ISM surface density
and thus the efficacy of both ram-pressure and turbulent
viscous stripping. As shown in Figure 2, the ΣHI profiles
for our sample exhibit significant variation in shape, with
more massive systems having preferentially more extended
HI surface density profiles. While the depth of the HI ob-
servations varies from object to object in our sample, the
THINGS, Little THINGS, and SHIELD measurements are
sensitive to the bulk of the atomic gas component, such that
any undetected low-density gas at large radii would have a
negligible impact on our stripping calculations.

To determine the mass profile, M(r), for each galaxy
in our sample, we infer the total dark matter halo mass ac-
cording to the stellar mass-halo mass relation of Garrison-
Kimmel et al. (2014a) and assume an NFW density profile
(Navarro, Frenk & White 1997) with a concentration given
by the c−M relation of Klypin, Trujillo-Gomez & Primack
(2011). While this methodology neglects contributions to
the mass profile from the baryonic component, these are rel-
atively modest at these mass scales (i.e. M? < 1011 M�), as
illustrated in Section 3.1. Recognizing current uncertainties
in the dark matter density profiles of low-mass galaxies (e.g.
Moore 1994; de Blok et al. 2001; Boylan-Kolchin, Bullock &
Kaplinghat 2011, 2012), we also employ mass profiles derived
from dynamical modeling of the observed HI kinematics for
a subset of our systems, including NFW fits to the THINGS
and Little THINGS samples from de Blok et al. (2008) and
Oh et al. (2015) as well as fits to a Burkert profile (Burkert
1995) from Pace (2016).

2.4 Measuring the Stripped Fraction (fstripped)

Using the HI surface density profiles presented in Figure 2,
we determine the fraction of HI gas stripped from each
satellite in our sample, given an assumed host halo den-
sity (ρhalo), satellite velocity (Vsat), and satellite mass pro-
file (M(r)). Throughout our analysis, we first determine
the amount of ISM removed via instantaneous ram-pressure
stripping, then we allow turbulent viscous stripping to pro-
ceed for up to 1 Gyr.

2.4.1 Ram-Pressure Stripping

First, the satellite experiences ram pressure stripping, which
is generally assumed to coincide with either initial infall or
pericentric passage. As discussed in Section 2.1, Equation 3
specifies the radial distance, measured from the center of
each satellite, at which ram pressure exceeds the gravita-
tional restoring pressure (Rstrip). By integrating the HI sur-
face density profile beyond this radius, we compute the frac-
tion of gas stripped from each satellite as

fstripped =

∫ Rmax

Rstrip
Σgas(r) r dr∫ Rmax

0
Σgas(r) r dr

, (7)

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

As discussed in Section 2.3, the adopted definition for
Rmax leads to an underestimate of the stripped fraction, as
low-density gas at large galactocentric radii is unaccounted
for in our analysis. However, given the sensitivities of the
THINGS, Little THINGS, and SHIELD HI maps, any HI

component at large radii contributes minimally to the total
atomic gas mass, such that the resulting impact on fstripped

should be negligible.

2.4.2 Turbulent Viscous Stripping

After estimating fstripped as a result of ram-pressure strip-
ping, we compute the corresponding fraction of gas removed
due to turbulent viscous stripping over a maximum times-
pan of 1 Gyr. First, we test whether the ISM and CGM
interface conditions located at Rstrip are susceptible to vis-
cous stripping via Equation 5. If true, we determine the gas
mass lost during a 100 Myr interval, Mviscous, using Equa-
tion 6. Mviscous is then uniformly removed from the outer-
most regions of the HI surface density profile, leading to a
new Rstrip in addition to a new value of both ρ̄gas and M0.
The ISM-CGM conditions are then reevaluated allowing the
gas removal process to continue if Equation 5 is still true. We
repeat this process for up to 1 Gyr, leading to a total gas
mass lost via turbulent viscous stripping. This additional
gas mass is added to the gas which was initially removed
via ram pressure to get a total gas mass lost as a result of
stripping.

c© 2016 RAS, MNRAS 000, 1–15



6 Fillingham et al.

106 107 108 109 1010 1011

Stellar Mass (M¯)

