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ABSTRACT

We present an analysis of the levels and evolution of star formation activity in a representative
sample of 30 massive galaxy clusters at 0.15<2<0.30 from the Local Cluster Substructure Survey
(LoCuSS), combining wide-field Spitzer/MIPS 24pm data with extensive spectroscopy of cluster mem-
bers. The specific-SFRs of massive (M>10"Mg,) star-forming cluster galaxies within 7500 are found
to be systematically ~28% lower than their counterparts in the field at fixed stellar mass and red-
shift, a difference significant at the 8.7¢ level. This is the unambiguous signature of star formation
in most (and possibly all) massive star-forming galaxies being slowly quenched upon accretion into
massive clusters, their star formation rates (SFRs) declining exponentially on quenching time-scales
in the range 0.7-2.0 Gyr. We measure the mid-infrared Butcher—Oemler effect over the redshift range
0.0-0.4, finding rapid evolution in the fraction (fsr) of massive (Mg <—23.1) cluster galaxies within
200 With SFRs>3 Mg yr~ !, of the form fgroc(1 + z)”ﬁl'l. We dissect the origins of the Butcher—
Oemler effect, revealing it to be due to the combination of a ~3x decline in the mean specific-SFRs of
star-forming cluster galaxies since z~0.3 with a ~1.5x decrease in number density. Two-thirds of this
reduction in the specific-SFRs of star-forming cluster galaxies is due to the steady cosmic decline in the
specific-SFRs among those field galaxies accreted into the clusters. The remaining one-third reflects
an accelerated decline in the star formation activity of galaxies within clusters. The slow quenching of
star-formation in cluster galaxies is consistent with a gradual shut down of star formation in infalling
spiral galaxies as they interact with the intra-cluster medium via ram-pressure stripping or starvation
mechanisms. The observed sharp decline in star formation activity among cluster galaxies since z~0.4
likely reflects the increased susceptability of low-redshift spiral galaxies to gas removal mechanisms
as their gas surface densities decrease with time. We find no evidence for the build-up of cluster SO
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bulges via major nuclear star-burst episodes.

Subject headings: galaxies: spiral — galaxies: clusters: general — galaxies: evolution

1. INTRODUCTION

In the current concordance ACDM cosmological mod-
els, structure formation occurs hierarchically, with low-
mass dark matter (DM) halos forming first at high red-
shifts, and more massive halos forming later via the
merging, or accretion, of these low-mass halos. In this
framework, the most massive collapsed objects at any
epoch are the dynamically most immature. In the local
Universe these most massive, immature DM halos host
galaxy clusters. This hierarchical framework of structure
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formation affects galaxy evolution in two ways.

Firstly, the massive central galaxies of DM ha-
los are themselves hierarchically assembled via the
merger and accretion of smaller galaxies, a process
which primarily occurs at high redshifts.  Numeri-
cal simulations show that massive early-type galaxies
can be assembled rapidly in this “revised-monolithic”
scheme (Merlin & Chiosi 2006), consuming their gas in
a short burst, before being quenched either via ex-
treme QSO feedback triggered by major mergers (e.g.
Springel et al! 2005a; Hopkins et all 2006, 2008), or
quasi-continual “radio feedback” from low-luminosity
AGN (e.g. ICroton et all [2006; Bower et al! 2006). The
extent of this process depends on the initial conditions in
which galaxies form. Massive galaxies are formed earlier
in the highest overdensities of the primordial density field

(Maulbetsch et all[2007), and have a more active merger
history at 221 (Gottlober ef a 1112001), than those that

form in the smoother low- density regions. This leaves
its imprints in the environmental trends of galaxy popla-
tions observed at early epochs (e.g. ICooper et all ;

Secondly, as the DM halos which host many of these
massive central galaxies are accreted onto more massive
systems, these galaxies become satellites within galaxy
groups and clusters. This process of becoming satellites
is also known to affect the ability of galaxies to con-
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tinue forming stars, as empirically the fraction of satel-
lite galaxies which have become passive is always greater
than for central galaxies of the same stellar mass (e.g.
[Weinmann et all[2006; [Wetzel et all[2013).

The most plausible and likely causes of the system-
atic quenching of star formation in galaxies upon ac-
cretion into massive halos are their interactions with
the dense intra-cluster medium (ICM) which pervades
the virialized regions of groups and clusters. This oc-
curs either via the partial or complete ram-pressure
stripping of their cold gas contents due to their high-
velocity (>1000kms~!) passage through the dense ICM
(Gunn & Gottl [1972), or the milder starvation mecha-
nism in which they are simply prevented from accret-
ing new gas from the surrounding inter-galactic medium,
and so slowly consume their remaining cold gas through
star formation over a period of Gyr (Larson et all[1980;
McCarthy et all [2008). Observations of spirals in local
clusters show evidence for ongoing ram-pressure strip-
ping, with 10-30kpc long one-sided extra-galactic tails
of Hi gas all pointing away from the cluster center
(Chung et alll2007), similar to those produced in hydro-
dynamical simulations (Tonnesen & Bryan 2010). Many
cluster spirals also show truncated Hi radial profiles
and Ha disks characteristic of the selective outside-in
removal of gas symptomatic of ram-pressure stripping

[2004; van_Gorkom [2004).

