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ABSTRACT

Star formation is observed to be suppressed in group and cluster galaxies compared to the
field. To gain insight into the quenching process, we have analysed ~ 2000 galaxies formed in
the GIMIC suite of cosmological hydrodynamical simulations. The time of quenching varies
from ~ 2 Gyr before accretion (first crossing of r00,.) to > 4 Gyr after, depending on
satellite and host mass. Once begun, quenching is rapid (< 500 Myr) in low-mass galaxies
(Myr < 101°M.,), but significantly more protracted for more massive satellites. The simula-
tions predict a substantial role of outflows driven by ram pressure — but not tidal forces — in
removing the star-forming interstellar matter (ISM) from satellite galaxies, especially dwarfs
(Mgar = 10°M,,) where they account for nearly two thirds of ISM loss in both groups and
clusters. Immediately before quenching is complete, this fraction rises to ~ 80 per cent even
for Milky Way analogues (M, ~ 1019 M.,) in groups (Mpes ~ 1013 M,)). We show that (i)
ISM stripping was significantly more effective at early times than at z = O; (ii) approximately
half the gas is stripped from ‘galactic fountains’ and half directly from the star forming disk;
(iii) galaxies undergoing stripping experience ram pressure up to ~ 100 times the average
at a given group/cluster-centric radius, because they are preferentially located in overdense
ICM regions. Remarkably, stripping causes at most half the loss of the extended gas haloes
surrounding our simulated satellites. These results contrast sharply with the current picture of
strangulation — removal of the ISM through star formation after stripping of the hot halo —
being the dominant mechanism quenching group and cluster satellites.

Key words: galaxies: clusters: general — galaxies: evolution — galaxies: haloes — galaxies:
interactions — galaxies: intergalactic medium — galaxies: ISM

1 INTRODUCTION

The internal properties of galaxies in groups and clusters are
strongly correlated with their local environment. Isolated ‘field’
galaxies like our Milky Way are typically ‘late-type’ with a spi-
ral disc containing young blue stars, whereas groups and clusters
are dominated by ‘early-type’ galaxies, apparently structureless el-
lipticals mostly composed of old, red stars (for recent reviews see
e.g. Boselli & Gavazzi 2006; Blanton & Moustakas 2009). On
a physical level, this ‘colour—density relation’ corresponds to re-
duced star formation in group and cluster galaxies (e.g. Balogh
et al. 1999; Lewis et al. 2002; Gémez et al. 2003; Kauffmann et al.
2004; Weinmann et al. 2006; Peng et al. 2010, 2012; Wetzel, Tin-
ker & Conroy 2012), which is in turn believed to be causally linked
to a lack of cold star forming gas (e.g. Haynes & Giovanelli 1984;
Elmegreen et al. 2002; Gavazzi et al. 2006; Fabello et al. 2012;
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Catinella et al. 2013; Hess & Wilcots 2013). However, there is cur-
rently no clear consensus on the cause of this gas depletion. This
constitutes an important gap in our understanding of galaxy forma-
tion and evolution: ~ 30 per cent of all galaxies reside in groups
(e.g. Budzynski et al. 2012), and clusters in particular are also of
interest as precision probes of cosmology, which requires an accu-
rate understanding of their internal workings (e.g. Voit 2005; Allen,
Evrard & Mantz 2011; Kravtsov & Borgani 2012).

Within the hierarchical ACDM structure formation paradigm,
galaxies are accreted onto groups and clusters from the field, so
that the observed trends hint at some form of transformation dur-
ing infall. A large number of mechanisms have been proposed that
could cause such transformations. The motion of a galaxy relative
to the intragroup-/cluster medium (ICM') causes a force on its gas
through ram pressure (Gunn & Gott 1972) or momentum transfer

I We will refer to this extended gaseous halo as ‘ICM’ in the context of
both groups and clusters.
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caused by the (presently poorly constrained) ICM viscosity (Nulsen
1982). If strong enough, this force can strip star forming gas from
the galaxy. Tidal forces due to the group or cluster potential can
have a similar effect (e.g. Willman et al. 2004), as can heat transfer
from the ICM to the galaxy which may lead to ‘evaporation’ of its
gas (Cowie & Songaila 1977), or ‘galaxy harassment’ (Moore et al.
1996, 1999).

More indirectly, it is also possible to quench star formation
by only throttling the supply of new cold, star-forming gas through
removal of the hot gas haloes or cold accretion flows which are
thought to fulfil this role in field galaxies (White & Rees 1978;
White & Frenk 1991). Star formation will then cease after some
delay in which the remaining cold gas is used up, which is why
this process is often referred to as ‘starvation’ or ‘strangulation’
(Larson, Tinsley & Caldwell 1980; see also Balogh, Navarro &
Morris 2000; McCarthy et al. 2008). This normal consumption re-
moves not just gas turned into stars, but also that which is expelled
through winds driven by supernovae and/or accreting supermassive
black holes, so that the gas consumption time may well be signifi-
cantly shorter than inferred from a simple comparison between the
star-formation rate and available gas mass (see also McGee, Bower
& Balogh 2014). Furthermore, the consumption of cold gas may
be sped up if star formation is temporarily enhanced, for exam-
ple through the compressive effects of ram pressure (Tonnesen &
Bryan 2012) or tidal forces (Byrd & Valtonen 1990).

All these mechanisms are at least plausible, and observations
of individual galaxies have provided direct evidence for the ac-
tion of some of them. For example, some galaxies in nearby clus-
ters such as Virgo exhibit long tails of HI emitting gas that were
likely stripped by ram pressure (Gavazzi & Jaffe 1987; Gavazzi
et al. 1995; Kenney, van Gorkom & Vollmer 2004; Chung et al.
2007, 2009; Abramson et al. 2011; Merluzzi et al. 2013), some of
which show signs of star formation in dense clumps (e.g. Ebeling,
Stephenson & Edge 2014; Roediger et al. 2014). X-ray emitting
tails behind cluster galaxies such as ESO 137-009 (Sun et al. 2006)
are strong evidence for ram pressure stripping of hot gas, leading
to strangulation.

The question remains, however, which of these mechanisms
are actually important in driving the environmental trends that we
observe in the galaxy population as a whole. For example, slow
processes such as strangulation can only be effective if they are
not interrupted by more violent ones such as tidal or ram pressure
stripping, which may or may not be the case.

Answering this question requires large, representative samples
of galaxies, such as from the Sloan Digital Sky Survey (SDSS; York
et al. 2000) or Galaxy and Mass Assembly survey (GAMA; Baldry
et al. 2010). These data have shown that low-redshift galaxies in all
environments exhibit a strong bimodality in colour and sSFR, with
an ‘active’ (blue) and ‘passive’ (red) peak separated by a relative
dearth of galaxies in the intervening ‘green valley’ (e.g. Strateva
et al. 2001; Baldry et al. 2004; Peng et al. 2010; Wetzel, Tinker
& Conroy 2012). Moreover, a number of authors have shown that
only the relative proportion of galaxies in either peak varies with
environment (from the scale of poor groups), but not the location
of either the blue peak or the green valley, nor the depth of the latter
(e.g. Balogh et al. 2004b; Wetzel, Tinker & Conroy 2012).

These results suggest that the local environment must influ-
ence galaxies even at mass-scales well below those of massive
galaxy clusters (see also Balogh & McGee 2010). Any environ-
mental transformation cannot be an immediate consequence of ac-
cretion onto a group or cluster, because some galaxies are observed
to form stars even in massive clusters, but when quenching occurs,

it must be rapid to explain the absence of both a shift in the blue
peak and an increased population of galaxies in the green valley
(Wetzel, Tinker & Conroy 2012). Together, these clues have been
argued to support a “delayed-then-rapid” quenching scenario (Wet-
zel et al. 2013).

There is, however, a substantial and growing body of obser-
vational evidence in conflict with this interpretation. For exam-
ple, several studies have presented evidence in favour of a slowly
declining star formation rate of group and cluster galaxies (e.g.
von der Linden et al. 2010; Vulcani et al. 2010; De Lucia et al.
2012; Rasmussen et al. 2012; Taranu et al. 2014), which would
favour more gradual, slow transformation mechanisms. Fabello
et al. (2012), on the other hand, compared HI observations to pre-
dictions from models invoking the strangulation mechanisms and
found evidence for the wide-spread action of (rapid) ram pres-
sure stripping, even in low-mass haloes of mass ~ 101> Mg, (see
also Bosch et al. 2013; Catinella et al. 2013). Additionally, in-
creasing evidence points to galaxies being affected well beyond the
‘virial’ radius, the traditionally assumed boundary of the influence
of groups and clusters (Balogh et al. 1999; von der Linden et al.
2010; Lu et al. 2012; Behroozi et al. 2014; see also Bahé et al.
2013). Finally, while the colour—density relation itself has been
shown to extend at least to redshift z ~ 2 (e.g. Cooper et al. 2006,
2008), individual features such as the sparsity of the green valley
appear to be much less pronounced at higher redshift (Balogh et al.
2011; Mok et al. 2013).

One conclusion that seems to follow from this complex and
seemingly contradictory observational evidence is that the evolu-
tion of group and cluster galaxies is not a simple process, and de-
termining a ‘typical’ sequence of events that all galaxies have ex-
perienced may well prove elusive. It is, for example, well possible
that different processes dominate the transformation of galaxies of
different mass or type, in differently massive hosts, and at differ-
ent epochs, introducing the possibility of subtle selection effects
when comparing observations and theory. Even within an individ-
ual galaxy, different processes may drive quenching in the inner
and outer regions, which could give rise to selection effects due
to varying observational apertures: spectra from the SDSS, for in-
stance, cover only the central 3” of a galaxy whereas gas observed
to be stripped into HI emitting tails may originate from well outside
this zone (but see McBride & McCourt 2014).

Simple toy models compatible with observational constraints
(e.g. Wetzel et al. 2013; Mok et al. 2014), or even more sophisti-
cated semi-analytic models (e.g. Guo et al. 2011) may therefore
be fundamentally limited in their power to answer the question
of which mechanism dominates star-formation quenching under
which conditions, which motivates a more self-consistent theoret-
ical approach based on hydrodynamical simulations. Although in-
evitably only an imperfect model of galaxies in the real Universe,
these simulations can nevertheless be an invaluable tool, because
the availability of large amounts of observationally inaccessible in-
formation (such as full 6D phase-space coordinates and the evolu-
tion of individual galaxies over cosmic time) means that they can
be studied in exquisite detail. Insight gained in this way can then
be applied to real galaxies as well.

Such simulations have already been used to study either ide-
alised model galaxies or the evolution of individual groups and
clusters. Abadi, Moore & Bower (1999), for example, exposed in-
dividual model galaxies to winds typical of those experienced by
group and cluster galaxies, and concluded that ram pressure was
only of relevance to galaxies in the cores of massive clusters, but
not in the less dense environment of galaxy groups (see also Gunn
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& Gott 1972; Briiggen & De Lucia 2008). Tonnesen, Bryan & van
Gorkom (2007), on the other hand, simulated a galaxy cluster with
~ 100 member galaxies from cosmological initial conditions and
found evidence for a significant effect of ram pressure. This was
shown to be in part due to a large variation of ram pressure val-
ues at the same cluster-centric radius, so that some galaxies can be
subject to much stronger forces than what would be estimated from
simple models assuming spherical symmetry (Tonnesen & Bryan
2008). Feldmann, Carollo & Mayer (2011) modelled the evolution
of a galaxy group with around a dozen members and found that
mergers were the key driver producing elliptical galaxies, together
with a stop of cosmological gas accretion in satellites.

While these studies have already shed some further light on
the transformation mechanisms operating under certain conditions,
determining which mechanisms are overall important in affecting
the group and cluster galaxy population requires a detailed analysis
of large simulations with a wide range of galaxy and group/cluster
masses. This is the objective of the present study, where we aim to
build on the above-mentioned works to investigate star-formation
quenching in a large sample of ~ 2000 galaxies formed from cos-
mological initial conditions, spanning two decades in stellar and
host mass, from the cosmological hydrodynamical simulation suite
GIMIC (Crain et al. 2009). The zoomed initial conditions of these
simulations (see Section 2) result in an extreme dynamical range
of ~ 6 orders of magnitude, resolving small galaxies of My, =~
10° M, while at the same time modelling a massive galaxy cluster
of M > 10'> M. In addition, the simulations include a large num-
ber of state-of-the art astrophysics modules, which allows us to in-
vestigate the interplay between these effects (such as star-formation
and supernova feedback) with environmental factors such as ram
pressure stripping. GIMIC field galaxies have been shown to repro-
duce a large number of observational trends, including the Lx-Lg
scaling relation (Crain et al. 2010), satellite and stellar haloes (Font
et al. 2011; McCarthy et al. 2012a), as well as scaling relations be-
tween stellar mass and rotation velocity, halo mass and galaxy size
(McCarthy et al. 2012b). Although the simulations are not com-
pletely realistic, they should therefore still be well-suited to inves-
tigating the transformations occurring when galaxies are accreted
by a group or cluster.