0.0

0.2

0.4

0.6

0.8

1.0

S
tr

ip
p
ed

F
ra

ct
io

n

1010 1011 1012

Halo Mass (M¯)

nhalo = 10−3.5 cm−3

Vsat = 300 km s−1

Figure 3. The fraction of HI gas stripped (fstripped) via ram pressure as a function of stellar mass for our sample of 66 dwarf galaxies,
assuming a host halo gas density of nhalo = 10−3.5 cm−3 and a satellite velocity of Vsat = 300 km s−1. The grey solid line corresponds

to the mean fstripped computed in a sliding bin of width 0.6 dex in stellar mass. At stellar masses greater than roughly 109 M�, we find

that satellite systems are unaffected by ram pressure in a Milky Way-like environment. At M? . 108.5 M�, however, ram pressure is
increasingly effective, with infalling systems typically having ∼ 40% of their cold gas stripped. It is worth noting that the scatter in the

stripped fraction at fixed stellar mass is driven entirely by the variation in the HI surface density profiles. For reference, we include the

corresponding halo mass for each system, as inferred via the stellar mass-halo mass relation of Garrison-Kimmel et al. (2014a).

We limit the timespan on which turbulent viscous strip-
ping occurs, so as to roughly match the measured quenching
timescale for Local Group satellites (i.e. . 2 Gyr, Filling-
ham et al. 2015). Approximately 50% (or 55%) of the sub-
halo population in ELVIS reaches pericenter (or 0.5 Rvir)
within ∼ 1.5 Gyr (or ∼ 1 Gyr) of infall, where instanta-
neous ram-pressure stripping is assumed to occur. A further
1 Gyr of turbulent viscous stripping therefore yields a typ-
ical quenching time (relative to infall) in rough agreement
with the expectations of Fillingham et al. (2015) and Wetzel,
Tollerud & Weisz (2015).

3 RESULTS

In Figure 3, we show the fraction of HI gas ram-pressure
stripped from our sample of star-forming galaxies (with
no viscous stripping), assuming a host halo density of
nhalo = 10−3.5 cm−3 and a satellite velocity of Vsat =
300 km s−1. For satellite systems with stellar masses greater
than∼ 109 M�, ram pressure is unable to strip the interstel-
lar medium, consistent with the long quenching timescales
inferred by Wheeler et al. (2014) and Fillingham et al. (2015)
at this mass regime. At M? ∼ 108−9 M�, however, we find
that ram pressure begins to overcome the local gravitational
restoring force, such that a significant fraction of the cold
gas reservoir is removed from a typical infalling satellite at
M? < 108 M� (< fstripped >∼ 40%). While there is con-
siderable scatter in the efficacy of ram-pressure stripping at

low masses, our fiducial model for a Milky Way-like system
qualitatively reproduces the critical mass scale for quenching
at ∼ 108 M�, such that ram-pressure stripping is a viable
candidate to be the dominant quenching mechanism at low
satellite stellar masses. In Section 3.1 and 3.2, we explore
how this result depends on the specific parameters adopted
in our fiducial model (i.e. M(r), nhalo, and Vsat). Addition-
ally, in Section 3.3, we discuss how the inclusion of turbulent
viscous stripping impacts these results.

3.1 Dependence on M(r)

The assumed dark matter density profile for each galaxy
in our sample is critical in determining the strength of the
local gravitational restoring pressure (see Eq. 2) and thus
the degree to which ram pressure is able to strip the in-
falling satellite’s ISM. In our fiducial model, the mass pro-
files, M(r), are determined using the stellar mass-halo mass
(SMHM) relation of Garrison-Kimmel et al. (2014a), assum-
ing an NFW density profile. At low masses, however, less-
cuspy dark matter profiles are typically favored and there
are large uncertainties in the slope of the stellar mass-halo
mass relation (and its scatter, Garrison-Kimmel et al. 2016).

To explore how our estimates of fstripped depend on the
assumed mass profile, M(r), we utilize alternative mass pro-
files derived from dynamical fits to the observed HI kinemat-
ics for a subset of the systems in our sample. In particular,
we utilize the NFW fits to the THINGS and Little THINGS
velocity fields from de Blok et al. (2008) and Oh et al. (2015),
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Figure 4. (Left): the fraction of HI gas ram-pressure stripped (fstripped) as a function of stellar mass for the subset of systems with mass

profiles determined via dynamical fits to an NFW profile (de Blok et al. 2008; Oh et al. 2015) and to a Burkert profile (Pace 2016). As

in Fig. 3, we assume a halo gas density of nhalo = 10−3.5 cm−3 and a satellite velocity of Vsat = 300 km s−1. (Right): the difference in
the fraction of HI gas stripped relative to the corresponding result (see Fig. 3) assuming our fiducial mass profile inferred via the stellar

mass-halo mass relation of Garrison-Kimmel et al. (2014a): ∆fstripped = fstripped,fid−fstripped,dyn. In general, the mass profiles inferred

from dynamical modeling favor cored halos, such that stripping is more efficient relative to our fiducial model. Moreover, while there is
significant scatter from galaxy to galaxy based upon the assumed mass profile, the qualitative results are universal with ram-pressure

stripping becoming increasingly effective at M? < 108−9 M�.

respectively. For 21 galaxies, we also employ Burkert profile
fits to the HI kinematics from Pace (2016).

