{ LIVERPOOL

JOHN MOORES
UNIVERSITY

LJMU Research Online

McGee, SL, Balogh, ML, Bower, RG, Font, AS and McCarthy, IG
The accretion of galaxies into groups and clusters

http:/Iresearchonline.ljmu.ac.uk/id/eprint/1316/

Article

Citation (please note it is advisable to refer to the publisher’s version if you
intend to cite from this work)

McGee, SL, Balogh, ML, Bower, RG, Font, AS and McCarthy, IG (2009) The
accretion of galaxies into groups and clusters. MONTHLY NOTICES OF THE
ROYAL ASTRONOMICAL SOCIETY, 400 (2). pp- 937-950. ISSN 0035-8711

LJMU has developed LUMU Research Online for users to access the research output of the
University more effectively. Copyright © and Moral Rights for the papers on this site are retained by
the individual authors and/or other copyright owners. Users may download and/or print one copy of
any article(s) in LUIMU Research Online to facilitate their private study or for non-commercial research.
You may not engage in further distribution of the material or use it for any profit-making activities or
any commercial gain.

The version presented here may differ from the published version or from the version of the record.
Please see the repository URL above for details on accessing the published version and note that
access may require a subscription.

For more information please contact researchonline@ljmu.ac.uk

http://researchonline.ljmu.ac.uk/


http://researchonline.ljmu.ac.uk/
mailto:researchonline@ljmu.ac.uk

Mon. Not. R. Astron. Sod00, 000-000 (0000) Printed 19 February 2013 (MWEX style file v2.2)

The accretion of galaxiesinto groups and clusters

Sean L. McGek, Michael L. Balogh, Richard G. Bowet, Andreea S. FoAf
lan G. McCarthy}*?

I Department of Physics and Astronomy, University of Waterloo, Waterloo, Ontario, N2L 3G1, Canada
2Department of Physics, University of Durham, Durham, UK, DH1 3LE

3Kawvli Institute for Cosmology, University of Cambridge, Cambridge, UK, CB3 OHA

4 Astrophysics Group, Cavendish Laboratory, University of Cambridge, Cambridge, UK, CB3 OHE
5|nstitute of Astronomy, University of Cambridge, Cambridge, UK, CB3 OHA

19 February 2013

ABSTRACT

We use the galaxy stellar mass and halo merger tree infaymfrtm the semi-analytic model
galaxy catalogue of Font etlal. (2008) to examine the a@oradf galaxies into a large sam-
ple of groups and clusters, covering a wide range in halo rff®$° to 10'5-3 h=! M),
and selected from each of four redshift epochs (z=0, 0.5ad4d)1.5). We find that clusters
at all examined redshifts have accreted a significant fsadif their final galaxy populations
through galaxy groups. A 16° h~1 M, mass cluster at z=0 has, on average, accretéd;

of its galaxies (Myeizar > 10° h~1 M) from halos with masses greater thartl8—! M.
Further, the galaxies which are accreted through groupsare massive, on average, than
galaxies accreted through smaller halos or from the fieldifatipn. We find that at a given
epoch, the fraction of galaxies accreted from isolatedrenwents is independent of the final
cluster or group mass. In contrast, we find that observingistet of the same halo mass at
each redshift epoch implies different accretion ratesafiged galaxies, from 5-% per Gyr

at z=0 to 1% per Gyr at z=1.5. We find that combining the existence of a Bert©emler
effect at z=0.5 and the observations that galaxies withinigs display significant environ-
mental effects with galaxy accretion histories justifiggstg conclusions. Namely, that the
dominant environmental process must begin to occur in hafld®'? — 103 4~! M, and
act over timescales af 2 Gyrs. This argues in favor of a mechanism like “strangafdti

in which the hot halo of a galaxy is stripped upon infallingpim more massive halo . This
simple model predicts that by z=1.5 galaxy groups and adlsstél display little to no envi-
ronmental effects. This conclusion may limit the effeatiges of red sequence cluster finding
methods at high redshift.

arXiv:0908.0750v1 [astro-ph.CO] 5 Aug 2009
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1 INTRODUCTION ied analytically|(Press & Schechter 1974; Bond et al. 199w

| ¢ traordi f find 1991;|Lacey & Cole 1993; Sheth & Tormen 2002; van den Bosch
h recent years, an extraordinary confiuence ot indepe i 2002; | Benson et al._2005) and through numerical simulations

surements of the cosmological paramet_ers h_as resultee ieok (Davis et all 1985; Li et al. 2008). Consistent with theseligts,
cprdgnce mpdel of the Universa¢DM), in Whlc.h the mass den.-. Berrier et al. [(2009, hereafter B09) used n-body simulatitm
s_lty IS d_oml_nated by C.Old dark ma_tter. In this model, the ini- show that the mass assembly of clusters is dominated by tise mo
tial distribution of de_nsny perturbations has the greatesver massive accretion events; in effect, the merging of grotifisalus-
]?n sr?allt S(t:akigsﬁ Wgcg.ffatjses Io;]lvlmas? darl|< ?a?ﬁr haII;)es toters. However, by associating dark matter subhalos witaxigd,
orm first at hig rt? shi f argltler ﬁcl)es Erm taelrl :ﬁﬁr they show that theyalaxy assembly of clusters is dominated by
me[?m?’ (t)r atccre flon, ot' an? e(; ?Otsﬁ ;/en uzti_ Y f J lower mass halos, or the infalling of isolated galaxies.sTdhis-
archica sdru? urte Ormha 'r?r:) cads fo the forma |on.tk<])t.ag@d Th tinction could be of great importance since there are a tyadé
groups and clusters, which become more common with ime. 1he physical processes that depend on the mass of the host d&st ma
mass assembly of dark matter halos has been extensively stud halo and which could affect the properties of a galaxy, swctam
pressure stripping, strangulation and galaxy harassment.
Indeed, detailed observations of dense environmentsxygala
* Email: s2mcgee@uwaterloo.ca groups, and clusters in the local universe have shown thajatax-
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ies which inhabit these environments have properties anbatly
different from galaxies in low density or field environments
particular, galaxy groups and clusters have lower averadgexg
star formation rates (Lewis etlal. 2002; Gomez et al. 20R8yer
fractions of disk galaxies (Dressler etlal. 1997; McGee 2G08),
and higher red fractions (Balogh etlal. 2004; Weinmann &Qf16)
than field galaxies. Despite this wealth of observation&d dhere

is no consensus on the dominant physical mechanism regponsi
for these differences, mainly because large populatiori$raf-
sition” objects have avoided detection. In particular,r¢hiss no
large excess in the fraction of galaxies between the redesegu
and the blue cloud in dense environments (Baloghlet al.|2004;
Weinmann et al. 2006). While there are specific examplesaof tr
sitioning spiral galaxies which are in the process of hauimgjr

HI gas stripped due to ram pressure in local clusiers (Keehaj:
2004;| Vollmer et al. 2004), the X-ray temperatures and piress
as well as the infalling velocity of the galaxies, required$uch a
transformation mechanism are probably too high to be éfieat
low mass groups.