This paper is structured as follows. In Section 2, we give a
brief overview of the simulations and describe how we select galax-
ies, groups and clusters. Section 3 shows the extent of star forma-
tion quenching in GIMIC, followed by an analysis of the mecha-
nisms responsible for removing ISM gas from satellite galaxies in
Section 4. In Section 5 we investigate in detail the environmen-
tally driven expulsion of star-forming gas. The reasons for the lack
of ISM replenishment in group and cluster galaxies are analysed
in Section 6, before we summarise and discuss our conclusions
in Section 7. All masses and distances are given in physical units
unless otherwise specified. A flat ACDM cosmology with Hubble
parameter & = Hy/(100kms~'Mpc~!) = 0.73, dark energy den-
sity parameter Q4 = 0.75 (dark energy equation of state parameter
w = —1), and matter density parameter )\ = 0.25 is used through-
out this paper. Unless specified otherwise, halo radii are calculated
as 100 = 1200,c, the radius within which the mean density equals
200 times the critical density of the Universe.

© 0000 RAS, MNRAS 000, 000-000
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2 SIMULATIONS AND ANALYSIS
2.1 The GIMIC simulations

Running cosmological hydrodynamical simulations of large vol-
umes with high resolution — a requirement to simultaneously in-
clude rare systems such as massive galaxy clusters and resolve in-
dividual galaxies — is currently prohibitively expensive. A promis-
ing way forward is therefore the use of ‘zoomed initial conditions’
(e.g. Katz et al. 1994; Navarro et al. 2004), in which only a small,
carefully chosen part of a large cosmological volume is simulated
at full resolution with hydrodynamics. Our analysis is based on a
set of such zoomed simulations, the GALAXIES — INTERGALAC-
TIC MEDIUM INTERACTION CALCULATIONS (GIMIC; Crain et al.
2009; see also Schaye et al. 2010). We refer the reader to these pa-
pers for a full discussion of the simulations, and only summarise
their main features relevant to this study.

The GIMIC simulations are a set of five re-simulations of
nearly spherical regions with radius ~ 20A~! Mpc (comoving) of
varying mean density, extracted from the Millennium Simulation
(Springel et al. 2005). The regions are chosen so that at z = 1.5
their average densities differ from the cosmic mean by (-2, -1, 0,
+1, 42) 6, where © is the rms mass fluctuation on a scale of 184!
Mpc at this redshift. GIMIC therefore includes many groups and
clusters of galaxies, including a particularly massive one with log
(Ma00/Me) = 15.2 at z = 0, at the centre of the +20 sphere. We
note that the Coma cluster is only slightly more massive than this,
with log (Ma0o/Mp) =~ 15.4 (Kubo et al. 2007).

The simulations were carried out at 3 different resolutions:
‘low’, ‘intermediate’, and ‘high’. The ‘low’ resolution is the same
as in the original Millennium Simulation while the ‘intermediate’
and ‘high’ versions have 8 and 64 times better mass resolution, re-
spectively. As only the —20 and 0o regions have been run at high
resolution (owing to prohibitive computational expense), we use
the intermediate-resolution simulations here. These have a baryon
particle mass of mgs = 1.16 ¥ 107h~ "M, with a gravitational soft-
ening that is 1 A~ kpc in physical space at z < 3 and is fixed in
comoving space at higher redshifts. Thus, even relatively low-mass
galaxies (M = 10° M) are resolved into several hundred parti-
cles?.

The simulations were carried out with the TreePM-SPH code
GADGET-3 (last described in Springel 2005) and include signifi-
cantly modified prescriptions for star formation (Schaye & Dalla
Vecchia 2008), metal-dependent radiative cooling in the presence
of a Haardt & Madau (2001) UV/X-ray background (Wiersma,
Schaye & Smith 2009), as well as stellar evolution and chemody-
namics (Wiersma et al. 2009). The effect of feedback from core col-
lapse supernovae is modelled according to Dalla Vecchia & Schaye
(2008). In essence, this model prescribes that shortly after a gas
particle is turned into a star particle, a small number (on average
four) of its neighbouring gas particles receive a velocity ‘kick’ of
Viiek = 600km s~! in a random direction. As discussed in Dalla
Vecchia & Schaye (2008), the energy injected into the ISM in this
way — which corresponds to around 80 per cent of the available
supernova energy assuming a Chabrier (2003) IMF — can drive
gas outflows similar to those observed in the real Universe.

However, the GIMIC simulations do not include a prescrip-

2 McCarthy et al. (2008) demonstrated that the stripped fractions are nu-
merically converged at this number of resolution elements. For an example
image of a GIMIC disk galaxy — albeit at the ‘high’ resolution level — see
Fig. 1 of Font et al. (2011)
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tion for feedback due to accreting supermassive black holes (‘AGN
feedback’). This is probably the reason why massive galaxies with
Mar 2, oM Mg in GIMIC suffer from ‘over-cooling’ and have ar-
tificially high gas densities in their central regions (see Crain et al.
2009 and McCarthy et al. 2012b). As a result, we do not expect
realistic predictions for massive galaxies and therefore limit our
analysis to the range logo(Mstar/Me) = [9.0 — 11.0]. We discuss
the implications of these shortcomings further in Section 7.

2.2 Identifying and tracing galaxies and groups/clusters

The result of the simulations is output at several dozen snapshots>
between redshifts z = 10 and z = 0. Within these, Friends-of-
Friends (FoF) haloes and the gravitationally self-bound subhaloes
therein are identified by the SUBFIND algorithm (Dolag et al. 2009;
see also Springel et al. 2001). We then trace these subhaloes be-
tween snapshots using the unique IDs of their constituent stellar
and dark matter particles, as described in detail in Appendix A.
In essence, we find for each subhalo in one output snapshot the
one in the next snapshot sharing most of its dark matter and stel-
lar mass, accounting for the possibility of mergers, formation of
new subhaloes, and temporary non-identification of existing ones
(e.g. Muldrew, Pearce & Power 2011).

Galaxy groups and clusters are identified at redshift z =0 as
FoF haloes with a total mass Myoung > 10139 M, where Mpound
is the total mass of particles gravitationally bound to the halo (see
Bahé et al. 2013). Their progenitors at higher redshift are taken as
the FoF haloes containing the progenitors of their main (central)
subhalo as determined by our tracing procedure. As galaxies* we
select those subhaloes which have a (gravitationally bound) stellar
mass of Mg, > 109M@ in at least one snapshot, and are identified
in at least five snapshots. The second cut eliminates ‘galaxy’ iden-
tifications which are actually transient (but self-bound) substruc-
tures in more massive galaxies such as parts of spiral arms (see
Bahé et al. 2012) and are typically only identified in at most a few
consecutive snapshots before “merging” with their host galaxy.

One important subtlety is that by temporarily ‘cutting off’
parts of its star-forming spiral arms, a galaxy can appear to
suddenly become gas-poor and quenched, without any physical
quenching taking place at all. To avoid this, we treat particles in
such sub-subhaloes as belonging to the (main) galaxy subhalo, pro-
vided they have been directly assigned to it by SUBFIND in at least
one previous snapshot. This ensures that we still separate off par-
ticles in sub-subhaloes that have not (yet) been part of the galaxy,
which is important to distinguish, for example, star formation in
infalling satellites from lack thereof in a central galaxy.

Overall, these cuts leave us with ~ 14,200 reliably traced
galaxies which form the basis of our study. From these, we ex-
tract two samples: One set of 3580 ‘satellite’ galaxies, which at
redshift z = 0 are located within 57,09 from one of our selected
groups and clusters®, and have been outside 5rgo in at least one

3 The exact redshifts of these snapshots vary between the individual simu-
lations, but the average time gap between them is ~ 250 Myr.

4 In the following, we shall refer to the physical entity of a galaxy as such,
i.e. the system which is identified at many different points in time. Each of
these occurrences will be referred to as a galaxy ‘observation’ or ‘snapshot’.
5 We define g as 7200,¢» the radius inside which the mean density equals
200 times the critical density of the Universe. Note that, at z = 0, this is
smaller by a factor of ~ 2 than the radius (o, ,, defined with respect to the
mean matter density, as used e.g. by Wetzel, Tinker & Conroy (2012).

preceding snapshot. This implicitly excludes galaxies which are de-
stroyed at z > 0 (~ 40 per cent of our original sample): our focus
here is on studying the origin of the quenched population observed
at the present epoch. We exclude ~ 900 galaxies (~ 25 per cent) af-
fected by pre-processing — i.e. those which are identified as a satel-
lite galaxy of another group or cluster with Mpgung > 103Mg —
because their simultaneous influence by two environments makes
it more difficult to understand their transformation. However, we
have verified that e.g. the fraction of stripped interstellar mat-
ter (ISM) remains nearly unchanged when pre-processed galax-
ies are included (Section 7; see also Taranu et al. 2014). Note
that our choice of boundary between the group/cluster environ-
ment and the field accounts for direct environmental influence be-
yond rpqp, which, as we have shown in Bahé et al. (2013), can
persist out to ~ 5 times this radius. The final satellite sample in-
cludes 1884 galaxies in the stellar mass range we are interested in,
i.e. logo(Mstar/M@) =[9.0—11.0] at z= 0.

We also form a complementary sample of field galaxies, which
are centrals never found within 5rpgy from any group or cluster,
in any snapshot; they will frequently be of use as a control sam-
ple. GIMIC includes a somewhat larger number of these (~ 3200
at z = 0). Note that our selection explicitly excludes contamina-
tion from ‘ejected’ group/cluster satellites (see e.g. Wetzel et al.
2014), allowing us to cleanly compare galaxies affected by the
group/cluster environment with those that have not.

3 STAR FORMATION QUENCHING IN GIMIC
3.1 Low-redshift sSFR distributions

We begin our analysis by showing, in Fig. 1, the distribution of
specific star formation rates (SSFR = SFR / M) for galaxy ob-
servations at redshift z < 0.2 in different environments. The four
individual panels contain galaxies of varying stellar mass, increas-
ing from left to right as indicated near the top of each panel. Differ-
ent environments are encoded by differently coloured lines: Field
galaxies are shown in yellow, while satellites at r < 2ryq from the
host centre are represented by bands in black, blue, green and red,
according to the mass of their host halo (see key in the left-most
panel). This radial cut was chosen to approximately match the se-
lection of Wetzel, Tinker & Conroy (2012), but other choices (such
as 1 or 3 ryqp) lead to qualitatively similar results. Many galaxies in
our simulation have a star formation rate of zero; to show these in
our plot without creating an artificially large ‘passive peak’ at one
arbitrary value, we randomly assign an sSFR between 10~122% and
10~'13 yr~1 to each galaxy with sSFR < 107115 yr= 1,

The sSFR distribution in Fig. 1 is clearly bimodal, with an
‘active’ (blue) peak centred around 10710 yr—! and a second pop-
ulation of ‘passive’ (red) galaxies at much lower values. This is
in good qualitative agreement with observations (e.g. Balogh et al.
2004a; Kauffmann et al. 2004; Wetzel, Tinker & Conroy 2012),
which also find a bimodal distribution with a break or ‘green valley’
at sSSFR ~ 10~ 11 yr*l (but see Schawinski et al. 2014). We note,
however, that the ‘bimodality’ is in both cases at least partly artifi-
cial, because neither our simulations nor observations can reliably
determine low star formation rates (e.g. Brinchmann et al. 2004). In
the following, we define ‘active’ or ‘star forming’ galaxies as those

with sSFR > 10~1 yr=!, and refer to others as ‘passive’®.

6 The SFR resolution limit of the GIMIC simulations is ~ 10725 M, yr~!,

(© 0000 RAS, MNRAS 000, 000-000
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Figure 1. Distribution of specific star formation rates (sSFR) at z < 0.2 in different environments. Individual panels contain galaxies of similar stellar mass
(see top), different environments are represented by different colours. Band widths indicate the statistical 10 uncertainty on the normalised histogram density.

For improved clarity, galaxies with sSFR < 107115 yr~1

are assigned (random) sSFR values between 1071225 and 1071 yr~!

as described in the text. In

qualitative agreement with observational data, the distributions appear bimodal, the fraction of galaxies with sSSFR > 107! yr~! decreases with increasing
host mass, but the location of the ‘active peak’ remains largely unchanged. The simulations also show an increase in the star-forming fraction with increasing
stellar mass that is in contrast to observations, plausibly due to lack of AGN feedback in GIMIC.

Observations also show a strongly declining fraction of star-
forming galaxies with increasing stellar mass (e.g. Peng et al. 2010;
Wetzel, Tinker & Conroy 2012), which is clearly in conflict with
our simulations: these instead predict an increasing star-forming
fraction. The lack of this ‘mass-quenching’ effect (Peng et al. 2010)
is likely related to the absence of AGN feedback in the GIMIC simu-
lations. While this is regrettable, McCarthy et al. (2012b) show that
the star formation rates of star-forming galaxies in GIMIC agree
well with observations up to My, = 10''M,. This suggests that
galaxies not affected by mass-quenching — which do exist in the
real Universe — are modelled relatively well, there are just too
many of them. Additionally, there is strong observational evidence
that the influences of galaxy mass and environment are separable
(Peng et al. 2010), so that the simulations can nevertheless give
valuable insight into the action of the latter despite its failure in
reproducing the former.

At fixed stellar mass (within individual panels in Fig. 1), the
simulations do show the expected trend towards a lower fraction of
star forming galaxies with increasing host mass (e.g. Wetzel, Tin-
ker & Conroy 2012), and a corresponding increase in the fraction
of passive galaxies. The location of the ‘active peak’ in our simu-
lations is nearly unchanged between environments, as seen in ob-
servations (Wetzel, Tinker & Conroy 2012). In contrast to what is
observed, massive simulated galaxies (Mgar 2 IOIOMG)) do show a
slight excess in the ‘green valley” at sSFR ~ 10~'! yr=!; we dis-
cuss this further below.