The two left most panels of Figure 4 show the fraction
of atomic gas stripped for the subset of objects with dynam-
ical mass estimates, assuming a host halo density of nhalo =
10−3.5 cm−3 and a satellite velocity of Vsat = 300 km s−1.
Qualitatively, the dependence of fstripped on satellite stel-
lar mass is very similar to that shown in Fig. 3 for our
fiducial model, which employs mass profiles inferred from
the SMHM relation of Garrison-Kimmel et al. (2014a). At
M? < 108−9 M�, ram-pressure stripping becomes increas-
ingly effective. However, the stripped fractions calculated us-
ing the dynamical mass profile fits are, on average, slightly
greater relative to those produced by our fiducial model.
This effect is evident in the far right panel of Figure 4, which
shows the difference in the stripped fraction for each object
as we vary the restoring mass profile. For the dynamical fits
to an NFW and Burkert profile (magenta hexagons versus
cyan diamonds), we find a mean difference in fstripped of
−0.32 and −0.15, respectively. On average, the dynamical
fits lead to greater stripped fractions, consistent with these
objects being hosted by less-concentrated (or lower-mass)
dark matter halos at fixed stellar mass. While there is not
perfect agreement between the different halo mass estima-
tors, by adopting the SMHM relation as our fiducial method,
we are likely underestimating the stripped fraction and thus
providing a conservative estimate of the effectiveness of ram-
pressure stripping.

3.2 Dependence on nhalo and Vsat

In addition to the uncertainty in the restoring mass profile,
the amount of cold gas stripped from each dwarf is highly
dependent on the properties of the host system (i.e. nhalo

and Vsat). The density of the host gas halo, for the Lo-

cal Group in particular, is relatively poorly constrained.
To explore how variation in these global parameters will
impact our results, we measure the stripped fraction for
our sample while varying both the satellite velocity, Vsat =
{200, 250, 300} km s−1, and the density of the halo gas,
nhalo = {10−4.0, 10−3.5} cm−3.

Figure 5 shows the mean and 1σ scatter in the stripped
fraction as a function of satellite stellar mass for the adopted
variation in both the density of the CGM and the satellite
velocity relative to the frame of reference of the host. Across
the entire range of Vsat and nhalo explored, ram-pressure
stripping becomes effective at roughly the same critical mass
scale (108−9 M�). The efficacy of ram-pressure stripping at
low masses, however, is highly dependent on the chosen pa-
rameters for nhalo and Vsat. For example, at M? < 109 M�,
the stripped fraction decreases, on average, by ∼ 0.15 as
the satellite velocity is reduced from 300 to 200 km s−1 at
fixed nhalo. Similarly, decreasing the host halo density from
nhalo = 10−3.5 cm−3 to 10−4 cm−3 yields an average reduc-
tion in fstripped of ∼ 0.2 at fixed Vsat. The scatter in fstripped

associated with variation in Vsat is particularly noteworthy,
given that in our analysis we adopt a single value of Vsat

for the entire satellite population, thereby neglecting ob-
jects that have velocities greater (or less) than this value.
At pericentric passage, for example, roughly 60% of subha-
los in ELVIS have velocities greater than 300 km s−1. This
fraction increases to 82% and 96% for Vsat values of 250 and
200 km s−1, respectively.

3.3 Turbulent Viscous Stripping

While ram-pressure stripping is effective at removing gas
from satellites below the critical quenching mass scale
(. 108 M�), it is only able to strip roughly half of the cold
gas reservoir on average. As discussed in Section 1, however,
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Figure 5. The fraction of HI gas stripped (fstripped) via ram-pressure stripping as a function of satellite stellar mass for our sample of
66 dwarf galaxies. The solid line in each panel gives the mean fstripped in a sliding bin of width 0.6 dex in stellar mass, with the shaded

region tracing the corresponding 1σ scatter. In the top and bottom rows, we assume a host halo gas density of nhalo = 10−3.5 cm−3

and 10−4.0 cm−3, respectively. From left to right, the satellite velocity varies from 200 (cyan) to 250 (magenta) to 300 km s−1 (gold).
While the efficiency of ram-pressure stripping depends on the assumed properties of the host halo, such that <fstripped> ranges from

∼ 10− 40%, the satellite stellar mass where ram-pressure stripping becomes significant is universally < 109 M�.

infalling satellite systems are also subject to turbulent vis-
cous stripping, which results from K-H instabilities at the
interface of the satellite’s ISM and the CGM. To estimate
the impact of this secondary stripping mechanism, we al-
low turbulent viscous stripping to proceed for up to 1 Gyr
following the initial ram-pressure stripping.

