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ABSTRACT

In the local Universe, galaxies in groups and clusters ¢oteas gas and are less likely to be
forming stars than their field counterparts. This effectislimited to the central group/cluster
regions, but is shown by recent observations to persistmsgeveral virial radii. To gain
insight into the extent and cause of this large-scale enwiental influence, we use a suite of
high-resolution cosmological hydrodynamic simulatiamanalyse galaxies around simulated
groups and clusters of a wide range of massijddnosiMe = [13.0, 15.2]). In qualitative
agreement with the observations, we find a systematic deplef both hot and cold gas and
a decline in the star forming fraction of galaxies as far @t-ab rygg from the host centre.
A substantial fraction of these galaxies are on highly gtg orbits and are not infalling
for the first time ¢ 50 per cent at 2,p0, independent of host mass) or are affected by ‘pre-
processing’ (less than 10 per cent of galaxies around grangeasing te~ 50 per cent near
a massive cluster), even a combination of these indirecharégsms does not fully account
for the environmental influence, particularly in the casahaf hot gas content. Direct ram
pressure interaction with an extended gas ‘halo’ surraumgdroups and clusters is shown to
be sufficiently strong to strip the hot gas atmospheres afling galaxies out te- 5 rpgo0. We
show that this influence is highly anisotropic, with ram pres along filaments enhanced by
up to a factor of 100 despite significant co-flow of gas andxdata

Key words: galaxies: clusters: general — galaxies: evolution — galspfaloes — galaxies:
interactions — galaxies: intergalactic medium — galaxi€/

1 INTRODUCTION

There is strong observational evidence that the interrepties
of galaxies depend on their local environment. One wellkmo
example is the morphology—density relation_(Dres5ler 1980
which early-type galaxies are more common in high-density e
vironments such as the central regions of clusters, whedatas
type galaxies dominate the field population. While much @ th
apparent trend is explained by galaxies in groups and chibe
ing typically more massive than field galaxies, combinechveit
correlation between galaxy mass and morphology in the fiette

is still a significant difference in the morphologies of gads of
fixed stellar masm the field and those in massive groups and clus-
ters (e.g.|_Kauffmann etlsl. 2004; Blanton €t al. 2005). Ailsim
relation holds for galaxy colours: those in denser regioaspeef-
erentially redder than their isolated counterparts (.
@n. As the colour of a galaxy is primarily influenced byrits
cent star formation activity, this ‘colour—density retati indicates
areduced level of star formation in group and cluster gakgbm-
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pared to those of similar stellar mass in the field (&
[2004; Poggianti et al. 2006).

In principle, both of these trends may either be due to in-
trinsic differences between field and group/cluster gaiXi.e.,
galaxies form differently in close proximity to a massivester,
or a large-scale overdensity destined to become a clustéheyp
may be the result of a transformation of late-type, stamfag,
blue field galaxies into early-type, passive, red ones #ifiey are
accreted by a group or cluster. There are several mechahams t
could trigger such transformations. The tidal field of theugr or
cluster, as well as interactions with other galaxies, wligh nat-
urally more common in dense environments may strip, reshap
or even totally disrupt a galaxy (e.t999).t|7k1
same time, the high velocity of a galaxy relative to the intra
group/-cluster medium (ICI‘E)gives rise to ram pressure which
can remove its cold gas reservoir (so-called ram presstippisty,

Gunn & Gott|1972] Abadi, Moore & Bower 1999) and therefore

1 We use the term ‘ICM’ for hot gas in and around groups/clisstenich
is not bound to infalling galaxies or sub-groups. This ides gas beyond
the virial radius.
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shut down star formation. TH®t gas haloes surrounding infalling
galaxies are even easier to remove since these are much rore e
tended, less dense and therefore Iess tlghtly bound to ﬂbﬂ}ga
(e.g./La
12000; LM_CQaLLh;Le_t_éL_ZD_DS) Whlle not |mpact|ng star fommat
directly, the removal of hot gas does put an end to the regheni
ment (through cooling) of the cold gas used up in it. The tesul

a delayed decrease in star formation as the remaining caldsga
consumed (‘strangulation’ or ‘starvation’). The commoertte of
these mechanisms is that the environmental influence oxigala
falling into a group or cluster decreases with increasirsiatice
from the centre, as the density of both the ICM and galaxigs, a
well as their orbital velocities, decrease. It is less ¢leawever, at
which point during a galaxy’s infall one should expect theszh-
anisms to first ‘switch on’. This depends on the detailedcstmal
properties of the infalling galaxies as well as that of thetlyvoups

and clusters into which they are falling.

There is ample evidence from both observations and simula-
tions that groups and clusters have no sharp ‘edge’ to martkah-
sition to the field environment. Instead, their outer regidtend
smoothly into the surrounding large-scale structure. & iethere-
fore no obvious starting point for the above-mentioned raech
nisms to begin acting on galaxies. A commonly employed beund
ary radius for a halo is the ‘virial radius’ (hereaftepd), which
is often computed as the radius inside which the averagetgens
equals 200 times the critical density. Roughly speaking ta-
dius corresponds to the extent of the virialised region ofat h
in cosmological simulations. There is, however, mountibger-
vational evidence that the colour—density relation pesumt to
distances significantly greater thagyg (e.g., -9
[Hansen et al. 2009; Haines etlal. 2009; von der Linden/et 4020
lLu et al. [2012; Wetzel, Tinker & Conroy 2d12; Rasmussen let al.
[2012; see also Bahé etlal. 2012). If environmentally-iedutans-
formations are indeed responsible for the observed trethés,
galaxies are evidently affected well beyond the virial uadi

One commonly identifiethdirect way in which galaxies can
be environmentally affected at large distances from théreeaf a
galaxy cluster is through ‘pre-processing’ in infallingogps (e.qg.,
Berrier et all 2009; McGee etlal. 2009). A second indirectimec
nism is what we refer to as ‘overshooting’: a non-negligifsbec-
tion of infalling galaxies are on highly elliptical orbits.g./ Bensdn
M) that bring them well withinypg on first pericentric passage
but back out beyond this radius later on (e.g., Gill, Knebe iRsBn
[2005;[ Ludlow et all_2009). The existence of environmentadis
out to radii well beyond4pg is therefore not necessarily incompat-
ible with direct environmental influence being confined tafer
scales.

Of course, the existence of these indirect mechanisms axes n
rule out the possibility that there is also direct environtakinflu-
ence of the group or cluster at distances beyond the virdilisa
As groups and clusters blend into the large-scale surrogretivi-
ronment, a galaxy is surrounded by gas even at large distdrra
the host centre (see, e. tal. 1999 who show thatathe
gas haloes of simulated massive galaxy clusters extendsdat as
~ 10 Mpc) This gas will exert a ram pressure force on any galaxy
moving relative to it, which may be sufficient to remove (soofie
its gas.

It is therefore conceivable that all three of these meclnasis
are operating in concert to reduce the star formation agtivi
galaxies. However, separating them from each other would be
formidable challenge for current observations, as theia gen-
eral only limited information about a galaxy’s velocity atéht of

its surrounding gas. Furthermore, it is extremely diffidolteven
detectthe hot gas haloes of the nearest galam 2007),
let alone measure their structural properties around misterd
galaxies falling into groups and clusters.

Numerical simulations are a potentially promising tool &g
further insight, as both velocities and galaxy orbital tigts are
readily available. The demands on these simulations, hexyvave
considerable. Cosmological initial conditions are reedifor real-
istic galaxies and hosts, and to give meaningful infornmatio ram
pressure, baryons have to be included in the simulatiorsttr
along with realistic physical prescriptions for relevambogesses
that affect the baryons, including radiative cooling, $tamation,
chemodynamics, and supernova feedback. The resolutiohbaus
high enough to resolve individual galaxies, while the siaioh
must also include rare objects such as massive galaxy duste
High-resolution cosmological hydrodynamic simulatioridarge
volumes would satisfy these requirements but their contiountzl
cost is currently prohibitively high. A promising comprasriis the
use of simulations with ‘zoomed’ initial conditions, wheaesmall
region of a large, low-resolution simulation box is re-slated at
high resolution (e.gl. Tormen. Bouchet & White 1997).