3.2 When is star formation quenched?

As a first step to understanding the origin of this environmental
influence, we show in Fig. 2 the evolution of star formation in in-
falling satellite galaxies around the first crossing of rpgg; this event
will henceforth be referred to as ‘accretion’. Galaxies are again
split by their stellar mass and the mass of their host halo. Both

which is below this threshold even for the lowest mass galaxies in our sam-
ple.

© 0000 RAS, MNRAS 000, 000-000

these quantities are measured at z = 0 to ensure that galaxies retain
the same bin designation throughout their evolution, and to directly
connect the results to the observed low-redshift population. This
convention is followed for the remainder of our paper except where
specifically noted otherwise.

The top row of Fig. 2 shows the fraction of all satellite galax-
ies which are star forming, plotted against time Ar since accretion.
Compared to plotting trends with radius (as we have done in Bahé
et al. 2013), this has the advantage of explicitly avoiding a contam-
ination from overshot (or ‘backsplash’) galaxies that are no longer
infalling for the first time, as well as directly revealing the relevant
timescales for the transformation of the galaxy populations. How-
ever, this choice introduces an implicit redshift trend — galaxy ob-
servations with larger At are on average taken at a later point in cos-
mic history. It is well-known that the global sSFR is declining with
time since z ~ 2 (e.g. Madau, Pozzetti & Dickinson 1998; Hopkins
& Beacom 2006; van de Voort et al. 2011), so one should expect
to see a decline with Ar even in the absence of any environmental
influence. To account for this, the corresponding evolution of field
galaxies is included in Fig. 2 as yellow dash-dot lines. For this pur-
pose, we compute in each bin of At and M, the median redshift
Zpin Of all group/cluster galaxies and then select all ‘field’ observa-
tions (see Section 2.2) at redshift zqys satisfying |zobs — Zpin| < 0.1
that fall in the respective range of M.

The star forming fraction of satellites shows a strong decline
around the time of accretion (vertical dotted line). This effect is
clearly larger than the general decline of simulated field galaxies
classified as star forming — the group/cluster sample agrees well
with the field ~ 2 Gyr prior to accretion, but then its star form-
ing fraction shows a much stronger subsequent drop. Quenching is
strongest, and occurs earliest, for low-mass galaxies (left column)
and those in the massive cluster (red line), in many cases well out-
side 9. Around 2 Gyr after accretion, the star forming fraction is
significantly below the field in almost all combinations of galaxy
and host mass, apart from the extreme case of massive galaxies in
groups (Mstar > 10]0M® and Mpos; < 1014M®)~

The sSFR of star forming galaxies (bottom row of Fig. 2;
bands here enclose 50 per cent of galaxies in each bin) shows a dif-
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Figure 2. Evolution of star formation around the first crossing of rypy (‘accretion’). The top row shows the fraction of galaxies with sSFR > 1011 yro

! and

the bottom row the median sSFR of these ‘star forming’ galaxies. Individual columns contain galaxies of similar stellar mass as indicated on top, different
colours represent differently massive hosts with field galaxies shown in yellow for comparison (see text for more details). Shaded bands represent binomial
1o uncertainties in the top row (Cameron 2011) and the 25"/75™ percentiles in the bottom. While the fraction of star forming galaxies decreases strongly
around accretion, the sSFR of the star forming galaxy population does not differ substantially from the field, with the exception of massive galaxies long after

accretion.

ferent behaviour: most are significantly above our adopted thresh-
old of 10~ yr=1, and in virtually all bins of galaxy and host mass
the sSFR decline is largely the same as in the field. This explains
the constancy of the blue peak location found in Fig. 1, and sug-
gests that most galaxies are quenched rapidly in our simulations
(we will test this explicitly in Section 4.2). Massive satellites, with
Mgtar > 10'09M,, that are still forming stars a few Gyr after accre-
tion are an exception, and do show a somewhat lower sSFR than in
the field (by about 0.5 dex at Ar = 4 Gyr). This leads to the excess
of satellite galaxies on the ‘blue slope of the green valley’ in the
right-most panel of Fig. 1. It is important to keep in mind, how-
ever, that the number of star forming satellites in this mass range
is artificially enhanced in our simulations: the overall effect on real
galaxies is therefore necessarily smaller.

Fig. 2 also appears to show a (temporary) increase in sSFR
shortly after accretion, in particular for lower-mass galaxies in the
massive cluster (red lines). This is actually an artefact introduced by
implicit redshift dependence: As Fig. 3 shows, galaxies which are
satellites at redshift z = 0 were accreted over a broad time interval
of ~ 10 Gyr, with a peak ~ 6 Gyr ago (see also Wetzel et al. 2013;
Taranu et al. 2014). Galaxies accreted earlier were able to continue
forming stars for a longer time after accretion, because the host
halo was less massive then. The sSFR was also generally higher
at higher z, which causes the apparent increase when stacking the
evolution of galaxies accreted across cosmic history. Despite this,
currently star-forming satellite galaxies (coloured green in Fig. 3)
were preferentially accreted later — by typically almost 2 Gyr — as
expected in a scenario where the likelihood of star formation being
quenched increases with time since accretion (Wetzel et al. 2013).
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Figure 3. Distribution of galaxy accretion times (first crossing of rqp).
The hatched histograms show the differential distribution, while the solid
and dotted lines give the cumulative distribution and median, respectively.
Colours indicate star-formation activity at z = 0. Galaxies were accreted
over a large time interval with median ~ 5 Gyr ago. The (small) fraction of
galaxies still forming stars at the present day were preferentially accreted
later, by typically ~ 2 Gyr. Note that galaxies that have not yet crossed 209
at z = 0 are not shown here.

4 THE FATE OF STAR FORMING GAS IN QUENCHED
SATELLITE GALAXIES

To find the mechanism(s) responsible for environmental star forma-
tion quenching, we now focus on those galaxies which are passive
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and within 5 rq from the host centre at z = 0: this is the case for the
majority of our group/cluster galaxies (1402 out of 1884, including
galaxies that have not yet crossed o at z = 0 and are therefore not
included in Figs. 2 and 3). In the simulations, stars are formed from
dense gas with nyg > 0.1ecm™3 (see Schaye & Dalla Vecchia 2008),
which we can identify as the galaxy’s interstellar matter (ISM).
Galaxies with little to no star formation must therefore be lack-
ing this high-density ISM gas, and determining the reason for their
passive nature means finding out why this is the case.

By definition, all galaxies contain stars which must have
formed at some point in the past. It is therefore unlikely that galax-
ies which are passive at z = 0 have been devoid of ISM throughout
cosmic history: rather, they must have lost it at some point in their
life. There are two broad scenarios for how this could have hap-
pened: Either, the gas was used up internally — by star formation
and/or expulsion through galactic winds — and not replenished, or
it was stripped by external forces. To distinguish between these dif-
ferent scenarios, we will exploit the Lagrangian nature of the SPH
formalism adopted for the GIMIC simulations: the particles making
up each galaxy’s ISM in one ‘initial’ snapshot at redshift z; can be
identified again in a subsequent snapshot at redshift z; < z;. We can
then assign each particle to one of four categories based on its sta-
tus at z,: (i) still part of the galaxy’s ISM; (ii) turned into stars; (iii)
still bound to the galaxy, but no longer sufficiently dense to qual-
ify as ISM; or (iv) having left the galaxy’s subhalo altogether. The
fraction of ISM in each category can then be used as a ‘fingerprint’
to infer the physical mechanisms that have led to its depletion.

In choosing these two snapshots z; and z;, we need to consider
two constraints. Firstly, quenching is no instantaneous process and
may, in some cases, be dragged out over a period of several Gyr
(c.f. our discussion of Fig. 2 above). It is plausible that some ISM
gas may be replenished during this time, so that we cannot just anal-
yse the fate of the ISM in any one snapshot to find the mechanism
responsible for the overall ISM depletion. Therefore, we find for
each galaxy a ‘last normal’ snapshot (our procedure for this will be
discussed shortly), and then take all subsequent observations of this
galaxy at z > 0 as initial snapshots for our fate determination. This
ensures that we capture the fate of all particles that make up the
galaxy’s ISM at any point during the quenching process. Secondly,
a gas particle may undergo more than one transformation between
the initial redshift z; and z = 0; for example, it may move to the
extended halo, remain there for some time, and then be removed
from the galaxy. This is clearly not the same as gas being stripped
immediately from the star-forming disk. To distinguish as best as
possible between such cases, we therefore choose our subsequent
snapshot to be the one immediately following each of our ‘initial’
snapshots, typically ~ 250 Myr later.

4.1 Determining the onset of star formation quenching

Our analysis method outlined above requires the determination of
a point of quenching onset, which marks the beginning of environ-
mental influence on a galaxy’s (specific) star formation rate. In the
past, many studies have chosen this starting point as the time when
the galaxy is accreted onto a larger halo, defined e.g. as having
crossed some characteristic radius such as g (e.g. McGee et al.
2009; Wetzel et al. 2013). However, we have shown in Bahé et al.
(2013) that the group/cluster environment can affect galaxies sig-
nificantly earlier than this (see also Fig. 2), so that we risk missing
at least part of the transformation process if we were to only con-
sider the evolution of galaxies after accretion. Instead of this tradi-
tional ‘halo-based’ definition, we therefore adopt a ‘galaxy-based’
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Figure 4. Evolution of a galaxy with M, ~ 1010M9 falling into a mas-
sive cluster with M = 10132 M. The top panel shows the galaxy’s cluster-
centric radius r/ry0(z), the bottom panel its sSFR (black lines, circles
show individual observations of this galaxy). The yellow line (median)
and shaded bands (enclosing 50 and 68.2 per cent of comparison galaxies,
respectively) in the bottom panel represent the sSFR distribution of field
galaxies with similar M, (z). Environmental star formation quenching be-
comes apparent when the sSFR of the galaxy drops below the field (green
vertical line). The red line marks the galaxy’s transition from star-forming
to passive ~ 1 Gyr later, shortly before its first pericentric passage.

approach, and define the onset of quenching as the point when a
galaxy’s sSFR begins to fall below the value exceeded by 84 per
cent of comparable field galaxies (i.e. deviates by more than 10),
independent of its location in the group or cluster. In this way, we
are guaranteed to capture the entire ISM depletion process, irre-
spective of its start- or endpoint.

Fig. 4 illustrates this procedure for one representative galaxy
with Mger &~ 1019 My, in the massive cluster (Mpoung = 1022 M).
The top panel shows the evolution of its cluster-centric radius
r/rao (z) over cosmic time (from right to left), and the bottom
panel the corresponding evolution in sSFR (solid black lines, filled
circles indicate individual snapshots). The latter is overall declin-
ing since high redshift, interrupted by several short bursts where it
is temporarily increased. Shortly before the first pericentric passage
~ 7 Gyr before today, star formation stops completely (red vertical
line), plotted here at an arbitrary level of 10713 yr—1,

In part, this decline likely reflects the general decrease of the
cosmic sSFR with time since z ~ 2 (e.g. Hopkins 2004). To isolate
the environmental influence, we find for each observation of this
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cluster galaxy a sample of similar field galaxy observations, de-
fined as those deviating by less than 0.05 in observation redshift’,
and 0.1 in log (Mgar/Mg). The sSFR distribution of this matched
field sample is shown in yellow in Fig. 4, the light shaded band
enclosing the 10 scatter region (68.2 per cent of the sample). We
can then define the ‘last normal snapshot’, and thus the onset of
environmental star formation quenching, as the point at which the
satellite’s sSFR falls below this 10 field distribution, here at a look-
back time of ~ 7.5 Gyr (green vertical line). Note that the galaxy
has not yet come within rpgg at this point. Although this particu-
lar choice of threshold is to some extent arbitrary, we have verified
that other plausible definitions — such as the point when the sSSFR
drops below the median or 37.5™ percentile of the field distribution
— has no significant impact on our results.

By construction, the onset of quenching determined in this
way could in principle be entirely unrelated to an individual
galaxy’s proximity to a group or cluster. However, we have verified
that the vast majority of our galaxies have a ‘last normal’ snapshot
within ~ 3, i.e. at radii where environmental influences are ex-
pected to be significant (Bahé et al. 2013; see also Fig. 13 below).

4.2 How fast are galaxies quenched?

Having identified the time of quenching onset, we can directly de-
termine how long each individual galaxy took from this point un-
til it became passive (sSFR < 10~!1 yr=1); we refer to the length
of this interval as the ‘fading time’ (as in Wetzel et al. 2013). In
Fig. 5 we show the distribution of this quantity for galaxies be-
low and above M, = 1010 Mg (green/blue lines), which are satel-
lites in groups (log Myest/Me = [13.0,14.0]; solid lines) and clus-
ters (log My o5 /M@ = [14.0,15.2]; dash-dot lines). The influence of
galaxy mass is clearly greater: the lower mass galaxies are almost
all quenched within < 500 Myr, irrespective of the mass of their
host halo. For this mass range, our simulations confirm the conclu-
sion of Wetzel, Tinker & Conroy (2012) that the constancy of the
blue peak sSFR is due to rapid environmental quenching.

