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Abstract
One of the key open questions in extragalactic astronomy is what stops star formation in galaxies. While it is clear that the cold gas reservoir,
which fuels the formation of new stars, must be affected first, how this happens and what are the dominant physical mechanisms involved
is still a matter of debate. At least for satellite galaxies, it is generally accepted that internal processes alone cannot be responsible for fully
quenching their star formation, but that environment should play an important, if not dominant, role. In nearby clusters, we see examples
of cold gas being removed from the star-forming discs of galaxies moving through the intracluster medium, but whether active stripping
is widespread and/or necessary to halt star formation in satellites, or quenching is just a consequence of the inability of these galaxies to
replenish their cold gas reservoirs, remains unclear. In this work, we review the current status of environmental studies of cold gas in
star-forming satellites in the local Universe from an observational perspective, focusing on the evidence for a physical link between cold
gas stripping and quenching of the star formation. We find that stripping of cold gas is ubiquitous in satellite galaxies in both group and
cluster environments. While hydrodynamical mechanisms such as ram pressure are important, the emerging picture across the full range
of dark matter halos and stellar masses is a complex one, where different physical mechanisms may act simultaneously and cannot always
be easily separated. Most importantly, we show that stripping does not always lead to full quenching, as only a fraction of the cold gas
reservoir might be affected at the first pericentre passage. We argue that this is a key point to reconcile apparent tensions between statistical
and detailed analyses of satellite galaxies, as well as disagreements between various estimates of quenching timescales. We conclude by
highlighting several outstanding questions where we expect to see substantial progress in the coming decades, thanks to the advent of the
Square Kilometre Array and its precursors, as well as the next-generation optical and millimeter facilities.
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1. Introduction

In our current paradigm of galaxy formation and evolution,
galaxies are no longer thought of as isolated entities, but as self-
regulated systems whose life is governed by the balance between
gas replenishment (via inflows from the intergalactic medium),
consumption (via star formation), and ejection (outflows)—the
so-called ‘gas-regulator’ model (e.g., Oort 1970; Larson 1972;
Rees & Ostriker 1977; White & Frenk 1991; Kereš et al. 2005;
Bouché et al. 2010; Lilly et al. 2013). In star-forming galaxies,
gas is converted into stars at a relatively steady rate, maintaining
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objects on a well-defined relation known as ‘star-forming main
sequence’ (e.g., Brinchmann et al. 2004; Noeske et al. 2007;
Whitaker et al. 2012). If this equilibrium is somehow broken,
star formation is directly affected and galaxies experience either
starbursts or quenching phases. While the starburst phase is
generally short-lived (∼ 108 yr or less, e.g., Larson & Tinsley 1978;
Rieke et al. 1980; Heckman, Armus, & Miley 1990), quenching
appears to be a critical stage in the life cycle of galaxies. Very few
systems seem able to recover from it and resume a star formation
activity typical of the main sequence. Indeed, understanding what
makes galaxies passive (e.g., reduce their star formation by a factor
∼4 or more, roughly �2σ below the main sequence) is one of the
main open questions in galaxy evolution.

A number of physical processes have been invoked to explain
how star formation is quenched in galaxies. Even though this ques-
tion remains unanswered, two key facts have become clear. First,
a basic requirement to halt star formation is to affect the galaxy’s
cold gas reservoir by either removing it, consuming it, or keep-
ing it stable against fragmentation. Second, the way that galaxies
quench is very different depending on whether they are satellites
of a bigger galaxy within their host halo or are centrals.

In the case of central galaxies—the most massive galaxies
within a halo and usually those sitting at (or near) the centre of the

c© The Author(s), 2021. Published by Cambridge University Press on behalf of the Astronomical Society of Australia.

https://doi.org/10.1017/pasa.2021.18 Published online by Cambridge University Press

https://doi.org/10.1017/pasa.2021.18
https://orcid.org/0000-0002-7422-9823
https://doi.org/10.1017/pasa.2021.18
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/pasa.2021.18&domain=pdf
https://doi.org/10.1017/pasa.2021.18


2 L. Cortese et al.

dark matter potential well—, ‘internal’ processes such as feedback
from star formation and/or accreting super-massive black holes
are currently the most popular culprits to explain quenching in the
local galaxy population (e.g., Croton et al. 2006). Conversely, the
fate of satellite galaxies appears to be directly shaped by the exter-
nal physical processes influencing them while orbiting around the
central system in their host dark matter halo (e.g., Gunn & Gott
1972; van den Bosch et al. 2008; Weinmann et al. 2009; Wetzel,
Tinker, & Conroy 2012; Bluck et al. 2020).

How is the gas cycle in satellites affected such that star formation
is quenched? In this review, we focus on the physical mechanisms
that halt star formation in satellite galaxies in the local Universe,
with particular emphasis on the importance of active stripping of
their cold gas reservoirs. By ‘cold gas’, we refer to both atomic
and molecular hydrogen (HI and H2, with typical temperatures
T < 104 K and T < 50 K, respectively) in the interstellar medium
(ISM) of galaxies, which fuel star formation. We aim to review the
progress made in this field in the past few decades and summarise
the status of our knowledge before the next-generation HI sur-
veys with the Square Kilometre Array (SKA; Dewdney et al. 2009)
and its pathfinders open a new era for studies of gas in galaxies.
While doing so, we endeavour to clarify commonmisconceptions,
as well as perceived tensions between theoretical and observational
approaches attempting to identify the physical process driving
galaxies outside the star-forming main sequence.

To set the background, we begin by reviewing the quench-
ing mechanisms usually invoked to break the gas-star formation
cycle in satellite galaxies (Section 2). Next, we summarise and con-
trast the various definitions of gas poorness or deficiency adopted
in the literature, as this is a key property to quantify environ-
mental effects on the cold gas reservoirs of galaxies that has led
to substantial confusion in the field (Section 3). At this point,
we are well equipped to critically examine the observational evi-
dence for cold gas stripping, its effect on star formation and the
important, related question of quenching timescales for satellite
galaxies in nearby clusters (Section 4) and groups (Section 5), as
well as the potential role of pre-processing and large-scale struc-
ture in gas stripping and quenching (Section 6). This will allow
us to build a comprehensive picture of how environment affects
the cold gas and star formation of satellites (Section 7). While this
is mostly an observational review, we link our discussion to pre-
dictions of theoretical models throughout, and towards the end
provide a high-level view of what can be learned on this topic from
state-of-the-art semi-analytic and hydrodynamical simulations of
galaxy formation and evolution (Section 8). We conclude by look-
ing ahead and highlighting future prospects and challenges for this
field (Section 9).

2. Quenching mechanisms in satellite galaxies

When it comes to studying the effect of nurture on galaxy evo-
lution, it has been common practice to conceptually categorise
complex physical processes into separate boxes and to force either
observations or models to fit into the single box able to bet-
ter reproduce the observed properties of galaxies. This has led
not only to debates focused on perceived dichotomies (e.g., ram
pressure vs starvation, hydrodynamical vs tidal interactions, strip-
ping vs evaporation, etc.), but also to the use of the same word
(e.g., starvation, see below) to refer to different physical processes,
creating some confusion among the community.

As today’s passive satellites have typically spent at least a few
billion years in their host halos (e.g., McGee et al. 2009; Han et al.

2018), during such a long time it is inevitable that most of the pri-
mary quenching mechanisms invoked in the literature must have
played a role in shaping their properties. Thus, the question of
which physical process affects satellite galaxies can be re-framed
in terms of how, when, and for how long (i.e., on which timescale)
each process contributes to halt the gas-star formation cycle.

It is indeed now clear that in most cases, multiple processes
are at play simultaneously, and that it may not always be possi-
ble to isolate a dominant one, at least observationally, especially
when we consider the population of passive satellites in the local
Universe rather than individual objects. Instead, a more pragmatic
approach is to first identify which step(s) of the star formation
cycle has(have) been broken, causing star formation to halt, and
then assess the role and impact of the various physical processes
that might have led to it. As shown schematically in Figure 1, there
are several mechanisms that could decrease or even halt star for-
mation, by stopping the supply of gas that replenishes the ISM or
by removing cold gas from the star-forming disc (either via exter-
nal processes or internal ones, such as heating/ejection by nuclear
activity and stellar feedback). Cold gas could also simply be con-
sumed by star formation or stabilised against fragmentation and
thus unable to form new stars. We briefly review these scenarios
below.

2.1. Starvation—halting gas accretion

At least for galaxies with stellar masses greater than ∼ 109 M�, the
typical timescale for cold gas depletion (i.e., the ratio of gas mass to
star formation rate, τdep ≡Mgas/SFR) is a few billion years for both
molecular and atomic phases, assuming a constant SFR (Kennicutt
1983b; Boselli et al. 2001; Saintonge et al. 2017). This is generally
used to argue that, in order to keep forming stars at a constant
rate, the cold reservoir of galaxies in star-forming discs needs to
be continuously replenished. Support to this picture also comes
from the fact that, at least for molecular hydrogen, depletion times
appear to have been even shorter at higher redshift (Schinnerer
et al. 2016; Scoville et al. 2016).

While how gas gets into galaxies is still unclear, cosmolog-
ical simulations suggest that, in the last few billion years, cold
accretion via filaments and/or smooth accretion from the inter-
galactic medium (IGM) have gradually become inefficient (Dekel
et al. 2009; Anglés-Alcázar et al. 2017; Grand et al. 2019), as
cold streams no longer reach the galactic disc. Instead, either
accretion of gas-rich companions (i.e., minor or major mergers)
or wind recycling (e.g., direct cooling of the hot circumgalactic
medium (CGM) via galactic fountain; Fraternali & Binney 2008;
Marinacci et al. 2010) appear to be the most likely accretion chan-
nels to keep local star-forming galaxies active. Regardless of which
physical mechanism(s) is(are) responsible for quenching star for-
mation in the first place, further accretion of cold gas needs to be
prevented in order to avoid that quenched galaxies restart their
star formation. Indeed, while rare, rejuvenation cases are both
observed in the local Universe (Cortese & Hughes 2009; Thilker
et al. 2010) and predicted by numerical simulations (Birnboim,
Dekel, & Neistein 2007; Nelson et al. 2018). Thus, in general, a
galaxy that no longer has access to a source of gas will eventually
run out of fuel and stop forming stars (Figure 1, top row).

In the literature, the lack of replenishment of cold gas in
the ISM is generally referred to as starvation. This general idea
was originally proposed by Larson, Tinsley, & Caldwell (1980)
to explain the existence of passive disc galaxies outside clusters,
where stripping of the ISM could not be effective. In this case,
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Figure 1. Illustration showing the various quenching pathways discussed in Section 2, with particular emphasis on what happens to the cold gas component of the ISM (diffuse
blue). Each ‘quenching sequence’ starts with the galaxy losing its ability to accrete gas from the surrounding CGM/IGM (pink). The colour of the stars (from blue/young to red/old)
indicates the stage of quenching.

accretion was thought to take place via either minor mergers or
infall of clouds of cold gas (i.e., primarily atomic hydrogen), and
galaxies with no access to such a supply would simply run out
of gas. With the advent of semi-analytic cosmological models,
this picture has significantly evolved into the removal of the hot
gas component (only) in the halo of the galaxy (i.e., the primary
reservoir of gas directly available to the galaxy to support star for-
mation; Cole et al. 2000). This also corresponds to the introduction
of the term strangulation (Balogh & Morris 2000), and now both
starvation and strangulation are interchangeably used to refer to
the cessation of accretion from both IGM and CGM.

Regardless of how exactly gas infall is halted, it is obvious that
this is the necessary condition to turn a star-forming galaxy into
a quiescent system and keep it passive for the rest of its life. Thus,
we assume that gas accretion is prevented and focus on the ISM.
Here, the challenge is to determine whether gas already in the disc
is simply consumed by star formation, or other physical processes
directly affect its ability to feed star formation.

2.2. Stripping—removing cold gas from the disc

Amore dramatic way to deprive a galaxy of its fuel for star forma-
tion is to directly remove the cold ISM already in its disc (Figure 1,

second row). For satellite galaxies, the interaction with the envi-
ronment of their host halo provides several channels to remove
star-forming gas. Broadly, these can be divided into two general
classes.

(1) Hydrodynamical mechanisms. These involve the direct inter-
action between the ISM and the intra-group, or intracluster
medium (ICM), and include ram pressure stripping (i.e., the
removal of the ISM due to the pressure exerted by the ICM
while a satellite is moving through its host halo; Gunn & Gott
1972), viscous stripping (i.e., the removal of the outer layer
of the ISM due to the viscosity momentum transfer with the
ICM; Nulsen 1982) and thermal evaporation (increase of tem-
perature, and subsequent evaporation of the cold ISM at the
interface with the hot ICM; Cowie & Songaila 1977). While
the vast majority of past work has focused on ram pressure,
we have observational evidence (as well as theoretical predic-
tions) that both viscous stripping and thermal evaporation
can play a role (e.g., Bureau & Carignan 2002; Roediger &
Hensler 2005; Boselli & Gavazzi 2006; Randall et al. 2008).
Unfortunately, it is extremely challenging to separate these
three physical processes observationally, and it is expected
that all three—if present—affect simultaneously the cold ISM
of galaxies. It is also important to remember that, technically,
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starvation (i.e., the cessation of gas infall) is a hydrodynami-
cal mechanism. It is, in practice, a mild ram pressure that is
able to affect the gas in the halo but not that in the disc. This
is primarily why starvation and ram pressure have been con-
sidered in the literature as two separate mechanisms, despite
the physical process being most likely the same.

(2) Gravitational mechanisms. The ISM can also be removed
from the disc by the gravitational pull affecting satellites while
orbiting in groups and clusters (Boselli & Gavazzi 2006). The
key element here is the variation (temporal and/or spatial) of
the external gravitational potentials that baryons in the disc
are subjected to (Binney & Tremaine 1987). This could be
caused by fly-bys of companion satellites and/or interaction
with the central galaxy (generally divided between low- and
high-speed interactions depending on how the relative speed
of the two galaxies compares to their rotational velocity), or
by the interaction with the whole gravitational potential of
groups and clusters (often referred to as the galaxy–cluster
interaction; e.g., Byrd & Valtonen 1990). The combined effect
of multiple high-speed galaxy–galaxy interactions over long
timescales (i.e., longer than a typical crossing time, a mech-
anism generally referred to as harassment) has also been
invoked to explain the properties of satellite galaxies in clus-
ters (Moore et al. 1996; Smith, Davies, & Nelson 2010a).

As discussed later, discriminating between hydrodynamical
and gravitational processes on the ISM is not always straightfor-
ward, as both can perturb the cold ISM in the disc of galaxies
in a similar way. Arguments based on geometry of disturbed
features, on the comparison between gas and stellar distribu-
tion/kinematics, timescale of the interaction and distribution of
star-forming regions can definitely help in the process but, as we
will see, there is circumstantial evidence that both processes may
sometime act simultaneously in galaxies and that direct stripping
of the ISM from the disc is a fundamental step in the pathways of
satellite galaxies towards quiescence.

2.3. Cold gas removal/heating by internal feedback
mechanisms

Another way to remove cold ISM from galaxies is via internal
feedback related to the star formation process (e.g., supernova
feedback, stellar winds) or to the presence of an active galac-
tic nucleus (AGN) at the centre of galaxies. In both cases, cold
gas could be ejected from the disc and/or heated up, becoming
unavailable for star formation (Figure 1, third row).

From a theoretical point of view, internal feedback is arguably
the most popular mechanism invoked to explain the existence of
passive central galaxies and to reproduce key statistical properties
such as the SFR–stellar mass relation and the stellar mass function
of galaxies (e.g., Croton et al. 2006; De Lucia et al. 2006; Hopkins
et al. 2008). However, the fact that satellite galaxies appear to have
lower cold gas content (e.g., Brown et al. 2017), less star formation,
and a higher passive fraction at fixed stellar mass with respect to
centrals (e.g., van den Bosch et al. 2008; Davies et al. 2019) has led
to the conclusion that feedback may not always be the primary
mechanism driving satellites into quiescence. Interestingly, it is
certainly possible that feedback could still play a role by increasing
the efficiency of other gas removal processes (see e.g., Sections
4.1 and 8), as also suggested by cosmological models (Zoldan
et al. 2017; De Lucia, Hirschmann, & Fontanot 2019; Stevens

2019a). While neglected in the past due to a lack of observations,
this is a scenario that may turn out to be more common than
originally thought, thanks to the improvement of ground- and
space-based facilities making it easier to identify gas outflows
(e.g., via narrow-band imaging or integral field spectroscopy).

2.4. Stability of the cold gas against fragmentation and
star formation

The processes discussed so far are related to the very first step of
the star-formation cycle in galaxies (i.e., the availability of cold
gas), based on the notion that, in order to stop forming stars, a
galaxy must somehow run out of its atomic and molecular gas
reservoirs. A different pathway to quenching is to affect the next
steps of the cycle, that is, either the HI-to-H2 conversion or the
collapse of H2 into stars. Although the formation of molecular
gas might not be strictly required to form stars (it could just be
a by-product of the gravitational collapse of atomic gas on its
way to star formation; Glover & Clark 2012), this phase traces
remarkably well the physical conditions under which new stars
are formed (Krumholz, Leroy, & McKee 2011). In this sense, star
formation could be halted by preventing the atomic gas reservoir
from condensing into molecules and/or collapsing to form stars
(Figure 1, bottom row). More specifically, atomic hydrogen could
be kept stable on a rotating disc below the typical column den-
sity threshold for H2 formation, thus halting star formation (e.g.,
Blitz & Rosolowsky 2006; Bigiel et al. 2008; Leroy et al. 2008).
Additional factors regulating the rate of condensation of atoms
into molecules could be the metallicity of the ISM and the inten-
sity of the interstellar radiation field (e.g., Krumholz, McKee, &
Tumlinson 2009; Gnedin & Kravtsov 2011). Typical examples of
cases in which atomic hydrogen does not appear to be efficiently
converted into molecular phase include the outer parts of star-
forming discs (Bigiel et al. 2010a), low surface brightness galaxies
(Wyder et al. 2009), early-type galaxies with significant HI reser-
voirs (e.g., Knapp, Turner, & Cunniffe 1985; Serra et al. 2012),
and the even more extreme case of the so-calledHI-excess systems
(galaxies with unexpectedly large HI reservoirs based on their SFR
and morphological structure; Geréb et al. 2016, 2018).

Alternatively, even if molecular clouds can be formed, these
could remain stable against collapse due to adverse local condi-
tions (e.g., high gas turbulence and/or high stellar velocity dis-
persion), significantly reducing the efficiency of star formation.
Examples of this scenario are the inner parts of the Milky Way
(Longmore et al. 2013) and of nearby, bulge-dominated systems
(Martig et al. 2009), where turbulence is driven by gravitationally
induced pressure from the bulge. In other words, the stability of
the gas disc is enhanced by the presence of a dispersion-supported
bulge component. However, as we will see, observations seem
to exclude this path as an important one for satellite galaxies in
groups and clusters. This is also because the reduction in star
formation efficiency is generally not large enough to fully quench
galaxies (e.g., Davis et al. 2014).

Of course, as mentioned at the beginning of this section, in
order to be efficient in fully quenching star formation, gas strip-
ping, gas ejection, and stability must be accompanied by a halt in
gas replenishment onto the star-forming disc.

In what follows, we discuss the observational evidence in sup-
port or against these quenching scenarios and show that, after
nearly half a century of observational work, we are in a position
to build a coherent picture of the physical processes affecting the
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gas reservoir and star formation quenching in satellite galaxies at
z ∼0. As a necessary step to quantify environmental effects on cold
gas content, we begin by reviewing the various definitions of gas
deficiency and their implications.

3. Quantifying gas poorness—The concept of gas deficiency

Quantifying the degree of cold gas poorness, or deficiency, of
galaxies located in group and cluster environments, compared
to similar systems in the field, has been critically important
to develop our understanding of quenching mechanisms.
Interestingly, several techniques have been adopted to quantify
gas deficiency, with often different implicit assumptions on the
physics affecting the cold gas reservoirs of galaxies—sometimes
leading to conflicting conclusions. Indeed, as discussed below,
galaxies can simultaneously be gas-poor and gas-rich, depending
on which definition is used.

Historically, most of the work in this area has focused on
atomic hydrogen deficiency, mainly due to the lack of large
statistical surveys of molecular hydrogen in galaxies. However,
the arguments presented below are applicable also to molecular
hydrogen.

3.1. Definitions based on optical diameter

Early studies of cluster galaxies started quantifying gas deficiency
by comparing total HI mass-to-luminosity ratios (distance-
independent quantities) of cluster and field systems at fixed lumi-
nosity and/or morphology (Robinson & Koehler 1965; Davies &
Lewis 1973; Huchtmeier et al. 1976). However, it soon became
clear that a more robust approach was to control galaxies by their
morphological type and optical diameter (Chamaraux, Balkowski,
& Gerard 1980). Indeed, the optical size versus HI mass relation
turned out to be the tightest scaling relation (among those investi-
gated at that time) linking HI mass to optical galaxy properties.
While Chamaraux et al. (1980) were among the first to intro-
duce the concept of HI deficiency, the first statistical definition
of the concept of HI normalcy and HI deficiency (and arguably
the foundation of this entire field) was presented by Haynes &
Giovanelli (1984, hereafter HG84), in a study of a sample of 324
isolated galaxies extracted from the Karachentseva (1973) Catalog
of Isolated galaxies and the Uppsala General Catalog (Nilson
1973) and observed with the Arecibo 305-m radio telescope. They
showed that, at fixed morphological type, the optical property
most strongly correlated with global HI mass is the galaxy isopho-
tal optical diameter. This relation for isolated galaxies defines ‘HI
normalcy’ and can be used to predict the total HI mass within
∼0.2–0.3 dex. Thus, HI deficiency is defined as:

DEFHI = log(Mpred
HI [T,Dopt])− log(Mobs

HI ), (1)

whereMpred
HI [T,Dopt] is the HI mass expected for an isolated galaxy

with the same morphological type (T) and optical diameter (Dopt)
as the observed galaxy, that is,

log (h2Mpred
HI [T,Dopt])= aT + bT log (hDopt)2, (2)

where h=H0/100, H0 is the Hubble constant, and aT and
bT are the best-fitting coefficients tabulated as a function of
morphological type.