Strangulation, the process in which the more loosely bound
hot halo of a galaxy is stripped by the group or cluster halo,
leaving a reduced amount of gas available for future star for
mation (Balogh et al. 2000), is an attractive candidate beza
it is still effective in low mass groups_(McCarthy el al. 2608
Kawata & Mulchaey 2008). However, it is not clear if such a-gen
tle mechanism can account for the dramatic effect seen is clu
ters! Zabludoff & Mulchaey (1998) have proposed that theseme
properties of galaxy clusters may result from the “pre-pssing”
of galaxies in group environments before accretion intccthster.
This is supported by observations of reduced star formattes
in the outskirts of clusters, well past the virial radius i@ et al.
1999;| Lewis et al. 2002). However, B09 have claimed that -‘pre
processing” is not a large effect. They find only12 % of galax-
ies are accreted in to the final cluster environment as mesrdfer
groups with five or more galaxies. While the B0O9 clusters ata-r
tively low mass, their work shows the importance of distiisging
the accretion of galaxies from that of dark matter mass.

A complementary approach to trying to isolate “transition
galaxies” is to study the properties of galaxies in groups eos-
ters as a function of redshift. As first shown|by Butcher & Osml
(1978) and confirmed by many others (eg. Lavery & Henry 1986;
Couch & Sharples 1937; Ellingson etlal. 2001), the fractibioloe
galaxies in clusters increases with redshift, the so caletther-
Oemler effect. Despite this, the fraction of star formindagaes
in groups and clusters is still lower than the coeval fielaticn
at least to z=1 (Wilman et al. 2005; Gerke et al. 2007; Baldgdile
2009). The need to explain the Butcher-Oemler effect, akag¢he
local properties of galaxy clusters provides importantst@ints
for the nature of the transformation mechanism. Essentiflihe
transformation mechanism only occurs in very massive etgst
then the fraction of blue galaxies is simply the fraction afaxies
which have fallen into the cluster within the time scale afsfor-
mation.

The time scale for transformation of galaxy properties to oc
cur is a significant uncertainty in attempting to link the \gtio
of structure to the Butcher-Oemler effect. Previous attisnys-
ing cluster assembly histories adopted relatively sharetscales
of ~ 1 Gyr and, while complicated by uncertain cosmological pa-
rameters, showed that a direct infall model alone did notpce
enough evolution in the blue fraction (Bower 1991; Kauffman
1995).| Kodama & Bower (2001) combined the evolving star for-
mation properties of field galaxies with a cluster infall rebtb

successfully reproduced the scatter in the red sequenocgvatid-
shift clusters. Similarly, Ellingson et al. (2001) foundtthe radial
distribution of early type galaxies in galaxy clusters ab t@dshift
epochs could best be explained if the galaxy infall into tEeltsde-
creased by a factor ef 3 between z> 0.8 and z~ 0.5.

In this paper, we examine thmlaxy assembly properties of
groups and clusters over a wide mass range and at four redshif
epochs. We investigate the mass of halos through which grang
clusters gain their galaxies and the extent to which pregasiog
in the group environment is important at four redshift eodBy
making simple assumptions, we investigate the predictionthe
fraction of galaxies in groups and clusters which are “emvinen-
tally affected” for a range of relevant timescales and tHe heass
thresholds which those effects begin. Using these modetsyie
gain insight into the dominant physical processes necgs$sae-
produce observations of group and cluster galaxies, asmadte
predictions for future observations. §&, we present the details of
our simulated clusters and some of their properties anéptesir
results in§3. We discuss these results and concludginin this
paper, we assume a cosmology with, = 0.25,Q, =0.75,05=0.9
andHy = 100h km s~! Mpc~! unless mentioned otherwise.

2 SIMULATIONS

To interpret observations of galaxy properties as a funaticenvi-
ronment, we need to know the accretion history of those gedax
as shown by B09 this can be subtly different from the totalsnas
assembly history. But galaxy formation has proven to be & dif
cult problem, and it is not clear, given that the dark mattgioh
mass function has a very different shape from the galaxyrossi
ity function, if the approach of B09 of simply associatindpbalos
with galaxies includes all of the relevant physics. At thaske this
approach does not allow for the robust identification of tted-s
lar masses of galaxies. Unfortunately, an obvious altemmat- the
direct simulation of the baryonic processes of galaxies -diffs
cult on the scale of the cosmological volumes needed to $tuigg
samples of groups and clusters.

Semi-analytic galaxy formation models provide a good tool t
encapsulate the essential physical processes of gasg.astkn for-
mation and feedback (e.g. White & Frenk 1991; Kauffmann et al
1993; Somerville & Primack 1990; Croton eflal. 2006; Bowealet
2006). Dark matter simulations, on which modern semi-diwaly
models are based, are now large enough to allow the studyeof th
growth of the groups and clusters over a wide range of reshif
We make use of one such semi-analytic model by Fontlet al§200
hereafter FO8), which is a recent modification to the Durhamis
analytic model (GALFORM) of Bower et al. (2006). The basiepr
scriptions for gas cooling and star formation in the GALFORM
model was laid out by Cole etial. (2000), and subsequentlyi-mod
fied for modern cosmological parameters by Bensonlet al.3200
The model of Bower et al. (2006) introduced a method for param
terizing the effect of AGN feedback on the gas in massivexjgesa
to correct for the “overcooling” problem.

The|Bower et gl.| (2006) model, as in essentially all previous
semi-analytic models, implements a relatively simplettremt of
environmental effects, in which the hot gas reservoirs ddxges
are removed upon becoming a satellite galaxy. Many authers h
since shown that this approach produces an unphysicaltyfrag-
tion of red galaxies in groups and clusters (Weinmann|etQfl62
Baldry et al| 2006;_Gilbank & Balogh 2008). The FO8 model im-
plements a more realistic “strangulation” model in whick tiot
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gas halo of galaxies falling into more massive halos are vewho

according to a prescription of McCarthy et al. (2008b). Heere o R SN
a careful examination of cluster and group data with this ehad L | \ [101050] |
a range of redshifts reveal that there are important disereps. b

In particular, the model overpopulates the green valleyveen 08 |- \ ; [1or°,10%05])
the blue cloud and red sequence Balogh et al. (2009, McGeée et a r \ 77777 [1055.1010]
in prep.). We emphasize that despite this difficulty in rejnicing I Vo

galaxy colours, the stellar masses of galaxies in the FOBamnckr

et al. models are much better understood. In particularBtiveer

et al. model reproduces the observed evolution of the steltss
function out to at least z=5.

In this paper, our analysis relies primarily on the GALFORM
prediction of the stellar mass function of galaxies in dif& envi- %
ronments. This is insensitive to the problem noted aboviheastar I 1
formation rate of galaxies declines rapidly with redstsét the bulk 02 K i
of a galaxy’s stellar mass is already in place before it eeepmes ’ AN
a satellite. Thus, the details of the strangulation proseddopted L z=0 )
in GALFORM are unimportant for our analysis and, indeedpaf - S
conclusions are independent of the choice of either the Betal. ol

11 12 13 14 15
model or the FO8. model. Mass of host halo [Log(M,,, (h- M))]

06 \\ — [109 0’109.5]
B — \ \

0.4 AN

Fraction of galaxies

Figure 1. The cumulative distribution of the host halo mass of gakee
21 Cluster and group sample z=0. The distribution is shown for four ranges in the galaxstellar mass

atz = 0, shown in the upper right corner in unitsf 1 Mg .
The FO8 model, from which our simulated galaxy clusters and

groups are drawn, is based on merger trees derived from the
dark matter Millennium simulation (Springel etlal. 2005\@DM 3 RESULTS
cosmological box with 50&%/ Mpc sides. The Millennium sim- . . . )
ulation uses GADGETZ (Springel 2005), a TREE-PM N-body e oW 100k in detal at how the cluster galaxies end up In the
- - clusters, and what insights this might give into the proessghich
code, and an initial power spectrum calculated using CMBFAS might affect those galaxies
(Seliak & Zaldarriaga 1996). The merger trees are geneesteid- '
scribed in Helly et &l (2003) and Harker et al. (2006), aredcam-
. 1 ) .
plete down to hal_os which host 10° h Mo gglames. In this pa 31 Cluster and group accretion history
per, we are principally concerned with selecting samplegatdx-
ies which are observationally accessible, and thus spadifpgle

fixed stellar mass cut af/ > 10° h~! Mg, much higher than the
completeness limit.