Many galaxies with My > 10'9Mg, on the other hand, show
a more gentle decline of their sSFR in the simulations, and only be-
come passive after many Gyr of below-field-level star formation ac-
tivity. This slow decline, which agrees better with the observational
results of e.g. von der Linden et al. (2010) than Wetzel et al. (2013),
is slightly more common in groups (solid lines) than clusters and
suggests that the harsher environment of clusters is somewhat more
conducive to rapid quenching. A slow decline explains why star-
forming galaxies with Mg > 10'°M, show median sSFR values
slightly below the field several Gyr after accretion (Fig. 2), and
the corresponding excess of galaxies with sSSFR ~ 10~ at 7~ 0
seen in Fig. 1: the longer the fading time, the higher the chance
of finding a galaxy in this stage of its life. We caution, however,
that many of these galaxies would in reality have been quenched
already as centrals prior to accretion, and it seems at least plausible
that whichever mechanism is responsible for this ‘mass-quenching’
may also shorten the fading time for those galaxies that are still
forming stars at accretion.

7 We allow for a small redshift discrepancy because the snapshots of the
individual GIMIC simulations are not all output at exactly the same redshift.
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Figure 5. Distribution of fading times for galaxies of different stellar
masses, defined as the interval between the last observation with sSFR con-
sistent with the field, and the first one with sSFR < 10~!! yr~!. Quenching
is rapid for low-mass simulated galaxies (green), but often much more pro-
tracted for more massive ones (blue). The host mass, on the other hand,
appears to have relatively little influence on this quantity.

4.3 Importance of different ISM loss routes

We now compute the mass m;; of ISM lost between each two snap-
shot pairs i since the ‘last normal’ snapshot in different ways j.
Summing over i gives the total mass of ISM the galaxy has lost
in each way during quenching, M; = ¥ ;m;;. The fraction of ISM
loss that can be attributed to each of these routes is then simply
M;/Y, ;M.

Fig. 6 shows the result of this analysis. Its three columns give,
from left to right, the mass fraction of ISM removed by ‘outflows’8,
star formation, and ‘fountains’ (Shapiro & Field 1976), by which
we refer to gas which remains bound to the galaxy halo, but is no
longer sufficiently dense to form stars. In the top row, we analyse
the ISM loss averaged over the entire quenching process, while the
bottom row focuses only on the snapshot interval immediately be-
fore a galaxy becomes passive. As in Fig. 2, we separate galaxies by
stellar mass (here represented by different bins on the x-axis) and
host mass (differently coloured lines), both measured at z = 0. For
comparison, the corresponding fractions in the field are shown in
yellow?. The light shaded bands indicate the 16 uncertainty due to
galaxy-to-galaxy scatter, while the (mostly thin) dark shaded bands
represent the corresponding counting uncertainty from particle-to-
particle scatter.

The first clear result from Fig. 6 is that, integrated over the
entire quenching process, no one route is dominating the removal
of ISM across the whole range of galaxy and host masses that we
consider. Likewise, none is completely negligible: star formation,
for example, accounts for ~ 50 per cent of ISM loss in the high-
est mass galaxies, dropping to ~ 10 per cent at the low-mass end.

8 We use the term ‘outflow” for all gas leaving the galaxy, irrespective of
how it was motivated to do so (see next section).

9 We take the field value as the median of the comparison sample, in the
top row at the snapshot halfway between ‘last normal’ and ‘“first passive’.
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Figure 6. Fate of ISM gas in satellite galaxies in the GIMIC simulations which are passive at z = 0. Shown is the average fraction of loss due to ‘outflows’,
star formation, and galactic fountains. The top line analyses the integrated loss over the whole quenching process, whereas the bottom row focuses on the
loss immediately prior to quenching. Different colours represent different host masses (yellow: field), as indicated. Star formation itself only accounts for a
moderate fraction of ISM removal, and outflows from the galaxy are important in particular just prior to quenching (bottom line). The dotted lines show the
fraction of ISM loss due to satellite-specific mechanisms (stripping), which clearly accounts for the majority of overall outflows (solid lines).

Nevertheless, we see a substantial importance of ‘outflows’ (left
panel): this is particularly evident in the case of low-mass galax-
ies with Myar S 1019M,, where they account for > 50 per cent
of ISM loss outside poor groups (black). In more massive galax-
ies, their significance is reduced, which is mirrored by an increased
fraction of ISM lost through fountains and star formation.

4.3.1 Satellite-specific outflows

It is important to keep in mind that ‘outflows’ as defined above
can be driven both externally, for example by ram pressure strip-
ping, and internally through processes such as supernova feedback.
A simple method to find the amount of ISM removed by satellite-
specific processes is to compute the ‘environmental excess’ of out-
flows in satellites compared to the field: assuming that internal
outflow mechanisms lead to the same specific rate of ISM out-
flow u = M/M in the field and in satellites, this excess is xg =
(Usat — Ugeld)/ Usat- The fraction of ISM loss in satellites caused by
external influences is then xg X fout, Where four = Mout/MiSM loss
is the fraction of (total) ISM loss due to outflows (solid lines in
Fig. 6):

_ Msat— Hield  Mout
env — .
Hsat MisM 10ss

M
The result is shown with dotted lines in the left column of Fig. 6.
Evidently, outflows in satellite galaxies are largely environment-

driven, in agreement with their larger role in more massive hosts.
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For galaxies with M,y ~ 10° Mg, environmental outflows account
for roughly two thirds of the ISM removal, making them the dom-
inant quenching process. We will address their physical origin in
detail in the next section.

4.3.2  Variation during quenching

To get an indication for how these trends vary during the quenching
period, we show in the bottom row of Fig. 6 the corresponding frac-
tions obtained by considering only the ISM lost immediately before
the galaxy became passive, i.e. following the last snapshot with
sSFR > 107! yr~!. The most noticeable difference is that, with
the exception of the most massive galaxies (Mspar > 10105 Mo),
stripping is here clearly the dominant mechanism, accounting for
~ 80 per cent of ISM removal in hosts with M > 103> M. In
contrast, the fraction of ISM recycled into the halo and even that
turned into stars is significantly reduced at this point. Evidently,
stripping is most important at the end of the quenching process,
whereas star formation and fountains play a larger role in its early
phase. This suggests an interrupted strangulation scenario, where a
relatively slow depletion of the ISM through internal consumption
removes a substantial part of the ISM (particularly in galaxies with
Mitar 2, 1010M®), but is not fast enough to complete this process
before external forces become sufficiently strong for direct strip-
ping to take over.
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5 THE MECHANISMS CAUSING SATELLITE-SPECIFIC
OUTFLOWS

As we have shown above, the majority of ISM outflows from galax-
ies being quenched in groups and clusters are driven by mecha-
nisms operating only on satellites. We now investigate their phys-
ical origin, beginning with the nature of external forces acting on
the ISM during quenching.

5.1 Negligible influence of tidal stripping

Satellite galaxies orbiting in groups and clusters are subject to both
hydrodynamical effects, in particular ram pressure, and tidal forces.
While both have a tendency to remove matter from the satellite, one
key difference between them is that ram pressure affects only the
gaseous component, while tidal forces strip matter of any kind, in-
cluding stars. In Fig. 7, we therefore compare the specific loss rate
Mioss/M of ISM gas (purple) to that of stars (within 20 kpc from the
galaxy centre to crudely exclude the stellar halo; yellow). My is
the rate at which gravitationally bound mass leaves the galaxy. The
loss of ISM is stronger by a factor of ~ 100 at the high-M, end of
our galaxy sample, and even more at lower masses. This strongly
suggests that tidal stripping has negligible influence on the removal
of ISM in our simulated galaxies.

Using a simple analytic argument, McCarthy et al. (2008)
reached a similar conclusion, finding that tidal stripping of gas
should only be important when the mass of the satellite is compara-
ble to that of the host halo (ratio larger than ~ 1:8). We emphasise
that this does not mean that tidal stripping has no effect at all on
group and cluster galaxies: indeed, in order to explain the relatively
large fraction of stars residing in the diffuse intracluster light com-
ponent at z = 0 in both observations (e.g. Gonzalez, Zabludoff &
Zaritsky 2005; Gonzalez, Zaritsky & Zabludoff 2007; McGee &
Balogh 2010; Budzynski et al. 2014; D’Souza et al. 2014) and sim-
ulations (e.g. Puchwein et al. 2010; Cui et al. 2014), tidal stripping
must eventually become important, but generally well after the cold
ISM has been removed by hydrodynamic processes!?.

5.2 Ram pressure stripping

The argument above suggests that ram pressure is the key driver
of satellite-specific outflows, although it is so far mostly a proof
by exclusion. To verify its importance, we can use the spatial in-
formation provided by the simulations, and consider in which di-
rection ejected gas particles are leaving the galaxy. Gas removed
through ram pressure should be distributed in a tail pointing away
from the galaxy’s motion with respect to the ICM. Tidal stripping
will lead to a double-tail structure (one leading, one trailing), while
gas ejected through internal feedback should show no preferential
direction with respect to the surrounding ICM.

To apply this method, we need to determine the direction of
the galaxy’s motion with respect to the ICM, or equivalently the
velocity of the ICM in the galaxy’s rest frame. As in Bahé et al.
(2013), we use a simple and robust method to accomplish this: in
each snapshot, we find the 3000 gas particles nearest each galaxy
centre which have a density ny < 0.01 cm’3, are not currently

10 Because our sample only includes galaxies identified at z = 0, it is in
principle possible that some ISM is removed by tidal forces as part of the
complete disruption of a satellite. The analytic argument of McCarthy et al.
(2008) makes this quite unlikely, however, and in any case it would be irrel-
evant in explaining the origin of quenched surviving galaxies.
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Figure 7. The rate at which ISM and stellar mass in the central 20 kpc of
satellite galaxies is removed during quenching of star formation. Shown is
the median specific loss rate of galaxies as a function of Mg, (bands enclose
50 per cent of galaxies). The value for each individual galaxy is the aver-
age over all snapshots since the sSSFR dropped below the field, weighted
between snapshots by the amount of instantaneous ISM loss. The ISM is
affected orders of magnitude more strongly than stars, implying that tidal
forces — which would remove both alike — are not the dominant mecha-
nism for its depletion.

gravitationally bound to any subhalo except the main group/cluster,
and are not bound to the galaxy in any snapshot. This avoids bi-
ases due to small dense clumps of gas, orbiting satellite galax-
ies, and gas falling in or flowing out from the galaxy itself, with
a number of particles large enough to yield statistically robust re-
sults. We then take the ICM velocity vicym as the mass-weighted
average of the velocity in the galaxy rest frame v; of these 3000
particles (i.e. vicm = Y; vim;/ Y.;m;). For each particle which has
been lost from the galaxy since the preceding snapshot, we can
then determine its position angle relative to this velocity vector,
cosy =r, - vicm/(|rp|[vicm|), where 1), is the galacto-centric po-
sition of the particle.

The resulting distribution of 7y is shown in Fig. 8; for simplic-
ity we have stacked together all galaxies in our quenched sample.
Particles are grouped into 20 bins of equal solid angle in the first
snapshot after having left the galaxy, so that in a completely ran-
dom distribution, each bin would contain 5 per cent of them (dashed
horizontal line). However, this is clearly not what we actually find:
There is a very strong excess of ISM at small angles (y < 50°), as
expected for ram pressure stripping (solid purple line). At larger
angles, there are fewer particles than in a random distribution, al-
though it never drops completely to zero. In agreement with ex-
pectations from Fig. 6, this shows that some ISM outflow in satel-
lites is purely the result of supernova feedback, rather than ram
pressure stripping. For comparison, we also show the distribution
for only those ISM particles which have not been directly affected
by SN feedback (dash-dot line, see below). Not surprisingly, this
shows a stronger peak at small angles, and drops to virtually zero
for y = 90°.

There is no sign of an increased fraction of ISM particles emit-
ted at large angles — which would be indicative of a ‘leading’ tail
produced from tidal stripping — confirming the expectations from

(© 0000 RAS, MNRAS 000, 000-000
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Figure 8. The distribution of position angles y with respect to the direction
of the ICM velocity (in the galaxy frame) for particles lost from satellite
galaxies. ISM particles are shown in purple (solid line: all, dash-dot line:
only those not directly affected by feedback), stars in orange. There is a
clear excess of ISM particles at small angular separation, as expected if
these particles were stripped by ram pressure, as well as a ‘floor” of particles
at large 7. Note that there is no sign of an enhancement at large angles,
which would be expected from tidal stripping. The distribution for stars, on
the other hand clearly shows this ‘double-tail” feature.

Fig. 7 above. In contrast, the direction of star particles lost from the
galaxy (shown as orange line, note that this includes stars lost after
removal of the ISM) shows a weak but clear double-peak structure,
with a trailing and leading tail separated by a minimum around 90
degrees. Together, these features strongly support the interpretation
that ram pressure is the key driver of satellite-specific outflows.

5.2.1 Comparison to ‘satellite-specific’ outflows

To test the importance of ram pressure stripping in a quantitative
way, we can compute the fraction of ISM lost into a (trailing) tail,
and compare this to the ‘environmental excess’ determined above.
Motivated by the assumption that particles stripped by ram pres-
sure will always be emitted into a trailing (i.e. ¥ < 90°), we sepa-
rate all ISM particles lost through outflows into those with y < 90°
(fraction f1) and the complementary set with ¥ > 90°(f2). A cer-
tain fraction o of these particles is stripped by ram pressure; by
our above assumption these will all end up in f;. The remaining
fraction § = 1 — o is removed by feedback, and will equally likely
end up in f] or f,. The fraction of outflows accounted for by ram
pressure stripping is then o = f; — f>.

In Fig. 9, we compare the result of this ‘tail method’ (left
panel) with our above-determined ‘environmental excess’ (right).
In both cases, solid lines represent fractions relative to the total loss
of ISM from the galaxy, in the same way as in Fig. 6. The dotted
lines show fractions relative to only the total loss through outflows,
which are necessarily higher.