In this paper, we use a set of simulations following this ql
ophy, the G\LAXIES-INTERGALACTIC MEDIUM INTERACTION
CACULATIONS (GIMIC; [Crain et al[ 2009). By re-simulating se-
lected regions of the Millennium Simulati {2005;
which includes dark matter only), chosen to encompass a wide
range of large-scale environments they include both spavisks
and a massive galaxy cluster, as well as numerous less massiv
clusters and galaxy groups. A particular advantageisfic is that,
over a relatively wide range of stellar mass, the simuliedd disc
galaxies have already been shown to have properties in gped-a
ment with a variety of observational data, including theatiehs
between stellar mass and rotation velocity, size, and stand-
tion efficiency (defined as the ratio of stellar mass to totabsy
seel McCarthy et al. 2012b). The simulations also reprodhbee t
observed scalings of hot gas X-ray luminosity with K-banghitu
nosity, star-formation rate and rotation veloclty (Craimk 2010),
as well as the properties of stellar haloes around Milky \Weass
disc galaxies (Font et &al. 2011; McCarthy el al. 2012a). \&itba-
sonably realistic population of field galaxies, these satiahs are
therefore suitable to investigate the processes actingem tipon
infall into a group or cluster.

This paper is structured as follows. In Section 2, we briefly
describe the simulations and our method for identifying atad-
ing galaxies within them. The extent of environmental infice
on our simulated galaxies beyonghg is shown in Section 3, fol-
lowed by an in-depth analysis of the underlying physical lmnec
anisms in Section 4. In Section 5 we investigate the influence
of filaments, before presenting our conclusions in SectioAlb
masses and distances are given in physical units unless- othe
wise specified. A flan\CDM cosmology with Hubble parameter
h = Hp/(100km §1Mpc*1) = 0.73, dark energy density parame-
ter Qn = 0.75 (dark energy equation of state parameter —1),
and matter density paramet@j = 0.25 is used throughout this
paper.

2 SIMULATIONS AND ANALYSIS
2.1 GIMIC simulations

This work is based on the &£ AXIES-INTERGALACTIC MEDIUM
INTERACTION CALCULATION suite of simulations@imic). The
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reader is referred o Crain ef al. (2009, see also Schay&20H))
for a full description of these simulations; here we only susmise
their main features relevant to this study.

The GImIC simulations are a set of five re-simulations of
nearly spherical regions of varying mean density extraétech
the Millennium SimulationOS). The ratgaare
chosen so that at z = 1.5 their average densities differ fimen t
cosmic mean by (-2, -1, 0, +1, +2), whereo is the rms mass
fluctuation on a scale of 181 Mpc at this redshift. In this way,
GIMIC includes rare objects such as a sparse void and, of particula
importance here, many groups and clusters of galaxiesiding a
particularly massive one, with Igg (M200/ M) ~ 152 atz=0
at the center of the @ sphere.

The simulations were carried out at 3 different resolutions
‘low’, ‘intermediate’, and ‘high’. The ‘low’ resolution ishe same
as in the original Millennium Simulation while the ‘intermiie
ate’ and ‘high’ resolution simulations have 8 and 64 timetédre
mass resolution, respectively. As only th&2o and G regions
have been run at high resolution (owing to prohibitive compu
tational expense), we use the intermediate-resolutiomlaiions
here. These simulations have a baryon particle mass risolut
of Mgas~ 1.16 x 10’h~IM,, with a gravitational softening that is
1 h~1 kpc in physical space a < 3 and is fixed in comoving
space at higher redshifts. Thus, even relatively low-masaxg
ies (M, ~ a few 10 M) are resolved into several hundred parti-
cles, makingsimic suitable to study the interaction between galax-
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Figure 1. Comparison between mass withig (‘M 200") and total gravita-
tionally self-bound mass (‘Mhund) of the host haloes used in this work. For
most systems, there is very close agreement between thessdwhat the
host would be included in our sample with either definitioluépoints). In
general, Moungis slightly larger than Moo due to bound structures extend-
ing beyond 300, S0 @ small number of systems is only included when using
the former criterion (green points).

a linking length ofb = 0.2 times the mean inter-particle separa-

ies and groups/clusters of a wide range of masses. We ndte thation. We select as hosts all FoF groups witfdyhg > 10130 Mo,

IMcCarthy et al. [(2012b) have shown that the star formatidin ef
ciencies and sizes of the simulated galaxiesimic are approx-
imately converged when there are (at least) several hursteed
particles present (although a larger number is requiredrbeahe
z= 0 specific star formation rates converge, see Section 3 fer fu
ther discussion), while McCarthy etlal. (2008) have shover the
stripping of hot gas is converged when there are a similar@im
of hot gas particles present initially.

The simulations were carried out with the TreePM-SPH
code GADGET-3 (last described in_Spriddel 2005) and in-
clude significantly modified prescriptions for star fornoati
(Schaye & Dalla Vecchia 2008), metal-dependent radiatieding
in the presence ofla Haardt & Madau (2001) UV/X-ray backgdoun
(Wiersma, Schaye & Smith 2009), feedback and mass transport
Type la and Type Il supernovae (Dalla Vecchia & Schaye 2008),
as well as stellar evolution and chemodynam eta
). However, they do not include a prescription for feseib
due to accreting supermassive black holes, so that massiag-g
ies with log o(M.. /M) 2 10.7 in GimiC suffer from ‘over-cooling’
(se€ Crain et al. 2009 and McCarthy €t al. 2012b). As a reselt,
do not expect realistic predictions for massive galaxiebtaere-
fore limit our analysis to the range lggM./Mg) = [9.0,110].

We note that the neglect of AGN feedback in these simulatists
means that theentralregions of the simulated groups and clusters
will not be realistic in terms of the ICM properties or theedinass

of the central brightest galaxy (McCarthy eflal. 2010). Hoereat
very large distances from the group/cluster centre, theomegn
which we focus in this study, the cooling time of the ICM is rhuc
longer than a Hubble time, so that this does not affect thielitsal

of our results.

2.2 Selection and tracing of host groups and clusters

Host groups and clusters of galaxies were identified at i#dsh
z = 0 using a standard Friends-of-Friends (FoF) algorithmhwit
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where Myound IS the mass of all gravitationally bound particles
within this FoF group as identified by treuBFIND algorithm of
.9). This version extends the standard imefga-
tion of/Springel et &l.[(2001) by including baryonic pargislin the
identification of bound substructures and also allows oruistin-
guish substructures which are located within still larggvsiruc-
tures (i.e., sub-subhaloes, sub-sub-subhaloes etc.}ffimse which
are associated with the main subhalo of a FoF group.

This type of host mass threshold is somewhat different from
the more commonly used spherical overdensity maggoMIhe
reason for our choice is that we have identified many ins&nce
where the FoF algorithm will link together, e.g., a clusteaiss halo
and a nearby infalling group-mass halo (see Secfioh 4.Zhin
case, no value of kpowould be computed for the group-mass halo,
since it is part of the overall FoF group, whilep)ingis still well-
defined. As an additional benefit, this threshold excluddsesa
which are affected by the presence of low-resolution pagioear
the edge of a simulation sphere and typically show extrenosly
values of Myoung

In Fig.[d we present a comparison betweeg,Mqgand Moo
for our host FoF haloes. Most of them trace a narrow sequeithe w
Mpound= M2gp and so are selected irrespective of which type of
mass cut is applied (blue points). The former is slightlyhigigon
average, due to bound structures extending beyegsl 0 there
is a small set of galaxy-group scale haloes that are onlydéec
in our sample adopting the Mung cut (green points). In total,
our sample includes 100 host systems with masses in the range
13.0 < log;g Mpound/ Mo <15.2.

To identify theprogenitorsof the host haloes in previous snap-
shots, we use all the gravitationally bound dark matterigag in
each FoF group in ouz = 0 host sample as a tracer population.
Using their unique particle IDs we identify the FoF halo toieth
the majority of the tracer particles belonged in the presisnap-
shot, which we designate as the progenitor. We repeat #ity
procedure back to redshift= 10.
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2.3 Galaxy identification and selection

Having identified the host haloes and their progenitors @hesdm-
ulation, we next select ‘galaxies’ (i.e., self-bound subks) in a
similar way. Starting at thaighestredshift ¢ = 10), we identify
for each galaxy detected byuUBFIND its constituent dark matter
and star particles. In the subsequent (‘target’) snapstetthen
search for the galaxy containing most of the mass of theselear
and identify it as the original galaxy’s descendent. Anytslb in
the target snapshot which is not identified as a descendeakdn
as the starting point for a new galaxy and the process is tegea
until reaching the snapshotat 0.