Galaxies which have been in massive halos prior to joiniedittal
environment may have been environmentally pre-proce3dads,

we begin by examining the host halo masses of galaxies jiet pr
We analyze all the groups and clusters in the FO8 model more to their accretion into the final group or cluster halo. Toeizh

massive than\/ = 10'%° h=! M, at four redshift epochs (z=0,  this, we trace the most massive progenitor of every galaagkb
0.5, 1 and 1.5). The key properties of the cluster samplestanen through each snapshot in the simulation. We record the haksm
in Table[d. In particular, we show the number of clusters, thed of this progenitor in the timestep just before it becomes anber
average number of galaxies with stellar masses abdve 10° of the final cluster, which defines its environment at the tiofie
h~! M, atthe epoch of observation, in each of the mass bins which accretion.

will be used in the remainder of the paper. We show the full accretion histories for all the cluster mass
In Figure[1, we present the cumulative distribution of galax bins, in each of the four redshift epochs, in the Appendixetiee

ies which reside within the virial radius of host halos of aegi will examine the most important insights which can be draxemf

mass. We plot this for four stellar mass ranges at z=0. In 0& F  those accretion histories. Figure 2 shows the fraction tixies

model,~ 50% of z = 0 L, galaxies are in host halos with masses in the final cluster which were accreted through haloes at les

above 18?5 L~ M. This compares very well with observational massive as 6 = M, (large groups). We show this as a function

results! Berlind et all (2006) found that 56 % of M,. < —20.5 of the final cluster mass for each of four redshift epochs. Vg fi

galaxies in the SDSS are linked to groups containing at least consider relatively low-mass clusters, with ~ 10**-? M, at z=0.

other member, a result that is completely consistent witlepen- We find that 32 per cent of galaxies in these clusters werestextr

dent analysis using the 2dFGRS Eke et al.. We also see that 25 through such group-sized halos. This is somewhat higher tthe

of L. galaxies are in relatively large groups or clusters wittbhal 24 per cent found by B09; the small difference can be related t

masses above 1D h~! Mg. This is much larger than the 10 the difference in the way haloes are populated with galaziesve

% claimed by B09, likely a result of the way they assign galaxie discuss ir§[3.8.

to subhalos, as discussed furthe®8. In particular, BO9 assign However, such clusters are fairly poor systems; they are les

a galaxy to a subhalo if the subhalo mass>is10*!® h=! Mg massive than all 16 clusters observed extensively by the CNO

when it is accreted into a more massive host. However, the mas  collaboration [(Carlberg et al. 1996), and an order of magieit

a subhalo begins to be tidally stripped significantly befesching smaller than the nearby Coma clusterogM= 1.8875-%> x 10'°

the virial radius of a more massive host, even without sigaifily h™' Mg, (Kubo et al| 2007)). Figurkel 2 shows that the fraction of

disturbing the galaxy withir. (Natarajan etlal. 2007). galaxies which are accreted through group sized halosasglyr
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Redshift  Number of clusters Mass range Median mass Averagwer of
Log(h~*Mg) Log(h~! Mg) galaxies per cluster

0 40 15.0-15.6 15.14 1161
189 14.7-15.0 14.82 569

673 14.4-14.7 14.53 297

1822 14.1-14.4 14.24 156

4404 13.8-14.1 13.94 78

9325 13.5-13.8 13.64 41

18730 13.2-135 13.34 20

36265 12.9-13.2 13.04 10
0.5 4 15.0-15.6 15.16 1161
29 14.7-15.0 14.79 536

212 14.4-14.7 14.51 289

786 14.1-14.4 14.23 156

2471 13.8-14.1 13.93 80

6325 13.5-13.8 13.68 42

14440 13.2-135 13.34 22

30124 12.9-13.2 13.04 11

1.0 0 15.0-15.6 - -

3 14.7-15.0 14.82 532

40 14.4-14.7 14.51 252

275 14.1-14.4 14.22 137

1134 13.8-14.1 13.92 72

3643 13.5-13.8 13.63 38

9820 13.2-135 13.34 21

23388 12.9-13.2 13.04 11

15 0 15.0-15.6 - -

1 14.7-15.0 14.81 381

2 14.4-14.7 14.41 178

55 14.1-14.4 14.19 119

322 13.8-14.1 13.92 66

1528 13.5-13.8 13.62 35

5465 13.2-135 13.33 19

15134 12.9-13.2 13.03 10

Table 1. Properties of the cluster sample derived from Font et alD§20The first column lists the redshift snapshot from whioh ¢lusters were selected
and the second column gives the total number of clustersfasethalysis in each bin. Columns 3 and 4 list the cluster hadss range and median mass of
clusters in that range. We use these halo mass bins extiynisitbe rest of the paper. Column 5 lists the average numbgalaxies per cluster with stellar
masses abova/ = 10° h—! Mg at the epoch of observation.

dependent on the mass of the final halo. This is because massiv Press Schechter formalism and n-body simulations of datkema
haloes are not surrounded by an average patch of the unibeiise  roughly agree that 30% of the mass of a halo is accreted from ha-

tend to be strongly clustered with other massive halos (@disdft los with masses a tenth the mass of the final halo (Bondlet@1.;19
1984). At z=0, we see that 4% of galaxies accreted into a cluster |Bowef1991; L acey & Cole 1993; Stewart eflal. 2008). We find thi
of Coma’s mass have been accreted from haloes With- 103 same fraction for all our stellar mass accretion histonds|e the
h™! M. This suggests that pre-processing in group environments fraction of galaxies accreted is smaller at high clusteram@iis
before cluster accretion may be significant. Interestintlg frac- implies there are are fundamental differences in how getaaie
tion of galaxies accreted through massive haloes has onlgakw  accreted as a function of their stellar mass. This is ilatstt in
dependence on the redshift of observation of the clustestiar Figure[4, where we show the accretion histories of galaxigishw
words, a Coma-sized cluster at z=0.5 would accretéz46f its end up in & = 10'5° p=! Mg, cluster at z=0, binned by their
galaxies fromM > 103 b~ Mg halos. The galaxy assembly his-  final stellar mass. There is a large difference in the masktiseo
tories are remarkably similar, with the dominant differeraeing host halos prior to accretion for low and high mass galaxidsile
simply that Coma-sized clusters do not exist in the reltigenall ~ 52 % of the most massive galaxies are accumulated from haloes
volume of the Millennium simulation at = 1.0 or 1.5. with M > 102 h=! Mg, this is only the case for 45 % of the

. . o least massive galaxies we consider. This discrepancy if tauger
In F|gureB, we ShOW the fraCtlon Of Stellal’ mass Wthh IS ac- |f we Consider accretion through poorer groupsy V\M] > 1012
creted through halos at least as massive d$ 20" M. This h~! Mo. The more massive galaxies are more likely to have been

figure is quite similar to Figurgl 2. However, notice that thact accumulated from group mass halos, and thus more likelyte ha
tion of stellar mass accreted by the most massive clusters through peen pre-processed prior to accretion into a cluster.

groups is larger than the fraction gélaxies accreted through such
systems. Indeed, the stellar mass accretion history glosaiches Now that we have seen that the degree of group preprocess-
the expected behavior of the dark matter accretion. Thendgtk ing depends on both the stellar mass of the galaxy and the mass
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Figure 2. The fraction of cluster galaxies which were accreted in&fithal
cluster halo as a member of a halo with > 1013 h=! M. This is shown
as a function of the final cluster mass at the epoch of obsenvdbr four
redshifts. All cluster galaxies have final stellar masseMof> 10° M.