In the past few decades, several independent works have pre-
sented revised versions of this calibration, primarily motivated

by improvements in data quality, number statistics, morpholog-
ical spread, and/or definition of isolated galaxy (e.g., Solanes,
Giovanelli, & Haynes 1996; Boselli & Gavazzi 2009; Toribio
et al. 2011; Dénes, Kilborn, & Koribalski 2014; Jones et al.
2018). Remarkably, the most recent re-calibration of the optical
diameter-based HI deficiency presented by Jones et al. (2018)—
based on the Analysis of the interstellar Medium in Isolated
GAlaxies (AMIGA; Verdes-Montenegro et al. 2005) project—has
shown that the original coefficients presented by HG84 are still
very much consistent with those based on modern datasets. An
additional variant of the HG84 definition is to ignore the mor-
phological dependence and assume that all galaxies have the same
average HI surface density (Chung et al. 2009). While qualitatively
consistent with the original calibration, this implementation is less
robust as the typical HI surface density of galaxies is not con-
stant (Bigiel & Blitz 2012), but admittedly it has the advantage of
not relying on morphological classification and all potential biases
associated with this.

The fact that the isophotal diameter turned out to be more
strongly correlated with total HI mass than other optical proper-
ties (such as luminosity) should not come as a surprise. Firstly,
for a self-gravitating disc, it is easy to show that the gas mass of
the disc is more tightly connected to the specific angular momen-
tum than the luminosity of a system (or even its stellar mass, see
also Sections 3.3 and 3.4). Indeed, at fixed total mass, the scatter
in cold gas mass is primarily driven by the spread of spin parame-
tera (Mo, Mao, & White 1998; Boissier & Prantzos 2000; Huang
et al. 2012; Maddox et al. 2015; Obreschkow et al. 2016) and,
observationally, sizes are more directly linked to spin than optical
luminosities. Secondly, for disc galaxies, scaling relations involv-
ing isophotal radii are always tighter than those based on scale
lengths and/or effective radii (e.g., Saintonge & Spekkens 2011;
Cortese et al. 2012b; Sánchez Almeida 2020; see also Section 4.3),
as they better trace the outer parts, and thus the full extent, of the
disc component of galaxies.b

A key point to note is that, by defining HI deficiency at
fixed morphology and optical diameter, we implicitly make strong
assumptions on the type of physical processes that this indicator is
sensitive to. Namely, we indirectly imply that the mechanism(s)
removing theHI: (a) does not change themorphology of the galaxy
and (b) does not affect the extent of the stellar disc. Or, at the
very least, the implication is that any morphological and/or size
transformations take place on timescales significantly longer than
those needed to make the galaxy HI-deficient. Thus, while ideal to
trace most hydrodynamical mechanisms (including outflows and
starvation), this definition may not always be suited to identify
stripping events where gas and stars are affected simultaneously
(e.g., tidal stripping) or to follow the long-term evolution if the
stellar distribution or morphology do change with time.

3.2. Definitions based on colour and structural properties

Despite its popularity over the past few decades, the HG84 defini-
tion of HI deficiency has turned out not to be the ideal approach
for an application to large datasets and comparison with cos-
mological simulations. With the advent of the Sloan Digital Sky

aThe spin parameter, λ, is a dimensionless quantity used to parameterise the devia-
tion from centrifugal equilibrium (or in other words the amount of rotation) of a dark
matter halo.

bSee also Stevens et al. (2019b) for an extensive discussion on the origin of the small
observed scatter of the HI mass versus HI size relation.
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Survey (SDSS, York et al. 2000) in the early 2000s, isophotal
radii have gradually become ‘less popular’ than effective radii,
and reliable estimates have been rarely available for large datasets
overlapping with HI observations. At the same time, accurate
determination of morphological types (e.g., the ability to dis-
criminate between Sa, Sb, and Sc) for large statistical samples
became more challenging already at distances beyond those of
the Coma cluster (∼100 Mpc, z ∼0.023), potentially boosting the
uncertainty in the estimate of deficiency. Moreover, morpholog-
ical types based on visual classification are also not a standard
and/or consistent output of numerical simulations, which param-
eterise galaxy morphology using more quantitative indicators.
These issues prompted the community to develop new HI defi-
ciency estimators (and related definitions of HI normalcy) which,
in many instances, have also been used as basis to predict HI
masses for large samples of galaxies without 21-cm observations
available.

One of such modern versions of HI deficiency is the so-called
HI gas fraction plane introduced by Catinella et al. (2010). By
taking advantage of data from the GALEX Arecibo SDSS Survey
(GASS), they show that the best predictor of HI-to-stellar mass
ratio is a linear combination of the observed (i.e., not corrected for
internal dust attenuation) near-ultraviolet minus r-band colour
(NUV-r) and stellar mass surface density (μ∗ ≡M∗/(2π R2

50,z),
where M∗ is the total stellar mass and R50,z is the radius contain-
ing 50% of the galaxy light in the z-band), with a typical scatter of
∼0.3 dex (see also Catinella et al. 2013):

log (MHI/M∗)= a1(NUV − r)+ a2μ∗ + a3, (3)

where ai are the coefficients of the best fit. The potential advantage
of this definition is that it does not require a morphological clas-
sification and is based on quantities that are now readily available
for hundreds of thousands of nearby galaxies.

Interestingly, so far this technique has primarily been used to
identify HI-excess systems (see Section 2.4) and only Cortese et al.
(2011) have tested it as a potential indicator for HI deficiency. They
show that, while the deviations from the gas fraction plane and
the HG84 HI deficiency are correlated, the scatter can be signif-
icant (∼0.4 dex), with important systematic offsets. While this is
partially due to the sample used to calibrate the scaling relations
(e.g., isolated galaxies vs field objects vs centrals), there is a funda-
mental physical reason why these two techniques do not always
agree. The position of a galaxy in the gas fraction plane is pri-
marily driven by its NUV-r colour (i.e., a proxy for its unobscured
SFR, traced by the NUV emission, per unit stellar mass, traced by
emission in r-band), with a secondary dependence on optical size
(via μ∗). Indeed, it has been shown by several works that HI is
much more directly correlated with the star formation traced by
the ultraviolet than with the bulk of (mostly obscured) star for-
mation in galaxies (e.g., Bigiel et al. 2010b; Catinella et al. 2018).
Thus, contrary to the HG84 definition, the underlying assump-
tion in this case is that HI is affected but star formation is not
(at least within the timescale traced by the NUV-r colour, i.e.,
∼ 108 yr). This implies that this parametrisation is sensitive only
to processes that either: (a) remove cold gas from galaxies on a
significantly shorter timescale than that needed to affect the star
formation, or (b) act only on the part of the atomic gas reservoir
that is not directly fuelling star formation (e.g., the outer discs of
galaxies).

3.3. Definitions based on broad-band luminosity
or stellar mass

Another approach to quantify gas deficiency is via correlations
between gas mass and broad-band optical/near-infrared lumi-
nosities (or even stellar masses; Chamaraux et al. 1980). This
technique has recently regained some popularity thanks to Dénes
et al. (2014), who estimated scaling relations between HI mass
and luminosities in B, r, K, H, and J bands for galaxies detected
by the HI Parkes All Sky Survey (HIPASS; Barnes et al. 2001).
Within the HIPASS sample, these relations have a typical scatter
of ∼0.3 dex, comparable to that of other HI deficiency proxies,
and are used by the authors to identify HI-excess and HI-deficient
galaxies.

While this approach has the advantage of requiring only a sin-
gle band luminosity, recent works have highlighted its significant
limitations (see also Bottinelli & Gouguenheim 1974 and HG84
for early discussions on why this approach may not be ideal). We
now know that the optical luminosity/stellar mass versus HI mass
relation is primarily driven by the fact that there are increasing
numbers of star-forming (gas-rich) galaxies compared to passive
(gas-poor) systems as we shift to considering lower stellar masses
(Brown et al. 2015). Indeed, at fixed colour or SFR, the correlation
becomes significantly weaker, with galaxies following shallower,
parallel relations on the HI gas fraction–stellar mass plane, and
star-forming systems being systematically more gas-rich. Thus,
this relation is not a direct physically motivated correlation com-
pared to the other correlations with star formation rates or galaxy
sizes, and it has a scatter significantly larger (0.5 dex or higher;
Catinella et al. 2018).

The unusually small scatter of the Dénes et al. (2014) cali-
bration is simply due to a selection effect—because of its limited
sensitivity, HIPASS detects only the most gas-rich galaxies in the
local Universe (see also Lutz et al. 2017). As we discuss later in this
work, this is a common issue for samples detected by HI-blind sur-
veys, which are primarily biased towards gas-rich galaxies within
their volumes (e.g., Huang et al. 2012). The fact that the HI mass
versus luminosity/stellar mass scaling relation for a blind HI sur-
vey is not representative of the global galaxy population, but offsets
towards gas-rich systems, implies that galaxies with normal HI
content (according, e.g., to theHG84 definition)may be labelled as
HI-deficient. Moreover, from a physical point of view, the use of a
deficiency parameter based only on mass/luminosity significantly
complicates the interpretation of any trends. As all galaxy proper-
ties correlate with stellar mass, it is unclear whether gas deficiency
with respect to mass is tracing environmental effects or more sim-
ply the bimodality of star-forming properties of galaxies, which
has been shown to be well established in all environments (e.g.,
Baldry et al. 2006).

3.4. Definitions based on specific angular momentum

In recent years, independent works have put forward a new def-
inition of gas deficiency based on the angular momentum prop-
erties of galaxies. This idea has been proposed by a few authors
throughout the last few decades (e.g., Zasov & Rubtsova 1989;
Safonova 2011) and most recently expanded by Li et al. (2020).
Their approach is based on the assumption that, for a flat expo-
nential disc with circular rotation, the maximum allowed, stable
value of gas fraction strongly depends on the mass and kine-
matics of the disc. One way to parametrise this is through the
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dimensionless global disc stability parameter q (Obreschkow et al.
2016):

q= jσ
GM

, (4)

where j is the baryonic (gas plus stars) specific angular momen-
tum (i.e., angular momentum per unit mass) of the disc, σ is the
gas velocity dispersion, M is the total baryonic mass, and G is the
gravitational constant. The relation with neutral atomic (HI plus
helium) gas fraction, fatm =Matm/Mbaryons, can then be generally
approximated by a truncated power law of the form:

fatm =min
{
1, 2.5q1.12

}
. (5)

While this is arguably a more physically motivated definition of HI
deficiency (but see also Romeo &Mogotsi 2018 for some potential
limitations of this approach), the basic assumptions are the same
behind the original HG84 definition. Indeed, Li et al. (2020) show
that (at least in the case of galaxies in the Virgo cluster) the two
definitions provide remarkably consistent results.

From a practical point of view, the main short-coming of this
technique is that, in addition to being calibrated on pure-disc
galaxies only, it requires information on both the two-dimensional
distribution and velocity field for at least one baryonic compo-
nent of galaxies, as well as the total baryonic mass, which is much
more difficult to obtain than optical diameter measurements.
Regardless, this method implicitly assumes that the process affect-
ing the gas does not change significantly the kinematic properties
of the baryons in the galaxy (i.e., the specific angular momen-
tum is not altered), which is not so different from the basic
assumption of the optical size-based deficiency. In other words,
as already hinted in Section 3.1, this definition can be viewed as a
physical explanation for the success of the optical diameter-based
approach.

3.5. A direct comparisonof different gas deficiencydefinitions

One of the key reasons why the above limitations have rarely been
discussed in the literature is that we are still lacking galaxy sam-
ples that simultaneously cover wide ranges of environments (to
include both gas-rich and gas-deficient systems), are representa-
tive of the local galaxy population (to calibrate reliable scaling
relations) and for which sizes, luminosities and angular momen-
tum can be homogeneously estimated (see howeverHG84, Cortese
et al. 2011; Teimoorinia, Ellison, & Patton 2017; Li et al. 2020
for discussions on different gas deficiency definitions and gas
predictors in general).

Thus, in order to clarify the points discussed here, we take
advantage of the semi-analytic cosmological model of galaxy for-
mation and evolution SHARK (Lagos et al. 2018). The point of
this exercise is not to reproduce the observed scaling relationsc
but to show that, even if we calibrate gas deficiency definitions
using exactly the same sample and assumptions, major biases still
remain.

We compare the optical size, total stellar mass (M∗), specific
angular momentum (via the q parameter), and (NUV-r)+μ∗-
based approaches for galaxies with stellar masses between 109 and
1011 M�. The first three definitions are calibrated on central galax-
ies within 1.5σ from the SHARK main sequence of star-forming

cIndeed, while SHARK shows improvements over previous semi-analytical models in
reproducing galaxy scaling relations, there are still clear limitations when it comes to
matching the gas properties of galaxies across environments (e.g., Hu et al. 2020).

galaxies, whereas the (NUV-r)+μ∗ plane is estimated for all cen-
tral galaxies with an atomic gas fraction greater than 1%, following
Catinella et al. (2010). For the optical size, we use the radius
including 50% of the stellar mass of the disc (R∗(50)), whereas we
estimate q from the total baryonic specific angularmomentum and
baryonic mass. For each galaxy in the model, we then calculate
deficiency as the logarithmic difference between the HI content
predicted from each scaling relation and the one given (DEFHI ≡
log (MHI,pred)− log (MHI)). Galaxies withDEFHI >2.5 are set to 2.5
to encapsulate the inability of observations to detect cold gas in
extremely gas-poor objects.

The results are shown in Figure 2. As expected, the size and
q-based estimates generally agree and are not too offset from the
1-to–1 line (left panel), whereas larger systematic offsets are seen
for the stellar mass (middle) and (NUV-r)+μ∗ (right) approaches.
In particular, a significant fraction of HI-normal galaxies (i.e.,
−0.3<DEFHI <0.3, indicated by the grey band) according to the
size-based calibration would be classified as HI-deficient using
the stellar mass-based calibration (i.e., DEFHI >0.5 to the right of
the vertical dotted-dashed line in the middle panel), or even HI-
rich or HI-excess galaxies (e.g., DEFHI < −0.5). Conversely, many
HI-deficient systems according to the size-based approach would
appear HI-normal for the gas fraction plane definition (see also
Cortese et al. 2011). As mentioned above, this is just due to the dif-
ferent samples used to calibrate the two recipes (all central galaxies
with gas fraction above a threshold versus star-forming centrals
only). Thus, to first order, HI-deficient galaxies would move along
the plane. If we calibrate the plane on just star-forming galaxies,
the dependence on star formation disappears almost entirely (sim-
ply by selection: i.e., all galaxies have similar SFRs) and the plane
becomes equivalent to the gas mass–optical size relation.

In summary, some care must be taken when it comes to the
HI deficiency parameter, as its definition and implications for
environmental studies may differ significantly from one work to
another. As we reviewed in this section, different scaling relations
between cold gas content and another galaxy property (or a com-
bination of two or more) can be used to define HI normalcy, and
offsets from it. The interpretation of such an offset as an indica-
tor of HI deficiency depends critically on three elements: (1) the
choice of scaling relation, which implies underlying assumptions
on the physical process that removes the gas; (2) the reference
sample used to calibrate the scaling relation itself, typically iso-
lated or field galaxies with HI measurements. Clearly, reference
samples biased towards gas-rich systems (such as detections from
HI-blind surveys) may lead us to misclassify HI-normal systems
as HI-deficient ones; (3) the choice of a threshold separating HI-
poor fromHI-normal systems (typically from 0.3 to 0.5 dex, which
is ∼1–1.5 times the scatter of these relations, see also Figure 2).

Definitions of HI deficiency based on the size of the stellar
disc or on its global-specific angular momentum are most sensi-
tive to stripping processes, which may affect both gas content and
star formation, hence are of particular relevance for this review
(however, optical sizes are more readily available for large sam-
ples of galaxies). Choosing instead NUV-r colour (a proxy for
unobscured specific SFR, see Section 3.2) as a scaling parame-
ter implicitly assumes that gas is removed but star formation is
not affected. We discourage the use of definitions based on stellar
mass or luminosity alone, which have very large scatter (strongly
dependent on SFR) and are often inconsistent with the ‘classical’,
size-based HI deficiency, even when based on the same calibration
sample (Figure 2, middle panel).
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Figure 2. Comparison between different estimates of HI deficiency (DEFHI ≡ log (MHI,pred)− log (MHI)) calibrated on the SHARK semi-analytical model of galaxy formation. From left
to right, the panels show the specific angular momentum/stability parameter (q)-based, the stellar mass (M∗)-based, and gas fraction plane-based ((NUV − r)+ μ∗) definitions
against the one calibrated on the HI mass versus optical disc size relation. The solid line shows the 1-to-1 relation, the grey band shows the region of ‘HI-normalcy’ defined by
the typical scatter in the scaling relations (i.e., −0.3< DEFHI <0.3), and the dotted-dashed lines show the threshold of DEFHI=0.5 that we use in the rest of this paper to isolate
bona-fide HI-deficient galaxies. See Section 3.5 for details on how each parameter has been estimated.

Much of the literature on the effects of environmental pro-
cesses on the HI content of galaxies makes use of the optical
size-based HI deficiency parameter, and this is what we adopt in
the rest of this review (using a conservative threshold of 0.5 dex
to safely identify HI-deficient galaxies, unless otherwise noted).
However, these types of binary classifications, although initially
convenient, never capture the complexity of galaxies nor the con-
tinuum of properties that we observe, thus we hope that the advent
of new large-area blind surveys will see the community abandon
this historical terminology and refer instead to offsets with respect
to scaling relations, making sure that the calibration samples are
representative of the galaxy population.

4. Cold gas removal in nearby clusters—MHALO >1014 M�

4.1. The case for HI stripping

We start by focusing on clusters of galaxies, as these are the envi-
ronments where most of the progress has beenmade in the last few
decades. In reality, as it will become immediately clear, our knowl-
edge of cold gas in these environments is heavily based on studies
of one single cluster, Virgo, in particular when it comes to resolved
analysis. At a distance of just∼16–18Mpc (Mei et al. 2007; Planck
Collaboration et al. 2016) from Earth, and sitting in the middle of
the northern Spring sky, Virgo has been the primary target of most
gas surveys focusing on understanding the role of environment on
the gas cycle of galaxies. Given that Virgo may not be the average
nearby cluster, at least in terms of accretion history and number of
substructures (Sorce, Blaizot, & Dubois 2019), this is something to
keep in mind.

The reason for our limited knowledge of gas content in clus-
ter galaxies is that HI-blind surveys, which have provided the
largest samples of global HI measurements, only detect the most
gas-rich galaxies in their volumes (i.e., the star-forming popula-
tion), hampering our ability to study systems in the process of
being affected by the environment. To demonstrate this point, we
take advantage of xGASS (the extended GASS survey; Catinella
et al. 2018), a stellar mass-selected, gas fraction-limited survey

of ∼ 1 200 galaxies that is the current benchmark for a repre-
sentative sample in terms of HI properties of nearby galaxies.
In Figure 3, we show which parts of the stellar mass-SFR plane
are typically detected by HI-blind surveys, in comparison with
xGASS (left panel). As a reference for HI-blind surveys, we
consider the upcoming Widefield ASKAP L-band Legacy All-
sky Blind surveY (WALLABY; Koribalski et al. 2020), which,
for unresolved sources, will have a factor ∼2 better sensitivity
than the current state of the art, the Arecibo Legacy Fast ALFA
(ALFALFA; Giovanelli et al. 2005) survey. We assume a typical
root mean square (rms) noise for WALLABY of σ = 1.6 mJy and,
for each distance shown in Figure 3, we plot galaxies that will be
detected above a 5σ threshold assuming a typical velocity width of
200 km s−1. Given that not even xGASS detects all passive galax-
ies, here we take a conservative approach by plotting the upper
limits of HI non-detections (triangles). It is clear that, while at
the distance of Virgo, both the star-forming and quiescent popula-
tions are mapped, beyond ∼60–100 Mpc aWALLABY-like survey
will not be able to detect a large number of galaxies below the
star-forming main sequence.

From the early works by Davies & Lewis (1973) and
Huchtmeier, Tammann, & Wendker (1976), every investigation
of clusters of galaxies has found that the late-type population has
significantly less HI content than galaxies in isolation at fixed
morphology, size, and/or optical luminosity. Most of the early sta-
tistical works in this area were carried out with single-dish anten-
nae like the Arecibo and Nançay radio telescopes (e.g., Sullivan
& Johnson 1978; Chamaraux et al. 1980; Giovanelli, Chincarini,
& Haynes 1981; Giovanelli & Haynes 1985; Haynes & Giovanelli
1986), which simply provided global HI masses, but no informa-
tion on the spatial distribution of the gas within the galaxy. Despite
this limitation, 21-cm-deep surveys of several clusters in the local
Universe (e.g., Virgo, Coma, Abell 262, Abell 1367, Cancer, Abell
2147/2151) have shown that HI deficiency is a widespread phe-
nomenon in clusters and that, while deficiency does not strongly
correlate with any galaxy or cluster property (see Figure 4), there
is a common trend for the degree of deficiency to increase with
decreasing distance from the cluster centre.
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Figure 3. The ability of HI surveys to detect galaxies across the stellar mass versus SFR plane. The left-most panel shows the distribution of galaxies in the xGASS survey, which
we use as input. Circles and triangles indicate HI detections and non-detections, respectively. Galaxies are colour-coded according to their HI mass (circles) or provided upper
limit (triangles). The dashed line shows 2σ below the star-forming main sequence. The remaining panels show which galaxies would be detected (at 5σ level assuming a velocity
width of 200 km s–1) by a survey with 1.6mJy rms noise (close to the expected sensitivity of theWALLABY survey) for distances varying between 30 and 120 Mpc. We conservatively
assume xGASS non-detections at their upper limit. It is clear that, above∼40–50 Mpc, most of the passive population starts to disappear and at distances higher than∼100 Mpc
only galaxies in the main sequence are detected.

Figure 4. The fraction of HI-deficient spiral galaxies as a function of cluster velocity dis-
persion (a proxy for cluster mass) for the sample of nearby clusters of galaxies studied
in Solanes et al. (2001). Points are colour-coded by X-ray temperature, TX . It is clear that
the fraction of HI-deficient spirals in clusters does not strongly depend on TX or mass
of the cluster.