At low stellar masses, the two methods agree very well, both
accounting for approximately 80 per cent of outflows, and 60 per
cent of the total ISM loss. Towards more massive galaxies, on the
other hand, the fraction of outflows that are satellite-specific (right
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panel, dotted line) increases with stellar mass, whereas the fraction
removed by ram pressure into a tail (left panel) decreases, particu-
larly in galaxy groups. In other words, there must be an additional
satellite-specific effect causing (some) outflows of ISM gas, beyond
ram pressure stripping. A possible explanation is that feedback-
driven outflows are more effective in escaping from satellites than
in the field, for which there could be (at least) two reasons. Firstly,
the potential wells of satellite galaxies may be less deep than those
of centrals with the same stellar mass, due to partial removal of their
dark matter. Secondly, as we show below, satellites have already
lost a substantial part of their gaseous halo by the time quenching
begins, which reduces the possibility of confining outflows from
the disk through hydrodynamic interactions. Both effects would in-
crease the outflow rate in satellites without leading to a tail struc-
ture, and could therefore explain the discrepancy between the two
panels of Fig. 9. It is also clear, however, that this effect is strongest
at the high-mass end of our sample, where the total importance of
ISM outflows is rather small. In conclusion, ram pressure stripping
accounts for the vast majority of satellite-specific ISM outflows,
and the majority of all ISM loss in satellites with Myq, < 1019Mq
in hosts with masses as low as 1013 M.

5.3 Interplay between feedback and stripping

We have shown above that a substantial fraction of ISM is driven
out of group and cluster satellites by ram pressure during quench-
ing. Naturally, this must lead to a reduced fraction of ISM lost oth-
erwise. Fig. 6 shows that this primarily affects the fraction returned
to the halo through fountains, while — at least averaged over the
whole quenching period — the fraction of ISM turned into stars is
similar to the field. This suggests that at least some stripped ISM
has first been expelled into the halo through feedback, and was then
stripped almost immediately from there. Compared to stripping of
gas directly from the disk (as envisaged by Gunn & Gott 1972),
this ‘stripping of fountains’ requires lower levels of ram pressure,
because the gas is less tightly bound as well as less dense. In this
scenario, the removal of ISM is therefore the result of a synergy
between feedback and ram pressure stripping.

5.3.1 Stripping from the disk and from fountains

We test this hypothesis with the ram pressure model proposed by
Gunn & Gott (1972), by determining how much ISM could be
stripped directly from the disk. Any potential shortfall between this
and the total stripped fraction (as shown in Fig. 9) must then be due
to gas removed by stripping of fountains. In brief, these authors
consider the gravitational force on a parcel of gas due to the po-
tential of the stellar disk, and show that stripping will occur if ram
pressure exceeds the ‘restoring pressure’ Prest = 271G Ly Xgas, Where
X, and Xy are, respectively, the stellar and gas surface densities,
and G is Newton’s constant. To obtain the surface densities X, and
Yoas, we divide each galaxy into a series of concentric annuli in the
plane perpendicular to its velocity relative to the ICM; this does not,
in general, coincide with the disk plane of the galaxy. We choose
a radial bin width of 3 kpc, which is several times larger than the
gravitational softening length of our simulations (¢ < 14~ kpc).
Adopting both smaller and larger widths (1 and 5 kpc, respectively)
led to very similar results, as did applying a square tessellation in-
stead.

To calculate the ram pressure, we use the same 3000 gas par-
ticles per galaxy observation we had identified above to determine
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Figure 9. Comparison of the fraction of ISM lost through ram pressure stripping (left) and satellite-specific processes in general (right). Lines of different
colour represent galaxies in differently massive hosts. Solid lines give the fraction out of the total ISM loss, and dotted lines out of gas lost through outflows
(which is always higher by definition). Shaded bands represent the statistical 10 uncertainties from galaxy-to-galaxy variation; for clarity these are only plotted
for the first set. Both methods agree well, indicating that ram pressure is the key mechanism at work in removing the ISM from satellite galaxies which are

quenched at z = 0.

the velocity vicy relative to the ICM, and also compute their mass-
weighted average density picm = Y; Osp,i i/ X m; (Where pspy
is the SPH density and m; the mass of the i particle). The ram
pressure Py exerted on the galaxy is then simply picm|viem 2,
and the ISM in each annulus is declared ‘stripped’ if Pram > Prest-
In this way, we calculate the total amount of ISM expected to be
(directly) stripped from each galaxy during quenching, Mirect, tO
obtain the fraction of ISM loss this can account for, Mirect/Mioss
(in analogy to Figs. 6 and 9).

The result is presented in Fig. 10 (shaded bands, identical in
the top and bottom panels); as above, we have stacked galaxies in
bins of similar z = O stellar and host mass, and the band width indi-
cates the statistical 10 uncertainty. For ease of comparison, the fo-
tal fraction of stripped ISM is shown by dashed lines in the bottom
panel (identical to the solid lines in the left panel of Fig. 9). Direct
stripping clearly falls short of this, although it is far from negligi-
ble altogether — in lower mass cluster galaxies (Msiar < 1010 Mo),
for example, it accounts for ~ 30 per cent of ISM loss. Overall,
the fraction of directly stripped ISM is approximately half the to-
tal stripped, indicating that ‘direct’ and ‘fountain’ stripping play an
equal role in our simulations.

5.3.2  Stripping without feedback

Of course, this conclusion relies on the accuracy of the Gunn &
Gott (1972) ram pressure model in predicting the extent of direct
stripping. As an independent test, we can exploit the fact that, as
discussed in Section 2, feedback is implemented in our simulations
by giving a small number of gas particles near a newly formed star
particle a velocity kick. The simulations keep track of these kicks,
so that we can identify those particles which have been (directly)
affected by feedback in any given snapshot interval, and likewise
those which have not. We can therefore calculate the fraction of

ISM loss accounted for by gas particles leaving the galaxy without
having been kicked, to estimate the extent of direct stripping.

In the top panel of Fig. 10, we show this quantity with solid
lines. Reassuringly, the agreement with the Gunn & Gott (1972)
model (shaded bands) is remarkably good. However, the effect of
feedback may well extend beyond those particles which have re-
ceived direct kicks, because they can interact with other gas parti-
cles along their way and entrain these in feedback-driven winds —
note that kicked particles in GIMIC are at no point hydrodynami-
cally decoupled from the remaining gas (Dalla Vecchia & Schaye
2008). Feedback therefore affects more than just those particles di-
rectly given a velocity kick, and no part of the ISM is wholly unaf-
fected by it (see also Shin & Ruszkowski 2013)!1.

Likewise, the Gunn & Gott (1972) model may overestimate
the amount of gas which is stripped, because it has no possibility
to account for the competing effect of feedback and star formation:
Some ISM which could be stripped by ram pressure may in fact
be removed by one of these two mechanisms instead. However, the
fact that there is still such a close match between the prediction
of the ram pressure model and the fraction of ISM loss through
not-kicked particles suggests that both effects are quite small and
the importance of direct stripping in Fig. 10 is not overestimated
significantly.

11" In addition to the stochastic velocity kicks, the GIMIC simulations also
implement feedback through an imposed equation of state P o< p4/ 3 for the
ISM (Schaye & Dalla Vecchia 2008). This prevents the formation of highly
overdense regions corresponding to e.g. Giant Molecular Clouds, and also
facilitates ‘direct’ stripping of ISM gas.

(© 0000 RAS, MNRAS 000, 000-000
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Figure 10. Comparison of the Gunn & Gott (1972) ram pressure model
(shaded bands) with ISM stripping in the GIMIC simulations. Top: Solid
lines show the fraction of ISM that is lost from the galaxy without receiv-
ing a velocity kick from supernovae. This agrees closely with the model
prediction. Bottom: Dashed lines give the (total) fraction of ISM that is
stripped in the simulations, as shown in the left panel of Fig. 9. This is
approximately twice as much as predicted by the ram pressure model, the
difference being due to gas which is stripped shortly after being expelled
from the star-forming disk by feedback (‘stripping of fountains’).

5.3.3  The fate of feedback-affected particles in field and satellite
galaxies

In Fig. 11 we confirm the action of ram pressure on ISM par-
ticles directly affected by feedback (i.e. those given a velocity
kick). Shown here is the fate of kicked particles in group and clus-
ter galaxies during quenching (red) and the stellar-mass matched
field galaxy sample (black). The top panel shows the mass fraction
which is located outside the galaxy in the first snapshot after hav-
ing been kicked, and the bottom panel the analogous fraction found
in the halo. Even in the lowest mass galaxies (Mgipr ~ 10° Mo),
only around half the kicked particles actually escape in the field,
whereas this fraction reaches almost unity in satellites. With in-
creasing stellar mass, the ‘escape fraction’ (top panel) decreases in
both samples, but is always significantly higher in satellites than
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Figure 11. Effect of ISM gas being kicked by nearby supernova explosions.
Top: Fraction that is ejected from the galaxy altogether (solid lines), in
satellites during quenching (red) and equivalent galaxies in the field (black).
The dashed line shows the inverse, i.e. how much ejected gas has previously
been kicked. Bottom: Same, but for gas recycled into the halo. Direct feed-
back (i.e. particles receiving a kick) is responsible for the majority of both
loss routes in the field (dashed lines). In satellites, ram pressure is then
stripping part of this feedback-affected gas, leading to a higher fraction es-
caping the galaxy. The majority of kicked ISM particles in satellites only
escape because of this ‘synergy’ effect.

the field. This enhancement is mirrored by a a lower fraction end-
ing up in the halo. Conversely, kicked particles make up almost
the entire mass of ISM that escapes from field galaxies, and still a
significant majority of gas ‘expelled’ into the halo (dashed lines).
This suggests that indirect feedback (by entrainment, rather than
direct kicks) only plays a minor role, and gives further confidence
that Fig. 10 accurately represents the balance between direct and
feedback-aided stripping in our simulations. We also note that some
kicked particles remain in the ISM (or rejoin it on a timescale of
< 200 Myr), which is why the solid lines in the top and bottom
panels of Fig. 11 do not sum to unity.

5.3.4  Comparison to ram pressure implementation in
semi-analytic models

Our conclusion above that a substantial part of ISM stripping in
the GIMIC simulations is accomplished in synergy with feedback
agrees well with results from semi-analytic galaxy formation mod-
els. Font et al. (2008) found that the extent to which gas which
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has recently been ‘reheated’ from the disk into the halo is stripped
from satellites has a strong impact on the resulting passive frac-
tions, from environmental trends being almost non-existent to much
stronger than observed. These authors adopted a ‘stripping effi-
ciency’ factor of 0.1 to match observations (see also Guo et al.
2011). Although we cannot directly identify this ‘reheated’ com-
ponent with particles receiving a velocity kick in our simulations
(for instance, Fig. 11 shows that in field galaxies typically less than
half of them actually end up in the halo), the qualitative conclusion
is similar: ram pressure stripping is aided by the action of super-
nova feedback, but not all reheated gas is removed from satellites.
Note, however, that our galaxy sample was explicitly selected to
have been quenched at z = 0, which makes it difficult to quantita-
tively compare our results to these prescriptions.

An important difference to the above-mentioned models is the
possibility of ISM stripping directly from the disk. As we have
shown in Fig. 10, up to 40 per cent of ISM loss in the GIMIC simu-
lations is due to the direct effect of ram pressure stripping on ISM
gas which has not been affected by feedback. This mechanism is
not currently implemented in semi-analytic models, and our results
suggest that it is an important — even if not dominant — route in
which satellite galaxies lose star forming gas.

5.3.5 Competition between feedback and stripping

We have so far concentrated on the synergy between ram pressure
and supernova feedback in removing ISM from group and cluster
galaxies. However, both effects are also competing (together with
star formation) for the removal of the same gas, which may lead to a
decrease in the effect of stripping. We can quantify the importance
of this competition by examining how much of an effect stripping
would have if it was the only mechanism affecting our satellites,
and could operate past the point where the galaxies actually lose all
their gas in the simulations.

To this end, we repeat our ram pressure calculation above, but
this time taking the galaxy observation from the ‘last normal’ snap-
shot (with sSFR similar to the field), and calculate what fraction
of this ISM could be removed by the ram pressure acting on the
galaxy in each subsequent snapshot. We then find the maximum
fraction of the (initial) ISM that could be stripped in this way, which
is shown with the dash-dot lines in Fig. 12. For comparison, the
shaded bands show the fraction of (actual) ISM that can be stripped
by ram pressure, taking into account its depletion along the galaxy’s
orbit (i.e. as shown in Fig. 10).

At the high-M,, end, the difference is small: Even if there
was no competition from internal processes, ram pressure would
never be able to strip a substantial fraction of the ISM. The situa-
tion looks quite different for galaxies of lower stellar mass: for ex-
ample, at My ~ 10° Mg, only ~ 30 per cent of ISM in galaxies is
actually lost through stripping, but this fraction could be as high as
~ 75 per cent (in clusters) if ram pressure could act along the whole
orbit. In fact, this is even slightly higher than the overall fraction of
ISM lost through stripping, including the support of feedback (see
Fig. 9). Note that this does not conflict with our earlier assertion
that there is not significant competition by star formation and feed-
back for gas which can be stripped at a given point in time: The gas
is removed (long) before ram pressure would have a chance to strip
it directly. In our simulations, stripping and feedback are involved
in a complex interplay, in which they enhance each other’s effect,
but also compete for the removal of the same gas.