3 LARGE-SCALE ENVIRONMENTAL TRENDSATZ ~0

Within our traced sample of galaxies and hosts as describ@cta
we now look at the extent of environmental influence on stgell
galaxies. For the purposes of the present study we focusen th
fraction of galaxies which are star forming (defined as hgan
specific star formation rate SFR/M> 1011 yr—1) and have hot
or cold gas mass fractions M, exceeding a threshold value
of 0.1. We intend to explore a wider range of properties udirlg
colours and various measures of morphology, in a futureystud

In Fig.[2 we show the fraction of galaxies in which the ratio of
total mass of gravitationally bound hot and cold gas toatefiass
(i.e., the hot and cold gas mass fraction, respectively) dieove

In the case that two or more galaxies have the same descendena threshold value of @, as well as the fraction of galaxies with a

in the target snapshot, we continue tracing only the oneitaning
the most mass; all others are marked as ‘accreted’ onto afesy
and are not traced further so that no galaxy is counted twice.

We also take into account the possibility that a galaxy may
temporarily not be identified as gravitationally self-bdusy sus-
FIND (e.g., Muldrew, Pearce & Power 2011). If a galaxy in shap-
shoti has no descendent in snapshetl, or an identified descen-
dent accounts for less than 50 per cent of its mass, we repeat o
seach in snapshot- 2 and, provided a descendent is identified in
this snapshot, we continue tracing the galaxy from therdés Eh
particularly important for galaxies moving through the ttahre-
gions of galaxy clusters where the high background densitiya®
an erroneous non-detection more likely.

To ensure that we can trace a galaxy falling into a group or
cluster for as long as possible, we exclude all particlesrgghg to
a host when identifying the descendent galaxies. In this exan if
the vast majority of the galaxy’s particles has been stdppe will
then still identify the subhalo made up from the remainingrmb
particles as its descendent, and not the host halo, whicldveoly
be the appropriate choice if the galaxy had been totallygdisd (in
practical terms this means that there are less than 20 bautidles
remaining, at which poinUBFIND no longer classifies a structure
as a self-bound subhalo).

Finally, we select for analysis those galaxies whose total
(bound) stellar mass in at least one snapshot falls witténrainge
l0g10(M. / Mg) = [9.0, 11.0]. This results in a final sample of
~ 30000 unique galaxies over all redshifts. From these, watere
two sub-sets: our main sample of galaxies in the vicinity adth
(the ‘infall’ sample) is formed by those that are found withi r,gg
from the centre of a host in at least one snhapshot; there 46000
galaxies in this set. For comparison purposes, we also faanma
ple of ‘field’ galaxies, defined as centrals which never cofosar
than 5 pog to an FoF group with Moung> 102 M.

Our reason for identifying hosts a& 0 and then tracing them
backwards in time, while tracing galaxies forwards fram: 10
without any prior selection, is two-fold: on the one handnben-
terested in the influence on galaxies by their host envirannvee
want to select only those hosts that are themselves evoielag
tively undisturbed, without being accreted onto other, enoras-
sive hosts. Identification at= 0 and then tracing backwards these
‘surviving hosts’ satisfies this purpose. For galaxies, fon dther
hand, we also want to include those identifiead at 0 which have
been disrupted or merged later on, and take into accountatie f
that the stellar mass of a galaxy may vary significantly oesnaic
timescales. For this reason, we have chosen to trace thevarfbr
in time, and only select the actual ‘galaxy’ subhaloes afteds.

specific star formation rate (sSFR) above 1byr—1. Both of these
thresholds are set by the resolution of our simulations hedésire
to have a fixed (specific) threshold across the entire rangtebf
lar masses that we explore. Conveniently, the SSFR threéshat
we adopt is very similar to that which is employed in many obse
vational studies: these show a well-defined star-formimyisace,
which is isolated from passive galaxies by an sSFR cut ati0

yr1 (e.g., Wetzel, Tinker & Conroy 20/12). To distinguish hot and

cold gas, we adopt a threshold temperaturd@ ef 2 x 10° K; for
cold gas we additionally require a density> 0.01 cn 3. Such a
cut in density and temperature for the cold gas roughly nsnaic
selection of atomic (HI) gas.

Statistical uncertainties, indicated by shaded bandsdrZi
are calculated as binomiatdconfidence intervals using a beta dis-
tribution generator as proposed Oll). Howeuer
stacking approach makes it possible for one galaxy to pedud-
tiple data points in the same (radial) bin, which are cleadyinde-
pendent of each other. To avoid underestimating our urin&gs.
because of this, we divide in each bin both the total numbeati
points,n, and the number of data points which lie above our chosen
thresholdk, by the ratiof = n/g, whereg is the number of unique
galaxies associated with timedata points in this bin. We then cal-
culate confidence intervals basedkgii ‘successes’ outaj=n/ f
‘trials’ (instead ofk out ofn), and thus ensure that our uncertainties
are based on the number iofdependentiata points per bin. The
same approach is adopted for all other plots in this papectwhi
show the fraction of galaxies satisfying a particular ciite.

For comparison, we also show the corresponding fractions in
our field sample as yellow dashed lines. To obtain statigfice-
bust results despite the multiple splits imposed on oungadam-
ple (M., Mnost /r200), we make use of the fact that each galaxy
in our simulations is ‘observed’ in more than one snapshat ab
different points during its infall into the host group or star. We
therefore stack the results for the redshift range < 0.5 to give
a total of~ 50000 data points. We have explicitly verified that us-
ing a smaller redshift range has no significant effect othantto
increase the statistical uncertainties.

The first clear influence shown in F[g. 2 is that of galaxy stel-
lar mass. More massive galaxies (in the right panels) areative
considerably more likely to contain hot and cold gas and tvert
this gas into stars. In the case of hot gas, this comes as posayr
because more massive galaxies with their deeper potengld w
can be expected to accumulate and shock-heat more gas #ian th
lower-mass counterparts (elg.. White & Frenk 1991). Thargelr
fraction of massive galaxies have substantial cold gasifresand
are star forming compared to the lowest (stellar) mass gadax
in our sample, however, appears to be at odds with obsengatio
which show that it is in factow-massgalaxies that tend to have
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larger cold gas mass fractions (e@é@oums vation’ (M,) or later (host mass) therefore on average underpre-
(e.g.,mmiﬂ). At low masses, this discrepandikesy dicts the first while overestimating the second: in both sagdax-
a numerical effect: as shownlin McCarthy et al. (2012b),zke0 ies are assigned to bins with stronger environmental infeiemd
sSFRs inGIMIC are only numerically well-converged for galaxies therefore appear to be less strongly affected than theirtegparts
with log;o(M. / M) 2 9.7. This is likely due to the fact thata small ~ whose stellar mass and host mass were determined at the obser
number of particles results in a poor sampling of the gasitfens vation snapshot. In any case, the fact that the differenceniall
PDF, keeping in mind that only the highest-density gas fostass implies that the trends must be predominantly caused byahctu
and is classified as ‘cold’ here. On the other hand, the abseia changes to the galaxy properties, rather than their birgdasbns.
‘mass-quenching’ effeclO) in more massiaxg
ies in our sample is a result of incomplete sub-grid physscelf
as the lack of AGN feedback). While this is clearly not dediea
and makes it difficult to draw quantitative conclusions, \ae still
analyserendswith environment to gain qualitative insight into the ~ We have shown in the previous section that galaxies whickae
relevant physical processes. moderately close to groups and clusters ingineic simulation are
Leaving aside the dependence on galaxy mass by comparingsystematically depleted of hot and cold gas, and are corségu
galaxies with similar M (i.e., comparing trends in the same col- less likely to be star-forming, compared to field galaxiesthu
umn in Fig.[2), there is also clearly a strong influence of xjala ~ same stellar mass. In the following, we aim to identify thggptal

4 THE ORIGIN OF LARGE-SCALE TRENDS

environment. Within each panel, the fraction of galaxiesvatthe processes responsible for these trends. There are two bated
threshold gas mass or star formation rate increases sytitatiya gories of such mechanisms: direct interaction betweenakeadnd
with increasing galaxy distance from the host centre. Thabieur its galaxies at large radii on the one hand, and indirecteffeuch
is similar for all three quantities under considerationt (s, cold as pre-processing of galaxies in groups and/or ‘overshgotn

gas and star formation), with hot gas being affected momngty the other. We will first address the importance of each ofdties
and out to larger cluster-centric radii. In many cases, thetibns direct effects, before investigating the possibility ofedit galaxy—

for group and cluster galaxies only approach those for tlieeeo  host interactions at large radii further below.
sponding field sample at 5 ryqg, and in the case of hot gas and
low mass galaxies, there is still a significant discrepan@neat
these large radii. 4.1 Overshooting