Figure 6 shows the mean and 1σ scatter in the stripped
fraction due to both ram-pressure and turbulent viscous
stripping as a function of satellite stellar mass, assuming
the same range of Vsat and nhalo values as in Figure 5. In
contrast to when ram-pressure acts alone, the inclusion of
turbulent viscous stripping at high satellite velocities (Vsat ≥
250 km s−1) and host halo densities (nhalo ≥ 10−3.5 cm−3)
yields non-zero stripped fractions for some massive satel-
lites. As discussed in Section 4, the amount of gas removed,
however, is relatively modest (<fstripped> . 0.2), in agree-
ment with the observations of massive satellites in the Lo-
cal Group. At low stellar mass, the efficacy of stripping is
notably increased when including turbulent viscous effects,
such that the typical stripped fraction is roughly 1.5× that

produced by ram-pressure stripping alone. For a host halo
density of nhalo = 10−3.5, the majority of satellites in our
sample are stripped of more than half of their cold gas reser-
voirs.

4 DISCUSSION

Recent studies of satellite galaxies in the local Universe find
that the efficiency of satellite (or environmental) quenching
– or the timescale upon which it occurs following infall –
strongly depends on the mass of the satellite system (De
Lucia et al. 2012; Wetzel et al. 2013; Wetzel, Tollerud &
Weisz 2015; Wheeler et al. 2014; Fillingham et al. 2015).
For satellites with M? & 108 M�, the long quenching
timescales inferred from the relatively low observed satel-
lite quenched fractions are consistent with starvation as the
dominant quenching mechanism (Fillingham et al. 2015, see
also Davies et al. 2016). At stellar masses below a critical
mass scale of M? . 108 M�, however, the lack of quenched
systems in the field combined with the very high satellite
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Figure 6. The fraction of HI gas stripped (fstripped) via ram-pressure and turbulent viscous stripping as a function of satellite stellar
mass for our sample of 66 dwarf galaxies. The solid line in each panel gives the mean fstripped in a sliding bin of width 0.6 dex in stellar

mass, with the shaded region tracing the corresponding 1σ scatter. In the top and bottom rows, we assume a host halo gas density of

nhalo = 10−3.5 cm−3 and 10−4.0 cm−3, respectively. From left to right, the satellite velocity varies from 200 (cyan) to 250 (magenta)
to 300 km s−1 (gold). Including both ram-pressure and turbulent viscous stripping, we find an increase in the fraction of stripped gas,

such that the majority of gas is removed from low-mass satellites orbiting hosts with a halo gas density of 10−3.5 cm−3.

quenched fractions observed in the Local Group require a
very short quenching timescale, consistent with a physical
process that acts on roughly the dynamical time, such as
ram-pressure stripping (Wetzel, Tollerud & Weisz 2015; Fill-
ingham et al. 2015). While stripping, and in particular ram-
pressure stripping, is often thought to be a possible factor
in the dearth of star-forming dwarfs in the Local Group
(Einasto et al. 1974; Lin & Faber 1983; Blitz & Robishaw
2000), these recent results provide possible benchmarks by
which to measure stripping as an active quenching mech-
anism. In particular, does stripping become dominant at
M? . 108 M�, and is it strong enough to quench low-mass
satellites on a timescale of ∼ 2 Gyr in host systems such as
the Milky Way or M31?

