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Motivation:
Recent studies of galaxies in the local Universe, including those in the 
Local Group, find that the efficiency of environmental quenching 
increases dramatically at low satellite stellar masses. This suggests a 
physical scale where the dominant quenching mechanism changes 
from a slow mode to a rapid mode. Through comparison to N-body 
simulations, the quenching timescale, relative to infall onto the host 
halo, can be inferred for a measured quenched fraction. 

The motivation is generally summarized as: 

• High stellar mass satellite quenching timescales are consistent with 
starvation as the dominant quenching mechanism. 

• Below 108 M⦿ there is an abrupt change in the quenching timescale 
suggesting a change in the dominant quenching mechanism at low 
stellar masses. 

• Gas removal via stripping is an attractive candidate since the 
restoring forces in these low-mass satellites should make them more 
susceptible to a “rapid mode” quenching mechanism such as ram 
pressure stripping.

• Both ram pressure and turbulent viscous 
stripping “turn on” at roughly the 
correct satellite stellar mass scale, 
consistent with observations. 

• While the amount of HI removed is 
quite sensitive to the properties of the 
host, the critical quenching mass is 
relatively robust. 

• We find that gas stripping alone is 
insufficient and unable to reproduce the 
very high quenched fractions observed 
locally. 

• A clumpy CGM would bring this work 
into agreement with observations such 
that every quenched satellite 
encountered a region of above average 
density and therefore more effective gas 
stripping. 

• The scatter in the stripped fraction at 
fixed stellar mass is driven entirely by 
the variation in HI surface density 
profiles.

We implement an analytic form of instantaneous ram pressure stripping. The smallest radial distance 
from the center of each dwarf galaxy where the inequality is true defines the stripping radius. We 
integrate the HI surface density profiles beyond this radius to determine the amount of HI gas that was 
removed during the interaction.

Methods:

Results:

Conclusions:

1. High mass satellite quenching timescales are consistent with starvation as the dominant quenching mechanism. 

2. Below a certain satellite stellar mass, the quenching timescales abruptly change, consistent with the critical stellar mass 
below which gas stripping becomes effective. 

3. This critical mass is likely determined by the host properties, which ultimately set the average strength of the gas stripping, 
and should therefore shift to higher stellar masses for satellites interacting with more massive hosts. 

4. The overall effectiveness of analytic gas stripping calculations are unable to fully quench the infalling satellite population, 
suggesting that another mechanism could be ultimately quenching these galaxies or the analytic treatment of gas stripping 
is unable to fully capture the effectiveness. Feedback likely plays a role!
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a time-scale that is more similar to ours and to that determined by
W13 for their lowest satellite stellar mass bin. However, D12 use
yet another definition for infall time: the time since a satellite first
fell into its current host (we use the time it last became a subhalo
of anything). By definition, the time-scale employed by D12 will
always be less than or equal to the time-scale employed by W13,
but could be shorter or longer than ours depending on the merger
history of the satellite in question. For example, if a galaxy becomes
a satellite of a host, and then that host itself is accreted on to a larger
system, the time-scale would be longer according to our definition
than that of D12.

In the context of a model where infall time is the determining
factor in satellite quenching, there appears to be a qualitatively
consistent trend in the literature that lower mass satellites require
longer time-scales for quenching. This result begs the question:
how is it that the smallest galaxies, which are presumably the most
fragile, require the longest periods of time to become quenched?
We speculate that this can only work in a ‘slow starvation’ scenario,
whereby gas-rich yet inefficiently star-forming dwarfs continue to
form stars for a long time after their supply of fresh or recycled gas is
shut off. This possibility is consistent with the well-known fact that
dwarfs have much higher gas fractions (and longer star formation
time-scales) than more massive galaxies (Hunter & Gallagher 1985;
van Zee 2001; Geha et al. 2006; Weisz et al. 2011). If we consider
the possibility that the quenching time-scale is related to the gas
depletion time-scale, this would imply that this time-scale should
also increase with decreasing stellar mass.

Observationally, however, the mass dependence of the gas de-
pletion time-scale remains fairly cloudy, especially for low-mass
systems. Based on measurements of atomic hydrogen in local star-
forming galaxies, gas depletion time-scales are generally found to
increase with decreasing stellar mass (Skillman, Côté & Miller
2003; Schiminovich et al. 2010). More recent studies, however,
show that star formation is a direct product of the molecular gas
in a galaxy, not of all gas. In particular, on sub-kpc scales, cur-
rent star formation is found to correlate strongly with molecular
gas and poorly with atomic gas (Wong & Blitz 2002; Kennicutt
et al. 2007; Bigiel et al. 2008; Leroy et al. 2008). Moreover, re-
cent measurements of CO emission in nearby galaxies find that the
molecular gas depletion time-scales are constant, or possibly even
decreasing in lower stellar mass systems (Leroy et al. 2008; Genzel
et al. 2010; Bigiel et al. 2011; Saintonge et al. 2011; Boselli et al.
2014). For systems with stellar mass less than 109 M⊙, however,
the constraints are generally weak due to the difficulty of detecting
CO emission in low-mass systems – a limitation that will hopefully
soon be overcome for larger samples using more sensitive facilities
such as Atacama Large Millimetre/submillimetre Array (ALMA).