Nevertheless, the HI deficiency versus cluster-centric distance
relation has a large scatter (Solanes et al. 2001; Boselli & Gavazzi
2006), with HI-deficient galaxies observed up to a few Mpc
projected distance from the centre, and both the shape and scatter
of the correlation appear to depend on the dynamical state of
the cluster (e.g., with Coma having a better defined correlation
than Virgo). This result, combined with the initial evidence
that gas-poor late-type galaxies follow more radial orbits than
gas-rich systems (Dressler 1986; Giraud 1986; Solanes et al. 2001),
provided the foundation to the idea that, in clusters, atomic
hydrogen is directly removed from the disc during the infall, with
hydrodynamical effects such as ram pressure being the primary
suspect. However, it is worth noting that the same trends could
also be explained via galaxy–galaxy interactions (e.g., Valluri &
Jog 1990, 1991). In other words, direct stripping of the cold ISM
seemed needed to explain the significant lack of gas observed

in cluster spirals, but the primary driver remained elusive to
single-dish observations.

The advent of radio interferometric observations dramati-
cally improved the situation. Since the first observations of Virgo
cluster galaxies by Warmels (1988) and Cayatte et al. (1990), it
became clear that not only the total amount of gas, but also its
radial distribution changes when galaxies plunge into clusters. HI-
deficient cluster galaxies have surface density profiles significantly
less extended than their optical sizes, as most of the hydrogen
is missing from the outer parts of the disc, whereas the inner
regions show little (e.g., within a factor of ∼2) variations in gas
surface density. The transition between inner (gas-normal) and
outer (gas-deficient) parts of the HI disc is much sharper than
observed in field spirals and can drop from a healthy ≥ 5 M�
pc–2 to less than 1 M� pc–2 within just a couple of kiloparsec.
This unique feature—generally referred to as truncation of the gas
disc—represents one of the clearest (if not the clearest) observa-
tional pieces of evidence supporting the idea that gas is directly
stripped from the disc. Indeed, it is difficult to imagine a scenario
in which a simple cessation of gas infall and/or outflows could pro-
duce such a remarkable feature (Boselli et al. 2006), without also
affecting the stellar disc, which instead generally shows no sign of
strong environmental perturbations in cluster galaxies.

In Figure 5, we take advantage of data from the VLA Imaging
of Virgo in Atomic gas (VIVA; Chung et al. 2009) survey to show
the strong correlation between HI deficiency and the extent of
the HI disc normalised by the optical diameter. HI diameters are
iso-density diameters measured at 1 M� pc–2 level, while optical
ones are measured at the 25th magnitude per square arcsecond
from the Third Reference Catalogue of Bright Galaxies (RC3; de
Vaucouleurs et al. 1991). This illustrates how high deficiencies
are associated with smaller HI discs, confirming that gas removal
happens preferentially outside-in. Points are colour-coded by the
average HI surface density within the HI size. It is clear that there
is not a strong difference in surface densities between HI-deficient
and HI-normal galaxies (see alsoWang et al. 2016), as surface den-
sity appears to regulate the scatter of the relation for all deficiency
values.

The detailed information provided by the resolved HI maps
of Virgo galaxies made it possible to start modelling the interac-
tion with the cluster environment, thus getting closer to isolating
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Figure 5. The HI-to-optical isophotal diameter as a function of HI deficiency for galax-
ies in the Virgo cluster included in the VIVA survey (Chung et al. 2009). Points are
colour-coded by average HI surface density. Vertical and horizontal dotted lines are
shown to guide the eye and highlight that DEFHI ∼0.5 roughly corresponds to gas
removal up to the optical isophotal radius.

the physical mechanism(s) responsible for the observed HI defi-
ciency. Fundamental in this area have been the works carried out
by Vollmer et al. (2001, 2004b) and Vollmer (2003) on individ-
ual Virgo galaxies, showing that stripping via a hydrodynamical
process such as ram pressure is necessary to reproduce the three-
dimensional distribution of atomic hydrogen in these systems.
A similar conclusion was reached by interferometric studies of
other nearby clusters such as Coma and Abell 1367 (Bravo-Alfaro
et al. 2000, 2001; Scott et al. 2010). More recently, the discovery
of one-headed HI tails, in some cases pointing away from the X-
ray centre of clusters, has provided even more direct proof for the
importance of stripping in removing cold hydrogen from the star-
forming disc (e.g., Oosterloo & van Gorkom 2005; Chung et al.
2007; Ramatsoku et al. 2019; Deb et al. 2020). Indeed, for the typ-
ical ICM density of ∼10–3 cm–3 inferred from X-ray observations,
infalling velocities of ∼1 000 km s−1 are enough for ram pressure
to strip at least part of the atomic hydrogen content from the star-
forming disc of galaxies (Gunn & Gott 1972; Boselli & Gavazzi
2006; Köppen et al. 2018).

While all the observational evidence collected so far indicates
that active stripping due to the interaction between the galactic
ISM and the ICM is likely the main reason for the lack of HI in
disc galaxies, this does not mean that ram pressure is sufficient
to explain the transformation of satellite galaxies. We now know
plenty of galaxies for which at least one of the alternative envi-
ronmental mechanisms described in the Introduction needs to be
invoked to explain their properties. These include gravitational
interactions needed to reproduce the kinematic properties of the
stripped gas (e.g., NGC4254, Duc & Bournaud 2008; NGC4438,
Vollmer et al. 2005; Kenney et al. 2008; CGCG97-073/79, Gavazzi
et al. 2001), and feedback from star formation (e.g., NGC4424,
Boselli et al. 2018). Moreover, there are also individual cases
where gravitational interactions may be the dominant mechanism
responsible for HI stripping (e.g., NGC 4532/DDO 137 in Virgo,
Koopmann et al. 2008; NGC1427A in Fornax, Lee-Waddell et al.
2018; the Abell cluster 1367, Scott et al. 2010). This should not

come as a surprise, as the pericentre of the orbit of a satellite in a
cluster is precisely where ram pressure, cluster tides, and number
of high-speed encounters are expected to reach their peak intensity
(e.g., Smith et al. 2010a). Once again, this highlights the complex-
ity of galaxy evolution in clusters and, while focusing on a single
physical mechanism might still prove useful for individual objects
(where a given process might indeed explain the main current fea-
tures of a galaxy, see e.g. Section 8), it would be reductive to expect
that it alone could account for the full galaxy transformation over
long times.

4.2. What about molecular hydrogen?

According to our current view of star formation in galaxies, it
is now accepted that molecular hydrogen (H2) is more directly
connected to star formation than HI on local (i.e. kiloparsec or
smaller) scales (Bigiel et al. 2008; Leroy et al. 2008), with HI simply
providing the reservoir out of which molecular clouds are formed.
As such, the link between HI stripping and quenching of star for-
mation is not straightforward. Is molecular gas directly stripped as
well? Or is this denser phase of the ISM not strongly perturbed by
the environment and simply consumed by star formation?

Answering these questions has been challenging because of the
lack of molecular gas measurements for large statistical samples
of galaxies, spanning different environments. The first compli-
cation is that, being a symmetric molecule with low mass, H2
does not emit at the low temperatures typical of molecular clouds
(T < 50 K), and thus requires an indirect indicator. The most
widely used tracer of H2 is carbonmonoxide (CO), the most abun-
dant molecule after H2, whose rotational lines are easily excited
in cold molecular clouds (see e.g., Bolatto, Wolfire, & Leroy 2013
for an extensive review on this topic). The second complication is
that, unlike for HI, there are no large-area, blind surveys of CO
emission in the local Universe, and targeted samples are small.
At the time of writing, quantification of global H2 scaling rela-
tions is limited to a few hundred galaxies (e.g., Saintonge et al.
2011, 2017; Bothwell et al. 2014; Cicone et al. 2017), a number
that drops even more when it comes to resolved properties (Leroy
et al. 2009). Luckily, the Atacama Large Millimeter/submillimeter
Array (ALMA; Wootten & Thompson 2009) is already having a
tremendous impact on this field, especially for galaxies at higher
redshift.

The lack of representative samples suitable to define H2 nor-
malcy for galaxies has meant that any potential quantification of
H2 deficiency is made more challenging, due to selection biases
and large scatter in scaling relations (Boselli, Lequeux, & Gavazzi
2002). Nevertheless, all initial investigations suggested that galax-
ies in rich clusters have on average the same molecular hydrogen
content as systems in isolation (e.g., Kenney & Young 1986, 1988;
Stark et al. 1986; Casoli et al. 1991, 1998; Boselli et al. 1997). From
a theoretical point of view, this is fully consistent with an outside-
in stripping scenario, where only the more diffuse gas phase (i.e.,
HI) in the outer parts of the star-forming disc can be signifi-
cantly affected by environment. Indeed, it can be easily shown
analytically that giant molecular clouds are too dense to be appre-
ciably stripped by the ram pressure wind (e.g., Yamagami & Fujita
2011).

The fact that H2 is significantly less affected by the cluster
environment than HI is evident in Figure 6, where we show
H2-to-HI mass ratios as a function of stellar mass for disc galax-
ies (S0 or later types) in the Virgo cluster, taken from Boselli,
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Figure 6. The molecular-to-atomic hydrogen mass ratio for disc galaxies (S0 or later
types) in the Virgo cluster (Boselli et al. 2014a). Circles indicate detections in both HI
and H2, upward and downward triangles are upper limits in HI and H2, respectively.
Galaxies are colour-coded by HI deficiency. The grey region in the background shows
the typical parameter space covered by local galaxies as traced by the xGASS-CO sam-
ple. It is clear that HI-deficient galaxies in Virgo have elevatedmolecular-to-atomic gas
ratios, confirming that HI is muchmore affected by the cluster environment than H2.

Cortese, & Boquien (2014a). These are compared with results from
xGASS-CO (grey region; Catinella et al. 2018), a representative
sample with CO(J = 1→ 0) measurements from xCOLD GASS
(the extended CO Legacy Database for GASS survey; Saintonge
et al. 2017). While HI-normal galaxies (blue symbols) are consis-
tent with galaxies from xGASS-CO, HI-deficient systems in Virgo
(red symbols) are clearly H2-dominated (see also Mok et al. 2016;
Loni et al. 2021). So, is H2 affected at all, or are cluster galaxies
simply not H2 deficient?

Thanks to improvements of millimeter facilities, recent years
have seen growing observational evidence in support of H2 defi-
ciency being a natural step in the path of satellite galaxies toward
quenching. One of the first and best direct examples of H2 strip-
ping is probably NGC4522 in the Virgo cluster (Vollmer et al.
2008, but see also Vollmer et al. 2005), which shows extraplanar
CO emission up to a few kpc from the disc, consistent with dis-
placement due to ram pressure. Fumagalli et al. (2009) extended
this work by providing the first statistical evidence for a popula-
tion of H2-deficient galaxies in the Virgo cluster. By combining
resolved HI and H2 observations for 47 galaxies across different
environments, they showed that, while HI deficiency by itself is not
a sufficient condition for molecular gas depletion, H2 reduction is
associated with the removal of HI inside the galaxy’s stellar disc.
This is consistent with the idea that the cold ISM is removed from
the disc outside-in and molecular hydrogen, being more centrally
concentrated than HI, is affected only when the stripping becomes
efficient within the radius of the stellar disc. Intriguingly, they did
not interpret H2 deficiency as evidence for direct stripping of CO,
but more as evidence that—when HI is stripped—the remaining
atomic gas is at too low column densities to condense and form
molecules.

A similar trend was more recently presented by Boselli et al.
(2014c), who took advantage of single-dish CO observations
for the volume- and K-band-limited Herschel Reference Survey
(HRS, Boselli et al. 2010) to quantify H2 normalcy (based on either
stellar mass or size) in a sample of nearby, HI-normal late-type
galaxies. They then quantified the degree of H2 deficiency in Virgo

galaxies and showed that the most HI-deficient galaxies are also
H2-deficient. Importantly, galaxies are H2-deficient only when
they have already lost ∼80–90% of their original atomic hydrogen
reservoir (i.e., DEFHI >1). Contrary to Fumagalli et al. (2009),
they interpreted this trend as mainly due to active stripping of CO
by ram pressure.

The difference in the interpretation between these two works,
despite their similar observational results, reflects the gradual
paradigm shift that was beginning to take place in the commu-
nity a decade ago, based on the growing evidence for individual
objects showing direct signs of molecular hydrogen stripping, via
the presence of extraplanar CO and/or CO tails (Figure 7; e.g.,
Corbelli et al. 2012; Scott et al. 2013; Sivanandam, Rieke, & Rieke
2014; Jáchym et al. 2014, 2017, 2019; Lee et al. 2017; Lee & Chung
2018; Chung et al. 2017; Moretti et al. 2018, 2020a). Similar evi-
dence supporting widespread CO stripping has also been reported
for galaxies in the Fornax cluster (Zabel et al. 2019). While it is
possible that part of the CO observed in the stripped tails was
formed in situ (e.g., Jáchym et al. 2014), the fact that these extra-
planar features/tails do not show a clear separation from the CO
disc suggests that at least part of the CO is being directly stripped
from the disc.

Furthermore, it is now clear that cold dust is removed dur-
ing the interaction with the ICM (e.g., Cortese et al. 2010a,b,
2012a, 2016; Pappalardo et al. 2012; Bianconi et al. 2020) and that
global oxygen abundance in the ISM of cluster galaxies shows clear
enhancements with respect to isolated systems, with radial pro-
files sometimes steepening (e.g., Skillman, Kennicutt, & Hodge
1989; Shields, Skillman, & Kennicutt 1991; Petropoulou et al. 2012;
Hughes et al. 2013; Gupta et al. 2016). This is consistent with
expectations in the case where metal-poor cold hydrogen, mostly
found in the outer parts of the star-forming disc, is stripped more
preferentially than the metal-enriched ISM, which is typical of the
inner parts of the stellar disc. In other words, we now have plenty
of evidence that the low density, diffuse, atomic gas is not the only
ISM component that is affected by the cluster environment.

How can this conclusion be reconciled with the theoretical expec-
tation that ram pressure can hardly directly strip molecular clouds?
A possible explanation is that not all CO emission from galaxies is
boundwithin giantmolecular clouds, but a significant fraction of it
could trace a diffuse, thick, low-volume density disc, as such more
susceptible to environmental effects. While the first evidence for
a CO-thick disc associated with a star-forming galaxy dates back
nearly three decades (NGC 891; Garcia-Burillo et al. 1992), obser-
vational support for this has been growing in recent years. On one
side, the detailed analysis of M51 performed as part of the Plateau
de Bure+30m Arcsecond Whirlpool Survey (PAWS; Schinnerer
et al. 2013) demonstrated that practically 50% of the CO emission
originates from structures on spatial scales larger than ∼1 kpc,
consistent with the presence of a diffuse disc of molecular hydro-
gen with a typical scale height of ∼200 pc (Pety et al. 2013). On
the other side, detailed studies of the velocity broadening of the
CO line in star-forming discs have shown that the line widths are
significantly wider than that expected from a cold, thin molecu-
lar disc (i.e., ∼10-12 km s–1 instead of ∼5 km s–1, Caldú-Primo
et al. 2013, 2015), and more in line with those observed for the
HI component, again suggesting that a significant fraction of the
CO emission could come from warmer and more diffuse gas (e.g.,
n∼ 100–500 cm–3 and T ∼50–100 K; see also Liszt, Pety, & Lucas
2010) than generally thought. This seems consistent with Milky
Way observations, where diffuse CO emission associated with gas
at surface densities more typical of HI gas (e.g., <10 M� pc–2;
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Figure 7. Spectacular examples of stripping of molecular gas, as traced by the CO(2-1) transition line (in red). Left: ESO 137-001, a disc galaxy infalling into the Norma Cluster.
CO(2-1) emission along with Hα emission in green and X-ray contours are overlaid on a Hubble Space Telescope image (adapted from Figure 3 in Jáchym et al. 2019). Right: JW100
in Abell 2626, with CO(2-1) emission overlaid on a composite V- (blue) and I-band (green) image extracted from Multi-Unit Spectroscopic Explorer (MUSE) observations (adapted
from Figure 8 in Moretti et al. 2020a). Images reproduced with permission from the authors. Copyright by AAS.

Roman-Duval et al. 2016) appears to account for∼25% of the total
mass of CO-emitting gas, but can even dominate the mass budget
at large galactocentric distances (e.g., >8 kpc). If so, it would be
easy to explain cases of extraplanar CO emission, CO tails, and/or
truncated CO discs observed in cluster galaxies. Indeed, this sce-
nario seems to be consistent with recent high-resolution ALMA
observations of NGC 4402 in Virgo (Cramer et al. 2020).

However, it is important to acknowledge that there are also
cases where no evidence for a significant thick CO component
has been found (e.g., M33; Koch et al. 2019), and that we are still
missing an extensive investigation of the frequency and proper-
ties of CO diffuse, thick discs, primarily due to the lack of CO
observations able to trace emission at all physical scales. Moreover,
it remains unclear if the fraction of diffuse CO emission maps
directly into diffuse H2 or not, which would clearly impact the
overall physical scenario of direct molecular hydrogen stripping.
Hopefully, the advent of facilities such as ALMA will soon fill this
important gap in the field.

In summary, there is mounting evidence supporting the idea
that CO-emitting gas can be directly removed from the disc,
even by ram pressure, at least in environments similar to (or
harsher than) those of the Virgo cluster. However, it seems clear
that satellite galaxies can become H2-deficient only if environ-
mental processes are strong enough to be efficient within the
optical radius of infalling galaxies. Otherwise, despite becoming
HI-deficient, satellite galaxies could remain H2-normal for a long
time after infall (i.e., at least a couple of billion years after their first
pericentre passage). This fully supports a scenario of outside-in
removal of the ISM, where each component is affected differently,
primarily depending on its radial distribution across the disc. As
discussed below, this is a key element for our current picture
of galaxy quenching, and for reconciling apparent contradictions
within the literature.

4.3. The connection between cold gas stripping and star
formation quenching

The evidence for cold gas stripping in clusters presented above
may naively suggest that there is a one-to-one correlation between
gas deficiency and star formation quenching. As we discuss in this
section, the situation is slightly more complicated.

Due to the initial lack of CO observations, most of the early
focus of the community has been on the link between HI defi-
ciency and star formation quenching. From the early work by
Kennicutt (1983a), and since then gradually confirmed with bet-
ter data and larger samples (Gavazzi et al. 2002, 2006, 2013), it
is now clear that satellite galaxies with at least a factor of ∼2–
3 less HI than expected from their size and morphology (i.e.,
DEFHI ∼0.3–0.5) have lower global SFRs than isolated systems.
However, recent works have highlighted the presence of a sig-
nificant population of HI-deficient galaxies that still lie on the
blue/main sequence of star-forming galaxies (Cortese & Hughes
2009; Boselli et al. 2014b). This nicely confirms what is seen
for the molecular hydrogen component of the ISM: that is, as
long as the environment is only able to affect the ISM outside
the optical radius, its immediate effect (<1Gyr) on star forma-
tion is minor or negligible. Indeed, for an outside-in gas removal
scenario, those levels of HI deficiency correspond to HI discs
affected up to one optical radius (see Figure 5).

However, the clear proof of a direct connection between cold
gas stripping and quenching of the star formation comes again
from resolved studies. Particularly powerful have been narrow-
band Hα imaging surveys of nearby clusters of galaxies, which
showed that the typical truncation of the gas disc in HI-deficient
galaxies is mirrored by a similar truncation in the SFR surface
density profile. This field was pioneered by Koopmann & Kenney
(2004a,b) and Koopmann, Haynes, & Catinella (2006), who
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Figure 8. Star-forming-to-optical (r-band) disc size ratio as a function of HI deficiency.
The panels show different SFR indicators and/or size estimates. Namely, from top to
bottom: FUV isophotal and effective radii (Virgo cluster, Cortese et al. 2012a), Hα effec-
tive radii (Virgo and Coma supercluster, Fossati et al. 2013), and 24 µm effective radii
(Local Cluster Survey, Finn et al. 2018).

surveyed a sample of 55 Virgo cluster galaxies, and showed
that their star formation activity is primarily truncated in the
outer parts, with the inner parts of the disc showing normal—or
sometimes slightly enhanced—SFR surface densities. While,
statistically, these results are consistent with active removal of the
ISM, they stressed that the physical mechanisms at play might not
be the same for all galaxies in their sample.

The existence of a strong correlation between HI deficiency
and extent of the SFR density profiles (normalised to the extent
of the optical disc) has now been confirmed by several indepen-
dent works looking at different clusters and using Hα, ultravi-
olet emission or 24 µm emission as SFR indicators (Rose et al.
2010; Cortese et al. 2012a; Fossati et al. 2013; Finn et al. 2018).
However, as shown in Figure 8, the strength of the correlation
varies significantly depending on the star formation tracer used
and, most importantly, on whether disc sizes are estimated using
effective or isophotal radii. The latter generally provide tighter

correlations, as a result of being more directly sensitive to varia-
tions in SFR surface density in the outer parts of the disc (see also
Section 3.1).

It is important to remember that the extent of the star-forming
disc alone provides limited information on the actual causes of
quenching and cannot be blindly used to discriminate between
active environmental stripping and simple cessation of infall of
cold gas onto the disc. This is because a reduction of the extent of
the star-forming disc can take place even without a change in the
shape of the profile (i.e., by systematically reducing SFR across the
entire disc, see e.g., Boselli et al. 2006), whereas it is the change in
shape and the clear presence of a ‘truncation radius’ that supports
the stripping scenario. This is exemplified by the apparent contra-
diction in the interpretation of Hα morphology of cluster galaxies
between Koopmann & Kenney (2004a,b), Moss, Whittle, & Pesce
(1998) and Moss & Whittle (2000) on the origin of quenching of
the star formation. Both groups reported that, in clusters, star-
forming discs are more compact than in the field, but while the
latter interpreted this as due to funneling of gas into their cen-
tres, feeding star formation primarily in the inner regions, the
former argued for a stripping scenario. It is the ability to char-
acterise the radial variation of SFR surface densities across the
disc that allowed this debate to be settled, in favour of the strip-
ping scenario. This is something to keep in mind, as the advent
of large integral field spectroscopy (IFS) surveys allows us to push
these studies beyond the cluster environment (e.g., Schaefer et al.
2017; see Section 5.3) and better isolate the physical mechanisms
affecting the shape of SFR surface density profiles in satellites.

4.3.1. How quickly is star formation quenched following
cold gas stripping?

The link between gas stripping and quenching has been further
reinforced by the ability to time the star formation quenching in
the regions of the disc where gas has been stripped. This approach
was pioneered by Crowl & Kenney (2008), who combined HI,
Hα, and ultraviolet imaging with resolved optical spectroscopy
to determine how long ago star formation was quenched (i.e.,
the quenching time) just outside the HI truncation radius for 10
Virgo cluster galaxies. Assuming nearly instantaneous quench-
ing (�50 Myr), they found that, for all galaxies with truncated
star-forming discs, the ages of the stellar populations outside the
truncation radius are consistent with quenching within the last
0.5 Gyr. Remarkably, these quenching times agree with the time
since when the gas was stripped, as estimated independently by,
e.g., Vollmer et al. (2004) and Vollmer (2009) using N-body sim-
ulations that included the effect of ram pressure stripping. This
suggests that quenching is indeed very fast, once the gas has been
stripped, and that this happens primarily close to the pericentre of
the orbit around the cluster, which coincides with the time of peak
intensity of ram pressure.