The mass range bins were defined in Table 1, and are shownl foinal
containing more than two clusters.
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Figure 3. As Figure[2, but showing the fraction of accretgtdlar mass
which resides in @/ > 10'3 h~1 M halo at the time of accretion.

of the final cluster, we would like to examine how this variss a
a function of redshift. In Figurgl5 we show the fraction ofstkr
galaxies which were accreted into the final cluster halo agm-m
ber of a halo withM > 10'® h=! Mg, halo. This is broken up into
three bins, which represent the redshift at the time of thexgs
accretion into the cluster. From this we see that the dedgrpeee
processing is significantly dependent on the time the gasaxiere
accreted. Galaxies which are accreted recently into theteslare
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Figure4. The cumulative distribution of accreted cluster galaxia func-
tion of host halo mass at the time of accretion into the finadter. The dis-
tribution is shown in three stellar mass bins at z=0, for al fohaster with

M = 1015h=1 Mg.
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Figure5. The fraction of cluster galaxies which were accreted inéfimal
cluster halo as a member of al0h—! M, halo or greater. This is shown
as a function of the final cluster mass z=0 and for three birecaretion
redshift. All cluster galaxies have final stellar masses afNO0° M.

more likely to have been in a group environment than onestaxtr
into the cluster at high redshift. In particular, since= 0.5 the most
massive clusters today have accreted most of their newigalaia

infalling groups.
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3.2 Cluster and group assembly histories

We have seen that the accretion history of clusters varigsfinal

cluster mass, is a function of the stellar mass of the aatigetaxy
and is dependent on the redshift of accretion. However,dbées
not address the state of the cluster itself. The importafiqgees

processing depends not only on the accretion history bot @is
the amount of time the main cluster progenitor itself hadrntaess
of a group.

of galaxies which reside in halos of T0h ' Mo < Myale < 10t
h™' Mg, at any time is 40% regardless of the redshift epoch. The
lookback time at which these maximum fractions occur vesigs
nificantly with redshift, but it would appear their path tbgh the
hierarchy is similar. Essentially, clusters of fixed masgliffer-
ent redshift epochs have assembly histories which beconmre mo
stretched out at lower redshift. The assembly historiesavimok
almost identical if the lookback time was divided by the afthe
universe at that redshift epoch. This result was hinted &igare

Therefore, to get a complete picture of the assembly of galax 2, which showed that the fraction of galaxies accreted tjinonas-

clusters and groups and the halo masses which are impootahef
properties of their galaxies we present Fiddre 6. This stibesslis-
tribution of halo masses in which the most massive progenitd
final z=0 cluster galaxies reside, as a function of lookbauk and
for four bins of final z=0 cluster mass. The panels in Fifurads
distinctly different assembly histories for very massivasters,
smallish clusters, and groups. In particular, the reldtiveortance
of the group environment varies tremendously for theseettyges
of structures. The most massive cluster never has more théh 1
of galaxies in group sized halos (0h = Mo< Mya, < 10M
h~' Mg) while as many as 44 of the galaxies in @/ ~ 102
h~! Mg cluster today have spent some time within such haloes in
the past. In fact, for a period of 2 Gyrs, groups are the most-co
mon environment of the galaxy progenitors; this is becausmd
this time the main cluster progenitor itself has the massgrbap.
Thus, considering only the haloes of galaxies prior to dmmmento
the main cluster may underestimate the role of the group@mvi
ment, as already noted by B09.

Given the distinctly different assembly histories of thekes-
ters and massive groups, itis perhaps surprising that edutsans of
large samples of galaxy clusters in the local universe shaivthe
fraction of red galaxies is approximately constant in @usimore
massive than 6% h~! My (Hansen et al. 2007). Therefore, it is
useful to look for some common trait in the assembly hisgode
clusters which may point to the reason for this uniformityslin-
teresting that the population of 'isolated’ galaxies, thas 10"
h™' Mo < Mhaio < 10 A1 Mg, shows a similar distribution in
the four different panels. At a lookback time of 10 Gyxs55 % of
cluster galaxy progenitors were in this halo mass regime that
percentage has declined at a nearly constant rate of% p& Gyr
until the current epoch, regardless of the final cluster massther
words, the distribution of galaxies not in 'isolated’ halesimilar
regardless of final cluster mass, and supports the hypsttiegithe
galaxy transformation mechanism begins to occur as galée@ve
their ’isolated’ halos.

Finally, we examine the assembly histories of galaxy chgste

sive haloes was approximately the same at all redshift epfocta
cluster of given mass.

This leads to the second interesting observation to be made
from Figure 1. The rate at which galaxies leave their 'issaha-
los increases significantly with redshift. At z=0, as befdoe the
10 Gyrs prior to observation the fraction of galaxies in kabd
10" A Mo < Mo < 10'2 ™! Mdecreases by about 546
per Gyr, while 10% (15%) [20%)] of galaxies leave their "isolated’
halos per Gyr at a constant rate for 5(3.5)[2.5] Gyrs prioole
servation at z=0.5(1)[1.5]. Therefore, the accretion aitgalax-
ies from isolated environments into groups and clustersgldn
at higher redshift. Again, this result is a direct result loé tre-
duced time between the epoch of observation and the beginnin
of the universe. The assembly histories at higher redstefiuest
compressed, leading to a higher accretion rate, even thibegio-
tal number accreted from isolated environments is constize#ich
epoch of observation. The effect this has on the galaxy ptiege
of galaxy clusters as a function of redshift will be discuksethe
following section.

3.3 Cluster to cluster variation in environmental effects

We have established the galaxy accretion history and gadaxy
sembly history of galaxy clusters at a range of epochs. Wddvou
now like to assess how these galaxy histories affect the firug-
erties of galaxies at each redshift epoch. To this end, wenexa
ine the fraction of galaxies in each cluster, which have lveignin
dense environments long enough to expect that environinefata
fects might be important. By examining the fraction of eawir
mentally affected galaxies in each cluster, we can quahtff the
total numbers of affected galaxies, and their variatiomficduster
to cluster.

In a simple way, we can parametrize the length of time it
takes for a galaxy to display an environmental eff@¢t,,., after
falling into a halo with a mass above a characteristic magsth
old, Mirunc- Although it is not obvious that there is a single main

of a given mass at each redshift epoch. In Fidgdre 7 we show the physical mechanism which causes the environmental afféists

distributions of halo masses for the most massive progeniibd
105 L= Mg, cluster galaxies as a function of lookback time at
all four redshift epochs. While the final cluster mass is tae (at
each epoch), the higher redshift clusters must assembtenthss
more quickly and thus their galaxies have not been in massilas
for as long. For instance, 5 Gyrs prior to the observatiorckpe
50% of z=0 galaxies were in 70 M, h~! haloes, while none of
the z=1 or z=1.5 cluster galaxies were even it?10~* M, haloes
yet. Environmental processes have had a much longer tiheesca
over which to affect low redshift groups and clusters thaghbr
redshift ones.