4.1 Reproducing the Critical Mass Scale for
Satellite Quenching

As first shown by Wheeler et al. (2014, see also Slater &
Bell 2014; Phillips et al. 2015), observations of galaxies in

the Local Volume point towards a remarkable shift in the ef-
ficiency of satellite quenching below a satellite stellar mass
of ∼ 108 M�, such that quenching at low masses proceeds
relatively quickly following infall. Recent analysis of much
larger samples of Milky Way-like hosts in deep photometric
datasets support this picture (Phillips et al. in prep), in-
dicating a global critical mass scale for satellite quenching.
In agreement with this picture, we find that ram pressure
begins to overcome the local gravitational restoring force
only in systems below a stellar mass of ∼ 109 M�. Above
this mass scale, dwarfs are largely resistant to ram-pressure
stripping, consistent with inefficient quenching via starva-
tion. At low masses, however, ram-pressure stripping is able
to remove (at least some of) the fuel for star formation from
an infalling satellite system, thus contributing to quenching
and potentially driving the change in quenching efficiency
below ∼ 108 M�. Moreover, when including turbulent vis-
cous stripping, this critical scale for satellite quenching per-
sists, with a dramatic increase in stripping efficiency evident
over the full range of nhalo and Vsat values explored. Alto-
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gether, our results show that stripping naturally gives rise
to a critical scale for satellite quenching, consistent with ob-
servations in the local Universe.

Unlike ram pressure, we find that at high halo densities
and satellite velocities turbulent viscous stripping is able to
remove cold gas from some infalling satellites in the high-
mass regime (i.e. > 109 M�). The amount of gas removed,
however, is relatively modest and in broad agreement with
observations of massive satellites in the Local Group. For
example, there is clear evidence for stripping of the LMC
and SMC, which are the only Milky Way satellites more
massive than 108 M�. However, the stripped gas that com-
prises the Magellanic Stream and Leading Arm (Mathewson,
Cleary & Murray 1974), may result from tidal effects (e.g.
Lin & Lynden-Bell 1977; Besla et al. 2010, 2012; Guglielmo,
Lewis & Bland-Hawthorn 2014) versus ram-pressure or vis-
cous stripping (e.g. Moore & Davis 1994; Mastropietro et al.
2005; Salem et al. 2015; Hammer et al. 2015). Given the un-
certainties associated with the orbit of the LMC and SMC
and the physical origins of the stripped gas, it is difficult to
make a clear accounting of the stripped fraction for the two
systems (e.g. D’Onghia & Fox 2015). However, the total HI

gas mass attributed to the Magellanic Stream and Leading
Arm versus that of the two Magellanic Clouds jointly is con-
sistent with an average stripped fraction for the two systems
of . 25%, consistent with our expectations at M? > 108 M�
(see Fig. 6, Brüns et al. 2005; Nidever, Majewski & Butler
Burton 2008; Nidever et al. 2010).

Finally, the mass scale at which stripping begins to be
effective should depend directly on the the properties of the
host system (i.e. nhalo and Vsat in our analysis). That is,
these parameters should, on average, scale with the mass of
the host, such that a typical infalling satellite would experi-
ence a stronger ram pressure in more massive host systems
and the critical mass scale for satellite quenching would in-
crease accordingly. While values of nhalo and Vsat consistent
with those expected for the Milky Way lead to an onset of
stripping at roughly ∼ 108−9 M�, observations of more mas-
sive host systems, such as rich groups and clusters, should
yield high quenched fractions at yet higher masses as the
critical quenching mass increases with host mass. This pic-
ture is supported by observations of local clusters, which find
very few star-forming satellites at stellar masses of 109.5 M�
versus the ∼ 30% quenched fraction measured for group and
Milky Way-like hosts (e.g. Smith et al. 2012; Boselli et al.
2014b; Phillips et al. 2015; Sánchez-Janssen et al. 2016).

4.2 Does Stripping Quench Low-Mass Satellites?

While ram-pressure stripping acts at the correct mass scales,
our analysis finds that ram pressure alone is unable to sup-
press star formation in infalling satellites on the timescales
predicted by Fillingham et al. (2015). As shown in Fig. 5,
for expected values of nhalo and Vsat, infalling satellites are
typically ram-pressure stripped of < 50% of their cold gas
reservoirs. Given the typical HI gas fractions and star for-
mation rates for low-mass field dwarfs, which imply excep-
tionally long depletion timescales (Skillman, Côté & Miller
2003; Geha et al. 2006; Schiminovich et al. 2010), a satel-
lite stripped of only 50% of its cold gas will still retain
enough fuel to potentially form stars for many Gyr. For
nhalo = 10−3.5 cm−3 and Vsat = 300 km s−1, the gas frac-
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Figure 7. The HI gas mass as a function of stellar mass for our
galaxy sample at M? < 108 M�, prior to infall (solid cyan cir-

cles) and after interaction with the host CGM (solid magenta di-
amonds). To account for potential variations in the local halo gas

density, we assume nhalo = 10−3 cm−3 and Vsat = 300 km s−1,

including both ram pressure and turbulent viscous effects in our
stripping calculations. For comparison, we show the observed HI

gas masses for field galaxies in the Local Volume (open cyan cir-

cles) and satellites of the Local Group (open magenta diamonds)
from McConnachie (2012) and Spekkens et al. (2014). Arrows

indicate observed upper-limits or systems that are completely

stripped in our analysis. The dashed black line corresponds to
an HI gas fraction of 0.136, below which we define a galaxy as

quenched. Including a clumpy host CGM, we find that stripping

is able to quench ∼ 90% of our infalling satellite population at
low masses (33 out of 37 systems).