A second influence is that of host mass: almost universally,
galaxies around a massive cluster (red lines) are moreteéegtean
galaxies near a low-mass group (black) at the same hosticdist
tance in units of4gq, although the difference between different host
masses at the same radius is generally smaller than thé vadia
ation. There is also a correlation between the influence laixga
and host mass: While low-mass galaxies (left-most columhibé
strong radial variations in both their hot and cold gas catréeross
the whole range of host masses under consideration hersjvmas
galaxies (right-most column) show only a very mild effecttbair
cold gas content and ability to form stars in environmentsot

than a massive cluster. All of these trends are broadly sterti to greater distances from the centre, this effect will redtyriead

with what is expected for ram pressure and tidal stripping. to a gradual increase in the fraction of star forming, gas gialax-
Strictly speaking, the existence of these trends alonedoes  jes with increasing distance beyond the virial radius, ithany

The first possible explanation is that a significant fractbgalax-
ies in the outskirts of groups and clusters are not actuallyng in
for the first time. Following their pericentric passage (inshcases
well inside k), galaxies on highly elliptical orbits may either per-
manently escape the host on hyperbolic trajectories onat teach
their apocentre well beyondgy before falling in towards the cen-
tral region once more. Despite their large distance fromhibst
centre, these galaxies will likely already have experidnsteong
stripping due to ram pressure and tidal forces during theesispge
through the inner cluster regions and have thus lost a signifi
amount of their originally bound gas. As fewer galaxies waturn

guarantee that galaxies are actually changing durindiitfed also actual environmental influence at large radii.

conceivable that those further away from the host centre wehner The extent of this ‘overshooting’ in our galaxy sample can be

in gas and forming stars more actively since they formed. How jyqged from Fig[B in which we show the fraction of galaxiestth

ever, in Fig[B below we show that the same trends exiseifr have already ventured into the centrgjgas a function of host-

normalisedgalaxy properties, such as the ratio between the hot gas centric distan@ There is no clear dependence on host mass: in all

mass of a galaxy at a particular radius and at first crossibg k. cases, the fraction of overshot galaxies decreases syrbatleen

This is incompatible with a scenario in which the trends enesd ra00 and 3 boo. Beyond this radius almost all galaxies are infalling

here are the result of varying galaxy formation conditighalaxies for the first time. The trends in Fi§l 2 are therefore likelyb®

are actually changing as they move closer to the host centre. substantially affected by overshootingrat 3 rooo. Beyond this
Finally, we note that there is relatively little differente- point, however, the overwhelming majority of galaxies afalling

tween binning galaxies according to.Mnd Mt at the snapshot oy the first time, which rules out overshooting as an exgiandor

of ‘observation’ (solid lines and bands) and according todbrre- trends in the far outskirts of groups and clusters.

sponding values at first crossing of &g (M) andz= 0 (Mnos) Fig.[4 highlights the difference in the radial trends for Hu

as shown by dashed lines. In the second case, the trends. A Fig gas fraction between overshot galaxies and those infaltinghe
represent stacked evolutionary tracks of individual gales they first time; for simplicity and clarity, we show here trendsrfr only
move towards the central host region, whereas our defautirig two bins each in stellar mass and host mass. While overshet-ga

method allows galaxies to change bins as a result of eitleenabt ies are almost completely free of hot gas at all host-cemntiti
mass or galaxy stellar mass varying with time. The ‘fixed lvigh

method gives slightly larger fractions of gas-rich and $tam-
ing galaxies, as both the host masses and stellar massesljene 2 Note that we take into account thabg evolves with redshift, as the host
increase with time. Measuring them earlier than the galakgér- grows.
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Figure 2. Fraction of galaxies with large hot (top row) and cold gastent(middle row), and high specific star formation ratestt@@o row) respectively
atz~ 0. Panels are split by stellar mass as given at the top; €liffsr coloured lines represent hosts of different massdisated in the figure. The shaded
regions represent statisticab binomial uncertainties, see text for details. Dotted liskew the results obtained when galaxies are binned byrstefias at
infall (when crossing 520 for the first time), as opposed to our standard method whereinvey stellar mass at the point when the galaxy is ‘observed’
there is little difference between the two. The dashed welioes represent the corresponding fractions in the fiefdpde. There are clear trends towards less
gas and lower star forming likelihood well beyondq:

(yellow lines), the trend for those galaxies infalling fbetfirst time Overshootmg

(blue) is similar to that for the full sample shown in Hig. 2. 1.0 T T
I Host mass
. 0.8 ; (Ioglo Mbound/MSun)

4.2 Pre-processing 8 L

o . . . . % 13.0-135
A second indirect mechanism to explain environmental imitee © g 13.5-14.0
on galaxies at large distances from the host centre is thatpii- g 0.6 N ]
verse in which structures grow hierarchically, groups andters S 15.2
of galaxies are surrounded by other, smaller groups faliig c r
them. Fig[2 showed that strong environmental effects exgstr 2 0'4f }
the central regions of even small groups withav103M,, (see §
also | Balogh & McGee L(ZQIOLJALe_tZﬂLlLaKe_L&_C_erOIy_(Zb12) L 02l i
and Rasmussen et al. (2012) who find a similar result in observ ’ 1 & e
tional data). It is possible that many of the gas-poor, passalax- [
ies in the outskirts of a big cluster are really sitting in tretral 0.0L. ... T Loveiinnss I

region of small groups, which are primarily responsibletfe re- 0 1 2 3 4 5
moval of gas. This ‘pre-processing’ effect has been consitlas
an explanation for reduced star forming fractions beyond by

a number of authors (e.d.. Berrier etlal. 2009; McGeelét 1920
Lu et all2012; Wetzel, Tinker & Conroy 2012).

Apart from the obvious case of a galaxy actually being iden-
tified as a satellite in an infalling group at the point of atva¢ion,
there are two other circumstances in which a galaxy can ketaff
by pre-processing: firstly, a galaxy mhgve beersuch a satellite
in the past, but subsequently ceased to be (for exampleyseda

Figure 3. Fraction of galaxies which have been withifg(z) of the host
centre and therefore, if found atx¥ rygo, have already passed their first
pericentre. Shaded regions show binomial uncertainties. This is very
common within 2 $po. Outside 3 5p0, 0N the other hand, almost all galaxies
are infalling for the first time.
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Figure 4. Radial trends in the fraction of galaxies with hot gas maastion
above the threshold of 0.1, using different subsets of dafligalaxy sam-
ple. Black lines show all galaxies, as used in Elg. 2, whileebdnd green
lines show only those galaxies that are infalling for thet firse and have
also never been in a group, respectively. Shaded regions Ehidoinomial
uncertainties. The green line therefore represents afcésanple of galax-
ies in which any trends are due to direct interaction withdluster at radii
equal to or greater than the current position of the galasthermore, yel-
low and red lines show galaxies that have already travefiemigh the inner
regions of their host cluster or have at some point in the lpash satellites
in a different subhalo. Where lines do not cover the enticgataange this
is due to a lack of galaxies in a given category at certairi,radj. overshot
massive galaxies in low-mass groups at large radii.

escaped the group’s gravitational attraction or the grésgdfiwas
tidally disrupted). On the other hand, as explained in $aci it

is also possible for groups to be accreted onto a massive &oF h
of a galaxy cluster without being disrupted. In this case,group
satellite galaxies become — formally — satellites of thestduin-
stead of the group, which in reality continues to affect th&m
identify such ‘hidden’ groups we make use of the fact thatilevh
no longer forming their own FoF halo, they are neverthelagse-
itationally self-bound entity which is detected as a singlbhalo
by suBFIND, with the individual galaxies within the hidden group
identified as sub-sub-haloes.