There are two interesting points when comparing Figdre 7
with Figure[®. First, we see that the maximum fraction of gigls
in each halo mass bin is the same in clusters of the same firsal ma
but seen at different redshifts. For instance, the maxinmactibn

played in both groups and clusters, we explore the predistaf
such a model and discuss the limitations of this approacinén t
following section.

Given this model we can explore how varying the truncation
time, Tirune, and the characteristic mass threshdlfl,...c, alters
the implied environmental effects on galaxies. In Figure@&show
the predicted average fraction of galaxies in each clushéctware
subject to environmental effects in our simple model; tretritiu-
tion of this fraction is reflected in the four contour linesrkiag
the 10, 33, 67 and 90 percentiles. Here we fix the truncation,ti
Tirunc, 10 be 3 Gyr and allow the characteristic mass threshold,
Mirune, to vary from 102 A~ Mg to 10'* M. In other words, in
this figure, a galaxy has felt an “environmental effect” ti#s been
within a halo of mass\f > M;,unc for at least 3 Gyrs. In addition,
we allow a fourth category, in which the expression of an remvi
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mass at higher redshift must assemble their mass more guécid thus the time available for pre-processing throughigpsized haloes is decreased.

mental effect occurs 3 Gyrs after the galaxy has become Hiteate
galaxy in a larger dark matter halo, regardless of its mass.

This figure has some noteworthy features. First, for massive
clusters (M> 10**5 h=! M) at z=0, the mean number of en-
vironmentally affected galaxies in this model is similar 80-85
%) regardless of\f¢runc. The implication of this for low redshift
observational studies is that it is difficult to discern tredue of
the characteristic mass threshold by observing systemseahat
mass threshold. This highlights the importance of studfeew
mass galaxy groups. Observations at low and intermedidshif¢
show that group galaxies with a given stellar mass have prope
ties distinct from the average field galaxy; if our simple reloof
environment-driven transformation is correct, this irdés a char-
acteristic mass threshold of at least this scalexM0'%® - 10
h™! M) (Wilman et al. 2005; Weinmann et|al. 2006).

Indeed, as previously mentioned, low redshift observation
show that the fraction of red galaxies in clusters is esabytini-
form, for clusters withM/ > 10'3-® h~! M, (Hansen et al. 2007).
Given this, it is also worth noting that in Figufé 8, our model
also produces a strikingly flat fraction of environmentaffected
galaxies per cluster as a function of cluster mass. Thisiieatde-
sult of the behavior noted in Figulré 6, that the fraction dbgies
infalling from isolated halos is independent of halo mass.

Although it may be difficult to use the average properties
of massive clusters at a given epoch to discern the chaiscter
tic mass threshold, one possible method would be to obskeve t
variation in their properties. The predicted scatter in filaetion
of environmentally affected galaxies per cluster is quitels (~
5 %) for 10"° h~! Mg clusters at z=0 wheirunc= 10"
h™' Mg, but close to 40% when M unc= 10 h~! Mg. The
scatter in, for instance, the fraction of early type galaxde opti-
cal line emitting galaxies in clusters at z=0 is much smathan
40 % (Dressler 1980; Poggianti el al. 2006; Finn et al. 2008).
will examine the scatter in red fractions of galaxies in tdus at
z=0 in a future paper. Unfortunately, the scatter at z=0 ofoaleh
where M une= 102 A1 Mg is not that different from a model
where M une= 10 h~! M. However, notice that the scatter in
these two models becomes more significant at@. Intriguingly,
Dressler et al.| (1997) showed that, while the morphologysig
relation was equally strong in all clusters at low redshifg rela-
tion was stronger in centrally—concentrated clusters ttragular
clusters at z~ 0.5[1 In effect, this suggests that the scatter in the
fraction of environmentally affected galaxies of each ®uss sig-

1 While the Dressler et al. results, and many intermediatehiéidresults,
have limiting stellar mass on the order of'£0h ! M 5 compared with our
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function of final cluster mass. We interpret this as the foecof “environmentally—affected” population in our sinephodel. The panels contain four contour
lines marking the 10, 33, 67 and 90 percentiles of the digioh in this fraction, while the dashed yellow line repretsethe average. The truncation time is
fixed atTirunc= 3 Gyr, and each row shows a different assumptioniffi;.nc, as indicated. Different rows correspond to clusters affardnt redshift, as

indicated.

nificant at z~ 0.5. Although not definitive, this may point to a
characteristic mass threshold which is somewhat larger 10
h™! Mg, given that scatter in that model is still quite small at 5=0.
(~ 13% at 1045 »h~! My). Notice that a model where the envi-
ronmental effects begin to occur when a galaxy becomes Biteate
behaves very similarly to a model wifHf;;unc= 10'2 A~ M. We
discuss this similarity further if3.7.

Examining the redshift evolution of any of the given models
shows that they all predict a significant Butcher-Oemlez@ffThat
is, they predict that there are fewer environmentally aédgalax-

limit of 10° A~ Mg, we have verified that the scatter in the cluster red
fractions is constant with a limiting mass change t4%18—! Mg,.

ies in clusters with increasing redshift. In particular,z23y 1.5 all
of the models predict a very small or non-existent fractibem-
vironmentally affected galaxies. Indeed, thé1@~* My model
leads to the prediction that, by= 1, no galaxies will be environ-
mentally affected.

Our choice ofT;unc= 3 Gyrs in the models presented above is
ad hoc, and we would like to quantify how changing the timksca
effects the predictions. In Figufé 9, we explore a model irctvh
the characteristic halo mas&; unc, is kept fixed at 18 1 Mg,
and allowTt,uncto vary from 1 Gyr to 4 Gyrs. We show the fraction
of environmentally affected galaxies for each of the foudsteft
epochs of our clusters. AlthougW:,unc is held constant, we note
that the results and our interpretation are similar for ahgiae
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Figure9. As Figurd®, but where the characteristic halo mass thrdshdixed atM,une= 102 h—1 M, and the truncation timeE;,n. are varied along

rows of the figure, from 1-4 Gyr as indicated.

Of Mirune Within the rangel0'2-10'% L= My, which seems the
most likely value given the arguments above.

Similarly to Figure[B, for eacH},unc, We see a significant
Butcher-Oemler effect, such that clusters at higher rédbhve
fewer galaxies affected by environmental processes. Hexyvéve
size of the effect even between= 0 andz = 0.5 is dramatically
altered by the choice of time scale. With a short timescatabf 1
Gyr, the fraction of environmentally-affected galaxieslees little,
from ~85% atz = 0.5 to ~ 95% today. On the other hand, a long
timescale ofl:,unc= 4 Gyr results in a much stronger evolution
over this redshift range, from 50% to 80%. Compare this eiaiu
with that observed in the red fraction of cluster galaxiesich in-
dicate an evolution of- 25 % over a similar redshift range, from
0.9 at z=0.2 to 0.65 at z=0.5 (Ellingson etial. 2001). Thigrse®
indicate that a relatively long time scale for the expressibenvi-
ronmental effectsx 2 Gyr) would be required to match this quick

evolution. A similar timescale is necessary to explain #odal gra-
dient of passive galaxies in galaxy clusters (Ellingson.e2@01;
Balogh et al. 2000).

The predicted scatter from cluster to cluster is also notewo
thy. Recall that in FigurE]8 we saw that the scatter was deasit
to the characteristic halo mass used. In this plot, for thiorita
of the time, the scatter is similar at each redshift regasdtef the
timescale for truncation. This strengthens our previoggiment
that a well-defined measure of the scatter in cluster prigsest
a given redshift could allow one to discern the characiertslo
mass for truncation.