These results have been corroborated by several independent
works (e.g., Pappalardo et al. 2010; Boselli et al. 2016; Ciesla
et al. 2016; Fossati et al. 2018; Owers et al. 2019), using different
techniques, timescale definitions, and multiwavelength datasets,
confirming that in galaxies infalling into a cluster star formation
has been quenched relatively recently (∼0.5 Gyr ago) and on short
timescales (�100–200 Myr) after the cold ISM has been removed
from the disc. These techniques generally require knowledge of the
location of the HI and/or SFR truncation radius (i.e., 2D resolved
maps) and this is why it has so far been applied only to a relatively
small number of galaxies.
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Figure 9. The g− i (top) and NUV − i colour (bottom) versus stellar mass diagrams for
the bulk of galaxies in the Crowl & Kenney (2008) sample. Points are colour-coded
according to the time since quenching. Stellar masses and colours are taken from
Boselli et al. (2014d). Grey-scale and contours show the same relations for a volume-
limited sample of nearby galaxies (0.02< z<0.05) extracted from the SDSS, shown
to guide the eye on the location of the blue cloud (g− i� 0.8, NUV − i� 4) and red
sequence (g− i� 1, NUV − i� 5.5). The region between the two is usually referred to
as ‘green valley’.

One important point to note is that most of these works assume
that, while the outer parts of the discs are consistent with rapid
quenching of star formation, the inner parts do not show sig-
nificant signs of quenching and their stellar populations are not
dissimilar from those of unperturbed galaxies. While the sharp
truncation seen in both HI and SFR profiles clearly shows that
star formation outside and inside the truncation radius proceeds
in a different way, it is still unclear if/how environment is able to
affect the star formation cycle in the inner parts of galaxies. Is low-
density gas stripped and star formation affected also in the inner
parts of the disc? Or can environment compress the gas in the disc,
thus increasing its star formation efficiency (e.g., Mok et al. 2017)?
This is something that only future resolved studies of statistical
samples of cluster galaxies will be able to address.

Regardless, it should not be ignored that none of the galaxies
analysed by Crowl & Kenney (2008) are fully quenched, as they
lie either in the lower part of the main sequence or in the green
valley (Cortese & Hughes 2009). This is shown in Figure 9, where
we plot the position of most of Crowl & Kenney (2008) sample on
the g − i (top) and NUV − i (bottom) colour versus stellar mass
diagrams. Galaxies are colour-coded by the time since star for-
mation ceased in the stripped part of the disc. Even after ∼0.5
Gyr since quenching occurred beyond the truncation radius, these
objects have total NUV − i colours a couple of magnitudes bluer
than red sequence objects, while their optical colours are in most
cases already consistent with passive galaxies. This is most likely
because, even at pericentre, environment is not strong enough
to perturb the inner parts of the disc of these relatively massive

galaxies (M∗ > 109.5 M�). Conversely, galaxies that quenched ear-
lier appear to lie already on the optical red sequence. This is just
a consequence of the fact that optical colours saturate, therefore
galaxies with residual star formation (using ultraviolet indicators)
might appear completely passive (Cortese 2012), and shows that
optical colours should not be blindly used to time quenching.

While for high stellar mass galaxies full quenching may not
occur by the first pericentre passage, it now seems established
that, at low stellar masses (< 109 M�), most satellites close to (or
past) their first pericentre passage have been fully stripped of their
HI reservoir and completely quenched (Boselli et al. 2008, 2014b;
Hester et al. 2010). As we discuss in Sections 4.5 and 7, this is a fun-
damental difference in howmassive and dwarf galaxies respond to
cold gas stripping mechanisms.

4.3.2. When cold gas stripping triggers star formation

While in the long-term cold gas stripping always leads to local
quenching, on short timescales, it is reasonable to wonder whether
the high pressure exerted by the ICM on the ISM of satellite galax-
ies is able to compress the gas and trigger bursts of star formation.
Indeed, several theoretical works predict that, under particu-
lar conditions (e.g., the right combination of galaxy mass, ISM
properties, inclination, infalling velocity and density of the ICM,
etc.), the mechanism responsible for the stripping can also briefly
enhance (either locally or globally) the star formation (Bekki &
Couch 2003; Bekki 2013; Kronberger et al. 2008; Kapferer et al.
2009; Roediger et al. 2014; Steyrleithner, Hensler, & Boselli 2020).
While cases of galaxies showing clear examples of bow shocks and
asymmetries in their Hα distributions (consistent with star forma-
tion triggered by ram pressure) have been known for decades (e.g.,
Gavazzi et al. 1995; Chanamé, Infante, & Reisenegger 2000) and
recent studies have suggested that extreme environmental effects
may dramatically increase the efficiency of HI condensation into
H2 (Moretti et al. 2020b), the importance of these effects on the
enhancement of the global SFRs of galaxies is still unclear, and
most likely less than a factor of ∼2 (Iglesias-Páramo et al. 2004).
This seems in line with recent IFS observations showing that, even
in themost extreme cases of ram pressure stripping, the global SFR
is enhanced on average by less than a factor of 2 (i.e., less than the
typical scatter observed in the star-forming main sequence; e.g.,
Vulcani et al. 2018; Roberts & Parker 2020). Of course, locally this
enhancement could be larger, and the advent of large IFS surveys
targeting clusters of galaxies should provide some definite quan-
tification of environmentally-driven local bursts of star formation
(e.g., Vulcani et al. 2020).

An unexpected region where it is now clear that stripping
can trigger star formation is in the wake of the gas tail removed
from the disc, where turbulence can compress atomic hydrogen,
allowing its condensation into molecules and the onset of star for-
mation. The presence of CO emission associated with the tails
supports this scenario (e.g., Jáchym et al. 2014, 2019). Galaxies
with prominent tails of star-forming knots started to be discov-
ered in the mid 2000s, with probably the first confirmed cases
presented byOwen et al. (2006) andCortese et al. (2007) in clusters
at z ∼ 0.2 (although, as also noted below, evidence for extrapla-
nar HII regions co-located with stripped gas in cluster galaxies had
been around for much longer, e.g., Kenney & Koopmann 1999).

Thanks to the improvement of optical and ultraviolet tele-
scopes, the number of these objects (lately dubbed ‘jellyfish’
galaxies) has increased dramatically, and we now know of more
than 100 cases of galaxies showing active star formation in their
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Figure 10. Examples of galaxies where ionised gas and/or active star formation is observed in the stripped gas tail. Red and blue indicate ionised gas (primarily traced by the Hα

line) and star-forming regions (traced by ultraviolet or optical continuum emission), respectively. Images show galaxies in different clusters (starting from the top left in clockwise
order): Abell 2667 (NASA, ESA, Jean-Paul Kneibd, see also Cortese et al. 2007), Norma (NASA/ESA/STScI/M. Sun,e see also Jáchym et al. 2014), Abell 957 and IIZw108 (ESO/GASP
collaboration,f see also Poggianti et al. 2017), Abell 2744g (see also Owers et al. 2012), IC 3418 in Virgo (NASA/JPL-Caltechh see also Hester et al. 2010), Coma (image reproduced
with permission from Figure 4 in Yagi et al. 2010, copyright AAS), and NGC 4569 in Virgo (kindly provided by A. Boselli, see also Boselli et al. 2016).

tails (see Figure 10; e.g., Sun, Donahue, & Voit 2007; Yoshida
et al. 2008; Smith et al. 2010b; Hester et al. 2010; Owers et al.
2012; Fumagalli et al. 2011; Ebeling, Stephenson, & Edge 2014;
McPartland et al. 2016; Poggianti et al. 2019). The increased focus
of the community on jellyfish galaxies has also been driven by
the ‘GAs Stripping Phenomena in galaxies with MUSE’ (GASP,
Poggianti et al. 2017) survey, which is providing us with one of the
most detailed views on the properties of ionised gas and star for-
mation in this unique class of galaxies (e.g., Poggianti et al. 2019;
Bellhouse et al. 2019).

Interestingly, the increase in the number of satellite galaxies
with star-forming tails, and ensuing popularity of the ‘jellyfish’
term, has led part of the community to label as such every sys-
tem showing a hint of a tail of stripped material, regardless of
whether this material is star-forming (as in the original defini-
tion) or not (e.g., Chung et al. 2009; Boselli et al. 2016, see also
Figure 10). If one adopts this broader definition, then the first clear
cases of jellyfish galaxies date back at least three decades, with the
first detections of radio continuum tails in clusters (Gavazzi & Jaffe
1987; Gavazzi et al. 1995), and it is pretty safe to assume that every
satellite galaxy in clusters will go through some kind of jellyfish
phase during its evolution.i

dhttps://www.spacetelescope.org/news/heic0705/.
ehttps://www.spacetelescope.org/news/heic1404/.
fhttps://web.oapd.inaf.it/gasp/.
ghttps://frontierfields.org/2016/11/14/the-hunt-for-jellyfish-galaxies-in-the-frontier-

fields/.
hhttp://www.galex.caltech.edu/newsroom/glx2010-02f.html.
iAdding to the ambiguity in the definition of a jellyfish system, it is important to

remember that the likelihood of detection of a tail is also subject to projection effects.

However, it is still unclear what is the fraction of cases in which
the stripped material ‘lights-up’ and forms stars in the wake of the
tail. Indeed, the reason why some gas tails are able to light-up,
while others do not is not completely understood. Numerical sim-
ulations point to a combination of infalling velocity, ISM density,
and ICM density and temperature, with the confining pressure
of the ICM surrounding the tail likely playing an important role
(Tonnesen, Bryan, & Chen 2011). However, there are still a lot
of open questions regarding the complex and intertwined roles
of turbulence, magnetic fields, and thermal conduction within the
wakes (Tonnesen & Stone 2014; Vijayaraghavan & Sarazin 2017).
Multi-phase, high-resolution observations able to resolve individ-
ual giant molecular clouds, measure the properties of star-forming
complexes in the tails, and tracemagnetic fields (Müller et al. 2020)
should help with making further progress in this area.

Lastly, it is important to note that, while triggered star forma-
tion in the stripped gas tail is expected to be mainly associated
with ram pressure, this does not mean that ram pressure is the
only mechanism helping to light up the tail. We now know of
several examples where gravitational interactions may also play
a role. Probably, the best, most generally overlooked example
is represented by the Small Magellanic Cloud, whose UV tail is
reminiscent of many jellyfish galaxies (see Figure 11), despite the
fact that ram pressure is known to be not the only mechanism at
play in this case (e.g., D’Onghia & Fox 2016).

4.4 Star formation quenching timescales

As discussed in the previous section, all observational evidence
presented so far supports a scenario in which, when cold gas is
stripped from the disc, star formation in the stripped regions is fully
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Figure 11. A GALEX far- (blue) and near-ultraviolet (yellow) colour composite image
of the Small Magellanic Cloud. The star-forming tail associated with the galaxy closely
resembles that of some jellyfish galaxies in clusters. The holes in the inner parts are
due to the lack of GALEX pointings for the galaxy centre. Similarly, the yellow colour
of most of the main body is simply due to the lack of far-ultraviolet imaging. Credit:
GALEX/NASA/JPL-Caltech.j

quenched quickly (i.e., on timescales of a few hundreds of Myr or
less). This is consistent with the predictions from theoretical mod-
elling of ram pressure stripping, leading many to associate hydro-
dynamical effects with short full quenching timescales. However, as
argued below, this assumption is plainly incorrect and, combined
with the different definitions of quenching timescales presented in
the literature, caused considerable confusion.

The estimate of the time needed by cluster satellites to leave the
main sequence of star-forming systems does not require any infor-
mation on their cold gas content, but primarily a quantification of
their stellar ages and/or recent star formation history. Thus, stud-
ies focused on timing the quenching of star formation in satellites
have been able to benefit, in the last two decades, from the large
statistics provided by wide-area photometric and spectroscopic
surveys such as the SDSS, inevitably detaching themselves from
the approaches adopted in the detailed studies of the few clus-
ters with cold gas information available. In these statistical studies,
the goal is not to determine quenching timescales for individ-
ual galaxies (something generally challenging with just UV/optical
broad-band integrated photometry anyway), but to statistically
infer them by matching the predictions of cosmological models of
structure formation with the average properties of satellite galax-
ies, such as their passive fraction, their specific SFR distribution,
and/or their 3D position within the cluster (e.g., Balogh, Navarro,
& Morris 2000; Wetzel et al. 2013; Haines et al. 2015; Oman &
Hudson 2016; Rhee et al. 2020; Oman et al. 2020). The use of
merger trees in a cosmological context is the key element that
makes this technique orthogonal to the one applied to individual
galaxies and described in previous sections.

In order to illustrate the different definitions of quenching
timescales adopted in the literature, we refer to Figure 12, which
schematically shows the evolution of the SFR with cosmic time for

jhttps://www.legacysurvey.org/viewer.

a galaxy, highlighting four key epochs in its evolution: that is, the
time when it first becomes a satellite (i.e., crossing the virial radius
of a host halo at t1st infall), the time when it is accreted into an even
bigger halo, such as a cluster of galaxies (crossing the cluster virial
radius at tcluster infall), the time when its SFR starts being quenched
by the environment (tq) and when it becomes passive (tpassive). The
present day is indicated as tnow.

Going back now to the quenching timescales estimated via
matching to cosmological merger trees, in this case the clock
starts when the galaxy becomes a satellite (either at first infall—
tq = t1st infall—or when it crosses the virial radius of the current
cluster host—tq = tcluster infall) and increases with the amount of
time spent in the cluster until the object becomes passive. More
recently, Oman et al. (2020) introduced a variant in which the
clock starts at the time when a satellite reaches its first pericentre
passage through the cluster (not shown in the figure).

Conversely, for the technique based on individual galaxies, the
timescale is generally measured from z = 0 (tnow) to the time when
star formation starts being affected by the environment and is
expressed in terms of how long ago the galaxies started quenching.
The additional complication here is that sometimes quenching is
assumed to be instantaneous, and what is determined is how long
ago star formation ceased, instead of a quenching timescale.

It is clear that, with such different assumptions, the two broad
approaches can only agree under extremely rare circumstances, for
example, if: a) quenching is not assumed to be instantaneous, and
b) the time of infall corresponds to the time when environmen-
tal quenching starts, and c) the object crosses the threshold used
to divide star-forming from quenched galaxies at the time of the
observation (i.e., tpassive = tnow).

Interestingly, the first applications of this technique to SDSS
observations of cluster satellites (e.g., Balogh et al. 2000) assumed
that quenching starts indeed at the time of first infall and moti-
vated this choice by the fact that, in most semi-analytic models
at that time, the primary mechanism for environmentally driven
quenching was stripping of the hot halo gas reservoir, which
started as soon as a galaxy became a satellite (see also § 8). Under
these assumptions, despite significant differences in the technique
used to estimate quenching timescales (e.g., definition of virial
radius, threshold used to separate star-forming from passive galax-
ies, observations used to constrain the model), all studies reached
the same general conclusion: it takes a few billion years (e.g., from
∼2 to ∼6 Gyr) for satellites to become passive since the time of
their infall (e.g., von der Linden et al. 2010; Weinmann et al. 2010;
De Lucia et al. 2012; Wetzel et al. 2013; Hirschmann et al. 2014b;
Oman & Hudson 2016).

Such long quenching timescales have always been assumed
to be inconsistent with expectations from stripping mechanisms
that directly affect the cold ISM in a star-forming disc. Instead,
they are more in line with theoretical estimates based on starva-
tion/strangulation, whereby quenching is caused by halting the
infall of gas onto the disc.k Indeed, regardless of the uncer-
tainties associated with the various techniques, these timescales
are arguably much longer than what is observed in the clearest
cases of ram pressure stripping. Thus, either the detailed stud-
ies of individual galaxies in Virgo provide us with a biased and
non-representative view of the quenching pathway followed by

kWe note, however, that some models including only starvation can also lead to short
(<1Gyr) depletion times, as star formation can still be quenched by gas ejection via
outflow (i.e., an internal process even for satellites, e.g., Zoldan et al. 2017; Xie et al. 2020).
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Figure 12. Cartoon illustrating various definitions of satellite quenching timescales found in the literature. The solid plus dashed line shows the expected star formation history
for a galaxy with stellar mass ∼ 109.5 M� at z∼1 that stays on the main sequence until z=0. Five key timescales are indicated: t1st infall is the time when the galaxy becomes a
satellite; tcluster infall is the time of infall into its current host (assumed to be a cluster in this case); tq is the time when environment starts affecting the galaxy’s SFR; tpassive is the time
when the galaxy crosses the SFR or sSFR threshold adopted to separate active and passive systems. The red lines show how its SFR can be affected by the cluster environment,
depending on whether tq corresponds to the time of first infall, to the time of cluster infall, or to some later time. Red and blue arrows show the relative different definitions of
delay and quenching timescales, with the direction of the arrow giving an idea of how time is generally assumed to proceed in the timescale estimate.

satellite galaxies, or the basic assumption in the statistical estimates
of quenching timescales (i.e., that quenching starts at time of infall
and proceeds exponentially since then) is incorrect.

Starting from the work presented by Wetzel et al. (2013), the
refinement in the techniques used for the statistical estimate of
quenching timescales suggests that the main quenching phase
does not start at the time of infall but is significantly delayed
(e.g., ∼2–6 Gyr; Haines et al. 2015; Oman & Hudson 2016;
Rhee et al. 2020; Oman et al. 2020), as the star formation in
satellites is not immediately affected by the environment after
infall (indicated in light blue in Figure 12). After this delay phase,
quenching proceeds extremely fast, with satellites becoming
passive in one billion year or less (the exact value being again
heavily model-dependent). Such a delay phase does not imply that
the environment is not affecting satellites, but that its effect on
star formation is negligible. Indeed, Maier et al. (2019) find that
star-forming cluster galaxies show a ∼0.1–0.2 dex enhancement
in their oxygen abundance well before a decrease in their SFR.
This supports a ‘slow-then-rapid’ quenching scenario, where the
ISM content and/or metal enrichment is affected before the SFR
starts decreasing (e.g., infall is stopped and metals are gradually
less diluted; see also Section 5.3.2).

Regardless of whether star formation remains constant or
drops mildly after infall, it seems now well established that the
main quenching phase (i.e., when satellites leave the locus of the
star-forming sequence) does not start at the time of infall, but
closer to the first cluster pericentre passage. This is a key point that
allows us to reconcile different estimates of quenching timescales
and build a coherent picture of quenching in clusters of galaxies.

In the rest of this section, we show how tensions between long
and short quenching timescales for Virgo cluster galaxies that are
clearly affected by ram pressure stripping can be resolved. From
the HRS sample, we select late-type (Sa or later types) galaxies with
active star formation (as traced by the Hα emission line; Boselli
et al. 2015), with observations of both global HI and molecular
hydrogen content (as traced by the CO(1-0) transition line; Boselli
et al. 2014a), and for which at least one of the two phases has
been detected. We then focus on the HI-deficient cluster mem-
bers (DEFHI >0.5; Cortese et al. 2011). By selection, this sample
includes the bulk of Virgo galaxies for which quenching timescales
have been directly estimated, all suggesting either instantaneous
or fast (a few hundred Myr or less—e.g., Crowl & Kenney 2008;
Pappalardo et al. 2010; Boselli et al. 2016; Ciesla et al. 2016; Fossati
et al. 2018) quenching timescales.

In the top row of Figure 13, we compare the location of these
galaxies (filled circles) with that of non HI-deficient HRS late types
(blue spiral symbols) on the total cold gas mass versus stellar mass
(left panel) and SFR versus stellar mass (middle) diagrams. The
total gas mass is the sum of atomic and molecular gas masses,
including a 30% correction for helium. As in Figure 6, we also
show the distribution of the xGASS-CO representative sample as a
reference for nearby galaxies (grey shaded area). Unsurprisingly,
HI-deficient galaxies are also more passive (i.e., offset towards
lower SFR at fixed stellar mass) than HI-normal systems but, by
selection, none of them have stopped forming stars completely.
Only few have already crossed the threshold separating passive
from active galaxies, here indicated by the red line as defined in
Wetzel et al. (2013).
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Figure 13. Properties of HI-deficient spiral galaxies in the Virgo cluster. In all plots, large symbols show HRS star-forming, spiral galaxies observed in both HI and H2 and for which
at least one of the two phases has been detected, separated into HI-deficient Virgomembers (DEFHI >0.5; circles, colour-coded by specific SFR) and HI-normal systems in the Virgo
volume and in the field (dark and light blue spiral symbols, respectively). Top row. Stellar mass is plotted versus total cold gas mass (left), SFR (middle), and total gas depletion
time (i.e., total gas mass-to-SFR; right); grey shaded regions show the corresponding distributions for the xGASS-CO sample (no morphological selection) as a reference. The red
line in themiddle panel indicates the threshold used by Wetzel et al. (2013) to separate star-forming from passive galaxies. Bottom row. Position of Virgo galaxies on the projected
phase-space diagram, which is split into five regions as proposed by Rhee et al. (2017); these roughly correspond to increasingly longer infall time (since crossing the virial radius)
populations, from first infallers (cyan), to recent and intermediate ones (green, orange, and pink), to ancient infallers/virialised (red). For the latter four regions, we provide typical
infall times for the ‘Recent Infallers’ population as defined in Rhee et al. (2017). Symbols are as in the top row.

The fact that some of these galaxies have short quenching
timescales (e.g., �0.2–0.5 Gyr) is not at odds with them not being
fully quenched. As already noted, estimates obtained for individ-
ual galaxies are either local timescales for complete quenching
(i.e., where star formation has already stopped, e.g., Crowl &
Kenney 2008; Fossati et al. 2018) or times since star formation
started to decrease, regardless of whether the galaxy is already fully
quenched (e.g., Ciesla et al. 2016; Boselli et al. 2016). Thus, it is
clear that quick—even instantaneous—local (i.e., in the outer disc)
quenching via stripping does not automatically imply rapid global
quenching of the star formation. This is a key misconception that
has led to confusion in the literature. The reason why these galax-
ies are still star-forming is simple: while they have already lostmost
of their cold gas reservoir in the outer parts of the disc, cold gas is
still present in the inner parts, where star formation is still ongo-
ing. Indeed, as shown in the top right panel of Figure 13, the cold
gas global depletion times for these galaxies are not too dissimi-
lar from those observed in main sequence star-forming galaxies,
and at least a couple of billion years, without even considering
gas recycling (see also Cortese & Hughes 2009 and Boselli et al.
2014d). Thus, without any additional major stripping event, bil-
lions of years are needed for these galaxies to become fully passive,
despite the fact that they were selected to be HI-deficient.