The importance of this competition between ram pressure and
feedback has also recently been highlighted in an observational
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Figure 12. The hypothetical fraction of ISM that could have been directly
stripped from the disk in the absence of competing removal mechanisms
(dash-dot lines), compared to how much ISM stripping is actually possi-
ble in the presence of star-formation and feedback (shaded bands). For all
except the most massive galaxies in our sample, the effect of ram pressure
stripping is severely reduced by this competition, which removes gas before
ram pressure becomes strong enough.

study by McGee, Bower & Balogh (2014). In close agreement to
our findings, these authors concluded that the internal consump-
tion of star-forming gas should quench satellite galaxies prior to
“orbit-based” stripping, for example through ram pressure. How-
ever, our simulation analysis also suggests that some gas is retained
long enough for ram pressure to be effective. It is likely that galaxy-
to-galaxy scatter plays an important role in explaining this discrep-
ancy: Some galaxies may retain their ISM for longer than typical,
and these may then be affected by ram pressure stripping. Simi-
larly, the level of ram pressure experienced by different galaxies
at the same group-/cluster-centric radius may vary as well, as we
discuss in the following section.

5.3.6  Summary

To summarise our results from above: The strong enhancement of
outflows seen in simulated satellite galaxies compared to the field
is driven by ram pressure stripping, while contributions from tidal
forces are negligible. In turn, this stripping effect is due in roughly
equal parts to direct removal of gas from the disk (as considered
by Gunn & Gott 1972) and stripping of gas almost immediately
after having been expelled from the ISM into the halo. Besides
this synergy effect, ram pressure also competes with feedback (and
star formation) for removal of the same gas, which reduces its im-
pact considerably, by approximately two thirds in low mass cluster
galaxies.

5.4 Reasons for importance of ram pressure

Even after accounting for the synergy effect between ram pressure
and feedback, our conclusions on the importance of ram pressure
stripping appear in tension with several previous studies arguing
that ram pressure stripping should only be relevant for galaxies on
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extreme orbits carrying them into the central regions of massive
clusters (e.g. Gunn & Gott 1972; Abadi, Moore & Bower 1999).
We now discuss two potential reasons for the larger-than-expected
influence of ram pressure: scatter in the ram pressure profile of
groups and clusters, and a varying importance of stripping over cos-
mic time.

5.4.1 Ram pressure scatter

We first explore how much the ram pressure experienced by our
simulated group and cluster satellites varies at a given radius. In
an independent simulation, Tonnesen & Bryan (2008) had found
that this variation could be as large as one order of magnitude in
a massive cluster, so that individual galaxies can experience much
stronger forces than what is typical at a given radius. In Fig. 13, we
show the ram pressure profiles of host haloes in the GIMIC sim-
ulations. For simplicity, we here only analyse the two most ex-
treme halo mass bins, and show a stack of our low-mass groups
(13.0 < log M /Mg < 13.5) in the top panel, and the massive clus-
ter (log M/Mg =~ 15.2) in the bottom. The black line represents
the median ram pressure experienced by all galaxies at a given ra-
dius. The dark grey band indicates its statistical 16 uncertainty:
0 =Pso+ (Pi5.9/84.1 — Psy)//N, where P, is the n't percentile of
the ram pressure distribution — so that Psq corresponds to the me-
dian — and N the number of galaxies per bin. The light grey band
indicates the extent of galaxy-to-galaxy scatter, by showing the 25t
and 75 percentiles. In addition, the figure also shows the median
r/ry00 and Pam of galaxies undergoing stripping (= 50 per cent
of instantaneous ISM loss through ram pressure), different colours
corresponding to different stellar masses. Statistical 10 uncertain-
ties are here indicated by the corresponding errorbars.

In both host mass bins, there is significant scatter around the
median ram pressure profile, with the 25" and 75" percentiles
separated by almost two orders of magnitude. Naturally, high ram
pressure surroundings favour stripping, so it is perhaps not too sur-
prising that galaxies which are actually being stripped are found
at the very top end of this distribution, with a positive bias in ram
pressure of approximately one order of magnitude in the case of
low-mass groups and up to two in the massive cluster, compared to
what is typical at a given radius. In Appendix B, we show that this
bias is mostly due to these galaxies being located in highly over-
dense regions of the ICM typical of filaments (see also Bahé et al.
2013). This agrees well with Tonnesen & Bryan (2008), who also
concluded that ICM substructure could expose galaxies to strongly
enhanced levels of ram pressure, and explains at least in part why
our simulations predict ram pressure stripping to be much more
common than what would be expected from the ‘typical’ levels
(e.g. Gunn & Gott 1972; Abadi, Moore & Bower 1999).

There are two further features of Fig. 13 that are worth point-
ing out explicitly. Firstly, stripping is, in our simulations, evidently
not restricted to the central regions of either groups or clusters, and
instead mostly occurs in the outskirts, at r = 0.5 rpgo. Galaxies with
Miar < 1010 Mg near the massive cluster are even stripped signif-
icantly outside rpqg. This means that it is unlikely that overcooling
of the central group and cluster regions, and the associated unphys-
ically high ICM densities near the centre, have a significant impact
on our results — in the case of the low-mass groups, for example,
there is a noticeable upturn in ram pressure only at r < 0.27r5q.
Secondly, there is no pronounced discontinuity in the ram pressure
profiles around rpqg, so that it is not too surprising to find galaxies
being stripped outside this radius as well. As we show in Appendix
B, there are actually pronounced changes in the profiles of both
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Figure 13. Ram pressure profile for all galaxies (grey) in low-mass groups
(top) and the massive cluster (bottom). Overplotted in colour are the me-
dian radius and ram pressure of galaxies undergoing significant stripping
(fswip = 0.5). This occurs preferentially in regions of unusually high ram
pressure, and is not restricted to the central group/cluster regions.

ICM density and velocity around this radius, but in opposite direc-
tions so that they largely cancel out in the resulting ram pressure
profile.

5.4.2  Quenching epoch

Another key characteristic that one may expect to be related to
the mechanism of ISM removal is the epoch when the galaxy was
quenched, whose role we explore in Fig. 14. We show here the nor-
malised distribution of lookback times to the last snapshot in which
each galaxy was star-forming (sSFR > 10~ yr=1), separated into
galaxies whose ISM loss is dominated by stripping (‘stripped’,
blue) or internal processes (‘strangled’, red). If all galaxies had
been quenched uniformly throughout cosmic history, both would
be at the level of the horizontal dotted lines, but in reality, this
is clearly not the case. In particular, the distributions of strangled
and stripped galaxies differ significantly: strangulation has become
progressively more common towards later times (lower lookback
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Figure 14. Redshift evolution of stripping and strangulation for z = 0
quenched galaxies. Shown is the distribution of lookback times to the point
of quenching, for ‘stripped” and ‘strangled’ galaxies (blue and red, respec-
tively). Stripped (strangled) have lost more (less) than 50 per cent of their
ISM due to ram pressure stripping, direct or from fountains. Both distri-
butions are normalised to the total number of quenched galaxies. The ratio
between galaxies quenched through stripping and strangulation at late times
(~ 1:6) is much lower than integrated over cosmic time (~ 1:1.5).

time), whereas stripping had a peak around eight Gyr ago (z ~ 1)
and has since declined in importance. By construction, both sam-
ples only include galaxies which still exist (i.e. are not completely
disrupted) at z = 0, and it is well possible — and indeed expected
— that a number of galaxies which were quenched at higher red-
shift have since been disrupted. This may explain the increased
importance of strangulation at low redshift, but not the decline in
stripping activity: the GIMIC simulations predict that stripping was
more common for galaxies accreted at higher redshift.

We speculate that this effect may be due to the higher sSFR in
the past (and associated stronger fountains), or an increased density
of the ICM at higher redshift. In a future paper, we will investigate
the physical origin of this trend in detail. For simplicity, we have
here combined all quenched satellite galaxies, but there is no sig-
nificant difference when analysing only a subset of our sample with
a narrower range of Mgar O Mgt

One important consequence is that observations of galaxies
being quenched at the present epoch will significantly underesti-
mate the importance of stripping in building up today’s population
of passive group and cluster galaxies. The ratio of stripping to stran-
gulation at z ~ 0 is ~ 1:6, which is around four times lower than its
average over cosmic history (~ 1:1.5). We speculate that this may
be another key reason why ram pressure has so far been mostly dis-
carded as a viable quenching mechanism, in addition to the other
effects we have discussed above (synergy between stripping and
feedback, and locally enhanced ram pressure due to filaments).

6 THE REASON FOR THE LACK OF ISM
REPLENISHMENT

We have so far concentrated on understanding why the ISM which
is already present in group and cluster galaxies is removed. How-
ever, to quench star formation it is also necessary to prevent further
ISM replenishment, the cause of which we analyse in this section.
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Figure 15. Top: Amount of halo gas in galaxies at their last ‘normal’ snap-
shot (when their sSSFR was last consistent with the field; filled circles) and
at z = 0 (asterisks). Bottom: The rate at which the ISM is replenished from
this gaseous halo, immediately before (open) and after (filled) this point.
Even before star formation is affected, galaxies are already depleted in halo
gas, which explains the significant lack of ISM replenishment evident from
the bottom panel. Note that values below the plot range are shown at the
bottom end of each panel for clarity.

6.1 Depletion of the gaseous halo prior to quenching

In Fig. 15, we investigate to what extent ISM replenishment from
the galaxy halo is suppressed in satellites. The top panel shows the
mass of ‘halo’ gas (i.e. that which is not part of the ISM; note that
this includes both hot gas and some cold gas which is not dense
enough to be forming stars) in the last normal snapshot, when the
sSFR was last consistent with the field. Filled circles represent the
median mass in bins of equal stellar and host mass, with 25% and
75" percentiles indicated by vertical lines. For clarity, symbols rep-
resenting different host masses have been offset slightly from each
other. The dark yellow band indicates the median halo gas mass
in the field (its width representing statistical uncertainty), and the
light yellow band the 10 scatter.

It is immediately clear that, even though star formation is
by definition still unaffected by the environment at this point, the
gaseous halo has already been depleted significantly. The deple-
tion is strongest for the most massive galaxies (almost two orders
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of magnitude difference in halo gas mass), but still almost one or-
der of magnitude for galaxies with My =~ 10°Mg. There is no
significant systematic influence of host mass: at the onset of star
formation quenching, galaxies in a massive cluster have their halo
depleted similarly as those in a poor group. We emphasise however
that this sample only includes galaxies quenched at z = 0, which
make up a much larger fraction of the overall population in more
massive hosts (see Fig. 1). The asterisk symbols in the top panel of
Fig. 15 confirm that almost all galaxies in our sample have com-
pletely lost their gaseous haloes by z = 0.

In the bottom panel, we verify that this halo gas depletion
has a dramatic effect on the replenishment of the ISM. In a sim-
ilar way to the top, we show here the rate at which gas cools and
condenses from the halo into the ISM, M. Because computation
of this rate involves comparing two snapshots, we show both the
rate obtained over the snapshot interval immediately before (empty
circles) and after (filled) the last normally star forming snapshot.
Replenishment is severely reduced — in many cases to zero — in
the latter case, which is a direct consequence of the reduction in
halo gas mass. Interestingly, this drop in replenishment happens
very quickly for galaxies with Mg, < 10'9M: over the preceding
snapshot interval, it was still consistent with the field.

We conclude that ISM replenishment is shut off (or at least
severely reduced, in the case of galaxies with My, = IO'OM@)
before quenching begins. The reason why star formation is then not
beginning to be quenched immediately is likely that it is dominated
by the densest ISM regions, which are themselves replenished from
the less dense parts of the ISM, so that these provide a ‘buffer’,
albeit only for a limited time. Note that, in principle, it would also
be possible for the ISM to be directly replenished from outside the
galaxy (for example, through mergers), however we have checked
for this and found no significant contribution from this channel (see
also Feldmann, Carollo & Mayer 2011 and Behroozi et al. 2014).

6.2 Halo depletion mechanisms

As a final piece of our investigation, we can now ask how the
gaseous halo has been removed. By definition, the halo gas is not
dense enough to directly form stars, so that it can only be lost
through outflows or cooling. We separate these in analogy to our
analysis of the ISM loss in Section 4.3. Recall that this requires de-
termining for each galaxy a starting point, from which on we sum
up the mass of gas lost in the different ways. Above, we had chosen
the time when the galaxy’s sSFR started deviating from the field,
but this is not appropriate here: As shown in Fig. 15, the halo is
already strongly depleted in this ‘last sSSFR-normal’ snapshot. We
therefore define an analogous starting point for our present purpose
as the time when the mass of the gaseous halo was last consistent
with the field, i.e.

Mt > Mﬁeld _ G( Mﬁeld )

gas halo = “""gas halo gas halo
where the last quantity is the scatter in gas halo masses within the
comparison field galaxy sample (see Section 4.1).

6.2.1 Relative importance of stripping, feedback-driven outflows,
and cooling

Fig. 16 shows the fraction of halo gas lost through outflows in the
left panel, and on the right that lost through cooling. To aid inter-
pretation of the outflow part, we also show the satellite-specific part
of these outflows with dotted lines in the left panel, i.e. the excess
compared to the field calculated as described in Section 4.3.1.
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As with the ISM, there is clearly no one process that domi-
nates the loss of halo gas across all bins of stellar and host mass.
One pronounced difference, however, is the apparently small role
of host mass on the fraction of outflows: there are hardly any cases
where the result differs by more than ~ 10 per cent between the two
most extreme cases, the massive cluster and low-mass groups (red
and black, respectively). Perhaps even more surprising is that the
satellite-specific outflow part (i.e. what is caused by stripping) is
by no means dominating the removal of the halo: At the low-Mr
end, it accounts for only ~ 50 per cent of its loss, dropping to ~ 20
per cent at Miar ~ 101! Mg even in the massive cluster.