As an illustration, Figllb shows a projected map of all galax-
ies within 5 pgg from the centre of the massive galaxy cluster at
redshift z = 0. Galaxies unaffected by pre-processing, (it@se
that have never been satellites in a group with>M.03M ) are
shown as black circles, filled ones representing galaxiestified
as part of the cluster FoF halo while open ones are not. A khiandf
of ‘open’ groups (not part of the cluster FoF halo) are shown b
large open circles in different shades of blue, all of themetd-
tively large distances from the cluster centrexgdr> 3). Further
in, satellites of three hidden groups are shown by largedfitie-
cles in shades of green. We note that, looking ahead t¢ High&0
location of these hidden groups coincides with strong cxesd
ties of infalling gas (as indicated by their long tails paigtaway
from the cluster centre). This confirms that these hiddengs@re
real, physical structures. Furthermore, [Ely. 5 also higtéi those
galaxies which are not member of any infalling group at z =@, b
were in the past, with orange circles (filled/open denotialajes
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Figure 5. Pre-processed galaxies in the massive cluster at z = 0 fedlou
circles). Open circles in shades of blue represent galaxigsoups identi-
fied as separate FoF halo, while filled circles in green shsies galaxies
in ‘hidden’ groups, which are part of the main cluster FoFoh&lut form
a self-bound sub-halo with total bound masgoMg> 10*3M.. . Galaxies
shown with the same colour belong to the same group. Blaclesishow
cluster galaxies which are not in any group: filled ones agatifled as part
of the cluster FoF halo, open ones reside in separate hdloése same
way, orange circles show galaxies that belonged to a grolypadrz > 0.
The dotted circles represent distances of (1, 2, 3, dg)rom the cluster
centre.

within/outside the cluster's FoF halo). A large number obgees
in the central region (rfpp < 2) belong to this category, but also a
noticeable number of galaxies around the groups at larde rad

Combining all these various types of pre-processed galaxie
Fig.[8 shows that on average approximately half the galaimsnd
the massive cluster are affected, increasing towards titescieom
~ 30 per cent at 5xpg to ~ 65 per cent within go. In lower mass
hosts, pre-processing is less common, decreasing to lasslth
per cent in the case of low-mass groups. Even in this case, pre
processing is much more common than overshooting beyoBd
ro00 and is therefore a significant contributor to the radial dsen
seen in Fig P.

The fraction of pre-processed galaxies which are hot gas ric
(Mgag/M, > 0.1) is shown in Fig. 4 together with the effect of over-
shooting discussed above. Pre-processed galaxies asseeped
by red lines; it is clear that their hot gas fraction is sigrafitly
lower than in the full sample (black lines). In the case of-lmass
galaxies (top row) the effect is virtually the same as thab\ar-
shooting: in both cases, hardly any affected galaxies higwefis
cant amounts of hot gas, irrespective of their distance frehost
centre. The effect is somewhat milder for massive galaxieggm
row) but still quite significant.

We point out that we only call a galaxy “pre-processed” if
it was/is asubhaloof an infalling group with Myoung> 10%Mc,,
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Figure 6. Fraction of galaxies which have been satellites of a hald wit
mass above 76 M, other than the host, as a function of galaxy position at
time of observation. Different host mass bins are shownffergint colours

as indicated at the top of the figure. Shaded bands show thesponding
binomial 1o uncertainties. Galaxies in more massive hosts are moilg like
to have been satellites in a group, but with the exceptiohefriost massive
cluster there are no clear trends with galaxy position.

which in practice typically means that it has been witkitl.5 rpgg
of the group centre. Fidl] 2 shows that the effect of enviramme
around low-mass groups actually extends out slightly grrthan
this, typically to~ 2 rpgo. Thus, we have adopted a ‘strong’ defini-
tion of pre-processing in the present work. This choice stified
by the trends seen in Fifll 4: Galaxies which meet our defimitio
of pre-processing differ markedly in their properties sashhot
gas content from those which do not. We have experimented wit
‘weaker’ definitions, such as lower mass thresholds anefasglii
around group centres and found that they lead to less praedun
difference between ‘pre-processed’ and ‘not pre-procBgsdax-
ies, simply because not all galaxies included under a ‘wdafihi-
tion are actually affected by their proximity to a sub-group
Combining the effects of overshooting and pre-processieg,
can form a ‘clean’ sample of galaxies affected by neithezs¢hare
infalling for the first time directly from the field. In Fif] 4ey are
shown in green; unsurprisingly their hot gas fractions aghér
than in any of the four other samples, at all radii. A detaitech-
parison between the full and clean galaxy samples, for alaht
Mhostis shown in Figll7. The shaded bands represent the full sam-
ple (identical to Fig[R), whereas the solid and dotted liglesw
the corresponding fraction of galaxies in the clean sampiitiaeir
statistical uncertainties, respectively.

hot gas rich low mass galaxies near groups and clusterdl isigti
nificantly lower than in the field even at 5 rpgp. This discrepancy
is smaller in the clean than in the full sample, but still $igant,
and turns out to be a consequence of our ‘strong’ pre-pro@ess
definition as discussed above. The reason is that our fielkgal
ies are by definition all centrals far away from groups angtelts,
whereas even our clean sample of galaxies near groups astdrslu
still contains satellites in low-mass haloes (equivalémt,exam-
ple, to the Milky Way satellites) and/or those near a suhsgrdut
outside its friends-of-friends halo. We have tested thisatigpt-
ing a ‘very weak’ pre-processing definition, where we impase
lower mass threshold at all, combined with aJggrradius of in-
fluence around sub-groups withying > 102 M. In the com-
plementary ‘very clean’ sample (galaxies on first infall ehiare
not pre-processed even under this definition) the fractidrobgas
rich galaxies still increases with radius out~db ryqq, but slightly
stronger than in the ‘clean’ sample shown in [ig. 7, and foeee
agrees with that in the field sample at this radius.

We finally note that, due to the large number of galaxy groups
in the cosmologically rare-20 GimIC sphere, our sample includes
more groups which are located relatively close to a more w&ss
halo than a representative cosmological volume. To enkatéttis
does not bias our results, we have verified that the trendsrsho
Figs.[2 and17 do not change significantly if we only include-is
lated’ groups far away from any more massive haloes.

4.2.1 Summary

Our conclusions so far from this section may be summarised as
follows: the strong radial trends in cold gas and star fogfiac-

tion seen in Fig[R are largely caused by overshooting ane pre
processing, especially in the case of massive galaxies Mith
>10'° M, as seen in Fid]7. Out of these two indirect mecha-
nisms, overshooting is generally dominant witkir2 rpgo, While at
larger radii the trends are mostly due to pre-processing.|dWest-
mass galaxies, on the other hand, show appreciable raglalsin
their retention of cold gas and star forming activity everewlpre-
processing and overshooting are excluded. In terms of lmttha
radial variations for both low- and high-mass galaxies &ny gim-

ilar in the full and ‘clean’ samples. Therefore, a directuefhce of
the group or cluster environment must extend out to at leaSt
rooo- In the remainder of the paper, we investigate this influence
and therefore use only the clean galaxy sample from héle on

4.3 Direct galaxy—host interaction: tidal and ram pressure
stripping
In the previous section, we showed that neither pre-pracgs®or

overshooting can can fully account for the depletion of gzd and
qguenching of star formation in low-mass galaxies found endht-

In the case of cold gas and star formation, the trends are muchskirts of groups and clusters. Nor can it account for the rerhof

weaker in the clean sample, and for massive galaxies with M
>10%, there is virtually no trend remaining - i.e., at all radii
the fraction of galaxies with appreciable cold gas or stamf»
tion is similar to that in the field. Where trends exist (fowlonass
galaxies), they are strongest in the case of galaxies neandlssive
cluster. However, a much stronger environmental influeangins
in the case of hot gas, with galaxies of all masses that we éave
plored being affected out to large radii from the centres athb
group and cluster hosts.

We had pointed out in the previous section that the fractfon o

hot gas of both low-mass and high-mass galaxies. This means t
a process must exist by which galaxies can be influecibedtly
by the hosts at large distances from their centre. In thissgeave
argue that this process is most likely direct ram pressuiepstg

3 Although this does include some ‘weakly pre-processedigas, as dis-
cussed above, we have verified that none of our results inalfmving
sections are changed significantly when using the — muchlemalvery
clean’ sample instead.
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Figure 7. Comparison between radial trends for the ‘clean’ galaxymantontaining only galaxies which have never been withig, @and have never been
satellites in another halo than the main host (shown by dleb, dotted lines give statisticaloluncertainties) and the full sample from Fig. 2 (shaded
regions showing statisticalolbinomial uncertainties, for clarity we have omitted the miaéend for this sample). In the clean galaxy sample, rackalds are
significantly weaker and start at smaller radii, with theepton of hot gas and low-mass galaxies.