tions for our satellite population, following ram-pressure
stripping, are still typically ∼ 3× greater than the cur-
rent observational limits for quenched satellites in the Lo-
cal Group (i.e. fHI . 0.136, Spekkens et al. 2014); that is,
ram pressure only quenches . 15% of our low-mass satel-
lite population, such that fHI < 0.136. Ultimately, to repro-
duce the observed HI gas fractions for satellites in the Local
Group and thus the inferred satellite quenching timescales at
low stellar masses, ram-pressure stripping would need to be
substantially more efficient than our predictions (i.e. strip-
ping nearly the entire cold gas reservoir of all systems,
<fstripped>∼ 0.9). Emerick et al. (2016) come to a sim-
ilar conclusion based on wind-tunnel modeling of an ide-
alized Leo T-like satellite during infall. Using the FLASH
hydrodynamics code (Fryxell et al. 2000), they find that
ram-pressure stripping is unable to fully strip the satellite
within 2 Gyr.

With the inclusion of viscous effects in our fiducial
model, stripping is able to remove the majority of cold
gas from the low-mass, infalling satellite population (i.e. at
M? < 108 M�, see Fig. 6). In 60% of low-mass systems fol-
lowing stripping, we find HI gas fractions consistent with the
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observed limits for the Milky Way dwarf spheroidal popula-
tion (fHI < 0.136), such that stripping is nearly able to re-
produce the high satellite quenched fraction observed in the
Local Group (fquenched ∼ 0.9 − 1). For roughly 40% of sys-
tems, however, the resulting gas fractions – post stripping –
are still greater than that observed for satellites of the Milky
Way. Again, to bring our satellite population into agree-
ment with the roughly 90 − 100% satellite quenched frac-
tion at low masses in the Local Group requires yet stronger
stripping, such that the typical stripped fraction is closer to
fstripped ∼ 0.9 at M? . 108 M�.

While current observations of comparable nearby sys-
tems (e.g. M81, M106) find low-mass satellite populations
that roughly mirror that found in the Local Group (Kaisin &
Karachentsev 2013; Spencer, Loebman & Yoachim 2014), it
remains possible that the low-mass satellite quenched frac-
tions for the Milky Way and M31 are abnormally high rel-
ative to comparable host halos. As shown in Fig. 3 of Fill-
ingham et al. (2015), if the satellite quenched fraction for a
Milky Way-like halo is typically ∼ 70% (versus 90− 100%),
the satellite quenching timescale increases to ∼ 4 − 5 Gyr
(versus ∼ 1 − 2 Gyr). In such a scenario, stripping would
not need to fully quench infalling satellites; instead, strip-
ping could simply remove roughly half of a satellite’s cold
gas supply, so as to decrease the depletion (i.e. starvation)
timescale accordingly. Our analysis suggests that this level
of stripping is very much realistic for a Milky Way-like en-
vironment, even from ram pressure alone.

4.3 The Efficacy of Stripping: Refining Our
Analysis

Within our analysis, there are several factors or approxi-
mations by which we are likely over- or under-estimating
the true effectiveness of stripping. For example, we assume
instantaneous ram-pressure stripping, which likely overesti-
mates the ram pressure (Tonnesen et al. 2016). Moreover,
like many studies of ram-pressure stripping, we adopt a
smooth host halo in equilibrium with the dark matter poten-
tial. X-ray observations, however, find that massive hot ha-
los, typically associated with galaxy clusters, exhibit struc-
ture on scales of . 1 Mpc (Buote & Tsai 1996; Schuecker
et al. 2001). In addition, quasar absorption-line studies of
low- and high-z hosts find significant clumpiness in the CGM
of massive galaxies (e.g. Thom et al. 2012; Arrigoni Battaia
et al. 2015). What the observed substructure in these sys-
tems implies for a typical Milky Way-like object is unclear,
but the assumption of a smooth halo certainly ignores po-
tentially important details. Specifically, a clumpy gas halo
will yield regions of higher density and thus an increased ram
pressure. Such a halo is also likely to have some net velocity
relative to the host’s dark matter halo (our point of reference
in determining satellite velocities, see Section 2.2). As shown
by Tonnesen & Bryan (2008), bulk motion of the gas halo
tends to be in the same direction as that of the satellites,
leading to a smaller effective Vsat and thus weaker ram pres-
sure. Clearly, more detailed hydrodynamical simulations are
needed to fully address the impact of a clumpy CGM on our
calculations. However, to quench roughly 80− 90% of satel-
lites in our sample via stripping (i.e. including ram-pressure
and viscous effects) requires local variations in the halo gas
density on the order of 2− 3× that assumed in our fiducial