The next step is to estimate how long ago these galaxies became
satellites of the Virgo cluster. To do so, we take advantage of the
approach developed by Rhee et al. (2017) and look at the position

of our HI-deficient sample on the Virgo phase-space diagraml,
practically extending the analysis recently published by Yoon et al.
(2017). By using cosmological hydrodynamic N-body simulations
of clusters of galaxies, Rhee et al. (2017) provide an easy statisti-
cal way to assign infall timescales to different galaxy populations
according to their position on the projected phase-space diagram.
This is divided into five different regions, based on the typical
fractions and relative infall times of different satellite populations
(namely, first infallers, recent infallers, intermediate infallers, and
ancient infallers). First infallers have not yet crossed the virial
radius for the most part, whereas the other classes are already
cluster satellites with gradually increasing infall times.

In the bottom panel of Figure 13, we show the position of
the HI-deficient Virgo satellites in phase space, with the coloured
boxes highlighting the regions defined by Rhee et al. (2017). By
selection, almost all our galaxies are at least recent infallers (i.e.,
they are already Virgo cluster members) and occupy the three
regions (green, orange, and pink) typical of galaxies that are still
completing their first orbit into the cluster (i.e., either just before
or after first pericentre passage), in agreement with the detailed
dynamical modelling of Virgo galaxies by Vollmer (2009). There

lThe phase-space diagram combines information on the projected cluster-centric dis-
tance and line-of-sight velocity of a satellite relative to the typical dispersion velocity of the
cluster. This is a powerful tool used for decades to identify cluster members and objects at
different infall stages (e.g., Kent & Gunn 1982).
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is a dearth of galaxies in the ‘fully-virialised’ zone at the centre of
the cluster (red region). This is simply by selection, as we do not
include passive (and thus most likely virialised) galaxies in these
plots. It is interesting to note that, when moving from the green
to the pink region, the specific SFRs of HI-deficient galaxies tend
to decrease from levels typical of the star-forming main sequence
(cyan circles) to lower values (violet and purple circles), support-
ing the idea that less active galaxies have spent longer times in the
cluster. According to Rhee et al. (2017), galaxies in these regions
have an 80% likelihood to have crossed the cluster virial radius at
the very least ∼1–1.5 Gyr ago (i.e., the average value for ‘recent
infallers’ varies between ∼1.6 and 2.3 Gyr, see bottom panel of
Figure 13), consistently with the typical expectation that it takes
∼1 Gyr for a satellite to get from the virial radius to first pericentre
(e.g., Lotz et al. 2019). Intriguingly, the picture emerging from this
exercise is qualitatively consistent with recent work by Oman et al.
(2020), who combined numerical simulations, SDSS optical data,
and ALFALFA HI observations to revisit the connection between
HI stripping and full star formation quenching.

In summary, we have shown that the bulk of the Virgo HI-
deficient late-type galaxies with residual gas reservoir and star for-
mation in their disc are consistent with stripping of cold (atomic)
hydrogen by the cluster environment, they have been cluster satel-
lites for at least 1 Gyr and have enough cold gas to keep forming
stars (at the current rate) for at least another couple of billion
years. Thus, if we had started the clock at the time of infall into the
cluster, we would infer quenching timescales that are significantly
longer than what one might expect from a simple ram pressure
stripping scenario. In other words, while still a useful quantity,
the global quenching timescale provides us with limited information
on the physical process(es) responsible for halting star formation in
satellite galaxies.

4.5. Drawing a coherent picture of the quenching of cluster
satellites at z∼0

Having reconciled the apparent tension between different esti-
mates of quenching timescales, showing that observations of
fast ‘local’ stripping are not in contradiction with claims of full
quenching timescales of a few Gyr since infall, we can now com-
bine all the evidence summarised above into a coherent picture
of the typical pathway to quenching followed by cluster satel-
lite galaxies. For simplicity, here we focus on the simple case of
a galaxy becoming satellite for the first time when entering the
cluster. We discuss how pre-processing might alter this picture
in Section 6, after reviewing the role of cold gas stripping in the
quenching of group satellites in Section 5.

First infall. After entering the cluster halo, it takes some time for
the star-forming disc to feel the effect of the environment, and
star formation does not drop immediately after crossing the virial
radius. It is still unclear if gas accretion onto the disc remains
active for some time after infall or if it stops immediately.

Approaching pericentre. The first major quenching phase starts
only when active stripping of the cold ISM becomes efficient at
least in the outer parts of the disc, which generally coincides
with a few hundred Myr before pericentre passage. Stripping hap-
pens predominantly outside-in, perturbing first the outer parts
of the disc that are less bound to the galaxy. While the primary
mechanism at play seems to be hydrodynamical, in some cases

gravitational interactions and/or internal mechanisms, such as
feedback from supernovae or AGN, could increase the stripping
efficiency (see e.g., Section 4.1). How far stripping gets inside the
optical disc during the first pericentre passage likely depends on
the properties of both satellite (e.g., its mass, orbit, ISM properties,
etc) and cluster (e.g., ICM density, dynamical state, etc), though
we are still missing a detailed characterisation of the physical
parameters that determine the gas truncation radius. Moreover,
parts of the ISMmight be affected by the environment even inside
the truncation radius, but testing this requires observations of the
inner parts of the cold gas disc of satellite galaxies at kpc or sub-kpc
spatial resolution.

Mass-dependent quenching. At least for a Virgo-like cluster, it
appears that, to first order, low-mass galaxies (M∗ < 109 M�) can
be fully stripped at first pericentre (e.g., Boselli et al. 2008), but
massive systems (M∗ >1010 M�) are not, as a significant fraction
of their gas reservoir survives in the inner parts of the disc and
keeps feeding star formation. This implies that, for massive galax-
ies, full quenching takes place significantly after the first pericentre
passage and that ram pressure stripping alone is likely not enough
to explain the properties of passive satellites. This also appears to
be consistent with the presence of small molecular gas reservoirs in
the inner parts of early-type galaxies in clusters (e.g., Young et al.
2011; Davis et al. 2013). Admittedly, what happens to a galaxy’s
remaining gas after pericentric passage is one of the most impor-
tant missing pieces to the quenching puzzle. While environmental
effects may still be playing a role, it is possible that the remaining
gas is to a large extent exhausted internally via star formation or
expelled/heated by feedback.

We note that a scenario in which low-mass satellites are
quenched faster than higher mass ones may appear in contra-
diction with some claims of longer quenching timescales for
low-mass systems (e.g., Wetzel et al. 2013, see also Section 5.4).
However, this is again a matter of quenching timescale definitions.
First, if the clock starts at time of first infall, it is natural that low-
mass galaxies will take longer to be quenched as, on average, they
spend longer in smaller groups before infalling into a cluster (De
Lucia et al. 2012). Second, the use of a simple threshold in specific
SFR to separate passive and active galaxies may introduce system-
atic effects in the estimate of quenching timescales (e.g., Pasquali
et al. 2019; Rhee et al. 2020). Indeed, even on the star-forming
main sequence, high-mass galaxies have lower specific SFRs than
low-mass ones. As such, once star formation stops, their specific
SFR will reach any fixed threshold sooner than lower mass sys-
tems, even if the rate of quenching is the same. Indeed, when
individual star formation histories are examined, both observa-
tions and simulations seem to agree that low-mass galaxies are
quenched more rapidly (e.g., Pasquali et al. 2019; Lotz et al. 2019;
Smith et al. 2019).

Is stripping of cold ISM from the disc sufficient to halt star for-
mation? The availability of cold gas in the inner part of massive
discs that continues to feed star formation implies that, at high
masses, direct stripping of the cold ISM from the disc of satellite
galaxies is a necessary but not always sufficient condition to halt
star formation. At face value, this means that neither the strip-
ping of the cold ISM (e.g., ram pressure) nor the cessation of infall
(e.g., starvation) alone is sufficient to explain the quenching of
massive galaxies in clusters, but that both are required: environ-
mental effects strip part of the cold gas and are responsible for
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Figure 14. Examples of HI stripping in galaxy groups. In all panels, HI emission (in orange, blue, or white contours) is superposed on optical colour images. The images show the
Vela group (a; from Figure 1 in English et al. 2010), the galaxy group IC1459 (b; from Figure 6 in Serra et al. 2015), the FGC1287 triplet (c; from Figure 1 in Scott et al. 2012), the
M81/M82 group (d; from Figure 6 in de Blok et al. 2018), and the Leo ring (e; from Figure 1 in Michel-Dansac et al. 2010). All images are reproduced with permission. Copyright by
AAS or the authors.

stopping the infall of gas, but gas consumption via star formation
likely affects the inner parts of the disc, where environment is less
effective. In addition, it is possible that feedback may further con-
tribute to emptying the inner cold gas reservoir of galaxies (see also
Section 8). This highlights, once more, how inadequate it would
be to invoke one single mechanism as the sole responsible for star
formation quenching.

5. Cold gas removal in groups—Mhalo < 1014 M�

The observational evidence for a direct connection between strip-
ping of the cold ISM and quenching for satellites in groups with
Mhalo < 1014 M� is significantly less rich than in the case of clusters
of galaxies. As discussed in Section 4.1, this is primarily due to the
limitations of current HI surveys, which are not sensitive enough
to probe the HI-deficient regime for large numbers of galaxies
(including those in groups). The situation is worse for H2 studies,
which have not well characterized even the star-forming regime
across environments, as the largest sample currently available
comprises ∼500 galaxies, nearly half of which are non-detections
(e.g., Saintonge et al. 2017, see Section 4.2).

While some of the conclusions drawn for clusters may be
valid also for massive groups (e.g., Mhalo ∼ 1013.5 M�), it is natu-
ral to expect some potentially major changes due to the different
conditions experienced by satellites in groups. On one side, the
temperature and density of the intra-group medium (ρ), as well
as the orbital velocity (v) of the satellites, are lower than in clus-
ters; hence, the efficiency of ram pressure (proportional to ρv2,
see also Section 5.2) may significantly decrease. On the other side,
thanks to the lower relative velocities of group members, gravita-
tional interactions become more efficient than in clusters at fixed
satellite mass. Despite these differences, as we discuss in this sec-
tion and summarise in Section 7, the overall picture emerging in
Section 4.5 seems to be applicable also to galaxies in groups.

5.1. HI stripping in groups

Intriguingly, the first evidence for stripping of cold atomic hydro-
gen in groups emerged before that for clusters of galaxies. Since
the first interferometric observations of the Magellanic Clouds
(Kerr, Hindman, & Robinson 1954; Hindman, Kerr, & McGee
1963), and of pairs and group galaxies in our nearest neighbor-
hoods (Roberts 1968; Rots 1975), it was clear that environment
can directly remove HI and create striking trails and streams. As
showcased in Figure 14, we currently have a plethora of examples
of HI stripping in groups, with most of the evidence pointing
towards gravitational interactions as primarily responsible for
creating these features (e.g., Yun, Ho, & Lo 1994; Hibbard et al.
2001; Williams, Yun, & Verdes-Montenegro 2002; Koribalski,
Gordon, & Jones 2003; Kantharia et al. 2005; English et al. 2010;
Michel-Dansac et al. 2010; Serra et al. 2013, 2015; Leisman et al.
2016; Hess et al. 2017; de Blok et al. 2018; Lee-Waddell et al.
2019). This is due to the fact that, in most cases, stellar tidal
features and/or peculiar optical morphologies are also clearly
visible in these systems, suggesting a prominent role of tidal forces
in affecting both their gas and stellar distributions.

However, one fundamental difference between the evidence for
direct stripping in group versus cluster environment is that the
vast majority of the galaxies in groups for which HI streams and
tails have been detected are still actively star-forming and not HI-
deficient (regardless of the exact definition of deficiency). This
is primarily a selection effect, because interferometric observa-
tions of groups very rarely probe the HI-poor regime, and thus
preferentially pick gas-rich (or gas-normal) systems, whose outer
gas discs are easily perturbed by the gravitational pull from other
group members. Moreover, given the mild level of stripping, in
some cases it is unclear how much of the displaced gas is no
longer bound to the galaxy and will not ‘rain down’ onto the disc
(or accrete onto another satellite), as we know of at least a few
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examples where this seems to be the case (e.g., Hibbard & Mihos
1995; Struck & Smith 2003; Koribalski & Dickey 2004). Thus,
these might not be examples of a direct link between stripping
and quenching in groups. Access to the critical gas-poor regime is
still primarily limited to single-dish telescopes, at the cost of losing
spatial information. Even so, in the past few decades, a consistent
picture is starting to emerge from HI studies.

Since the late 20th century, there have been claims of the pres-
ence of HI-deficient galaxies in loose or compact groups (e.g.,
Gerin & Casoli 1994; Huchtmeier 1997; Verdes-Montenegro et al.
2001), but the installation of the multibeam receiver on the 64-m
Parkes telescope and the HIPASS HI-blind survey made large
statistical studies more feasible, allowing us to quantify the HI
content of galaxies in different types of groups (e.g., Hickson
1982 compact groups, loose groups, X-ray selected groups, etc.;
Stevens et al. 2004; Omar & Dwarakanath 2005; Sengupta &
Balasubramanyam 2006; Kilborn et al. 2009). The vast majority
of these works found evidence for HI-deficient galaxies in groups
(but see e.g., Stevens et al. 2004 for an opposite view), suggesting
that, even in halos smaller than those of clusters, environmental
processes are able to remove a significant fraction of the cold ISM
from star-forming discs. Although different definitions of HI defi-
ciency (see Section 3) make quantitative comparisons difficult, all
major statistical studies (Verdes-Montenegro et al. 2001; Sengupta
& Balasubramanyam 2006; Kilborn et al. 2009) agree that HI-
deficient galaxies are preferentially found in X-ray bright groups
and that, while HI-poor galaxies are more common in the inner
parts of groups, there is no strong correlation between gas content
and distance from the centre of the group. This is not entirely sur-
prising, given that such a correlation is weak even in clusters, as
well as strongly affected by projections effects.

Interestingly, while both Verdes-Montenegro et al. (2001)
and Kilborn et al. (2009) support gravitational interactions
as the primary driver for HI deficiency in groups, Sengupta,
Balasubramanyam, & Dwarakanath (2007) show that the HI mor-
phology of gas-deficient galaxies is similar to that observed in
clusters and propose a scenario in which hydrodynamical mech-
anisms such as ram pressure may play an important role in
removing cold gas from the disc. Similarly, Rasmussen, Ponman,
& Mulchaey (2006), Rasmussen et al. (2008, 2012) claim that ram
pressure is needed to explain the HI properties of group galaxies,
although it may not always be the dominant stripping mechanism.

At the same time, a similar picture emerged from studies of the
Local Group, which showed a dramatic transition between gas-
rich and gas-poor satellites across the virial radius of the Milky
Way (Grebel, Gallagher, & Harbeck 2003; Grcevich & Putman
2009; Spekkens et al. 2014; Westmeier et al. 2015; Putman et al.
2021), with very little or no HI found in satellites inside the virial
radius. This was shown to be consistent with the expectation for
ram pressure stripping by the Milky Way halo, although it is pos-
sible that gravitational interactions, supernova winds, and heating
by the cosmic ultraviolet background could contribute by increas-
ing the stripping efficiency (e.g., Mayer et al. 2007; Kazantzidis
et al. 2017).

More recently, the advent of deep targeted HI surveys such
as xGASS and the REsolved Spectroscopy Of a Local VolumE
(RESOLVE) atomic gas survey (Stark et al. 2016), along with
the second-generation HI-blind ALFALFA survey, have made it
possible to extend studies of atomic hydrogen in groups to sig-
nificantly larger samples and take advantage of the overlap with
wide-area optical surveys such as SDSS. Perhaps the first evidence

supporting the idea that HI deficiency may be widespread in
groups across a wide range of halo masses came from GASS
(Catinella et al. 2013), a representative sample of ∼800 galaxies
with stellar masses greater than 1010 M�, limited an HI-to-stellar
mass fraction of ∼1.5%, which was later extended to smaller stel-
lar masses (xGASS). Catinella et al. (2013) showed that satellites in
groups have significantly lower gas content than central galaxies of
the same stellar mass and/or stellar mass surface density. Similar
results were found by Stark et al. (2016) using RESOLVE, a tar-
geted HI survey designed to be baryonic (i.e., stellar plus atomic
hydrogen) mass limited, as opposed to stellar mass selected as
GASS/xGASS. Intriguingly, as shown in Figure 15 (left), the agree-
ment between RESOLVE and xGASS is also quantitative, as both
surveys provide a consistent view of the decrease of gas fraction
at fixed halo mass from low- to high-mass groups. Unfortunately,
most of the satellite population in large groups is still not detected
even in these deep surveys, making it difficult to gain insights into
the physical drivers of the observed trends.

Similarly, works based on galaxies detected by ALFALFA (Hess
& Wilcots 2013; Yoon & Rosenberg 2015; Odekon et al. 2016)
found that the fraction of HI-detected systems gradually decreases
towards the centre of groups, with the effect being stronger in
more massive halos. However, as also pointed out by Yoon &
Rosenberg (2015), environmental studies based on HI detections
alone have limited informative power apart from simply confirm-
ing the presence of a morphology–density relation, thus providing
little evidence for the presence of stripping and any links with star
formation quenching.

The real breakthrough in this field came from spectral stack-
ing, a technique used to constrain the statistical properties of a
population of galaxies that lack individual detections in a sur-
vey. When applied to an HI-blind survey, spectral stacking is a
powerful tool to reach sensitivities well below the nominal one,
provided that independent redshift measurements are available for
large numbers of galaxies in the survey’s sky footprint. Briefly, this
requires to extract individual HI spectra at the known positions of
the galaxies (regardless of whether these are formally detected or
not), align in redshift and co-add (or stack)—the spectrum thus
obtained gives an estimate of the total and average HI content of
the sample that was co-added. By binning galaxies according to
a given property (e.g., stellar mass, colour, morphology, etc.) and
stacking the corresponding HI spectra in each bin, it is possible to
study gas scaling relations (e.g., Fabello et al. 2011, 2012; Geréb,
Morganti, & Oosterloo 2014; Brown et al. 2015, 2017; Healy et al.
2019; Guo et al. 2020; Hu et al. 2020).

Naturally, the gain in sensitivity afforded by spectral stack-
ing comes at a cost, in terms of two important drawbacks. First,
we only know the average HI content of the population that was
co-added, and nothing about its dispersion (although the scatter
of a relation can be explored by binning according to multiple
properties simultaneously, if the sample is large enough). Second,
stacking is an intrinsically linear operation, thus only provides
linear averages. This is in contrast to scaling relations based on
targeted observations, which are typically presented in terms of
medians or logarithmic averages (reflecting the fact that almost
all galaxy properties follow a log-normal distribution). This is
illustrated in Figure 15, where we show both medians and linear
averages for xGASS and RESOLVE: the two averaging techniques
do not provide the same answer, hence one cannot blindly com-
pare results from targeted observations (left panel) with stacking
(right panel), or even values for single galaxies with averages
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Figure 15. The HI-to-stellar mass ratio versus stellar mass relation for satellite galaxies as a function of mass of their host group halo. Results from targeted single-dish HI surveys
are shown in the left and middle panel, with circles and pentagons indicating xGASS (Catinella et al. 2018) and RESOLVE (Stark et al. 2016), respectively. Colours correspond to
different halo masses (as noted on the top-right corner of each panel), with arrows indicating bins dominated by upper limits. Only bins with at least 10 galaxies are shown. While
the left panel shows medians values, the middle panel shows linear averages in each bin. The right panel shows the same plot obtained by Brown et al. (2017) via stacking of
ALFALFA galaxies. By construction, this technique only provides linear averages and cannot be blindly compared with median scaling relations.

derived from stacking. This means that the power of spectral
stacking for scaling relations lies in the determination of relative
offsets between various samples or subsets, and that care must be
taken when comparing scaling relations (and their detailed shape)
from stacking with ones based on targeted observations and/or
predictions from theoretical models.

Despite its limitations, stacking has provided us with the
strongest observational evidence supporting cold gas stripping in
groups. Fabello et al. (2012) first applied this technique to a sample
of ∼ 5 000 galaxies with stellar mass M∗ > 1010 M� and redshift
0.025< z < 0.05, extracted from the overlap between ALFALFA
and SDSS surveys. They found that, for galaxies with M∗ < 1010.5
M�, the HI-to-stellar mass ratio decreases with increasing local
environmental density faster than the specific SFR, suggesting that
galaxies first lose their cold gas and then have their star formation
reduced. They interpreted this result as evidence for outside-in
gas stripping/star formation quenching, favouring a scenario in
which hydrodynamical mechanisms like those observed in clus-
ters of galaxies play a role even in groups with halo masses down
to ∼ 1013 M�.

This work was further extended by Brown et al. (2017), who
stacked the ALFALFA HI spectra of ∼ 10 600 satellite galaxies
extracted from the SDSS-based group catalogue of Yang, Mo, &
van den Bosch (2009) to quantify the variation of HI content as
a function of halo mass and galaxy-projected density. They con-
firmed that at fixed stellar mass, or stellar mass surface density, or
specific SFR, the HI-to-stellar mass ratio of satellites monotoni-
cally decreases when moving from low to high halo masses and/or
projected galaxy densities (Figure 15, right panel). Incidentally,
the fact that similar trends are present at fixed specific SFR or
stellar surface density (a proxy for morphology) implies that the
results shown in Figure 15 are not simply a consequence of the
well-knownmorphology/star formation rate–density relation (i.e.,
the fact that, at fixed stellar mass, groups have a higher fraction of
gas-poorer, early-type galaxies than the field).

Very interestingly, the large number statistics allowed Brown
et al. (2017) to go one step further and look for variations in HI
content as a function of environment and more than one galaxy
property at the same time. First, they showed that HI content
decreases from small to larger halos evenwhen controlling for both
mass and SFR, which confirms that their findings are genuinely

tracing environmentally-driven gas removal. They interpreted this
trend as evidence that HI is removed without any strong effects
on star formation over timescales of <1 Gyr. They also showed
that the decrease in HI content depends more strongly on halo
mass than local density, suggesting that the physical mechanism
at work is more closely related to the size of the halo, rather than
the galaxy distribution within it—again favouring active outside-
in stripping, most likely by ram pressure, initiating the quenching
phase of satellite galaxies.