due to interaction of the galaxies with an extended hot gés ha around 3pgand even in low-mass groups the median hot gas mass
surrounding groups and clusters. of galaxies is reduced te 20 per cent by this point, compared to
Besides ram pressure, there are several other mechanismdhe value at Saoo. The mass of the dark matter halo, on the other
which could also be responsible for removing gas from gataxi ~hand, remains nearly constant (dashed "“esl”ﬂ:'g 8) aetlaege
in particular tidal stripping due to the cluster potentialgalaxy— radii, independent of host mass, and in fact increasestiightil
galaxy interactions. In contrast to ram pressure, theseepses ~ 2 Iy due to continuing agcretlon of dark matter. This |mp||es
can be expected to affect not only the (hot) gas content aixgal that the removal of hot gas in the_ group and clust_er outs_lerts
ies, but also the similarly extended dark matter haloesidr@Fwe due to a process targeting exclusively baryons while lenire
show the evolution of the hot gas and dark matter conteniedft dark matter halo basically untouched — precisely the behavi
galaxies falling into both the massive cluster and low-ntassips, that would be expected from ram pressure stripping.
focusing on low-mass (log MM =[9.0, 9.5]) galaxies for which
the environmental effect is strongest (see Hig. 7), althoug have
verified that similar trends are also seen in more massivaxgs.
Making use of our galaxy tracing results, we normalise thegas To test the ram pressure stripping hypothesis further, wectly
and dark matter masses by their respective values at firssio@®  compare the ram pressure and gravitational restoring $oote

of 5 ro00. Any deviation from unity in these ‘self-normalised’ val- ga|actic hot and cold gas in F 9. For each ga|axy, ram prejs
ues is necessarily the result of changes occuring withiivithaal computed as

galaxies, and not due to potentially differing galaxy fotima con-
ditions at different distances from the host centre. Shadedls in Pram = VIZCM Picm 1)
Fig.[d represent thed. confidence intervals, obtained by scaling

4.3.1 Expected effect of ram pressure

o : ST wherevicy is the velocity of the galaxy relative to the surround-

the intrinsic scatter n th? .dIStI’IbUtIOI’? Of.M/iMia' b.y the square ing ICM of densityp,cyv . To determine these two values, we select

root of the number of individual galaxies in each bin. for each galaxy the N = 3000 closest gas parftiehich are not
Hot gas and dark matter clearly evolve very differentlynfro  members of any gravitationally bound subhalo (except femtiain

5 rygp ONwards, the hot gas mass decreases steadily with degeasin

radius (solid lines) with an overall stronger effect in tlzse of the

cluster than low-mass groups (red and black lines, resfbg}i 4 We have experimented with various values of N and found N 20360

In the former, the majority of galaxies have lost all of tHedt gas be the optimal value. For too low N, particle-to-particleatser in velocity
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Figure 8. Evolution of the hot gas and dark matter content of low-mass
galaxies falling into hosts for the first time without havibgen affected by
pre-processing. Solid lines show the median hot gas masieddines the
median dark matter mass, both normalised for each galaxyeteespective
values at first crossing of 5do. The red lines represent galaxies falling into
the massive cluster in the #imulation, black ones those falling into low-
mass groups. Shaded regions shawcbnfidence intervals as described in
the text. There is a clear difference between the evolutiothe hot gas
content, which decreases within5 rygp, and dark matter, which, irrespec-
tive of halo massincreasesslightly until ~ 2 rooo. This implies that at large
distances from the host centre, the hot gas is removed bycagsdarget-
ing exclusively baryons, such as ram-pressure stripping r@t by a more
indiscriminate one such as tidal stripping.

subhalo in a host group or cluster). This ensures that ousunea
ments of ICM density and velocity are not influenced by patic

in nearby galaxies, but actually represent the ICM. To edelcon-
tamination by gas accreted by, or stripped from, the galardeu
consideration, we also exclude any gas particles that hemg-p
ously been, or will subsequently be, bound to it. The retati®loc-

ity vicwm is then simply the mass-weighted average velocity of these
3000 particles in the galaxy rest frame.

The left column of Fig-P shows, for ‘clean’ (not pre-process
or overshot) galaxies in low-mass groups (top) and the wmassi
cluster (bottom), the distribution of resulting ram prassuvalues
with varying distance from the host centre. The median triend
given by the thick black line, while the dark and light gregimns
enclose 50 and 90 per cent of all galaxies, respectivelyotin low-
mass groups and the massive cluster, ram pressure is iimgyéas
wards the centre, but the trend is stronger in the latter wésze
it varies by approximately 3 orders of magnitude betweengh r
and oo as opposed to ‘only’ 2 orders of magnitude in low-mass
groups over the same radial range. While the ram pressue exp
rienced by galaxies in the outskirts of both groups and ehssis
similar (at same rhpg), galaxies near theentreof a cluster there-
fore experience considerably higher ram pressure levals tieir
group counterparts. We show below that this is primarily ases
guence of the higher orbital velocities of galaxies in massius-

and density becomes noticeable, whereas at too high vailidsve are no
longer determining the local properties.

ters. Apart from this overall trend, there is also substdstatter in
the ram pressure values, in particular in the outer regiGataxies

at a distance of 4 — 5o from the centre of a massive cluster can
experience ram pressure differing by about 5 orders of niaggi

a range considerably larger than the systematic variatitm na-
dial distance. We will investigate the origin and implicats of this
scatter in Sectiop]5 below.

Gas will be removed from the infalling galaxies if the

ram pressure exceeds the gravitational restoring pregsestor-
ing force per unit area) exerted by the galaxy. Following

McCarthy et al.[(2008), we compute this quantity as

aGM(< r)p(r)

Prestordl) = P

@)

whereM (< r) is the total mass within galacto-centric radiup(r)
the density of the gas phase (hot or cold, defined as disclissed
section 8) under consideration, andis a geometric constant of
order unityl McCarthy et al. (2008) final = 2, which we adopt for
our calculations as well, although the exact choice of thiam-
eter has no influence on our conclusions. Using equafibrm@),
compute hot and cold gas restoring pressure profiles faialic
field galaxies (centrals that have never been withigypaf a group
or cluster) as these represent the ‘initial condition’ ofagéees be-
fore infall into a group or cluster. To connect the pressumear-
ison directly to the gas content, we furthermore find for eféeld
galaxy in our sample the restoring pressure at the radiussng

a series of specific hot and cold gas masses (i.gadM.) in the
range—2.5 < log;gMgas/M < 0.5. The resulting trends, median-
stacked in bins of similar stellar mass are shown in the reiddid
right columns of Fig:P and give the typical level of ram prasse-
quired to strip a galaxy to a given gas mass or outer limitagjus,
respectively. We note that, in stacking galaxies, we inelatieach
point only those that actually have hot or cold gas of thissras
extending out to this radius and only show those data poihterev
this is the case for at least 5 per cent of the galaxies to gmean-
ingful picture of how tightly bound the gas typically is. Hwot gas,
we show the restoring pressure profiles over a radial raroge €&
to 500 kpc (physical), but because the cold gas componentiés m
more centrally concentrated, we use a smaller radial ramge ©
to 30 kpc here.

It is evident that cold gas is much more tightly bound than
hot gas when comparing the middle/right top and bottom anel
The typical restoring pressure on cold gas ranges front4Ba in
the most massive galaxies (red) to 38 Pa in low-mass galaxies
(blue) at the radius enclosing 0.1.Nh cold gas. By comparison,
even in massive galaxies, the corresponding restoringpreon
hot gas is only 10 Pa, which drops to 10'° Pa in low-mass
galaxies. The reason for this is that cold gas is not only eteisit
also sits much closer to the galactic centre.

By comparison, the typicahm pressurgeaches a maximum
level of 107125 Pa, in the case of the massive cluster negg, r
with some galaxies reaching levels up to3®Pa. This is clearly
too low to strip cold gas in massive galaxies, but just suffitfor
those with lower stellar masses. Outside rogp and in less mas-
sive hosts, however, no galaxies experience sufficient re@sspre
to directly strip cold gas. Hot gas on the other hand, boundby
proximately two orders of magnitude less tightly, can béptd
efficiently: even massive galaxies (red) can be affectedmut 2
— 3 pooin clusters, and many low-mass galaxies are subject to suf-
ficient ram pressure~( 10-1° Pa) even at 5. Even in low-mass
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Figure 9. Comparison of ram and restoring pressure on galactic gasafopressure (left), the top panel shows low-mass grobpdattom panel a massive
cluster. The solid black line shows the median trend, datklat grey bands enclose 50 and 90 per cent of galaxies.gstoning pressure (middle/right
columns), the top panels show hot gas whereas the bottonispstmav cold gas; in both cases differently coloured linesnsbalaxies of different stellar

mass. In the middle column, the restoring pressure is pl@ttea radial profile,

in the right as a function of enclosecti§ipggas mass. See text for details.