Regardless of the underlying cause, our results indicate that dwarf
satellites in the M⋆ ∼ 108.5–9.5 M⊙ mass range are quenched only
∼25–30 per cent of the time. However, for more massive satellites
there is quenching in the field, and so the quenched fraction is not
the same as the fraction of satellites that are quenched because they
are satellites. Thus, a proper comparison of environmental quench-
ing over different stellar mass regimes is best made by comparing
only the ‘environmentally quenched fraction’. This is the fraction
of satellites that are quenched but would have otherwise not be
quenched in the field, and so is equivalent to the overall quenched
fraction for low-mass galaxies. Our ‘environmentally quenched
fraction’ is largely equivalent to the ‘transition fraction’, ftr|s,bc,
first introduced by van den Bosch et al. (2008), as well as to the
‘conversion fraction’, fconvert, of Phillips et al. (2014) and the ‘excess
red fraction’, f Q

excess, of W13, the latter two of which are plotted in

Figure 6. The environmentally quenched fraction – the fraction of satellites
that are quenched in excess of that expected in the field, i.e. the fraction of
satellites that are quenched because they are satellites. We see that while en-
vironmental quenching seems to have an approximately constant efficiency
of ∼30 per cent at stellar masses from 108 to 1011 M⊙, there appears to be
a dramatic upturn in quenching at lower stellar masses (if the Local Group
is typical).

Fig. 6 alongside our quenched fraction. As Fig. 6 shows, over the
stellar mass range 108–1011 M⊙, the environmentally quenched
fraction is almost completely independent of stellar mass. The yel-
low triangles show results from W13, for which satellite galaxies
reside typically in clusters. The green points are taken from our G12
sample, and include only systems with dNeighbour < 250 kpc, which
again typically reside in small clusters (Fig. 3, and we have taken
into account the fact that only ∼90 per cent of the galaxies in this
bin are true subhaloes, Fig. 1). The Phillips et al. (2014) point (blue
square) is somewhat different in that these galaxies were chosen to
reside within Milky Way size hosts rather than clusters. This may
explain the slightly lower environmentally quenched fraction. The
results displayed here are consistent with other results suggesting
that quenching efficiency is independent of stellar mass (van den
Bosch et al. 2008; Peng et al. 2010; Tinker et al. 2013).

Although the statistics for satellites in the stellar mass range
M⋆ ∼ 108.5−9.5 M⊙ within the Local Group are very low, it is in-
teresting that the quenched fraction for these dwarfs is not too far
from ∼25 to 30 per cent. Within this mass range, the LMC, the
Small Magellanic Cloud and M33 are star forming while NGC 205
and M32 are quenched. Once we adjust the quenched fraction to the
environmentally quenched fraction by accounting for the fraction
of quenched galaxies at this mass in the field, the fraction of high-
mass satellites of the Milky Way and M31 that have been quenched
as satellites is broadly consistent with the results of this work.
This can be seen in Fig. 6, where the high-mass Local Group satel-
lites have been represented by a red star placed at the mean of their
stellar mass values.

This consistency of the environmentally quenched fraction over
so many orders of magnitude is particularly puzzling in light of
the known (very high) quenched fraction of dwarf satellites in the
Local Group in the mass range just below M⋆ ≃ 108 M⊙ (Mateo
1998; McConnachie 2012). The low-mass Local Group points in
Fig. 6 (red stars) show a marked increase in the environmentally
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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

⇢haloV
2
sat > ⌃gas(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 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. These
instabilities will act to remove the outer regions of the ISM
when the gravitational restoring force is su�ciently small.
Perturbations with wavenumber, k, are unstable if they meet
the following criteria (Murray et al. 1993; Mori & Burkert
2000):

k > g
⇢2gas � ⇢2halo
⇢gas ⇢halo V 2

sat

, (4)

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

Previous studies of viscous stripping find that the dom-
inant wavelength is set by the size of the cold gas region
(RISM), such that k = 2⇡/RISM (Nulsen 1982; Murray
et al. 1993). In our analysis, we make the assumption that
⇢halo ⌧ ⇢gas, 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:

⇢haloV
2
sat >

GM0 ⇢̄gas
2⇡RISM

, (5)

where ⇢̄gas is the average ISM density inside RISM, and M0

is the total restoring mass inside RISM. If this inequality is
true, then viscous stripping will proceed and the outer layers
of the ISM will be removed. When this inequality is false,
the gravitational restoring pressure is able to stabilize the
outer layers of the ISM against the viscous perturbations.

When 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 forma-
tion will be significantly depleted. The rate of total gas mass
loss (Ṁ) is given in slightly di↵erent forms throughout the
literature (e.g. Nulsen 1982; Mori & Burkert 2000; Roedi-
ger & 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 ⇢
halo

and V
sat

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 in-
direct 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; Miller &
Bregman 2013, 2015; Salem et al. 2015). Moreover,
both observed X-ray emission and pulsar dispersion mea-
surements 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; 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
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After instantaneous ram pressure stripping, we 
then allow up to 1 Gyr of turbulent viscous 
stripping. We first test whether the ISM-CGM 
interface is susceptible to Kelvin-Helmholtz 
instabilities. If so, we iteratively remove the ISM 
from each dwarf galaxy, rechecking the ISM-
CGM conditions at each time step.
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parent halo) in the ELVIS suite of Local Group simulations for all
subhalos that reside inside the virial radius at z = 0. The cyan,
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measured when crossing the virial radius (i.e. infall), at 0.5 Rvir,
and at pericenter, respectively. For Milky Way-like systems, the
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