It is important to note that, while qualitatively the results of
the ALFALFA stacking agree with linear averages from xGASS and
RESOLVE, there are still systematic differences, as clearly seen by
comparing the middle and right panels of Figure 15. While the
origin of such differences is still unclear, this highlights how more
work in this area is much needed.

In summary, we have now plenty of evidence that cold HI
stripping is ubiquitous also in the group environment, although
the degree of HI deficiency is on average significantly lower than
in clusters. However, the physical mechanism responsible for the
removal of the gas remains unclear. Historically, gravitational
interactions were the preferred option, as the dramatic effect of
galaxy–galaxy encounters on the HI distribution is very easy to
spot in groups. In recent years, though, the popularity of hydro-
dynamical mechanisms as a cause for HI stripping in groups has
been increasing. But should we really expect ram pressure to be
efficient in the group environment?

5.2. Is ram pressure efficient in the group environment?

Unlike in galaxy clusters, the observational evidence in support of
ram pressure playing a significant role in groups is, arguably, cir-
cumstantial. The higher frequency of optically disturbed systems
(highlighting the importance of gravitational interactions), com-
bined with the lack of large samples of highly HI-deficient galaxies,
prompted the question of whether the interaction with the intra-
groupmedium is strong enough to strip any gas from the satellites,
in particular in groups without an IGM component detected in
X-rays.

As mentioned above, perhaps the best case of ram pressure-
driven gas deficiency in groups is our Local Group, where the lack
of HI detections in any of the dwarf satellites within the virial

https://doi.org/10.1017/pasa.2021.18 Published online by Cambridge University Press

https://doi.org/10.1017/pasa.2021.18


Publications of the Astronomical Society of Australia 23

radius of the Milky Way is fully consistent with the predictions
from a simple ram pressure strippingmodel (e.g., Gatto et al. 2013;
Spekkens et al. 2014; Caproni et al. 2017). This indicates that, for
dwarf galaxies, ram pressure can be efficient even for IGM densi-
ties of ∼1–2 × 10–4 cm–3, as expected for the corona of the Milky
Way. This also seems to be consistent with the presence of HI tails
seen in isolated Local Group dwarf galaxies (e.g., McConnachie
et al. 2007). Outside the Local Group, similar or even lower IGM
densities have been shown to be sufficient to explain the HI asym-
metries and/or kinematic disturbances observed in group galaxies
(e.g., Bureau & Carignan 2002; Bernard et al. 2010; Westmeier,
Braun, & Koribalski 2011; Elagali et al. 2019), but admittedly it
is not clear if ram pressure is powerful enough to reproduce the
observed trends between HI gas fractions and group halo mass.

The lack of an X-ray emitting IGM in many groups with clear
signs of gas stripping has been commonly used to argue against
ram pressure stripping (e.g., Scott et al. 2012), on the basis that
they are thought to lack a dense medium that could provide
enough ram pressure to remove cold ISM from star-forming discs.
However, this is definitely not the case. Indeed, individual groups
with halo mass smaller than ∼ 1013 M� are still partially out of
reach of current X-ray missions (e.g., Mulchaey 2000; Finoguenov
et al. 2009; Miniati et al. 2016) and can also host dense IGM at
lower temperatures (e.g., 105-6 K) than larger groups and clus-
ters. Interestingly, indirect proof of the presence of a significant
IGM component in X-ray faint groups comes from the work of
Freeland & Wilcots (2011), who looked for bent-double radio
sources in groups and estimated the density of the IGM, under
the assumption that the radio jets are bent by ram pressure (see
also the X-ray stacking results of Anderson, Bregman, & Dai 2013;
Anderson et al. 2015). They probed projected group distances
between ∼20 kpc and 2 Mpc and targeted groups with velocity
dispersions between 250 and 570 km s–1, finding clear evidence
for a significant IGM even at large group-centric distances, with
volume densities between 3×10−3 and 2×10−4 cm–3—that is, a
factor of ∼1–10 lower than the typical density observed in the
centre of clusters such as Virgo and Coma (e.g. Boselli & Gavazzi
2006). While maybe not enough to fully strip a Milky Way-size
galaxy in a group, these densities should be sufficient to remove
the outer parts of the HI disc, as well as a significant fraction
of the gas reservoir of dwarf galaxies. To show this, we rewrite
the standard Gunn & Gott (1972) formalism for ram pressure
(ρv2 ≥ 2πG�g�s, where ρ is the volume density of the IGM, v
is the orbital velocity of the galaxy, G is the gravitational constant,
and�g ,�s are the surface densities of gas and stars) by rescaling it
to the conditions typical of the outer disc of a galaxy in a group:

ρ[cm−3]
5× 10−4

(
v[km s−1]

250

)2
≥ 0.88

�g[M� pc−2]
5

�s[M� pc−2]
5

. (6)

It is clear that, for surface densities typically observed at a galaxy’s
optical radius (e.g., Leroy et al. 2008; Sánchez Almeida 2020), ram
pressure can be strong enough, even for IGM densities a factor
of a few smaller and orbital velocities five times slower than for
galaxies passing through the centre of massive clusters (see also
the modelling presented by Hester 2006 and Köppen et al. 2018).

In summary, HI stripping by hydrodynamical processes
such as ram pressure can be a viable scenario to explain the HI
properties of group galaxies and should not be dismissed simply
based on a lack of an X-ray emitting IGM. However, even more
than in clusters of galaxies, multiple physical mechanisms are

likely playing a significant role in removing cold gas from the
disc, and it is plausible that the primary mechanism responsible
varies depending on the properties of the individual group and
its satellites. Nevertheless, as discussed so far, it is clear that direct
stripping of the cold ISM from the disc is widespread even in
groups. So, the next step is to determine whether stripping is
physically linked, or even driving, the quenching of star formation
in group satellite galaxies.

5.3. Does cold gas stripping cause star formation
quenching in groups?

The limited amount of HI observations available for groups,
combined with the lower efficiency of stripping, makes it more
challenging to obtain direct observational proof of a tight con-
nection between cold gas stripping and quenching. As will soon
become clear in this section, this issue is made even worse by the
lack of adequate molecular hydrogen information and resolved
studies of star formation activity for large statistical samples of
group galaxies. Thus, in addition to considering H2 and SFR
properties of satellites in groups (as we did for galaxy clusters in
Section 4), we are forced to resort to more indirect tracers, such
as gas and stellar metallicities, in order to tease out the impact of
environmental effects on the star formation cycle of galaxies in
groups, and establish a connection between HI gas stripping and
quenching.

5.3.1. Molecular hydrogen in groups

Molecular hydrogen investigations for representative samples
of satellite galaxies in groups are almost non-existent. So far,
CO observations have primarily focused on pre-selected samples
of Hickson/compact groups. In these environments, molecular
hydrogen appears significantly less affected (if at all) than atomic
hydrogen, cases of H2 deficiency are rare, and star formation effi-
ciency appears to be the same as observed in isolated systems (e.g.
Lisenfeld et al. 2014, 2017; Martinez-Badenes et al. 2012). In some
cases, galaxies whose star formation has already been significantly
reduced show significant H2 reservoirs but low star formation
efficiencies, perhaps suggesting that H2 suppression (either by
stripping or starvation) may not always be needed to quench star
formation (Alatalo et al. 2015), but higher turbulence and/or gas
heating may reduce the efficiency with which gas is turned into
stars. However, it is still unclear if these findings are applicable to
the average satellite galaxy in a group. Thus, it is still impossible
to directly connect HI to H2 in groups in a statistical sense and to
use observations of cold gas in groups as direct evidence for star
formation quenching.

5.3.2. SFR surface density profiles

The situation is slightly better when it comes to the resolved star
formation properties of satellites. While we lack representative
samples for which both resolved HI and SFR maps are available,
the advent of large optical IFS surveys is gradually providing us
with important insights on how group environment affects the
SFR surface density profiles of satellites. Intriguingly, while pretty
much all studies so far (e.g., Schaefer et al. 2017, 2019a; Medling
et al. 2018; Lian et al. 2019; Spindler et al. 2018; Coenda et al. 2019;
Bluck et al. 2020 but see also Eigenthaler et al. 2015 for a narrow-
band-based approach) suggest that the SFR density distribution in
group satellites is significantly less affected by environment than

https://doi.org/10.1017/pasa.2021.18 Published online by Cambridge University Press

https://doi.org/10.1017/pasa.2021.18


24 L. Cortese et al.

Figure 16. SFR surface density radial profiles for satellite galaxies in different environments. SFR surface density is expressed in terms of deviation from the resolved star-forming
main sequence (	�SFR), with 	�SFR = 0 indicating regions that are forming stars as expected for their stellar mass surface density. Median 	�SFR radial profiles for low-mass
(9< log (M∗/M�)<10, left panel) and high-mass (10< log (M∗/M�)<11.5, right panel) galaxies are split into ranges of local galaxy over-density evaluated at the 5th nearest neigh-
bour (δ5). The width of each coloured region indicates the 1σ uncertainty on the population average. While low-mass satellites show gradual ‘outside-in’ quenching, high-mass
satellites are more consistent with either flat radial profiles or even ‘inside-out’ quenching. Adapted from Bluck et al. (2020) and kindly provided by A. Bluck.

observed in nearby clusters, the agreement between these works
stops here. Schaefer et al. (2017) take advantage of the Sydney-
AAO Multi-Object Integral-Field Spectrograph (SAMI) Galaxy
Survey (Bryant et al. 2015) to show that the Hα SFR profiles
of galaxies (with no distinction between centrals and satellites)
become steeper with increasing environmental density at fixed
stellar mass, consistently with what is expected if star formation is
quenched outside-in. This trend is particularly strong for massive
(M� >1010 M�) systems. In other words, they suggest that quench-
ing is due to amilder version of the same process acting in clusters.
This work is further expanded by Schaefer et al. (2019a) to show
that massive satellite galaxies in groups (Mh > 1012.5 M�) have
star formation more concentrated in their inner regions than what
observed in central/isolated galaxies, whereas lower mass satellites
do not show any evidence of SFR concentration.

Conversely, Spindler et al. (2018) perform a similar analysis
using data from the Mapping Nearby Galaxies at Apache Point
Observatory (MaNGA; Bundy et al. 2015) survey and find no vari-
ation in the SFR (or specific SFR) profiles of centrals and satellite
galaxies, nor a variation in the SFR density profiles with environ-
mental density. This seems confirmed by a more recent analysis
of MaNGA presented by Lian et al. (2019), where a correlation
between environmental density and shape of SFR profiles may
be present, but not at a statistically significant level. Intriguingly,
the only stellar mass bin where the correlation may be signifi-
cant covers the range 9< log (M∗/M�)<9.7, in contradiction with
the SAMI-based results. Similar findings have been reported by
Coenda et al. (2019) using the Calar Alto Legacy Integral Field
Area (CALIFA; Sánchez et al. 2012) survey, who find that the
specific SFR profiles of group satellites are not different from
those of field galaxies, except for galaxies in the stellar mass range
9< log (M∗/M�)<10, where they find evidence for outside-in
quenching.

Apart from potential differences in datasets and environmen-
tal metrics used, there are some key limitations associated with the
use of Hα SFR profiles extracted from IFS data, which are most

likely behind the differences between the investigations discussed
above. By selection, most of these works are primarily focused on
the high SFR surface density regime (i.e., > 10−3 M� yr–1 kpc–2),
thus mainly tracing galaxies that are still on the main sequence.
This is due not only to the sensitivity of the observations, but
also to the fact that, below the star-forming main sequence, the
dominant source of ionisation in the ISM is no longer star for-
mation, but either more evolved stars, shocks, and/or accreting
super-massive black holes. This makes it very challenging to derive
SFR density profiles for a representative sample of satellite galax-
ies below the main sequence (Belfiore et al. 2017). Thus, it is not
too surprising that actively star-forming satellites do not show
strong signs of environmental perturbation (note that a similar
conclusion would be reached also for cluster galaxies), and that
those studies pushing into the passive population do find more
tantalising evidence for outside-in quenching in group satellites.

Excitingly, Bluck et al. (2020) have recently been able to push
the analysis of resolved star formation in satellite galaxies to lower
SFRs with a two-stage approach: that is, using Hα emission where
available, and the strength of the 4 000 Å break otherwise. Their
findings seem to confirm that low-mass (M∗ <1010 M�) satel-
lites are quenched outside-in, whereas higher mass systems may
be more consistent with inside-out quenching (see Figure 16).
Moreover, they argue that environment may not even play a sig-
nificant role in the quenching of high-mass satellites, potentially
driven by ‘internal mechanisms’. This technique is very promis-
ing and could become a powerful tool for establishing how star
formation is quenched in group satellites.

In summary, the star formation in the inner parts (i.e., within
∼1–1.5 effective radii) of the optical disc of group satellite galaxies
does not seem to be significantly affected by environmental effects.
This is in contrast to the outer parts of the disc, where the quench-
ing of the star formation seems to be consistent with the evidence
for stripping of the cold ISM up to the optical radius. Thus, it
remains unclear whether there is a direct connection between
stripping of HI in the outer parts of the disc and full quenching of
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Figure 17. Gas-phase oxygen abundance distribution for star-forming centrals (solid
lines) and star-forming satellites (dashed lines) for different stellarmass bins (coloured
lines), based on SDSS. At the same stellar mass, the average metallicity of satellites is
higher than that of centrals, especially at low stellar masses. Image reproduced with
permission from Figure 2 in Peng & Maiolino (2014). Copyright by the authors.

the star formation. In order to gain more insights into this matter,
we next discuss what gas-phase and stellar metallicities can tell us
about the recent and past enrichment history of the ISM.

5.3.3. Gas-phase metallicities

It is now well established that, even when still forming stars
at rates typical of what is observed in the star-forming main
sequence, satellite galaxies in groups show gas-phase metallici-
ties significantly higher (∼0.1–0.2 dex) than central galaxies of
the same stellar mass. This increase in metallicity of the ISM has
been reported by studies based on both fibre spectroscopy (e.g.,
Pasquali, Gallazzi, & van den Bosch 2012; Peng & Maiolino 2014;
Wu et al. 2017) and IFS data (e.g., Lian et al. 2019; Schaefer
et al. 2019b) and appears to become more and more prominent
with decreasing galaxy stellar mass (see Figure 17). While these
observational findings are overall in agreement with results from
clusters of galaxies and generally interpreted as evidence for the
cessation of infall of pristine gas and stripping of cold ISM from
the outer disc (see Sections 4.2 and 4.4), for satellites in groups
multiple scenarios have been proposed. Most importantly, it is still
debated whether such an increase in metallicity is directly linked
to stripping. Pasquali et al. (2012) put forward a scenario in which,
at the same time, (a) the halting of gas infall prevents the galaxy
from accreting pristine gas; (b) ram pressure removes the gas in
the outer disc and prevents radial inflow of low-metallicity gas into
the disc, and (c) metal-enriched outflows are prevented due to the
external pressure of the IGM. A similar conclusion was reached by
Wu et al. (2017), who linked the increase in metallicity to the lack
of cold gas in satellites in high-density environments.

Conversely, Peng &Maiolino (2014) argued that the increase in
gas-phasemetallicity has little to do with stripping or halting of gas
inflow, but that it is primarily a consequence of the fact that satel-
lites in groups accrete preferentially metal-enriched gas. They used
the gas regulator model presented by Lilly et al. (2013) to show
that a metallicity enhancement at fixed mass and SFR can simply
be obtained by assuming that, in denser environments, the IGM is
more metal enriched and, therefore, its infall into satellites would
boost the metal content in their ISM. One of the key elements of
their argument is indeed the presence of a clear metallicity offset

between centrals and satellites having the same SFR. A similar con-
clusion was recently reached by Schaefer et al. (2019b), who looked
at the resolved mass gas-phase metallicity of satellite and central
galaxies extracted from the MaNGA survey.

The recent analysis presented by Lian et al. (2019), and based
again on MaNGA data, may provide an avenue to gradually dis-
criminate between the different scenarios presented above. They
found that, at least at low stellar masses (9< log (M∗/M�)<9.7),
the enhancement in gas-phase metallicity is associated with a
gradual flattening of metallicity gradients with increasing envi-
ronmental density. This is accompanied by a weak steepening of
the SFR density profiles. Using a chemical evolution model, they
showed that the observed changes in SFR and gas-phase metal-
licity profiles are more consistent with outside-in quenching and
halting of gas infall primarily in the outer parts of the star-forming
disc, rather than accretion of pre-enrichedmaterial. However, they
stressed that larger number statistics is needed to fully reject the
metal-enriched gas accretion scenario.

As argued by Schaefer et al. (2019b), the Lian et al. (2019)
sample extends to lower SFRs than the one used in other works,
suggesting that they are much more sensitive to environmental
effects than analyses focused on satellites that are pre-selected to
lie on the star-forming main sequence. In other words, there may
be multiple channels affecting the enrichment of satellite galax-
ies and our ability to trace them may heavily depend on sample
selection criteria.

Intriguingly, a similar debate has recently emerged also from
the analysis of cosmological simulations. For example, Bahé et al.
(2017) take advantage of the Evolution and Assembly of GaLaxies
and their Environments (EAGLE; Schaye et al. 2015) simula-
tion to show that gas-phase metallicity enhancements are directly
linked to environmental quenching, and due to the removal of
metal-poor gas from the outskirts of the star-forming disc and
suppression of gas inflows. Conversely, Gupta et al. (2018) show
that ILLUSTRIS-TNG (Pillepich et al. 2018) satellite galaxies in
groups accrete more pre-enriched gas than galaxies in isolation
and suggest that this can easily account for the observed difference
in gas-phase metallicity between satellites and centrals. However,
as extensively discussed in Bahé et al. (2017), even in the case
of theoretical simulations, the selection criteria used to match
simulated and observed data can significantly influence the results.

In summary, while further analysis is needed to determine the
origin of the gas-phase metallicity enhancement observed in satel-
lite galaxies, all evidence suggests that stripping of HI can directly
affect the outer parts of the star-forming disc, whereas for most of
the optical disc changes in star formation activity and ISM enrich-
ment appear more consistent with just a reduction of the gas infall
rate onto the disc. This is particularly true for galaxies with stellar
massesM∗ ≥1010 M�.

5.3.4. Stellar metallicities

A scenario in which cold gas stripping marginally affects the inner
star formation activity of group satellites appears consistent with
the stellar abundance properties of satellite galaxies (e.g., Pasquali
et al. 2010; Peng et al. 2015). In particular, Peng et al. (2015)
show that passive satellite galaxies have higher stellar metallici-
ties than star-forming ones at fixed stellar mass (see also Bluck
et al. 2020; Trussler et al. 2020). They argue that this is consis-
tent with a scenario in which star formation is quenched slowly,
allowing significant further enrichment of stellar populations after
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infall (see also Bahé et al. 2017 for a theoretical view on this). This
appears also in line with the lack of any difference in the shape of
stellar age and stellar metallicity gradients in galaxies as a function
of environment (e.g., Goddard et al. 2017; Zheng et al. 2017) and
the fact that already quenched satellite galaxies rarely support an
outside-in quenching of their star formation within ∼1–1.5 effec-
tive radii (e.g., Lin et al. 2019). One potential caveat in trying to
link studies of stellar metallicities with those focused on SFRs,
gas-phase metallicites, and cold gas is that these two approaches
generally target different populations, with gas studies focusing on
star-forming satellites only, while stellar ones also including galax-
ies that are already quenched and have likely spent most of their
life as satellites (e.g., Pasquali et al. 2019; Smith et al. 2019). Thus,
the two approachesmay be sensitive to different physical processes
and infall times.

5.4. Star formation quenching timescales in the group
environment

It should be now clear to the reader that, even in groups, the pic-
ture emerging on the potential connection between stripping and
quenching is not dramatically different from what we have seen
for clusters. Thus, the key points on quenching timescales high-
lighted in Section 4.4 are applicable also to the group environment.
However, here it is worth going into greater detail on issues that
are directly relevant to group satellites.

Even in groups, it is natural to expect that, for low-mass galax-
ies (� 108 M�), ram pressure is strong enough to remove all the
cold gas reservoir soon after the crossing of the virial radius
or at first pericentre passage. Thus, for these objects, quenching
timescales (measured from the time of infall until the time of
quenching) should be relatively short (i.e., ∼1 Gyr).

This is indeed the consistent picture emerging from all esti-
mates of quenching timescales for galaxies in the Local Group
(e.g., Fillingham et al. 2015, 2019; Wetzel, Tollerud, & Weisz
2015). Excitingly, with the advent of the Gaia mission (Gaia
Collaboration et al. 2016), it has even become possible to recon-
struct the orbits of satellites around the Milky Way and determine
quenching timescales with unprecedented accuracy. By doing so,
Fillingham et al. (2019) find quenching timescales (measured
from the time when the galaxy crossed the virial radius of the
Milky Way halo) <2 Gyr for all Milky Way satellites with stel-
lar masses lower than M∗ ∼ 108 M�. Moreover, as expected, the
exact timescale strongly depends on the detailed orbital parame-
ters of each satellite, with orbits with unusually large pericentre
passages corresponding to significantly longer (i.e., several Gyr)
quenching timescales. Interestingly, Wetzel et al. (2015) report
a trend of increasing quenching timescale with increasing stellar
mass, consistent with the idea that the efficiency of the quenching
mechanism decreases with increasing mass, as in the case of ram
pressure stripping.

It would be natural to assume that, at fixed group mass, the
trend of increasing quenching timescale with increasing mass can
be extrapolated to higher stellar masses. However, the picture
appears a bit more complicated. If we combine all most popular
estimates of quenching timescales in satellites (see e.g., Wheeler
et al. 2014; Fillingham et al. 2015, 2016; Wetzel et al. 2015) an
unexpected trend emerges, where quenching timescales increase
with stellar mass of up to ∼6–8 Gyr for stellar masses of ∼109 M�
and start decreasing for higher stellar masses. The favoured
interpretation of this trend is that M∗ ∼ 109 M� represents the

transition mass above which stripping of the cold ISM becomes
inefficient and starvation becomes dominant. Thus, the decrease
in quenching timescale at highermasses is supposedly just a conse-
quence of shorter total gas depletion times in more massive galax-
ies (e.g., depletion time scaling withM−0.3∗ ; Davé, Oppenheimer, &
Finlator 2011).