A comparatively strong loss channel, on the other hand, is that
of cooling, i.e. halo gas becoming part of the ISM and potentially
turning into stars later. For galaxies with Mg > 10'° M, this ac-
counts for the majority of halo loss — although the lack of AGN
feedback in our simulations may mean that this increase is an over-
estimate — and is still quite significant at the low mass end (~ 20
per cent). Although the direct effect of SN feedback is mostly lim-
ited to the ISM, gas in the halo may nevertheless be entrained in
these ‘primary’ winds (see also Fig. 11). The fraction of outflows
not accounted for by stripping is therefore most likely due to this
indirect feedback effect!?.

A comparison to the equivalent loss fractions in field galax-
ies (yellow) reveals that — perhaps surprisingly — the fraction of
halo gas which cools into the ISM is remarkably unaffected by the
environment, and is in fact slightly enhanced in groups and poor
clusters. One way to interpret this is that gas which is stripped —
and this fraction does increase with increasing host mass — is pre-
dominantly that in the outer parts of the halo where the cooling
time is longest, so that it would not have been (directly) relevant
to the replenishment of the ISM anyway. The gas which is actu-
ally cooling, and therefore of relevance to the future ability of the
galaxy to form stars, on the other hand, is largely left in peace by
stripping, which would explain why cooling is — in relative terms
— slightly more important than in the field. Furthermore, the fact
that there is a (slight) trend with host mass in the cooling fraction
which is opposite to the offset between the field and satellites in
general, would imply that stripping has a slightly more direct im-
pact on the ‘cooling’ part of the halo in a massive cluster than in
groups, for example because its higher levels of ram pressure are
able to remove halo gas down to smaller galacto-centric radii.

6.2.2 Halo (non-)replenishment from cosmological accretion

The trends in Fig. 16 therefore imply that the halo itself is largely
depleted by a ‘strangulation’ effect: the majority of its gas is used
up internally through cooling and entrainment in winds, with the
key difference to field galaxies being a much reduced rate of cos-
mological gas accretion. We confirm this last point explicitly in
Fig. 17, where we compare the rate of cosmological gas accretion
onto the halo in the field (yellow) and satellite galaxies at the last
(sSFR-)normal snapshot, in analogy to Fig. 15. There is a clear
discrepancy of more than an order of magnitude, and immediately
after this point, cosmological accretion drops to zero in the major-
ity of galaxies. The importance of this reduction in cosmological
accretion has also previously been stressed by Feldmann, Carollo

12 Another possibility is that halo gas cools to the ISM and is almost imme-
diately kicked by a nearby star particle, but this does not occur commonly
enough in our simulations.
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Figure 16. The mechanisms responsible for removing the gaseous halo in group and cluster galaxies. The left panel shows the fraction of loss attributed to
outflows of gas, the right one due to cooling (i.e. replenishment of the ISM). The dotted line in the left panel gives the fractional loss due to environment
alone (see text), which is considerably lower than the total outflow loss. In contrast to the loss of ISM, the host mass plays only a minor role here, but there
is a significant trend with stellar mass: outflows dominate at low stellar masses, cooling at the high-mass end. Note that, although the fractional loss through
cooling and outflows is similar to the field (yellow), the absolute loss is much lower (see Fig. 15).

& Mayer (2011) in the case of galaxy groups, a conclusion that we
both confirm and extend to all halo masses above 1013M.

One caveat with the above analysis is that it is based on the
instantaneous loss fractions. Particles which have cooled into the
ISM can be lost from the galaxy through outflows later on, so that
some of the initially ‘cooled’ gas can later be stripped. To see the in-
fluence of this ‘delayed halo stripping’, we have repeated our anal-
ysis, this time looking at the fate of the particles at z = 0 (instead of
the first snapshot when they were no longer in the halo, as above).
This is shown with the dashed lines in the right panel of Fig. 16. At
the high-Mg,, end, the difference is very small, but at lower stellar
masses, the latter analysis gives a noticeably lower cooled fraction,
which drops to only ~ 5 per cent at Mg ~ 10°Mg. This is easily
understood in terms of the increased importance of outflows in car-
rying away ISM from lower mass galaxies, as evident from Fig. 6.

The simulations therefore predict a rather complex picture for
the removal of the gaseous halo: One part is removed directly by
stripping and entrainment in galactic winds, while a significant
fraction initially cools to the ISM, some of which is later removed
from there (for example, when the galaxy has moved closer to the
group/cluster centre and is subject to stronger levels of ram pres-
sure). We finally note that there is no contradiction between the
fraction of the halo removed through cooling not being lower than
in the field and the drastically reduced actual halo cooling rate as
shown in Fig. 15: it simply means that the overall rate of halo loss
is (much) lower than in the field.

6.2.3 Comparison to idealised simulations

One direct consequence of this mix of halo depletion mechanisms
is that the result of McCarthy et al. (2008) — who showed that ram
pressure alone leads to a rather gradual stripping of a galaxy’s (hot)

halo with some fraction (~ 30 per cent) able to remain intact even
many Gyr after accretion — is only a relatively weak lower limit
on the actual depletion of halo gas in satellite galaxies. On the other
hand, however, the influence of halo stripping on the galaxy’s star
formation rate may be much less severe than on the mass of the halo
itself. This could have potentially important implications for semi-
analytic models of galaxy evolution in a group or cluster, which
have traditionally had difficulties in reproducing the observed pas-
sive fraction of satellite galaxies (see e.g. Weinmann et al. 2006;
Font et al. 2008; Guo et al. 2011; Henriques et al. 2013).

7 DISCUSSION AND SUMMARY

We have studied star formation quenching in a large sample of
group and cluster galaxies drawn from the GIMIC suite of cosmo-
logical hydrodynamical simulations. The aim of this work has been
to identify the main physical mechanism(s) responsible for shutting
down star formation in dense environments, as well as to under-
stand the reason for their importance. Our main conclusions may
be summarised as follows:

(i) The GIMIC simulations reproduce the observational result of
a bimodal sSFR distribution, with an active (star-forming) peak
whose position does not vary significantly with environment. This
is explained by rapid quenching (in particular for low-mass galax-
ies, Mgtar < 1010 M), and more recent accretion of galaxies still
forming stars at z = 0 compared to those which are passive, by typ-
ically ~ 2 Gyr.

(ii) There is a large degree of scatter in when galaxies become
passive, ranging from ~ 2 Gyr prior to accretion (first crossing of
00,¢) to > 4 Gyr after. Quenching generally occurs earlier for less
massive galaxies, and those orbiting massive hosts.
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Figure 17. Rate of cosmological accretion onto the gaseous halo in field
galaxies (yellow) and satellites in groups and clusters, at the onset of star
formation quenching (coloured circles; open ones show the rate immedi-
ately before this point, filled circles immediately after). The accretion rate
is substantially suppressed in the group/cluster sample, and drops to zero
after the last normal snapshot for the majority of galaxies (filled circles).
This lack of cosmological accretion is a key driver of the depletion of the
gaseous halo.

(iii) Outflows are a significant contributor to star formation
quenching in the GIMIC simulations, accounting for up to 80 per
cent of ISM removal in cluster galaxies with Mgr < 1019M; their
exact role depends on both galaxy and host halo mass. Direct star
formation only removes ~ 50 per cent of the ISM even in the most
massive galaxies we have studied, and many of these would already
have become passive of their own accord in the real Universe.

(iv) Outflows in our simulations are driven by both internal pro-
cesses (feedback) and external stripping (ram pressure only, we find
no evidence for a substantial contribution from tidal forces). Ap-
proximately half the stripped ISM has also been affected by feed-
back in a ‘stripping of galactic fountains’ scenario, while the other
half is stripped directly from the star-forming disk.

(v) Stripping is more relevant just before star formation stops
than integrated over the whole period of quenching. This suggests
an ‘interrupted strangulation’ scenario, where gas loss is initially
dominated by internal consumption mechanisms (strangulation),
but before the ISM is completely depleted in this way, stripping
becomes strong enough to complete the process.

(vi) Galaxies at the same radial distance from the group/cluster
centre can experience a wide range of ram pressure levels (vary-
ing by an order of magnitude or more), and those that are actually
stripped are preferentially found at the high end of this distribution.
Stripping is not limited to the central group and cluster regions, but
mostly occurs outside ~ 0.5 rpgp.

(vii) For quenched satellites surviving until z = 0, ram pressure
stripping was more effective at z ~ 1 than the present epoch by a
factor of ~ 3. As a consequence, the ratio of galaxies quenched due
to strangulation and due to stripping is ~ 4 times higher at z =~ 0
than averaged over cosmic history.
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(viii) We confirm that the effect of ram pressure is well de-
scribed by the model of Gunn & Gott (1972), when only accounting
for the ‘pure’ stripping effect without influence of feedback. Appli-
cation of this model to the full galaxy orbits has shown that at the
low-mass end (Mt ~ 10° M) stripping could be up to three times
as effective (removing up to 75 per cent of the ISM) if it were not
for the competing effects of star formation and feedback.

(ix) ISM replenishment is suppressed because the gaseous halo
surrounding the star forming disc is removed before star formation
is quenched. This removal is not exclusively a consequence of ram
pressure (only to < 50 per cent even in the massive cluster), with
internally driven process (cooling and indirect feedback) being of
relevance as well. The shutdown of cosmological accretion is there-
fore another physical mechanism co-responsible for star formation
quenching in group and cluster galaxies.

The median evolution of our simulated z = 0 quenched galax-
ies as they are accreted onto a group or cluster halo is summarised
in Table 1. At all ranges of stellar mass and host mass that we con-
sider, cosmological gas accretion from the field ceases well before
the galaxy crosses rpq for the first time. As a result, the gaseous
halo surrounding the galaxy is depleted at accretion to only < 20
per cent of the halo mass in comparable field galaxies. The star
formation rate typically drops below the 10 range of field galax-
ies from ~ 1 Gyr before accretion (in the case of the lowest mass
galaxies falling into the most massive cluster) to ~ 1.5 Gyr after
for the opposite extreme (Milky-Way analogues in groups). As a
result, the sSFR is not reduced as severely at the point of accretion
as the mass of the gaseous halo, and in fact slightly exceeds the
field value in the case of galaxy groups. Star formation in lower
mass galaxies with log;o (Mstar/Me) = [9.0 — 10.0] is then typi-
cally quenched within 500 Myr of accretion, with > 75 per cent
of star forming gas lost through stripping. In contrast, more mas-
sive galaxies are quenched only after up to 5 Gyr, with stripping
accounting for < 20 per cent of their ISM loss: for these, internal
gas consumption combined with the reduced cosmological replen-
ishment is the dominant cause of star formation quenching.

These results present important new insight into the evolu-
tion of group and cluster galaxies. In particular, the prediction that
ram pressure stripping (in conjunction with feedback) should be
important in hosts of all masses, out to the virial radius and be-
yond, means that it is not a rare process operating only in extreme
circumstances, and could e.g. be well compatible with a small in-
trinsic scatter in the red galaxy fraction as determined by Balogh
& McGee (2010). It also agrees with the results of Fabello et al.
(2012), who found that strangulation alone was insufficient to ex-
plain the HI properties of galaxies in hosts with masses as low as
1013 M.

In principle, the predictions presented here can be tested by
HI observations of galaxies in groups and clusters, which would
confirm (or rule out) the wide-spread presence of tails from ram
pressure stripped gas behind infalling galaxies. However, our anal-
ysis also suggests that the majority of present-day passive galaxies
were quenched as a result of stripping which occurred several Gyr
ago. Such high redshifts are beyond the range of current radio tele-
scopes, but the upcoming Square Kilometre Array (SKA) promises
to enable such a direct observational test.

In addition, observations have already revealed that the envi-
ronmental influence on group and cluster galaxies depends strongly
on their surface density, as well as stellar mass (Zhang et al. 2013).
Unfortunately, the resolution of our simulations is not high enough
to reliably investigate this influence — the gravitational softening
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Table 1. Summary of the evolution of low- and high-mass galaxies falling into group and cluster haloes (for simplicity, we have combined all ‘galaxy group’
scale haloes into a single bin spanning a full decade in halo mass). Given are the median times relative to accretion (first crossing of r2p) of three key events:
cosmological gas accretion drops below the 16 range of comparable field galaxies, the analogous point for sSFR, and sSFR drops below 10~ yr=! so the
galaxy is ‘quenched’. Also shown are the remaining halo mass and sSFR at accretion relative to stellar mass matched field galaxies as well as the fraction of

star-forming gas lost to stripping.