We have provided strong evidence, which we summarize in
§3.5, that the dominant environmental processes at worklaxga
groups and clusters begin to become effective at a halo nsaks s
of 102 - 10" b= M, and are active for a timescale of at least a
few Gyrs. Given these constraints, we see that figlire 9 geeitiat
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Figure 10. The fraction of environmentally affected galaxies in chustat
all four redshift epochs as a function of galaxy stellar m&sster galaxies
have host halo masses greater thah*1®~! Mg at the epoch of observa-
tion. This model assumes My n=10"2h~1 Mg and Tirunc= 3 Gyrs as
in Figure[8.

by z=1.5 there should be little to no environmental effecyatax-
ies. Remarkably, this prediction has some observationdeace
to suggest it is correct. Cooper et al. (2007) showed, usataxg
ies selected from the DEEP?2 redshift survey, that the rectifma
only weakly correlates with overdensity atz1.3. While the com-
parison to our predictions is complicated because the Caeip.
sample only includes massive galaxies, this is not a tragake-
ment; in fact, assuming the timescale was 1 Gyr, this wowd les
to predict that 70% of galaxies at z=1.5 are still environmentally af-
fected. This fraction would be even higher when we used thesa
limiting stellar mass as Cooper et al., as is discussed ingRkesec-
tion. Additionally, the DEEP2 survey is complicated by thesst
frame blue magnitude limit which causes them to naturalkgcte
fewer and fewer red galaxies at higher redshifts. Furth&EB2
does not cover a wide enough area to have massive clustéia wit
it, so targeted, stellar mass limited studies of the extrehaster
environments are still needed at this redshift to quantigydize of
the environmental effects. Although, given our resulteytinay be
difficult to find using the popular and efficient red sequenethod
(Gladders & Yee 2000; Lu et al. 2009).

3.4 Stellar mass dependence of environmental effects

Observations suggest that the fraction of galaxies whiehpars-
sive or red, depends greatly on their own stellar mass (B&idal.
2006; Haines et al. 2006). It is thought that this is at leastiglly
due to secular influences, ie. AGN feedback, which primaydy
cur in massive galaxies (Kauffmann etlal. 2003). We can use ou
simple model for environmental effects to examine the foacof
cluster galaxies (those With/y,q;, > 10" h~' M) which may
also be subject to environmental effects. This is presentEijure
[I0 for a model which had/i;unc= 1012 A= Mg and Tirune= 3
Gyr at all four redshift epochs.
The fraction of environmentally affected galaxies is asro

function of stellar mass in this model, and the gradient beo
stronger with increasing redshift. The most massive gatakave
resided within group-sized haloes since at least 1.5; thus any
environmental effects would have manifested themselvemng |
time prior to observation, and we expect to see little sigreabf
cluster growth in their properties. On the other hand, gatawith
lower stellar mass are a better tracer of the recent masstewxcr
history of the cluster, hence we see a strong evolution irfrée
tion of environmentally—affected galaxies.

3.5 Observational constraints

It is now useful to review the observational constraints am o
model parameters\/iruncand Tirunc. The halo mass threshold at
which environmental effects become important must be at las
low as 13% h=! Mg because there are observations of systems
at this mass with significant environmental effects (Wilnedal.
2005;| Weinmann et al. 2006). For this reason, we investijate
model with a low halo mass threshold,'#0:~* M, in Figure9.
Well defined samples of galaxy clusters show a significantiBart
Oemler effect, such that the fraction of red galaxies deggefrom

~ 0.9 at z=0.2 to~ 0.65 at z=0.5 (Ellingson et al. 2001). This evo-
lution is much quicker than predicted by a model witfi.a,.0f 2
Gyrs or less. Thus a model Withl;,,,.0f ~ 10'2 h~! Mg and a
TiruncOf ~ 3 Gyrs is the most favored model. As suggested previ-
ously, this leads to the prediction that by z=1.5, little oramviron-
mental effects are felt by the galaxy population.

Recall §3.4, in which we investigated the stellar mass de-
pendence of the galaxy population using our most favoredetnod
We found that while the most massive galaxies are environmen
tally affected at all redshifts, the lower mass galaxieob®e more
affected with timel_Gilbank & Balogh (2008) used a compdati
of the observational literature to show that the ratio of bedht
galaxies to red faint galaxies steadily increases withhiéishe
same qualitative behaviour we see in the simple model.

It is difficult to observationally quantify the extent to vehi
massive galaxies are environmentally affected. This gelgrbe-
cause the visual colours of galaxies are not very sensitiewt
levels of star formation. Mid-IR observations are more giesto
low levels of star formation and thus are better at estaiblisthe
environmental influence of massive galaxies. Observa@gzs~
0.4 suggest that only 1% of massive galaxies{ 10'° b= M)
in groups have IR emission indicative of activity, while tjebal
fraction is much higher~ 40%, [Wilman et al| 2008). Addition-
ally,\Wolf et all (2000) find that massive galaxies are umiflyrold
and red in the cluster cores, while having a significant patpar of
dusty, star-forming red galaxies in the infall regions. lBof these
studies suggests that significant environmental effeetéadtreven
by massive galaxies, as assumed in our model.

We emphasize that this observational comparison is qualita
tive, yet highly suggestive. In a future paper we investgtite
guantitative behavior of these models with a direct congoarito
the best available cluster, group and field datatalz

3.6 Comparison to Previous Work

In an attempt to explain observations of the fraction of®lumem-
bers with [Oll] emission at z=0 and z=016, Poggianti et/a00)
have presented a similar, but more complex model. The ohserv
tions they present (their Figure 4) show that while, at z=Bigher
mass clusters have lower average fractions of [Oll] engtgalax-
ies, this is largely because of an upper envelope which deese
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with increasing cluster velocity dispersion. In contralsey notice
that at z=0, the fraction of [Oll] emitting galaxies is caomst with
cluster velocity dispersion above 550 kmfs {0'* =1 M), but
the scatter is large below that value.

In effect, to explain the observations, Poggianti et/al0¢)0
introduces twaV/¢runc and twoTi,une parameters to match the ob-
served behavior. The first set df;;unc andTirunc are meant to rep-
resent 'primordially’ passive galaxies, and are assodiatith el-
liptical galaxies. They claim that galaxies withix30'2 A=! My,
groups atz = 2.5 represent these primordially passive galaxies.
The second set of parameters are associated with quenclzed ga
ies or SO galaxies, and are set to hagun.=10'* h~! M and
Tirunc= 3 Gyrs. However, observations of galaxy groups with
masses less than 0h ' M show a significant population of SO
galaxies and passive spiral galaxies (Wilman et al. [2009G &c
et al., in prep), which are hard to reconcile with their modah
the other hand, the lower value f;une~ 10*3A~! Mg that
we advocate might have trouble explaining the large fractd
galaxies with [Oll] emission in the Poggianti et al. (2006)sters
at z ~ 0.5. Undoubtedly both models are greatly oversimplified
and, moreover, there are important systematic unceraiini the
current data (especially in determining cluster massesgataky
star formation rates) and statistical limitations resigtirom small
sample sizes.

Similar constraints have also been derived in the past from
observations of radial gradients in clusters. Balogh le(2000)
used n-body simulations of the infall of substructure inligsters
and concluded that, to match the radial gradients of stander
tion rates, the star formation rates in cluster galaxiest esline
on the timescale of a few Gyrs after entering the clustemifig
cantly, they also found that the best match to radial grasiess
provided if the star formation rate in the galaxy began tdidec
as soon as it was found in a dark matter structure of group€siz
larger| Ellingson et all (2001) took this a step further amgbsti-
gated the evolution of such gradients. They determinedfile&d-
like’ galaxies became early type galaxies on a 2-3 Gyr timkesc
Ellingson et al. also inferred that if galaxies were transfed on
the 3 Gyr timescale, than the galaxy infall rate into clustee-
tween z~ 1.5 and z~ 0.5 must have declined by 20 %. Our
results suggest that the infall rate of galaxies into chssteer the
same span fell by- 15 %. This is a surprisingly good agreement
given the large observational uncertainties at each stépsmanal-
ysis.