While future investigations are needed to settle this issue, we
recommend caution in interpreting such trends at face value.
Not only are different group masses combined but, as discussed
in Section 4.4, there are many caveats in the use of quenching
timescales to isolate physical processes driving quenching, and
mass trends could be a simple by-product of the threshold used to
separate passive and active galaxies. Moreover, longer timescales
may not mean less efficient quenching, but different orbital
parameters/accretion histories. Quenching likely does not start
at the time of crossing the virial radius, and there is evidence
suggesting that it is this time delay between infall and onset
of quenching that drives the mass dependency of quenching
timescales in both groups and clusters (e.g., Wetzel et al. 2013;
Rafieferantsoa, Davé, & Naab 2019). Indeed, as already men-
tioned, when quenching timescale estimates do not depend on
assumptions on delay time, mass dependencies either disappear
or revert back to less massive systems being quenched faster
(e.g., Smethurst et al. 2017; Pasquali et al. 2019). This conclusion
appears in line with the recent findings by Oman et al. (2020),
who provide an extensive discussion on the biases and limitations
of the various techniques used so far to infer quenching timescales
and on how these could artificially introduce mass dependencies.

From a quantitative point of view, a more detailed analysis is
required to determine whether a decrease in quenching timescale
of a factor of ∼4 from stellar masses of 109 to 1011 M� (e.g.,
from 8 to 2 Gyr; Fillingham et al. 2015) can be explained with
just a variation in depletion time. At the time of writing, any
mass dependence in the total gas depletion time observed in
nearby galaxies rarely surpass a factor of ∼2, with a large scatter
(see also Figure 13). Indeed, previous works have reported total
gas depletion times even increasing with decreasing specific SFR
(Boselli et al. 2014d), and molecular gas depletion times mono-
tonically increasing with increasing mass and decreasing specific
SFR (Saintonge et al. 2017), that is, opposite to what is expected if
cold gas depletion times drive quenching timescales.

Regardless of the exact mass dependence of quenching
timescales for stellar masses larger than∼109 M�, it is clear that in
groups, as in clusters, a few billion years (i.e., multiple pericentre
passages) are needed to fully quench intermediate- and high-mass
satellites. Most importantly, even in groups, it seems clear that
both stripping of the cold ISM (for dwarf galaxies and the outer
parts of discs in more massive systems) and slower quenching, at
least partially associated with the halting of gas accretion onto the
star-forming disc, are playing a role in driving satellites out of the
star-forming main sequence.

6. Pre-processing and the role large-scale structure

So far, we have looked at satellites in groups and clusters under
the hidden assumption that they spend all their life as satellites in
the host halo in which they are found at z ∼0. This is definitely
useful to set the scene and provide an overview of the obser-
vational evidence supporting the link between cold gas removal
and quenching. This is also motivated by the fact that we are
still lacking the ability to trace environmental effects on cold gas
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beyond z ∼0.1. However, it is important to note that this is an
oversimplification.

In a hierarchical framework, structures grow through accre-
tion of lowermass halos. Thus, satellites observed today inmassive
groups and clusters may have spent a significant part of their past
evolutionary history as satellites of smaller groups and may have
been affected by nurture in environments different from those
they currently inhabit, a scenario generally referred to as galaxy
pre-processing (e.g., Zabludoff & Mulchaey 1998; Fujita 2004).
Similarly, galaxy groups are not isolated entities but are embed-
ded into the large-scale structure of the Universe and, during
their growth, move along cosmic filaments. Growing support is
emerging from cosmological simulations for a potential physical
connection between cold gas accretion, disc spin orientation, and
location of galaxies within filaments (e.g., Codis et al. 2012; Dubois
et al. 2014; Kraljic et al. 2020).

Thus, it is important to review the current observational evi-
dence for the role of pre-processing and large-scale structure
on cold gas stripping and discuss how this fits into the picture
emerging from the previous sections.

6.1. Pre-processing

Given the focus of this review on the quenching of star-forming
satellites, here we are interested in the potential role of pre-
processing in starting (but not completing) the quenching phase
of satellites before their infall into the current cluster (or large
group; for simplicity, we refer only to clusters in the rest of this
section). Indeed, while important for understanding the variation
of the passive satellite fraction with environment and mass (e.g.,
De Lucia et al. 2012; Wetzel et al. 2013; Haines et al. 2015), pre-
processed satellites infalling into the cluster already fully quenched
are irrelevant for what was discussed in Section 4, and their
quenching history (as well as the role of pre-processing) is fully
encapsulated in Section 5, where we have seen how groups can
quench star formation in their satellites.

From a theoretical point of view, there is general agreement
that roughly ∼30–40% of the satellite population found in cluster-
size halos (e.g., 1014 M�) fell into the cluster as a satellite of a halo
of mass ∼1013 M� (e.g., McGee et al. 2009; De Lucia et al. 2012;
Han et al. 2018). However, this fraction strongly depends on stellar
mass, with more massive galaxies having an increased likelihood
of infalling into clusters as centrals than lower mass systems (De
Lucia et al. 2012; Wetzel et al. 2013). Most importantly, the time
spent as a satellite before infalling into the cluster can vary dra-
matically (e.g., from just ∼0.1 to 8 Gyr or more) but is generally
∼2–3 Gyr or less (e.g., see Figure 18). This is of the same order of
magnitude, or even shorter, than the typical delay time before the
onset of the major quenching phase in satellites (∼2–6 Gyr). In
this time frame, pre-processing could definitely impact on the abil-
ity of satellites to accrete new gas and could also contribute to the
removal of cold gas from the very outer discs. But it seems unlikely
that, for the bulk of star-forming galaxies infalling into today’s
clusters (which are the focus of this review), pre-processing plays
a key role in their path towards quenching. This is simply because
they are still in the star-forming main sequence when they reach
the cluster environment and, by definition, their star formation
activity has not yet been significantly affected by the environment
experienced before infall.

Indeed, from an observational point of view, apart from pecu-
liar cases of groups infalling into clusters (e.g., Cortese et al. 2006;

Figure 18. Cumulative percentage of cluster satellites at z=0 that have spent more
than a certain amount of time in a host before infall, as predicted by the Yonsei Zoom-
in Cluster hydrodynamic simulation. The thick dark line shows the percentage of all
members in the 15 clusters studied, while thinner lines (colour-coded by cluster mass)
show individual clusters. Image reproducedwith permission from Figure 2 in Han et al.
(2018). Copyright by AAS.

Džudžar et al. 2019), the few observational pieces of evidence sug-
gesting an effect of pre-processing on the gas reservoir of infalling
star-forming satellites indicate just very small variations inHI con-
tent (∼0.1–0.2 dex, e.g., Yoon & Rosenberg 2015; Odekon et al.
2016). These are generally within the typical variation in the HI
content of galaxies on the star-formingmain sequence (Janowiecki
et al. 2020) and, indeed, the bulk of the population of infalling
satellites in clusters has SFR and HI content within ∼0.2 dex of
those observed in isolated systems (e.g., Cortese & Hughes 2009;
Boselli et al. 2014d).

Admittedly, the limitation of current HI and H2 surveys makes
it impossible to further investigate the role of pre-processing in
any detail and quantify its effect on cold gas content and SFR
simultaneously as a function of group and satellite mass. However,
it is clear that, when star-forming satellites infall into cluster-size
halos (∼1014 M� or higher), the key paths driving the quench-
ing of the star formation are those summarised in Section 4.5 (i.e.,
outside-in stripping and quenching), with group pre-processing
potentially only making them more efficient.

6.2. Large-scale structure filaments

Even more circumstantial is the observational evidence for a con-
nection between cold gas content, star formation quenching, and
position of galaxies within filaments. Only a handful of studies
have investigated the correlation between HI mass and distance
from the spine of large-scale structure filaments, and samples are
still relatively small and generally biased towards gas-rich systems.
While there seems to be common agreement that gas richness
may vary with distance from the filaments (Kleiner et al. 2017;
Crone Odekon et al. 2018; Blue Bird et al. 2020), additional work
is needed to properly quantify these differences and their depen-
dence on galaxy properties. For example, while Crone Odekon
et al. (2018) find an increase of HI content with increasing distance
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from the spine of the large-scale structure, Kleiner et al. (2017)
report the opposite trend for galaxies with stellar masses greater
than 1011 M�. Perhaps more importantly for the focus of this
review, both theoretical and observational studies seem to imply
that the overall effect of filaments on gas content and star forma-
tion (at fixed group environment) should be relatively small (< 0.3
dex) and well within the scatter in properties observed for the star-
forming galaxy population (indeed, the large-scale environment
could well be one of the contributing causes of this scatter).

However, much like in the case of pre-processing, understand-
ing the role played by filaments is most likely critical in regulating
the inflow rate of gas into star-forming discs. We still know very
little about how cold gas gets into the disc and whether, for
fixed satellite and group properties, large-scale structure plays an
important role in regulating when and how accretion occurs and
stops. Looking ahead, it will be first necessary to carefully con-
trol for the effect of the group environment, in order to isolate
filament-driven effects.

7. A unified view on the role of cold gas stripping in satellite
quenching

The observational evidence presented in this review suggests that
stripping of the cold ISM is practically always associated with
quenching. So far, we have never observed a clear example of
quenching in a satellite galaxy where there was no removal of at
least the very outer parts of the HI disc. Thus, we can at least
exclude the ‘stability’ scenario described in Section 2 as a key path-
way for satellite galaxies. At the same time, active stripping rarely
appears sufficient to fully quench galaxies, unless all the cold gas
is stripped during the first orbit through the centre of the parent
halo. For a typical Milky Way-like galaxy, the inner parts of the
cold disc remain bound to the galaxy and can continue to feed star
formation for at least a few billion years longer.

Cold gas stripping: key parameters. The mass of the satellite and
of the parent halo are most likely the two primary parameters
determining whether or not full gas stripping is efficient, as tes-
tified by the fact that all Local Group dwarf satellites within the
virial radius of theMilkyWay are fully quenched, whereas massive
discs (i.e., M∗ >1010 M�) in Virgo are able to retain a signifi-
cant amount of gas in their disc after the first pericentre passage.
However, the value of the stellar mass threshold below which gas is
fully stripped, and its dependence on halo mass, is still to be deter-
mined. In addition, it is natural to expect that the orbital properties
of satellites as well as the accretion history of the groups may play
a secondary, yet significant, role.

Outside-in gas removal. Stripping of cold gas is preferentially
outside-in, with the outer parts of the star-forming disc quenched
first. This does not necessarily imply that the inner parts of the disc
are immune from environmental effects, as diffuse/extraplanar
gas may still be affected within the truncation radius. But, more
simply, it means that the overall stripping efficiency varies sig-
nificantly with galactocentric distance. The details also depend on
the physical mechanism(s) responsible for the stripping and, while
hydrodynamical processes are clearly the dominant players when
the ISM is affected within the optical disc, multiple physical pro-
cesses (e.g., including gravitational interactions) are most likely at
work when gas is removed only from the outer edges of theHI disc,
and their relative role and efficiency still need to be quantified.

This is something that may even be nearly impossible as they often
occur simultaneously.

Starvation and stripping. One key implication of the widespread
presence of cold ISM stripping is that the physical mechanism(s)
responsible for removing the cold gas from the disc also prevent
the accretion of new gas onto the disc. Thus, both quenching chan-
nels (i.e., active cold gas removal and cessation of gas infall) are
happening at the same time and may even be driven by the same
physical processes. What changes is primarily the importance of
the two channels for full quenching, depending on how far inside
the optical disc is stripping efficient.

In this regard it is clear that, at least for star-forming satellites
withM∗ ∼1010 M� in a typical galaxy group (e.g.,Mh ∼1013 M�),
their cold gas content is almost never fully stripped after one peri-
centre passage. Thus, star formation will be fully quenched only
gradually (i.e., over timescales of at least a few billion years after
crossing the virial radius of their host halo), most likely due to
the consumption of gas via star formation and lack of additional
infall. Pre-processing in smaller groups might make stripping and
quenching more efficient but, at least at z ∼0, its role appears
secondary.

It is important to stress that the fate of the inner parts of the
star-forming disc (where stripping cannot be dominant) is proba-
bly one of the most important unknowns in the picture emerging
from this work. While the general assumption in the literature is,
indeed, that star formation will be quenched gradually and the
galaxy will starve, this still needs to be proven as it is possible
that other processes (e.g., outflows) may additionally contribute
to regulating the last stages of the quenching phase.

In summary, as already hinted by several studies (e.g., Cortese
& Hughes 2009; Fillingham et al. 2016; Roberts et al. 2019), satel-
lite galaxies in groups at z ∼0 seem to follow a well-defined path
towards full quenching, where both direct stripping and halting of
infall play a key and simultaneous role and might even be driven
by the same physical process(es). The main variable is how deep
into the star-forming disc does stripping affect the cold ISM, which
determines its relative importance with respect to gas exhaustion
via star formation in driving full quenching, and in the end sets
the timescale needed for satellites to transition from the active to
the passive population.

8. The theoretical perspective

Before concluding, it is natural to wonder if the observationally
motivated scenario presented here is in line with the predictions
from theoretical models of galaxy formation and evolution. While
it is beyond the scope of this paper to review all the theoretical
work on this topic carried out in the last decades, we believe that
is important to provide the reader with an overview of how cur-
rent simulations fit in the observational picture that we have put
forward. Hence, we specifically focus only on three key points: (a)
whether cold gas stripping is ubiquitous in satellites galaxies; (b)
if theoretical models can help identify the driving physical mech-
anism stripping the gas, and (c) if satellites are fully stripped, and
thus quenched, after the first pericentre passage.

8.1. Do we need cold gas stripping?

In the last two decades, one of the most popular tools for studying
the gas content of galaxy populations in a cosmological context has
been semi-analytical models (SAMs). Most modern SAMs take the
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merger trees of darkmatter only cosmological N-body simulations
to follow the growth of structure through gravitational instability
and then include a semi-analytical treatment of the various phys-
ical processes affecting the evolution of baryons (e.g., gas cooling,
star formation, feedback, etc) to derive the properties of galax-
ies hosted within their dark matter halos. Because of the limited
computational cost, they are extremely efficient at exploring large
parameter space and investigating wide simulated volumes (e.g.,
Baugh 2006; Somerville & Davé 2015).

The vast majority of early SAMs implemented gas loss in satel-
lite galaxies by removing only the hot gas content of galaxies
instantly after they become satellites (Baugh, Cole, & Frenk 1996;
Springel et al. 2001; Lagos, Cora, & Padilla 2008). However, it soon
became clear that the combination of instantaneous stripping with
very efficient supernova feedback produced galaxies that tended to
use up (or eject) their remaining cold disc gas too rapidly, result-
ing in fractions of red galaxies in groups and clusters that were
too high compared to observations (Weinmann et al. 2006; Baldry
et al. 2006; Kimm et al. 2009). This also explains why early efforts
to include ram pressure stripping of the cold ISM in SAMs (e.g.,
Okamoto & Nagashima 2003; Lanzoni et al. 2005) reported no
significant improvements in the ability of models to match the
star formation properties of satellites (i.e., galaxies were quenched
before ram pressure stripping of cold gas could play a role).

As a result, McCarthy et al. (2008) provided new recipes
derived from hydrodynamical simulations describing gradual hot
gas stripping that, combined with an improved treatment of how
the gas is re-heated by feedback, improved the match with obser-
vations (e.g., Font et al. 2008; Lagos et al. 2014; De Lucia et al.
2019). However, these changes were still insufficient to match the
observed passive fractions (e.g., see Guo et al. 2011; Hirschmann
et al. 2014b; Henriques et al. 2015). Intriguingly, more recent work
focused on the relative effect of hot gas stripping on the atomic-to-
molecular hydrogen ratio has also highlighted that hot stripping
alone would produce satellite galaxies with lower H2-to-HI ratios
than star-forming centrals of the same stellar mass (e.g., Xie et al.
2018, 2020), contrary to what is observed in clusters.

These issues, combined with the increasing number of obser-
vational constraints on HI and H2 properties of satellite galaxies,
have prompted several groups to include recipes for cold gas strip-
ping in their SAMs (e.g., Tecce et al. 2010; Stevens & Brown 2017;
Cora et al. 2018; Xie et al. 2020). To do so, the general approach is
to calculate the cold gas stripping radius analytically by balancing
the galaxy’s restoring forces against the drag expected from ram
pressure. Commonly, the hot halo gas shields the cold disc until
it has been stripped, although the exact implementation varies
somewhat between studies, as do the timescales for the gas to be
removed, generally related to the time resolution of the simulation.

Although these studies concur that hot gas stripping is still
the primary factor dictating the strength of quenching in most
galaxies,m some works are starting to suggest that the inclusion of
recipes for cold stripping is necessary for improving the match to
observed quenching fractions (at least in clusters, e.g., Xie et al.
2020), supporting the idea that cold gas stripping is important
for the evolution of satellite galaxies. More generally accepted is
the fact that gas stripping appears indispensable to better repro-
duce the HI content of satellites, the variation of HI deficiency

mHowever, we note the caveat that, due to hot halo shielding of the cold gas, it is diffi-
cult to directly see the effect of each mechanism independently. For instance, if hot halo
stripping is switched off, it will disable cold stripping as well.

with cluster-centric distance, and the increase of H2/HI fractions
in clusters (e.g., Cora et al. 2018; Stevens et al. 2018; Xie et al. 2020).
Nevertheless, the match between observations and SAMs when it
comes to multi-phase gas properties of satellite galaxies is not yet
perfect (e.g., it is still challenging to match the HI and H2 content
of satellites simultaneously, across all ranges of halo masses; Xie
et al. 2020), implying that more work is needed to understand the
interplay between stripping and quenching in these models.

In parallel to SAMs, in the last decade, large-scale hydrody-
namical cosmological simulations have become a commonly used
tool to study the evolving gas content of galaxy populations, with a
clear explosion in the number of simulations readily available for
a comparison with observations (e.g., EAGLE, Schaye et al. 2015;
ILLUSTRIS, Vogelsberger et al. 2014; ILLUSTRIS-TNG, Pillepich
et al. 2018; HORIZON-AGN, Dubois et al. 2014; MAGNETICUM,
Hirschmann et al. 2014a). As opposed to SAMs, cosmological
hydrodynamical simulations follow gravitational and hydrody-
namical processes in a self-consistent manner, so that cold gas
stripping is inherently built-in to these simulations. Nevertheless,
their typical resolution is still insufficient to trace the formation
of the cold gas phase of the ISM, hence they have to rely on sub-
grid prescriptions to separate the atomic and molecular cold gas
phases.

Contrary to SAMs, in cosmological hydrodynamical simu-
lations, we cannot simply switch on and off cold stripping in
order to answer the question ‘is cold stripping required to bet-
ter match observations?’ What we can determine is whether cold
gas stripping commonly happens in the path of a satellite towards
quenching. Not surprisingly, the answer to this question appears
to be a resounding ‘yes’ for both cosmological (e.g., Bahé et al.
2013; Bahé &McCarthy 2015; Cen 2014; Marasco et al. 2016; Jung
et al. 2018; Arthur et al. 2019; Stevens 2019a, 2020; Yun et al. 2019;
Rafieferantsoa et al. 2019) and controlled hydrodynamical simula-
tions (e.g., Quilis, Moore, & Bower 2000; Abadi, Moore, & Bower
1999, Roediger & Hensler 2005; Roediger & Brüggen 2007; Bekki
2009, 2014; Tonnesen & Bryan 2009). However, while hydrody-
namical simulations include stripping by default, admittedly they
have not always been able to fully reproduce the properties of
satellites, yet.

Tremendous progress has been made in matching the global
gas scaling relations of galaxies (i.e., the properties of centrals; e.g.,
see Davé et al. 2020), but inmany instances satellite galaxies appear
over-stripped and/or over-quenched (e.g., Brown et al. 2017; Davé,
Rafieferantsoa, & Thompson 2017; Stevens 2019a; Xie et al. 2020;
Donnari et al. 2020). The mismatch between simulations and
observations varies as a function of both host and satellite mass,
and the exact dependency changes if we consider quenching frac-
tions instead of gas fractions, as well as varying from model to
model. The reasons for such a mismatch are still unclear and can
be multiple. Most certainly, too efficient feedback that would eject
a large fraction of the ISM out of the disc (e.g., Stevens et al. 2019a)
and/or insufficient resolution (i.e., 1 kpc or lower), which makes
it impossible to conduct a proper partition between the different
cold gas phases in order to trace the denser (and more difficult to
strip) gas within the multi-phase ISM of their discs (e.g., Hu et al.
2016), are among some of the most likely issues.

Thus, as in the case of SAMs, we are finding general support
for the idea that cold gas stripping is part of a satellite’s path-
way towards quenching, though more work is clearly needed to
improve the ability of cosmological hydrodynamical simulations
to match the observed properties of satellites.
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8.2. Do simulations provide insight onmechanisms behind
cold gas stripping?

Keeping in mind the limitations described above, it is nevertheless
tempting to see if current simulations can provide insights on the
nature of the mechanism(s) responsible for cold gas stripping.

In the case of SAMs, even if hydrodynamical mechanisms can-
not be directly implemented, processes like stripping due to ram
pressure appear to be preferred to tidal stripping by a host’s poten-
tial well. Indeed, SAMs typically calculate a tidal stripping radius
and a ram pressure stripping radius for their satellite halos as
they orbit through their hosts. These radii mark the boundary
beyond which each stripping mechanism is effective, and most
works (including those based on hydrodynamical simulations)
agree that the ram pressure radius is typically smaller than the tidal
stripping radius (McCarthy et al. 2008; Font et al. 2008; Bahé &
McCarthy 2015; Cora et al. 2018). This implies that, by the time a
galaxy reaches the region within its host halo at which tidal strip-
ping becomes efficient, ram pressure has typically already removed
most of the gas.

Naively, we might expect that hydrodynamical cosmological
simulations should provide the best opportunity to clearly iso-
late the physical processes responsible for cold gas stripping, given
that detailed information about all of a galaxy’s mass compo-
nents, and their time evolution is, in principle, available. However,
the ability to self-consistently trace multiple and interconnected
physical processes makes it even more challenging to pin-point
what observers would call the ‘dominant mechanism’ at play.
For example, the implementation of internal mechanisms such as
star formation consumption and various forms of feedback may
contribute to the stripping efficiency of different environmental
mechanisms, meanwhile external factors such as the background
UV field, tidal interactions, or hydrodynamical processes may all
influence each other’s abilities to remove cold gas in complex and
non-linear ways.