This comparison predicts substantial stripping of hot gdsoists of all masses. Cold gas, on the other hand, is onlcg be significantly stripped in the
central cluster regions. This agrees well with what is olesin theGimic galaxies.

groups, hot gas can be expected to be stripped out2a,qgin all
galaxies, and in a large fractior (25 per cent) out to 5ypo.

These expectations agree well with the actual evolutiohef t
gas content as seen in F[d. 7. In particular, stripping of dext
of galaxies (top) is seen out as far asyhgrin all environments,
whereas cold gas is only affected in low-mass cluster gadaéds
predicted from our pressure comparison.

We finally note that the restoring pressure profiles theneselv
show an interesting difference between cold and hot gasetfar
cold gas are relatively flat outside 5 kpc while the hot gas pro-
files show a steady decline from the central region outwarts
suggests that hot gas is stripped gradually from the outsidée
ram pressure acting on a galaxy increases, whereas wheolthe c
gas finally begins to be stripped, virtually all of it will bemoved
over a short time scale.

5 INFLUENCE OF FILAMENTS

5.1 Origin of the ram pressure scatter

While Fig.[3 confirms that there is a general trend to higher ra
pressure values towards the host centre, it also revealsgsscat-
ter, particularly in the outer regions. Atr 5 rpgg from the centre of
the big cluster, the ram pressure varies between galaxieeseme
distance from the centre by five orders of magnitude, subatgn

(© 0000 RAS, MNRASDOQ, 000-000

more than the variation in the median ram pressure over thalra
range considered here. In this section, we investigaterigef
this scatter and its implications.

An obvious possibility is that we have so far only distin-
guished between galaxies by theadial distance from the host
centre, thereby implicitly assuming that our hosts are Spaky
symmetric systems. This is rather unlikely: it is a longasliag
prediction of cosmological simulations that groups andtelts of
galaxies are triaxial systems linked by filaments of bottkaaat-
ter and gas, and there is now increasing observational resédiat
this is indeed the case (e.g.. Dietrich €l al. 2012; Adel&G12).
Galaxies falling in along these filaments have a very difiera-
fall experience from those accreted through largely emggyons
(voids), which we now investigate in detail. As before, weus
exclusively on the ‘clean’ galaxy sample which are infajlfor the
first time without having been affected by pre-processing.

As a parameter to distinguish between galaxies in filaments
and voids, we choose the ‘local overdensity’, which we dedisie

Dp = Procal/ Pprofile (T galaxy) (3
wherepjocq is the locally determined ICM density obtained as dis-
cussed in the previous section ggbie(r galaxy) is the correspond-
ing spherically averaged gas density at the radius of thexgaln
a perfectly spherically symmetric host, each galaxy wouwddeha
value of A, = 1; in a more realistic system, galaxies in filaments
are those with the highesi, while those in voids have the lowest
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y / Mpc

Figure 10. Gas filaments around the massive clustez -at0 (background
image, lighter colours corresponding to higher gas surfesity). There
is a good correlation between dense regions and the loazftigeiaxies that
we identify as in filaments (red points). Void galaxies (bhents) show no
such strong clustering. The dotted white rings mark prejctdii of 1 - 5
200

values. Having determinefl,, we then bin galaxies in each snap-
shot according to host mass and rank the galaxies in eacly fip.b
The highest quartile in each bin is identified as filamentxja&
and the lowest as those in voids. This ensures that we hawa equ
numbers of filament and void galaxy data points and that beth a
have the same distribution in redshift and host mass. I{IEgve
show the locations of both filament and void galaxies in the-ma
sive cluster at z = 0, superimposed on a map of the ICM gastgiensi
As expected, filament galaxies are strongly spatially elest and
are mostly found in two bands fanning out towards the toptrigh
and the left, which is exactly the region where prominentrigats
can be seen in the gas density map. The void galaxies, haveeeer
much more evenly spread and tend to avoid the filament reEions
We take this as confirmation that our classification basedgn
is a physically meaningful distinction between void andnfiént
galaxies.

As a first step, we show in Fig.JL1 a decomposition of the ram
pressure values from Figl 9 (right column) into ICM denslgft]
and its velocity relative to the galaxy (middle). Galaxiesanlow-
mass groups are shown on top and those around the massite clus
in the bottom row. In both cases, the median trends for filamen
galaxies are represented by red lines, void galaxies in kihée
the green solid line shows the overall trend (irrespectivé).
In the left column showing ICM density, we furthermore she t
median-stacked spherical density profile as a dotted gieenih
the middle column the velocity of the galaxy relative to tresth
centre-of-mass frame is shown in black.

The difference in ICM density between filament and void
galaxies is evidently quite strong with the latter aroundoater
of magnitude lower. The difference is least pronounced ngar

5 Note that this is a projected map, so that some blue pointd falaxies)
may stillappearto lie in regions of high gas density.

(0.6 and 0.9 dex in groups and the cluster, respectivelyd,ian
creases outwards, reaching 1.1 and 1.5 dex & In both cases,
the density trends are relatively flat, in particular in tlase of fil-
ament cluster galaxies where there is no significant radidgtion
outside poo. The increased density difference between voids and
filaments towards larger radii is driven mostly by a modedse
crease in the density around void galaxies. Including scatithin
each band, ICM densities around-fgvary by approximately 1.5
orders of magnitude in groups and two in clusters, thus ateou
ing for about half of the overall ram pressure scatter. Asetqd,
the typical ICM density for all galaxies (green) lies appnoately
halfway between the filament and void trends. It is worth pom
out that theoverall spherical density profile (green dotted) is gen-
erally lower than the ICM near galaxies, indicating thatagas
preferentially live in overdense regions. This is partélyl true in
low-mass groups, where the spherical density is even lohaar t
the median density around void galaxies — in this envirortmen
‘voids’ really represent the average density, whereas élamare
highly overdense regions. In clusters, on the other hands\are
actually underdense with respect to the spherical average.

The ICM velocity behaves in a rather different way. While the
overall radial variation in low-mass groups (middle top@agreen
line) is comparable to that in density, it is much strongahicase
of the cluster (middle bottom panel), where it varies by gigantly
more than an order or magnitude, decreasing with increasing
dial distance. The velocity between a galaxy and its suidingn
ICM is almost always considerably lower than that with respe
the host centre-of-mass frame (black), the differencedgieat-
est at largest radii (more than a factor of 10 at its most exte-
1000 and 100 km/s, respectively). The closest match betlven
is found for void galaxies neapdp where the two velocities virtu-
ally agree, indicating that in this case the ICM is largebtisinary
in the host frame, whereas it is infalling together with tlaegies
at larger radii. Perhaps surprisingly, the radial trendss&onger
for void galaxies, so much so that atfg, their velocity relative to
the ICM is actually lower than in filament galaxies at the same
dius outside~ 3 rygo. But even within this radius, the much higher
ICM density around filament galaxies means that they expegie
higher levels of ram pressure (see right column) throughout their
infall than void galaxies, with no evidence of ‘dynamicaledti-
ing’ by which the co-flow of filament gas could protect galaxie
from ram pressure by the surrounding gas (except possibily ve
close to oo, See below).

As the velocity enters into ram pressure in quadrature, its
strong radial trend is the main cause for the radial vanaitioram
pressure (accounting for a variation of 1 order of magnitude
in Pram for filament galaxies and three orders for those in voids).
Looking at the right-hand column, almost the entire extémadial
variationin ram pressure can therefore be attributed to an increased
velocity nearer the centre, while isgatteris strongly influenced
by variation in ICM density at the same radius. We next exptoe
implications of this on the properties of void and filameribges.

5.2 Effect on gas fractions

The results above show that galaxies in filaments will, omaaye,
experience higher levels of ram pressure than those in vidiols-
ever, this does not necessarily imply that these galaxealao less
likely to contain significant amounts of gas: it is plausjbte ex-
ample, that galaxies falling in along a filament could aczrabre
gas prior to stripping, since far away from the host centre iga

(© 0000 RAS, MNRASD00, 000—-000
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Figure 11. Density (eft column), relative velocity (niddle columhand resulting ram pressuréght column of the ICM around ‘clean’ galaxies. Low-mass
groups are shown at the top, massive clusters in the bottarreseh split into filament galaxies (red) and those in voldisg) as described in the text; green
lines represent the undivided sample. Also shown is th&ethspherical density profile (green dotted) and the vslaeith respect to the host centre of mass
frame (black). The median and 50 per cent spread of each dishawn by solid lines and shaded regions respectively; dheed shaded region around the
median line gives thed confidence interval on the median (which is small due to thgelaample size). The radial trends in ram pressure areythstlto
radial variation of velocity, whereas the scatter is dor@day variation in local density.

evidently much more abundant within filaments than outsgse (
Fig.[10).