Stellar mass log1o (Mstar/Me)

9.0-10.0 10.0-11.0

Host mass 10g10 (Mhost/Mo) 13.0-14.0 14.0-145 15.2 13.0-14.0 14.0-145 15.2
Gas accretion below field [Gyr] -1.35 -1.28 -2.08 -0.62 -0.93 -0.76
Halo mass at accretion [relative to field] 14% 7% 0% 22% 18% 10%
sSFR at accretion [relative to field] 113% 54% 0% 106% 90% 94%
sSFR below field [Gyr] 0.08 0.22 -1.00 1.56 0.56 0.34
sSFR < 1071 yr~! [Gyr] 0.49 0.17 -0.66 5.00 4.47 1.80
Stripped fraction of SF gas 75% 88% 90% 13% 12% 20%
length of € = 1 kpc at low z is an appreciable fraction of the typical 1.0
stellar half-mass radius — but we intend to study this relation with ' ] ] ] ] ]
improved simulations in the future. /\5 log M. /M, —— Model
£ o8} 130-135 — = Simulations |
= 13.5-14.0
X 14.0-14.5
.5 0.6} 152
7.1 Comparison to Wetzel et al. (2013) ‘8’
Using simple merger tree based accretion models, Wetzel et al. J;) 0.4r
(2013) infer a long delay of #4c1ay ~ 3 Gyr between accretion and £ 10g Msiye /M
the onset of quenching, in order to reproduce the sSFR distribu- §
tion of SDSS satellites. By contrast, we have found a wide range ..? 0.2 .
of timescales (from ~ 2 Gyr prior to accretion up to > 4 Gyr af- E
ter). In order to compare our results in a fair manner, we have con- 2]
0.0

structed a simple model similar to that of Wetzel et al. (2013): For
an (adjustable) time #4e|ay after accretion — which we here define as
first crossing of 1, ,, for consistency with their study — galaxies
are assigned the median sSFR of their matched field sample (see
Section 4.1). The sSFR then declines to 10~!2 yr~! over a short
period of 500 Myr, and remains at this value afterwards. Fig. 18
shows the resulting star-forming fraction of galaxies of stellar mass
9.5 < logMstar /M < 10.0 within ryqp_, at z < 0.2 (solid lines; the
difference between different host halo masses is due to different ac-
cretion histories) as well as the values actually found in the GIMIC
simulations (dashed horizontal lines). As before, different colours
represent galaxies in differently massive hosts. The intersection of
each pair of lines then gives the best-fit delay time, shown by filled
circles and vertical dotted lines.

For the massive cluster (red), the inferred delay time is only
~ 0.8 Gyr. For less massive hosts, however, the delay time in-
creases systematically, from ~ 1.5 Gyr in the case of lower-mass
clusters (green) to ~ 4 Gyr in low-mass groups (black). While this
is broadly consistent with Wetzel et al. (2013), there are also dif-
ferences in detail. For example, these authors do not find a strong
trend in fgelyy With host mass (see their Fig. 8). This difference
could be due to shortcomings in our simulations. Alternatively, the
relatively large observational uncertainties in host mass estimates
may act to smear out such a strong trend in the data. Furthermore,
interloping galaxies, i.e. those which are at a three-dimensional dis-
tance 7 > 200, ,, but appear to lie at a projected radius R < Roo,
may bias observational results, because they would be preferen-
tially star-forming, and thus increase the required delay time. In
our simulation-based analysis, on the other hand, we are able to
cleanly separate out such interlopers.

o 1 2 3 4 5 6
Delay time [Gyr]

Figure 18. Fraction of star-forming z < 0.2 galaxies at r < rpg, , obtained
from a simple evolutionary model which assumes an initial delay time (x-
axis), after which star-formation is quenched rapidly (solid lines; differ-
ent colours represent different host masses as detailed in the top-left cor-
ner). Comparing these to the actual star-forming fraction of our simulations
(dashed lines), one obtains the best-fit delay time (filled circles and vertical
dotted lines). This is short for the massive cluster (red), but for all other host
masses a relatively long delay time of ~ 2 —4 Gyr is inferred.

7.2 Influence of pre-processed galaxies

It is worth noting that our findings are based on a sample of galax-
ies explicitly selected to not have been affected by pre-processing,
i.e. the environmental effects are only due to their current host
halo. In the case of group galaxies, pre-processing is expected to
be rare (e.g. Wetzel et al. 2013; Bahé et al. 2013; Hou, Parker &
Harris 2014), so its inclusion cannot have a considerable effect on
the results shown here. The same is not necessarily true for clus-
ters. For completeness, we show in Fig. 19 a direct comparison
between the stripped ISM fraction with and without inclusion of
pre-processed galaxies. For most host masses, the difference is neg-
ligible, including (perhaps surprisingly) the massive cluster. Only
in the lower-mass clusters (green) is there a bit more of an effect:
Stripping is somewhat less strong among galaxies in the mass range
9.5 <logMsiar /Mg < 10.0 if those affected by pre-processing are
included (~ 70 vs. ~ 40 per cent). This may be due to the higher
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Figure 19. Effect of including pre-processed galaxies (dash-dot-dot line),
compared to our default exclusion of them (shaded bands). Shown is the
fraction of ISM lost through ram pressure stripping. The difference is gener-
ally small, with only one bin (log Mgar /Mg = [9.5,10.0] in low-mass clus-
ters) showing a significantly lower stripped fraction when pre-processed
galaxies are included.

fraction of quenched galaxies in this host mass bin that were pre-
processed in low-mass groups, whereas pre-processing in a massive
cluster may also take place in more massive groups in which, as we
have shown, stripping plays a larger role. In any case, our quali-
tative conclusions are unaffected: Ram pressure stripping of ISM
has a significant effect on satellite galaxies, regardless of whether
or not pre-processed galaxies are included.

7.3 Applicability to real galaxies

Are these conclusions applicable to real galaxies as well? There
are two main reasons why this might not be the case: the lack
of AGN feedback in GIMIC and its SPH nature, which may sup-
press stripping through hydrodynamical instabilities (e.g. Mitchell
et al. 2009; Sijacki et al. 2012; Zavala et al. 2012). The latter short-
coming may well be relevant, but would likely act to further in-
crease the importance of stripping — it is difficult to imagine a
scenario in which these instabilities could prevent the loss of ISM
gas through stripping, noting that McCarthy et al. (2008) found that
hydrodynamic instabilities have no significant effect on the strip-
ping of the hot gaseous halo. The other issue, the lack of AGN
feedback in GIMIC, is potentially more subtle in its effect: it means
that massive GIMIC galaxies are too concentrated (see McCarthy
et al. 2012b), and therefore presumably too resistant to stripping,
but also increases their stellar mass and therefore changes their ‘la-
bel’. Furthermore, AGN feedback also reduces the density of the
group/cluster hosts and therefore the ram pressure experienced by
satellite galaxies (McCarthy et al. 2010). However, this is expected
to be most severe in the core region; e.g. Duffy et al. (2010) and
Le Brun et al. (2014) find that the DM and gas density, respec-
tively, outside ~ 0.2y, are largely unaffected by AGN feedback.
The majority of stripping in GIMIC occurs outside this central re-
gion (Fig. 13), which suggests that the ram pressure experienced by
them is modelled accurately.
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A further shortcoming in GIMIC that is likely related to the
absence of AGN feedback is the lack of a ‘mass quenching’ effect,
by which more massive galaxies are less likely to form stars (Peng
et al. 2010). This is obviously regrettable in terms of producing a
realistic galaxy population that can be quantitatively compared to
observations, but on the positive side, it means that environmen-
tal influence is the only physical effect quenching GIMIC galaxies.
Furthermore, although the GIMIC simulations contain an unrealisti-
cally high abundance of star-forming massive galaxies, the proper-
ties of the individual objects (including their star formation rates),
agree well with observations (McCarthy et al. 2012b). The insight
gained from studying the transformation of our simulated galaxies
is therefore most likely applicable to real ones as well, at least at a
qualitative level.

The best way to deduce the influence of the above-mentioned
deficiencies of the GIMIC suite would be to repeat this analysis
with an improved set of simulations. A promising new tool in this
regard, the EAGLE simulations, has recently been introduced by
Schaye et al. (2014). Their higher mass and time resolution, as well
as significantly improved sub-grid physics (i.e. inclusion of AGN
feedback) and hydrodynamics implementations, will help to better
understand the complex details of how group and cluster galaxies
transition from star forming blue spirals to red, passive ellipticals.
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APPENDIX A: GALAXY TRACING

In this Appendix, we describe in detail our method to trace sub-
haloes between different snapshots in our simulations. This proce-
dure is based on the ability to identify individual particles in sub-
sequent snapshots through their unique IDs. We link in each pair
of neighbouring snapshots any two subhaloes that share at least 20
dark matter or star particles, or fewer if their total mass accounts
for more than 50 per cent of the total mass of at least one of the
subhaloes. In the simplest situation, there is only one such link go-
ing from (‘sent’) and leading to (‘received by’) each subhalo: in
this case, we could unambiguously identify the same subhaloes in
both snapshots.

In reality, however, subhaloes may exchange particles between
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each other (e.g. in mergers), so that one subhalo identified in snap-
shot 7 has, in general, no identical counterpart in a second snapshot
j. This leads to one subhalo in i being linked to multiple others in
j (and vice versa), so that we have to find the ‘closest match’ out
of these. For this purpose we rank all links sent from or received
by the same subhalo by their total mass, which gives each link
a sender and receiver ‘rank’. We then ‘select’ links (i.e. identify
those which connect the “same” subhalo in two snapshots) in or-
der of these ranks until either all subhaloes are connected, or more
realistically, until no more links are available. In case of a conflict
between two links with the same ranks in inverted order (e.g. sender
rank 1, receiver rank 2 and sender rank 2, receiver rank 1), we select
the one with higher receiver rank, i.e. the one contributing a larger
fraction of mass to its descendant galaxy, rather than the one carry-
ing most mass away from its progenitor. The reason for this choice
is that it prevents situations where a small subhalo accreted onto a
bigger subhalo is misidentified as the bigger subhalo’s descendent,
while allowing subhaloes that lose the majority of their mass to a
bigger system (e.g. a cluster halo) to be traced for as long as possi-
ble. We repeat this process for each pair of neighbouring snapshots
to obtain a continuous history of all subhaloes in our simulation.

An additional complication is that subhalo finders such as
SUBFIND have difficulty identifying subhaloes in dense back-
grounds, such as the central regions of a galaxy cluster (e.g. Mul-
drew, Pearce & Power 2011). Unaccounted for, this would lead to
spurious subhalo “disruption” (when a subhalo is still physically
existing, but not identified as such) and “formation” (if it is re-
identified later). To mitigate this, we also trace subhaloes over 2
snapshot intervals by forming what we call ‘long links’ between
each pair of snapshots separated by one snapshot between them, in
analogy to the ‘short links’ described above. In the simplest case,
the temporary non-identification will leave a subhalo A in the first
snapshot i without a (short-link) descendant, and a counterpart B in
the second snapshot (k) without a (short-link) progenitor. Provided
A and B are connected by a long link, we can then join them to-
gether from i to k and skip the missing identification in snapshot j
in-between.

However, it is also possible that between redshifts i and &, the
subhalo accretes another, smaller subhalo, which would then be
identified as its progenitor although physically it is not (c.f. above).
We therefore also allow selection of long links between subhaloes
that already have an identified (short-link) progenitor or descendant
in the immediately neighbouring snapshot, provided this results
in a better match of particles between subhaloes. This allows our
method to robustly follow self-bound structures through time, ac-
counting for subhalo formation, merging and disruption, as well as
temporary non-identification of subhaloes in dense environments.

APPENDIX B: REASON FOR RAM PRESSURE SCATTER

In Section 5.3.5 we had shown that the ram pressure at a given
group- or cluster-centric radius r/rpgy can vary by several orders
of magnitude, and that galaxies actually being stripped are pref-
erentially exposed to atypically high levels of ram pressure. In this
Appendix, we analyse the origin of this ram pressure scatter. To this
end, we show in Figs. B1 and B2 the radial profiles of ICM density
p and ICM velocity (squared) relative to the galaxy, |v|2, respec-
tively. For the low-mass groups (top), stripped galaxies are typi-
cally surrounded by ICM which is both slightly denser and moving
faster with respect to them than the radial average, with both fac-
tors contributing roughly equally to the positive bias in ram pres-
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Figure B1. Radial density profiles for low mass groups (top) and the mas-
sive cluster (bottom), in analogy to the ram pressure profiles in Fig. 13.

sure. The situation is very different for the massive cluster, how-
ever. Here, the ICM velocity relative to stripped galaxies is very
close to the spherical average (black line), with only a hint of a
positive offset for massive galaxies (red/yellow) which are being
stripped preferentially at r < rppg. In contrast, the ICM density sur-
rounding these galaxies exceeds the average by up to two orders of
magnitude. We can therefore conclude that, in the case of galaxy
clusters, ram pressure stripping is largely restricted to overdense
regions, in agreement with the independent results of Tonnesen &
Bryan (2008). In Bahé et al. (2013), we had shown that these over-
dense regions in clusters correspond to filaments. Our results here
therefore imply that these filaments not only cause enhanced strip-
ping of hot gas at radii far beyond g, but also of the star-forming
ISM at smaller radii.

We finally note that, in contrast to the ram pressure profiles
in Fig. 13, both the density and velocity profiles do show a break
around r = rpqq, especially in the case of the massive cluster (bot-
tom panels). Outside this radius, the ICM density around galaxies
increases with radius — a consequence of their preferential loca-
tion inside overdense filaments — whereas the ICM velocity de-
clines rather sharply, due to the increased degree of co-flow be-
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Figure B2. Radial velocity profiles for low mass groups (top) and the mas-
sive cluster (bottom), in analogy to the ram pressure profiles in Fig. 13.
Note that this shows velocity squared for a direct comparison with the den-
sity profile in Fig. B1.

tween galaxies and the surrounding gas (see Bahé et al. 2013). Mul-
tiplied together, these two effects largely cancel out which causes
the smooth ram pressure profile either side of rqg.

© 0000 RAS, MNRAS 000, 000-000