The complexity of this problem was clearly showcased by
Marasco et al. (2016), who tried to identify the responsible for cold
gas stripping in groups and cluster galaxies (see also Xie et al. 2020
for a similar approach from the SAMs point of view). While they
emphasise that, at z ∼0, ram pressure is the most common phys-
ical process stripping HI from satellites, they also highlighted the
importance of satellite–satellite encounters in stripping HI from
the disc (especially at large cluster-centric distances and higher
redshift) and showed that there is rarely a single cold gas stripping
mechanism acting individually in a cosmological context. Instead,
the most frequent source of HI gas mass loss is a combination of
simultaneous ram pressure and satellite–satellite encounters (see
Figure 19), with the balance between the two processes chang-
ing as a function of redshift (i.e., satellite–satellite interactions
more important at earlier epochs; see also Hwang et al. 2018).
Interestingly, this suggests that ram pressure is efficient also in
groups of halo masses of ∼ 1013 M�, consistently with what found
in other cosmological (e.g., Bahé et al. 2013; Bahé & McCarthy
2015) and non-cosmological simulations (e.g., Bekki 2009, 2014).
Overall, this is in line with the key message of this review: that
is, environmental mechanisms that influence cold gas content are
typically most efficient at the highest densities, for example, near
the pericentre passage. Therefore, they tend to peak in strength at
the same time and rarely occur in isolation.

A potential (and complementary) way forward to break this
complexity is provided by controlled hydrodynamical simulations.
Their controlled nature means that the effect of just one

Figure 19. The halo mass (M200) versus group-centric distance (d/r200) distribution
of HI-poor satellites in the EAGLE simulation, evaluated at the time of HI loss (i.e.,
z= zstripping). Lines show the parameter space occupied by satellites affected by differ-
ent environmental processes: that is, tidal stripping by the host halo (blue solid), ram
pressure stripping by the IGM (red thick dashed), satellite–satellite interactions (yel-
low dot-dashed), or none of the above (thin dashed), with contours enclosing 30%,
60%, and 90% of the satellites. Only systemswith stellarmass (at z= 0) larger than 109

M� are considered. Image reproduced with permission from Figure 13 in Marasco et al.
(2016). Copyright by the authors.

individual mechanism can be isolated. For example, in ram pres-
sure stripping-only simulations (e.g., Roediger & Hensler 2005;
Roediger & Brüggen 2007; Tonnesen & Bryan 2009; Steinhauser,
Schindler, & Springel 2016), it has been possible to clearly identify
long, one-sided gas tails as observed in cluster satellites, provid-
ing some of the strongest theoretical support for the key role
played by ram pressure in removing cold gas from star-forming
satellite galaxies. By systematically adjusting input parameters, it
has also been possible to quantify how the effects of ram pres-
sure depend on disc inclination and orbits (Vollmer et al. 2001;
Roediger & Brüggen 2007), presence of a bulge (Steinhauser et al.
2012), or cluster dynamical state (Vijayaraghavan & Ricker 2013;
Roediger et al. 2012). This approach has been crucial for the
development of accurate analytical recipes of gas stripping mech-
anisms, which can then be implemented in SAMs (Font et al.
2008), or used to identify when a mechanism plays a domi-
nant role in hydrodynamical cosmological simulations (Marasco
et al. 2016).

By limiting the simulation volume and duration, controlled
simulations can also reach higher resolution or consider complex
physics that would be otherwise computationally prohibitive. As
such, they have been able to model and highlight the potential
importance of viscous, turbulent stripping (Roediger & Hensler
2005; Roediger & Brüggen 2007), a multiphase treatment of
the ISM (Tonnesen et al. 2011), the interplay between ther-
mal evaporation and magnetic fields (Tonnesen & Stone 2014;
Vijayaraghavan & Sarazin 2017), and the importance of mixing
(Tonnesen & Bryan 2021) for the overall cold gas stripping pro-
cess. This clearly confirms that, even when only stripping by
hydrodynamical processes is considered, a complex set of poorly
understood processes interact, including turbulence and mag-
netic fields, meaning that such modelling is highly challenging.
Of course, as with every approach, even controlled simulations
are limited by how well they are able to properly include and
interconnect all the key physical processes at play.
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In summary, theoretical models are overall providing a view
consistent with that emerging from observations, where multi-
ple physical processes generally act simultaneously on the cold
gas reservoir in the ISM. While hydrodynamical stripping mech-
anisms appear to be the most efficient in Virgo-like and more
massive clusters (at least at z ∼0), in smaller structures the picture
is much more complex and additional work is required to charac-
terise the net effect of the various physical processes affecting the
ISM in satellite galaxies.

8.3. Are satellites fully strippedafterfirst pericentrepassage?

While the general scenario emerging from both SAMs and hydro-
dynamical simulations is that cold gas stripping is widespread in
satellites and is needed to reproduce the observed properties of
group and cluster galaxies, this does not necessarily imply that
satellites are fully stripped (and then quenched) after first peri-
centre passage. Indeed, as for observations, models cast doubts
that stripping completely halts star formation after one pericentre
passage, even in Virgo-like clusters.

High-resolution controlled simulations suggest that ∼Milky
Waymass spirals would typically lose a substantial amount of their
cold gas in a cluster but would become completely stripped only
in extreme cases, with the amount of stripping being a sensitive
function of galaxy orbit (e.g., Roediger & Hensler 2005; Roediger
& Brüggen 2007). Similarly, Steinhauser et al. (2016) find that discs
galaxies with Vcirc ∼110–170 km s–1 are only fully stripped for
very plunging orbits (Rperi ∼100 kpc), while star formation is only
weakly affected for the rest of the orbits. Moving to cosmological
simulations, Brüggen & De Lucia (2008) applied the results found
by Roediger & Brüggen (2007) to the Millenium simulation and
showed that only a minority of disc galaxies with Vcirc>200 km
s–1 are expected to be fully stripped in clusters (∼11–32% depen-
dent on cluster mass), but that more than half (∼54–64%) would
be heavily stripped. This is also consistent with the results by Cen
(2014), who finds that in hydrodynamical simulations most of the
cold gas within the inner parts of satellite galaxies (at least above
M∗ ∼ 3× 109 M�) is unaffected by environmental effects.

Nevertheless, some cosmological simulations do seem to pro-
vide a different picture. For example, Jung et al. (2018) find that
almost half of their galaxies lose their cold gas before reaching
the cluster pericentre, although many are already gas poor prior
to cluster infall due to pre-processing. Using the MAGNETICUM
simulation, Lotz et al. (2019) report the removal of all the gas in
more than 90% of cluster satellites after a single pericentre passage,
with only some of their most massive galaxies (i.e., stellar masses
a few times 1011 M�) able to remain star forming for more than 1
Gyr after infall. It is not yet clear what is the origin of these differ-
ences in cold gas stripping efficiency. Simulation resolution may
play a role, limiting the ability to resolve both the denser phases of
the ISM and the hydrodynamical stripping processes themselves.
Moreover, differences in the treatment of subgrid physics such as
feedback are also likely important, affecting both the density of
ICM that galaxies pass through and the ease with which the cold
disc gas can be removed.

Thus, while there is not a complete agreement between dif-
ferent theoretical models, we can conclude that the fact that full
stripping is not widespread even in clusters does appear as a
possible (if not likely) scenario. Thus, it is natural to ask how—
in models—the remaining cold gas stops feeding star formation.

Curiously, to our knowledge, there are few simulation papers
specifically focused on this issue in the context of satellite galax-
ies in clusters, but we can use results obtained on quenching in a
broader context to provide some insights on this issue.

It has been shown that enhanced star formation, either as a
result of tidal shocking near pericentre or due to compression of
one side of the gas disc by ram pressure (Bekki 2014; Steinhauser
et al. 2016; Lotz et al. 2019; Troncoso-Iribarren et al. 2020; Lee
et al. 2020), can potentially aid cold gas consumption. However,
as discussed in Section 4.3.2, observationally such bursts appear
to be relatively minor and thus unlikely to consume a significant
fraction of the gas reservoir left in the disc. Feedback could also
play a key role. SAMs already crucially rely on reheating and
ejection of gas via supernova feedback with an efficiency that
depends on redshift in order to reproduce stellar mass functions
at high redshift (Hirschmann et al. 2014b; Cora et al. 2018). Stellar
feedback may also heat cold disc gas into more easily stripped
and/or less star-forming phases or push the gas from inside the
truncation radius to radii where it can be stripped, although so
far this has only been modelled in the context of Local Group
dwarf galaxies (Kazantzidis et al. 2017, but also see Emerick et al.
2016), whose shallow potential wells may enhance the amount of
material lost in this manner. In more massive galaxies, AGNs trig-
gered in ram pressure stripped galaxies may also provide a source
of feedback to the remaining cold disc gas (Ricarte et al. 2020).
Finally, it should not be excluded that a more continuous loss
of cold gas from the disc may also occur after pericentre passage
via viscous and turbulent stripping at the ICM/disc boundary, as
modelled for cluster satellites (Roediger & Brüggen 2007).

In conclusion, while numerical simulations generally agree that
cold gas stripping is a normal path for satellite galaxies towards
quenching, there are still many open questions also from the the-
ory side. Specifically, the relative importance of various physical
processes in driving gas stripping, as well as when and how the
cold gas reservoirs of satellites stop forming stars are still highly
debated questions, which are also model-dependent. In the case of
hydrodynamical simulations, significant improvement will hope-
fully come from amore realistic multi-phase treatment of the ISM,
including the role of magnetic fields, which should provide inter-
esting clues on these open questions. At the same time, in the case
of SAMs, the development of new analytical prescriptions, such
as a more multi-phase treatment of the ISM (Tonnesen & Bryan
2009), differing treatment of sub- and super-sonic discs (Roediger
& Hensler 2005), and inclusion of continuous gas mass loss mech-
anisms (Roediger & Brüggen 2007) could potentially reduce some
of the tensions currently present between observations and simu-
lations.

What is definitely already clear is that understanding the indi-
vidual significance of the physical processes driving stripping in
simulations remains at least as challenging as it is for observations.
This is an area in which controlled simulationsmay yet provide the
missing key for improving cosmological runs and our understand-
ing of what can be learnt from them. On one side, they can help
developing better prescriptions for SAMs and investigate issues of
numerical convergence. On the other side, their higher spatial and
mass resolutions, combined with their versatility, make controlled
simulations able to include (and switch between) various complex
baryonic physics that might be numerically unfeasible (or have
unexpected consequences) in cosmological simulations, but could
be critical for understanding environmental effects.
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Figure 20. Illustration summarising the picture emerging from this review. When galaxies become satellites, their access to CGM gas (pink) is removed, and cold gas strip-
ping appears widespread. However, there is no single physical mechanism driving the loss of gas and, consequently, quenching. Instead, multiple mechanisms can be at play,
sometimes even simultaneously.

9. Closing thoughts and outlook

In this work, we have discussed how, when, and for how long the
gas star formation cycle in satellite galaxies at z ∼0 is affected
by the environment. Specifically, we have reviewed the observa-
tional evidence for the stripping of cold gas from the disc of
star-forming satellite galaxies and argued that this is a necessary
step towards quenching their star formation activity. However,
both observations (e.g., Sections 4 and 5) and numerical sim-
ulations (Section 8) suggest a complex picture, where different
physical processes may act simultaneously and identifying a sin-
gle culprit is neither feasible nor correct (see Figure 20). While
hydrodynamical mechanisms—such as ram pressure stripping—
are likely dominant in the central regions of galaxy clusters,
gravitational interactions (i.e., the interaction with the central
host and/or satellite–satellite encounters) must play an important
role in the lower-density environments of groups, and what regu-
lates the balance between various stripping mechanisms remains
unclear. While, locally, quenching is fast (hundreds of Myr or
less) after the cold gas has been stripped, it is clear that strip-
ping alone does not always lead to full quenching, as not all the
gas is stripped in one orbit. This means that: (a) timescales for
full quenching can be long (e.g., a few Gyrs, in particular if the
clock starts at time of infall) and (b) other physical processes such
as gas consumption by star formation or feedback can play an
important role in fully quenching satellites after the first pericenter
passage.

Despite substantial progress having taken place in the past
decades on this topic, much remains to be explored before we
can obtain a complete picture of the effects of nurture on satel-
lite galaxies. This is in large part due to the difficulty in mapping
such an extended and complex parameter space, which requires a
detailed knowledge of the various components of the ISM and star
formation properties for large, representative samples of galaxies
spanning all the different environments. As discussed in several
points throughout this review, differences in sample selections,
quantification of cold gas normalcy/poorness, and definitions of
quenching (and related timescales) have led to apparently con-
flicting results and misconceptions. But even taking all this into
account, existing samples lack the statistics, spatial resolution, and
sensitivity required to quantify the impact of environmental pro-
cesses on galaxies, critically on their cold gas component, and to
link this to quenching of their star formation.

The need for statistical samples stems from the fact that envi-
ronment not only spans orders of magnitude of density, but is
also a second-order effect, thus it is necessary to control for stellar
mass or another property scaling with galaxy size. Spatial reso-
lution is key to understand the physics on a local basis, allowing
for instance to investigate in detail what happens to the metallic-
ity and star formation activity in a region where the gas has just
been stripped, and whether an adjacent region has been affected
at all. Sensitivity is critical to detect small amounts of cold gas in
galaxies below the star-forming sequence, on their way to becom-
ing passive. State-of-the-art, representative cold gas samples not
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only are still limited to global measurements, but are not sensitive
enough to probe the gas-poor regime across all stellar masses and
environmental densities, simultaneously.

Fortunately, the facilities on the horizon in the next decade
will allow giant leaps forward by addressing at least some of the
above limitations. This was indeed the main motivation behind
this work, as it seemed timely to review the current state of the
field and highlight future challenges before the next-generation
radio and optical facilities begin accumulating new data. Below,
we briefly focus on a few areas where progress seems particularly
promising.

The fate of the inner parts of star-forming discs. Perhaps the
most important unknown in the picture emerging from this
work is what happens to the cold gas residing in the inner parts
of galaxies (within the truncation radius), where the effects of
stripping might be negligible. As previously discussed (see Section
5.4), stripping (regardless of the exact physical process responsible
for it) appears not efficient enough to completely remove the
cold gas disc in galaxies with M∗ > 108 M� in groups like our
Local Group, and M∗ > 1010 M� in clusters such as Virgo, at first
pericentre passage (see Sections 4, 5 and 7). As a result, part of
the cold gas remains available after the first passage through the
group/cluster, where it can sustain residual star formation for at
least a few billion years. It is generally assumed that star formation
will gradually cease and the galaxy will starve, as its ability to
acquire new gas from the surrounding CGM and IGM has been
negated by the environmental process that stripped the gas.

However, given the length of the timescales involved and the
fact that most satellites remain embedded in their group/cluster
after the first pericentre passage, it seems unlikely that their inner
parts will remain completely shielded from any environmental
effects. In this scenario, it becomes particularly important to
understand what is the interplay between atomic and molecular
hydrogen, whether H2 is directly stripped, or the formation of
H2 is simply inhibited by the partial removal of atomic hydro-
gen from the outer parts of the disc. Unfortunately, a simultaneous
characterisation of both H2 and SFR surface density distributions
(e.g., radial profiles) for large statistical samples of satellites across
environments is still missing. As highlighted in this review, large
IFS surveys like MaNGA and SAMI are arguably advancing this
field, but they have not been able to properly investigate the outer
parts of the star-forming discs, where most of the observational
signatures of environmental effects (particularly in groups) may
be found. This is an area where wide-field IFS, such as MUSE
(Bacon et al. 2014), have helped and will likely continue to do
so. Moreover, next-generation large statistical IFS surveys such as
HECTOR (Bryant et al. 2018) may be key in pushing to the outer
parts of discs and to start investigating the second-order effects, as
satellites remain a small fraction of the population targeted by any
of these surveys.

Nevertheless, there is still a crucial lack of any resolved surveys
of H2 content in satellites, even in clusters. While the situation
is slowly improving for clusters like Fornax and Virgo, where
ALMA programmes such as the ALMA Fornax Cluster Survey
(AlFoCS, Zabel et al. 2019) and the Virgo Environment Traced in
CO (VERTICOn) survey should provide important insights into
the interplay between cluster environment and H2, nothing is on
the horizon when it comes to molecular hydrogen properties of

nhttps://sites.google.com/view/verticosurvey/home.

satellite galaxies outside clusters. This is a major issue that will
most likely hamper our ability to make progress in this field. Our
hope is that state-of-the-art millimetre facilities will be able to pro-
vide us with surveys of satellite galaxies with a number statistics
and spatial resolution on a par with what IFS optical surveys have
produced in the last decade.

A more physically-motivated characterisation of environment
for cold gas studies. When it comes to the cold gas properties of
satellites, much of the observational work so far, and hence this
review, has focused on the distinction between groups and clusters
of galaxies. Indeed, contrary to optical surveys that have provided
stellar masses, sizes and SFR estimates for millions of galaxies
across a wide redshift range, atomic and molecular gas studies
of satellites are still limited to the very local Universe and have
imaged galaxies only in well-known nearby groups or a handful of
clusters.

However, this is clearly an oversimplification. There is no obvi-
ous threshold between large groups and clusters, clusters often
contain substructures with densities that are typical of groups,
and most importantly environment is more complex than what a
simple dichotomy might suggest: groups and clusters are embed-
ded in a cosmic web of large-scale filaments and structures where
dark and baryonic matter flow, bringing along energy and angular
momentum. This requires the adoption of environmental descrip-
tors that are continuous and more physically motivated (such as
halo mass, local density, distance from the spine of a filament,
and so on), thus are more suitable to capture the complexity of
the real Universe. Such indicators are also more directly compa-
rable to numerical simulations and studies at other wavelengths
which, thanks to the sheer amount of available data, are typically
concerned with statistical studies of environmental effects. At the
same time, as discussed at the beginning of this review, we need to
move beyond the HI-normal versus HI-deficient dichotomy and
treat the HI (and H2) content of satellites as a continuum.

While the observational optical community has made these
transitions nearly two decades ago thanks to the advent of large-
area surveys such as the SDSS, this paradigm shift has yet to
happen for HI and H2 studies of satellite galaxies in the local
Universe. Undoubtedly, surveys such as ALFALFA and xGASS
have already started such a change, but we will most likely have
to wait for the completion of large-area surveys with the SKA
precursor facilities (e.g., the Australian SKA Pathfinder, ASKAP,
Johnston et al. 2008; MeerKAT in South Africa, Jonas &MeerKAT
Team 2016) to see HI studies routinely taking advantage of the
number statistics and quality of ancillary data that has become so
normal for optical and near-infrared investigations. Notably for
local Universe studies, the WALLABY survey alone is expected to
image HI emission from ∼5 000 galaxies and detect ∼600 000 sys-
tems with z <0.26 (Koribalski et al. 2020). This will be particularly
critical to investigate the 1013–1014 M� halomass regime andmore
accurately quantify howmuch (and under which conditions) HI is
stripped from the star-forming disc of satellite galaxies.

Connecting the ISM and CGM. Somewhat related to the large-
structure environment, it is generally accepted that star formation
in galaxies is fed by inflowing gas from the surrounding CGM
(Tumlinson, Peeples, &Werk 2017). However, how gas is accreted
onto the galaxies and reaches their ISM is still an open question.
We argued that, if gas accretion is indeed widespread in star-
forming galaxies, it must be stopped in order for satellite galaxies

https://doi.org/10.1017/pasa.2021.18 Published online by Cambridge University Press

https://sites.google.com/view/verticosurvey/home
https://doi.org/10.1017/pasa.2021.18


34 L. Cortese et al.

to become passive. While this argument sounds plausible, it is
worth clarifying that this is just an assumption, as there is no direct
observational evidence showing what physical process is responsi-
ble for halting gas accretion, how and when it operates, how long
does it take, what regulates the rate of inflowing gas, and so on. As
discussed in the Introduction to this review, this is a crucial issue
because the exchange of gas between ISM and CGM via inflows,
outflows, and recycling is what regulates how galaxies form and
evolve.

The SKA pathfinders will potentially provide themeans to trace
the flow of baryons into galaxies, by combining exquisite sensi-
tivity with wide-field capability to image atomic hydrogen down
to the low-column densities (e.g., 1017 cm–2), supposedly needed
to trace cold gas flows in and out of star-forming discs. However,
while with ASKAP and MeerKAT this will be possible already for
theMilkyWay (e.g. with the Galactic ASKAP—GASKAP—survey,
Dickey et al. 2013) and nearby galaxies (e.g., with the MeerKAT
HI Observations of Nearby Galactic Objects; Observing Southern
Emitters—MHONGOOSE—survey, de Blok et al. 2016), only the
first phase of the SKA may eventually allow us to target large
samples of satellite galaxies at a similar depth.

In the meantime, we believe that significant progress in under-
standing the interplay between accretion, CGM, and ISM in
satellite galaxies could come in the next 5 to 10 years from the
combination of absorption- and emission-line studies across the
ultraviolet, optical, and radio regimes. This is a rapidly growing
field and, despite the limited amount of data currently available,
it is already clear that the combination of wide-area integral-field
spectrographs such as MUSE and KCWI (Morrissey et al. 2018)
with facilities such as ALMA and ASKAP will provide us with
important insights on the interplay between different gas phases
flowing in and out of galaxies (e.g., Borthakur et al. 2019; Frye
et al. 2019; Péroux et al. 2019). Indeed, not surprisingly the picture
emerging is already a complex one where, for example, accretion
may not always be halted immediately after infall but may depend
on the detailed properties of the group and infalling orbit.

In conclusion, the topic of this review is a piece of a larger puz-
zle to understand how gas flows in and out of galaxies, regulates
their evolution, and what are the physical processes that affect this
balance and transform them into passive systems. Probably, the
most important limitation that hampers our attempts to obtain
a complete picture of galaxy evolution is our inability to trace
multiple gas phases at the required depth and resolution, for the
same samples of galaxies and across the whole parameter space,
even in the local Universe. Another important challenge for the
future will be to connect detailed studies of gas and star formation
that are currently possible only in nearby systems, to kpc-scale
and global studies, linking galaxies to their surroundings and
tracing all this back to their progenitors at higher redshift. At the
same time, making sense of the avalanche of data expected from
the next-generation surveys with SKA, 30-m class telescopes, and
space telescopes will be extremely challenging if not daunting, but
undoubtedly this is a stimulating challenge for the future, with
lots of exciting, and potentially unexpected, discoveries on the
horizon.
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