model (i.e. nhalo = 10−3.25 − 10−3 cm−3), given a satellite
velocity of 300 km s−1. As shown in Figure 7, by includ-
ing a clumpy CGM, our analysis is able to reproduce the
observed HI gas fractions for the Local Group satellite pop-
ulation, with ∼ 90% of our satellite population quenched fol-
lowing infall. To achieve the same quenched efficiency with a
satellite velocity of only 200 km s−1, thereby accounting for
potential bulk motion of the halo gas, our analysis requires
a local increase in CGM density of roughly 10− 20× that of
our fiducial model (i.e. nhalo = 10−2.5−10−2.2 cm−3). While
such extreme CGM densities are unrealistic on average, lo-
cal variations of this scale are in good agreement with the
results of recent hydrodynamic simulations of stripping by
Bahé & McCarthy (2015), which find that galaxies under-
going stripping in groups and clusters typically experience
increased ram pressure associated with CGM overdensities
as large as 100× the mean.

Along with potential variations in the density of the
host CGM, the efficacy of stripping is also impacted by the
density of the satellite dark matter halo. As discussed in
Section 3.1, the satellite dark matter halo mass profiles as-
sumed in our fiducial model yield a potentially significant
underestimate of the stripping efficiency. If low-mass dwarfs
live in less-concentrated host halos, as suggested by their ob-
served internal kinematics, the resulting stripped fractions
should increase by & 10%. With the inclusion of cored mass
profiles, stripping becomes an increasingly realistic physical
driver for the high quenched fractions and short quenching
timescales for low-mass satellites.

While adopting less-concentrated mass profiles alone
will likely not be enough to fully strip all systems, it em-
phasizes another missing ingredient in our analysis: bary-
onic feedback. As shown by Geha et al. (2012), field dwarfs
(and thus infalling satellites) are nearly universally star-
forming at stellar masses of . 109 M� and will be subject
to the stellar feedback associated with radiation pressure
and supernovae (e.g Murray, Quataert & Thompson 2005;
Hopkins et al. 2014). As part of our analysis, we employ
observed HI surface density profiles for a sample of star-
forming field dwarfs, along with halo masses modeled from
spatially-resolved kinematics, which should thus naturally
capture the impact of feedback on Σgas and M(r). Infalling
satellites, however, may experience an elevated level of star
formation and thus feedback. This increased star-formation
activity would result from compression of the satellite’s ISM
due to interaction with the host CGM, thereby increasing
the local gas density and allowing star formation to proceed
at an accelerated rate. For example, simulations of massive
satellites in groups and clusters find that ram pressure of-
ten leads to a burst of star formation for the infalling sys-
tem (Fujita & Nagashima 1999; Bekki & Couch 2003; Bekki
2014). Within the Local Group, modeling of the orbit and
star-formation history of Leo I suggest that it experienced
a small burst of star formation at pericentric passage prior
to being quenched, consistent with being initiated by ram
pressure (Sohn et al. 2013; Boylan-Kolchin et al. 2013; Weisz
et al. 2014). This increase in star formation, driven by inter-
action with the host CGM, can inject energy into the ISM
of the satellite, puffing up the system and thereby making it
more susceptible to stripping (Stinson et al. 2007; El-Badry
et al. 2016, but see also Emerick et al. 2016). High-resolution
hydrodynamic simulations of Milky Way- or Local Group-

c© 2016 RAS, MNRAS 000, 1–15



12 Fillingham et al.

like environments should provide a robust means for study-
ing the possible importance of feedback in increasing the ef-
ficiency of stripping (e.g. Zolotov et al. 2012; Mistani et al.
2016; Wetzel et al. 2016; Garrison-Kimmel et al. in prep).