Finally, it is instructive to reexamine the results of B09 in
the context of our results. We have previously shown that B09
finds a lower fraction of galaxies within groups and clustéen
we do @2.1). This is likely due to a subhalo completeness level
which varies as a function of environment. They use the ¢loba
number density of subhalos above their mass threshold amd co
pare it against SDSS number densities to conclude thatgtodial
magnitude limit is~ 0.3 L.. However, when they compare num-
ber densities of their subhalos within clusters with clusteser-
vations, they find that their cluster magnitude limit~s0.5 L..
Using the red galaxy luminosity function derived from a ksam-
ple of galaxy clusters by Lu etial. (2009), a magnitude cut.5f O
L. instead of 0.3 L reduces the number of cluster galaxies-by
40 %. In other words, groups falling into their clusters couldidna
~ 40 % fewer galaxies than would be expected from a consistent
luminosity cut. Indeed, we find that this is on the order of dise
crepancy between our results and those of B09. For instavee,
have shown that, for 162 h=! M, clusters,~ 35 % of galaxies
have been accreted through'i®~* My, halos at z=0, while B09
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find only 24%. While this disagreement is significant for et
ing the role of preprocessing in cluster assembly, a bigagnof is
that the BO9 clusters are not very massive. Indeed, theseraaier
than the bulk of well studied clusters at intermediate aigth hed-
shift. We have extended their analysis to more massivearkiand
find, as B09 themselves anticipated, that group pre-protgess
potentially much more important for more massive clusters.

3.7 Towardsa physically motivated model

We have shown, by following the accretion of galaxies intougrs
and clusters, and making simple assumptions about theenafur
environmental effects on galaxies, that the halo mass atwérivi-
ronmental effects begin to be induced on galaxies is appravely
102 — 1013 h=! Mg, and the time those effects take to manifest
themselves is quite long>(2 Gyr). Here, we address some of the
more important simplifications we have made in constructing
model.

The first simplification is that we have assumed that an en-
vironmental effect will have a unique signature on the probes
of galaxies. However, in comparing our model to, for instarbe
fraction of red galaxies in clusters, we must acknowledgéttiere
is more than one process which can make a galaxy red. In tak loc
Universe, observations suggest that nearly all galaxiés stellar
masses above 104! M, are red regardless of their environment
(Baldry et al. 2006). However, as shown in Figliré 10, in om-si
ple model the most massive cluster galaxies would still loe ae
consequence of the fact that they have resided within meadsitk
haloes for a long time. This, combined with the fact that theren
numerous low mass galaxies dominate the fraction of gaddria
cluster, indicate that this is not a large complicatingdact

Secondly, we have assumed that all galaxies display environ
mental effects after a specific tin#,unc, regardless of their in-
coming orbit. Howevel, McCarthy etlal. (2008b) has showririms
ulations that the environmental effect on an infalling ggl& de-
pendent on the orbit of that galaxy. McCarthy €t al. also stbw
that the bulk of the environmental effect on an infalling ayal
occurs when the satellite is at its pericentre. The size isf ¢f
fect can be quantified by the variation in the time it takeslaxya
to fall from the virial radius to the pericentre of its orbih Fig-
ure[11, we show the distribution of times for a realistic rilst-
tion of infalling dark matter substructure from Benspn (2p)0@an-
domly sampled 10,000 times. The distribution is shown as ssma
independent quantity, along with the best fit gaussian. Ateluof
10" h=! Mg has a Ri= 1.26 h~! Mpc and V.i,.=400 km/s,
which translates to a quite narrow distribution, with a digion of
only ~ 0.2 Gyrs. This will not have significant implications for a
timescale which is greater than 2 Gyrs. It is worth noting tha
simulations of Benson were not adequate to quantify theeffe
any host halo mass dependence of the orbital distributiohthe
indications are that this will not have a significant impamt éur
purposes. Additionally, we have assumed that all galaxiesriag
a massive halo feel similar environmental effects, howeyalax-
ies with large pericentric distances may not feel strongatff, and
thus predictions for the red fraction scatter and its mapsiigence
will still benefit from proper tracing of orbits in the future

Thirdly, we have assumed that the mass of a halo is the impor-
tant quantity driving any environmental effects. In fachsnof the
physical processes which could produce environmentattsfiare
likely more sensitive to X-ray gas density or temperatdrg) (For
galaxy clusters and massive groups the scatter in tHg,Melation
is actually quite small£ 30% at M = 10**® h=! My). However,
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Figure 11. The distribution of times,,4, for an infalling dark matter sub-
structure to reach its pericentre from the virial radiug;,Rof a halo with
circular velocity Veirc,vir. The black line is the distribution of 20ran-
domly sampled orbits frorn_Benson (2005) and the dotted regl i the
best fit gaussian.

the Mass — X-ray Luminosity (M — L) relation, which is more sen
tive to the gas density, does show significant scatter ateglunsass
scales!{(McCarthy et al. 2004; Balogh el al. 2006). But thedtecis
driven by properties of the group and cluster cores, whitbata-
dius of a typical galaxy pericentre (0.2-0.3 times the Virgalius),
the scatter from system to system is quite small (McCartlallet
2008a| Sun et al. 2008). So the bulk of ram pressure strippithig
occur at radii where the gas density has little scatter frostesn to
system. However, this analysis is limited to fairly massiveups
and clsuters, as measurement of X-ray properties for typ@'s
h™! Mg haloes is quite difficuli (Reiprich & Bohringer 2002). One
theoretical indication of the size of this effect in low-reagoups
comes from the scatter in the virial mass — circular veloetsgtion,
which is approximately: 15% at M = 102 b= M, (Bullock et al.
2001). The circular velocity is more indicative of the depfithe
dark matter potential, and thus is likely more closely clatesi
with the gas density. Despite this, the size of this scattikély not
a huge source of uncertainty in our model, given that we oraigen
broad statements about the characteristic halo mass &iads all
of these results, itis encouraging that our model does rp@aoo
simple to give important insights to the behavior of envimamtal
effects.

The next step is to put this ad hoc model on a more physical
basis. In particular, in our model we have specified thatxjgeda
within a host halo are equally affected by environmentatpsses
regardless of their position within the halo. But becausectioling
rate of gas in a halo is density dependent, semi-analytieddat
galaxies at the center of halos (centrals) different froaséhnot in
the center (satellites). While this distinction is stillimplification
(Simha et all 2008), we point out the similarity between a ehod
with @ Mirunc 0f 10'2 h~! Mg and one where the environmental
effect begins to occur when a galaxy becomes a satellitdyass
in Figure[8 . Our most favoredl/;,.,. model is essentially equiva-
lent to choosing a physically motivated central/satetti@del.