To see which influence is stronger, we plot in Eigl. 12 the frac-
tion of galaxies with substantial hot gas (1gtMnot gadM« > —0.5)
as a function of distance from the host ceﬁrAgain, we distin-
guish between galaxies in filaments and voids (red and bepere
tively, with green lines showing the overall sample), fottbtow
mass groups (top) and the massive cluster (bottom). The: lfmdis
show the fractions themselves, while the shaded bandssesgre
the statistical & binomial uncertainties, as described in secfibn 3.
As we are now once more looking at internal galaxy properties
split our sample by stellar mass, each bin represented iffieatit
column.

The clearest trends are visible for low mass galaxies wifylo
(M../Mg) <10.0. In both the big cluster and low-mass groups, they
reveal a clear influence of local environment, in particuthathe
outer regions (beyond- 3 ryqg), in the sense that galaxies in fil-
aments (red) are much less likely to be hot gas rich than timse
voids (blue): even at a distance of g from the cluster centre,
only ~ 5 per cent of filament galaxies in the lowest stellar mass
bin are hot gas rich, compared 1050 per cent of void galaxies
(bottom left panel). Evidently, the increased level of raragsure

6 This threshold is a factor of 3 higher than that which we have used
above. While both limits give rise to similar overall treneg have found
that this threshold value leads to the clearest separagbmelen void and
filament galaxies.
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stripping experienced in filaments is more than enough tateeg
any potential benefit in gas accretion these galaxies miae bx-
perienced. The difference is slightly smaller in low-massugs,
but even here a high hot gas content is found in enll0 per cent
of filament galaxies as opposed 050 per cent in voids. In the
case of low-mass galaxies, the influence of filaments is there
clearly anincreased strippingf hot gas at large radii.

Note that like all results presented in this paper, thesedge
are found at low redshiftz(< 0.5). We have verified that at high
redshift ¢ = 2), an equally large fraction of our filament and void
galaxies are hot gas rich. The clear discrepancy even ajyhe-
tween the two galaxy populations at low redshift thereforei-i
cates that the stripping influence of filaments extends eegorizl
5 00, and also implies that this effect is predominantly a low-
redshift phenomenon. We intend to pursue this result in aréut
study, together with the general redshift evolution of emvimen-
tal trends which is now increasingly probed observatign@lg.,

Balogh et all 2011; McGee etlal. 2011; Snyder €t al. 2012).

For galaxies of higher stellar mass, the smaller sample size

makes it more difficult to draw statistically robust condtus as
to the difference between filament and void galaxies. Anypidal

difference is certainly smaller than in the lower stellassbins —
within the large statistical uncertainties, almost alhtte are con-
sistent with no difference at all between filament and voidxjas.

It is particularly unfortunate in this respect that there eery few
high-mass void galaxies: in the same way as galaxies in geaer
preferentially found in overdense regions (see abovejldraents
are clearly a more attractive habitat for massive galakias voids,
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as is evident from the different magnitude of the errors.rétmsay
be a hint of evidence for aimcreasedhot gas fraction in filament
galaxies nearpy, in particular in the massive cluster (bottom row).
Keeping in mind that the ram pressure levels between filaiueaht
void galaxies are most closely matched at small radii, thighin
therefore be an indication foramallamount of dynamical shield-
ing by filaments once galaxies approaghor In any case, this dif-
ference is small compared to the very strong influence of &tz
in the outer regions.

6 SUMMARY AND DISCUSSION

We have analysed the gas content and star formation ratdaf-ga
ies in the vicinity of groups and clusters in tl@mic suite of
hydrodynamic cosmological simulations. By using zoometiain
conditions, these simulations include rare objects suemaassive
galaxy cluster while simulateneously resolving individgalaxies.

We have focussed on determining how far out from the hosteent

galaxies are environmentally affected, as well as findimgpthys-
ical mechanisms behind this influence. Our main conclusioasg
be summarised as follows:

(i) The fraction of galaxies with large hot and cold gas fiats

(MgadM, > 0.1) decreases systematically with decreasing distance

from the host centre; the same is true for the fraction of fetan-
ing galaxies (sSFR 10~ yr—1). These trends extend out to very
large distances from the host centre (upt® rpqp, corresponding
to ~ 10 Mpc for a massive cluster).

(ii) In terms of cold gas and star formation, the radial trend
are explained by galaxies past first pericentre (‘overshgptes-

pecially within~ 2— 3 ryg0) and those having been ‘pre-processed’

in infalling groups (up to~ 60 per cent of galaxies, increasing with
increasing halo mass. However, in the case of low-mass igalax
(9.0<10g19(M«/Mg) < 9.5), radial trends extending out to &b
are still seen even among those which are not pre-processata
infalling for the first time.

(i) In the case of hot gas, the radial trends cannot be éxgth
solely by overshooting and/or pre-processing. This ingadiglirect
interaction with the host group/cluster out to very largdiita

(iv) We have shown that the ram pressure exerted by the ICM

is strong enough to significantly strip the hot gas haloesirao
both low- and high-mass galaxies out to several multiplesgf
However, it is not strong enough to significantly strip colsdar
beyond pgg (except for low-mass galaxies withM< 10°° M, in
a massive cluster). This agrees well with the actual gassobmf
GIMIC galaxies.

(v) At large distances from the host centreX2 raoq) there is
a substantial difference between the velocity of galaxédative
to the host centre-of-mass frame and relative to their sadimg
ICM (the latter being lower), increasing with host mass arsd d
tance from the host centre. For low-mass groupgsg- 1053 M)
the difference is a factor of 3, increasing te- 10 for the massive
cluster (Mhost~ 10 M) simulated ingImic. This implies that
calculations based on the centre-of-mass velocity wihigicantly
overestimate the ram pressure exerted on galaxies at laggg r

(vi) At large distances from the host centre, there is vergda
scatter in the ram pressure values experienced by diffgedakies
at similar r/pgo, reaching a factor of- 10° in the case of the mas-
sive cluster. This scatter is dominated by variations in I@sity:

(vii) Because they experience higher ram pressure, lowsmas
galaxies (logo M./Ms <9.5) in filaments are significantly
less likely to contain substantial amounts of hot gas idog
Mhot gag M« > —0.5) than those infalling through voids at the same
distance from the host centre 6 vs.~ 50 per cent at a distance
of 4 — 5 pgp from the massive cluster for the lowest mass galaxies
in our sample). The difference is less pronounced for moresive
galaxies.

Our result that the properties of galaxies near groups and
clusters but outsideygg differ from those at much greater dis-
tances agrees with observational studies, which are isicigls
supporting a picture in which the influence of environmeactes
well beyond this radius (e.d.. Balogh etlal. 1999; Lu éfan20
[Rasmussen etdl. 2012). So far, pre-processing and ovéirsnoo
have been advocated as the most likely explanations foe thexsds
(e.g., Balogh et al. 1999; Wetzel, Tinker & Conroy 2012) vbhic
agrees with oucimic results in the case of cold gas and star for-
mation activity. However, the simulations also predict thalirect
interaction with the host and its filaments is sufficientlyosg to
remove the hot gas of galaxies as far out aggp. fTesting this ob-
servationally in a direct fashion will be challenging, tigbuas it is
extremely difficult to probe the bulk of the hot baryons ameren
very local galaxies.

We finally note that, even though we conclude that it is un-
likely for cold gas to bestrippedfrom galaxies outsidesgg, this
does not mean that it remains wholly unaffected: the remaiviabt
gas stops the replenishment of cold gas lost through stawafioon,
and will therefore have some indirect impact on the cold gas c
tent and star formation activity of galaxies, although motriedi-
ately (see also Blanton etlal. 2006 and Wilman, Zibetti & Biuda
2010, who show that the fraction of red galaxies dependlarg
on the local, not the large-scale galaxy density). Likewesele-
crease in star formation will, after a further delay, leaméraprint
in the galaxy colour. As well as accurately modelling the ogat
of hot gas insideJyg, taking into consideration the loss of gas be-
fore even reaching this radius may further improve the aguof
semi-analytic models of galaxy evolution.

As galaxies move insidedy and fall deep within the poten-
tial wells of their hosts, they experience not only increbkeels
of ram pressure, but also other effects such as tidal sigpand
harassment by other galaxies. We have seen in the case shoter
galaxies that these effects have a dramatic impact on thieimal
properties. In a future paper we explore in detail this caxh-
terplay of environmental influences in the central regiograups
and clusters.
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