4.4 Towards a Complete Picture of Satellite
Quenching

Figure 8 presents current constraints on the satellite quench-
ing timescale from Wetzel et al. (2013), Wheeler et al.
(2014), and Fillingham et al. (2015) along with a qualita-
tive depiction of the dominant quenching mechanisms likely
at play as a function of satellite stellar mass. As illustrated
by Fillingham et al. (2015), the measured satellite quench-
ing timescales at high masses, including the lack of strong
dependence on host halo mass, are broadly consistent with
the expectations for quenching via starvation (see also van
den Bosch et al. 2008; Wetzel et al. 2013). At low masses,
on the other hand, the short quenching timescales inferred
from analysis of the Local Group satellite population are dif-
ficult to fully explain. As our analysis shows, stripping is a
likely culprit in suppressing star formation at low masses, as
it qualitatively reproduces the critical mass scale for satel-
lite quenching (Mcrit) within the Local Group. However,
our analysis suggests that stripping (and specifically ram-
pressure stripping) may require a significantly clumpy host
CGM or the assistance of baryonic feedback to effectively
remove enough cold gas from the most gas-rich and concen-
trated systems. Additionally, recent work by Pearson et al.
(2016) and Marasco et al. (2016) shows that the distribu-
tion of HI in low-mass field galaxies can be significantly al-
tered via close encounters with neighboring dwarfs. If these
encounters occur just before or during infall onto a host
system, the resulting satellite’s ISM will likely be more sus-
ceptible to stripping.

If stripping drives quenching at low masses, then there
are clear implications regarding the CGM of the Milky Way
and similar systems. In particular, to quench all low-mass
satellites within ∼ 2 Gyr of infall requires that the CGM
extends to roughly 0.5 Rvir (or ∼ 150 kpc, Fillingham et al.
2015) at a density of nhalo & 10−3.5 cm−3. This large phys-
ical extent is needed to explain the quenching of satellites
with more circular or non-plunging orbits. In ELVIS, we
find that ∼ 25% of subhalos in our selected mass range and
accreted at 0.15 < zinfall < 3 reach their first pericentric pas-
sage at 0.5 < R/Rvir < 1. To reproduce the extremely high
satellite quenched fractions at . 108 M� via stripping, the
CGM must therefore have a relatively cored density profile
(e.g. Maller & Bullock 2004).

While the physical picture presented in Fig. 8 broadly
explains the suppression of star formation in satellite sys-
tems, it largely ignores any corresponding structural evolu-
tion. Recent observations at intermediate redshift suggest
that quenching of massive central galaxies is closely asso-
ciated with development of a bulge-dominated morphology
(Bell et al. 2012; Cheung et al. 2012). Moreover, observations
of galaxy morphology in field and group/cluster populations
atM? & 109.5 M� point towards an evolution of satellite sys-
tems from disk- to bulge-dominated (van den Bosch et al.
2008; Weinmann et al. 2009), suggesting that an additional
mechanism beyond starvation must likely be driving satel-
lite evolution — unless fading of the stellar population, post

quenching, can account for observed differences in the light
profiles of field and satellite populations. In lower-mass hosts
such as the Milky Way, however, there is little morphologi-
cal difference between massive satellites and field systems of
comparable mass (Phillips et al. 2014). In addition, at lower
satellite masses, structural evolution of satellites is relatively
modest following infall and is potentially driven by baryonic
feedback effects (Sánchez-Janssen et al. 2016; Wheeler et al.
2015).

5 SUMMARY

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

• Ram-pressure and turbulent viscous stripping be-
come increasingly effective in satellite galaxies with
M? . 109 M�, consistent with the observed decrease in
the satellite quenching timescale at M? ∼ 108 M�. If
stripping dominates the quenching of low-mass satellites,
then we predict that the critical mass scale for satellite
quenching should increase with host halo mass.

• Assuming a smooth host halo with a density of
nhalo = 10−3.5 cm−3 and a satellite velocity of
Vsat ∼ 300 km s−1, we find that stripping is able to
remove enough cold gas so as to quench ∼ 60% of
infalling satellites at low masses. However, when including
a clumpy halo, such that the typical CGM density at
which stripping occurs is nhalo ∼ 10−3.25 − 10−2.5 cm−3

(i.e. ∼ 2 − 20 times the mean density), stripping is able
to effectively quench ∼ 90% of infalling satellites, such
that their gas fractions agree with observational limits for
dwarf spheroidals in the Local Group.

• The efficiency of stripping may be further enhanced with
the inclusion of stellar feedback, which could play an im-
portant role in making satellite systems susceptible to ram
pressure and turbulent viscous effects. Further studies of
stripping via hydrodynamic simulations will be a critical
step in further constraining the role of stripping in the
quenching of low-mass satellites.
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