We have also employed a fixed timescale for environmental ef-
fects to occur. Ideally, we would like to link this timescédea phys-
ically motivated quantity, such as the orbital timescala gialaxy
in a cluster or group. This mean timescale is approximately ¢
stant for the groups and clusters in our mass range at a gigen r
shift epoch. However, because of the decreasing universstge
with time, at high redshift the orbital timescale is actyaaller
by a factor of~ (1+z)*/2. A timescale based on this would suggest
that at z=1.5 the timescaleds 4 times shorter than the timescale at
z=0. Unfortunately, directly implementing a timescaledzhen the
orbital timescale would ignore several other complicatiactors
such as the evolution of cluster gas density profiles andublere
tion of galaxy sizes and densities. Exploring these issuesfull
semi-analytic galaxy model is the important next step fodva

4 DISCUSSION AND CONCLUSIONS

We have used the stellar mass and merger trees produced by the
semi-analytic galaxy catalogues of FO8 to follow the adorebf
galaxies into groups and clusters at four different redspbchs
(z=0,0.5,1.0 and 1.5) for samples of galaxies with stell@ssn
M > 10°h~! Mg. By tracking galaxies through the hierarchy of
structure formation we are able to examine the effect thatam
mental processes may have on the galaxy population of gamgps
clusters. Further, by adopting a simple model for the emvirental
effects, we are able to make strong claims about the timescal
mass threshold on which environmental effects occur. Oum nea
sults are summarized as follows:

e Clusters at all redshifts examined have had a significant fra
tion of their galaxies accreted through galaxy groups. Rstaince,
105 h=! Mg mass clusters at z=0 have had40% of their
galaxies (Mtelar > 10° =1 Mg) accreted through halos with
masses greater than'#0h~! M. At higher redshifts fewer galax-
ies are accreted through massive halos. Onlg5 % of galaxies
have been accreted through!i,=! Mg into 104° =1 Mg
mass clusters at z=1.5.

e We find only a moderate difference in the stellar mass accre-
tion history and the galaxy accretion history at high clustass.
That is, more massive galaxies are accreted preferentiatbyigh
groups. While 4% of galaxies in 16° h~! My mass clusters
at z=0 are accreted through halos with masses greater tHan 10
h™' Mg, 50% of the stellar mass is accreted through the same halo
mass range. Contrary to the studyl of Berrier etlal. (2009)dwe
not see a large difference between the galaxy assembly stectu
and the mass assembly of clusters.

e Following from the previous point, we find that the extent to
which galaxies are pre-processed in groups before falfitmgdlus-
ters depends on the stellar mass of the infalling galaxyaRd¥f*->
h~' M mass cluster, 7% of galaxies with stellar masses greater
than 10°5 A= M, are accreted through 1A' My systems,
while only 50% of 10° to 10'° h~* M, are accreted through the
same systems. Further, we find that in the accretion througyipg
sized halos increases at late times when compared to thetiaccr
into the cluster during early times.

e We have shown that the fraction of isolated galaxies infglli
into z=0 groups and clusters is remarkably independenteofitial
cluster mass. 5-6t of the final cluster galaxies are accreted per
Gyr for the last 10 Gyrs. Thus if a galaxy begins to be affedted
its environment soon after becoming a satellite galaxy,thadime
it takes for that effect to manifest itself is constant widldimass,



The accretion of galaxiesinto groups and clusters

then a similar fraction of galaxies are affected in eachtelusbove
ahalo mass of 16 h=! M.
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referee for comments which improved the paper and we thank Er
ica Ellingson and Mike Hudson for discussions at an earlgestz

e Despite the previous result, observing a cluster of the same this work. MLB acknowledges support from an NSERC Discovery

halo mass at each redshift epoch implies different aceretites
of isolated galaxies, from 5-% per Gyr at z=0 to 1% per Gyr at
z=1.5. Thus, in effect, the Butcher Oemler effect may beitpsal
tively explained by the shorter time available for clustesembly
at higher redshift.

e We find that combining the simple observations of the exis-
tence of a significant Butcher Oemler effect at z=0.5 and bsewr
vations that galaxies within groups display significantiemvmen-
tal effects with galaxy accretion histories justifies dtrikconclu-
sions. Namely, that the dominant environmental process baggn
to occur in halos of 1 — 10"* A~! My and act over timescales
of > 2 Gyrs. This supports a long lifetime, gentle mechanism like
strangulation.

e This simple model predicts that by z=1.5 galaxy groups and
clusters will display little to no environmental effectshi¥ con-
clusion may have limit the effectiveness of red sequencstetu
finding methods at high redshift.

In essence, we have seen that systematic observations of in-

termediate and high redshift clusters and groups have thempo
to strongly constrain the mechanisms which induce enviemtai
transformations on galaxies. However, because of thefaignt
cluster to cluster variations in environmental effectssitmpor-
tant that the method for selecting galaxy clusters and grdap
observation must be easily and accurately reproducibl@smo-
logical simulations. Only this will allow the careful tesgj of mod-
els against observations. In a future paper we will comgardest
available data on groups and clusters at a variety of redshifchs
to further constrain the dominant environmental processes
Significant progress on the implications of strangulatiod a
the physical processes involved will need more extensideddy-
namical simulations. The simulations of ram pressure fstngp of
the hot haloes of infalling galaxies by McCarthy et al. (20P8 a
significant step forward. However, there are important omkrs.
In particular, how effective are low mass group halos inpgirg
the infalling galaxies? Unfortunately, this is sensitwedkependent
on how the gas is distributed in both the infalling galaxy anel
group halos. Indeed, the effectiveness of strangulatiaisis de-
pendent on the strength of star formation feedback, and leew r
heated galaxy gas is distributed and stripped from the galkbe
behavior of galaxies within small groups which subsequyefatl
into massive clusters is also unclear. To what extent araxig
“shielded” by their local group from further gas strippinigficour-
agingly, large scale hydrodynamical simulations are begi to
be able to address some of these questions (e.g. Crain 604)).2
So, while there is much room for improvement in understand-
ing the details of galaxy — environment interactions, owules
have shown that the galaxy accretion histories of groupschrsd
ters combined with a simple model strongly suggest that ¢timeid
nant environmental effect occurs over long time scales aintféc-
tive in low mass halos. In a future paper, we will examine ¢hies
sights by making a quantitative comparison between sealiydn
models and the best available cluster, group and field data-ta.
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APPENDIX: FULL ACCRETION HISTORIES

Here we show the complete accretion histories for each bitugf
ter mass and for all four redshift epochs. They are preseioted
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both the galaxy accretion (Figurel12) and for stellar masseac
tion (Figure 18). Figure2 shows the cumulative distribof ac-
creted cluster galaxies which reside in a host halo mass ivea g
size prior to accretion into the final cluster at each of fquoahs of
observation. Because galaxies are on average more masgigee
massive halos, this accretion history does not agree coatypligith
dark matter accretion histories. Therefore, we presentdheplete
stellar mass accretion histories in Fighré 13. Again, thsxs the
cumulative distribution of the accreted stellar mass asatfan of
the galaxy’s host halo mass at the time of accretion.
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Figure 13. The cumulative distribution of accreted stellar mass wiédide in a host halo of a given size at the time of accretitmthre final cluster halo. In
the left panel, is the accretion history of 8 composite elissbf a given final host mass at z=0. The left middle (rightdigd [right] panel is for a separate
final cluster sample at z=0.5 (z=1) [z=1.5]. All cluster gads have final stellar masses of M10° M(,. The mass range bins were defined in Table 1, and
are shown for all bins containing more than one cluster.



	Introduction
	Simulations
	Cluster and group sample

	Results
	Cluster and group accretion history
	Cluster and group assembly histories
	Cluster to cluster variation in environmental effects
	Stellar mass dependence of environmental effects
	Observational constraints
	Comparison to Previous Work
	Towards a physically motivated model

	Discussion and Conclusions