The key to establishing which physical processes
are responsible for quenching star formation in galax-
ies when they are accreted into massive halos, as
well as quantifying their efficiency, is to derive em-
pirical constraints for the average time-scales required
by the quenching mechanism to shut down star for-
mation in these satellite galaxies, the dependence on
halo mass for its efficiency, and its effective range in

terms of cluster-centric radius (e.g. [Treu et all [2003;
Boselli & Gavazzi2006). However, to date it remains un-

resolved whether this env1ronmental quenchlng process
is a rapid (7100 Myr; Balogh et all[20044;

2007; McGee et all 2011) or slow (=1 Gyr; Moran et all
[2007; von der Linden et all 2010; [Lu et all 120_12!) pro-
cess, or whether it includes a prior starburst phase
(Mgran et all 2008; [Li et all 2011)). There is also dis-
agreement as to whether environmental quenching be-
comes more efficient with increasing host DM halo mass
(Weinmann et alll2006; Wetzel et alll2012), or is alterna-
tively independent of halo mass (Balogh & McGee 2010;

The combined impacts of these two aspects of struc-
ture formation are responsible for producing the strong
environmental trends observed in local galaxy pop-
ulations, as classically quantified by the star for-
mation (SF)-density (Dressler, Thompson & Shectman
[1985) and morphology-density relations (Dressler [1980).
Field galaxies that have evolved in relative isolation are
primarily star-forming spirals, while moving to the dens-
est regions in the cores of groups and clusters, the domi-
nant population shifts to passive ellipticals and SOs, with
star-forming spirals now essentially absent.

Cluster galaxies have not always been as inactive
as they are at the present epoch. [Butcher & Oemleil
(1984, hereafter BO84) showed that the fraction of
blue (star-forming) galaxies among cluster members
increases from almost zero in the local Universe to

~20% by z~0.4. This implies a rapid evolution in
the cluster population over the last five billion years,
in which empirically the star-forming spiral galaxies
found by BO84 in clusters at z~0.4 are mostly replaced
passwe SOs 1n local clusters (Dressler et all [1997;
. More recently, infrared studies of clus-
ter galames w1th Spitzer (Werner et all [2004) and Her-
schel (Pilbratt et all 2010) have mapped in detail this
rapid increase of star formation activity among cluster
galaxies to z~1 and beyond (e.g. [Saintonge et all [2008;
Finn et al! [2010; [Koyama et al! [2010; [Tran et all [2010;
Popesso et all[2012). While LIRGs (SFRSZIO Mg yr—1)
have been shown to be essentially absent in all sztzer
analyses of nearby (2<0.1) rich clusters (Bai et all 2006
[2009; [Haines et all ), dusty star-forming galax—
ies with SFRs>30Mg yr~! were found to be com-
mon in clusters at z~0.4-0.5 (Geach et all (2006, 2009;
Marcillac et alll2007; [Oemler et all[2009).

The systematic decline in star formation in galaxies
since z~1 is however not just limited to those in clus-
ters, but has been observed in all environments. Both
the cosmic star formation rate (SFR) and the median
SFRs of star-forming field galaxies (at fixed stellar mass)
has declined by ~10x since z~1 (Le Floc’h et all[2005;

[2007; [Oliver et alll2010). As the SFRs of es-
sentially all star-forming galaxies have been declining in
unison (for a given stellar mass) since z~1-2, with little
dependence on environment, this must be driven by pro-
cesses inherent to galaxies as a population. m
(2010) and [Davé et all (2012) have argued that this cos-
mic decline in star formation is driven primarily by the
parallel fall in the cosmological rate of baryonic accre-
tion onto dark matter halos, which scales as (1 + 2)22°
at fixed halo mass (Birnboim et all2007).

Clusters and their member galaxies do not exist and
evolve in isolation. Clusters are located at the nodes of
the filamentary network which makes up the large-scale
structure of the Universe, and have been continually ac-
creting mass in the form of galaxies and galaxy groups
from their surroundings. [Berrier et all (2009) show that
the accretion rate of galaxies onto clusters from their sur-
roundings has been fairly uniform over the last 10 Gyr,
the median time since accretion for a galaxy in a clus-
ter at the present day being ~4-5Gyr. [McGee et a
(2009) indicate that ~40-50% of those galaxies accreted
into massive clusters (~10® M) since z~0.5 arrived
as members of galaxy groups rather than as isolated
field galaxies. This implies that a significant number of
star-forming spirals have been infalling onto clusters at
late epochs (2<0.4). These must then be rapidly trans-
formed by environmental processes, either in-situ or pre-
processed within galaxy groups, in order to leave the
present day clusters as devoid of star forming galaxies as
observed. This late and continual accretion of galaxies
into clusters leaves its imprint in the form of strong radial
population gradients in the accretion epochs of galax-
ies. These can be modelled with cosmological simulations
and have been successfully tuned to qualitatively repro-
duce the observed SF—density relation (e.g.

12000; [Ellingson et all[2001) and constrain the time-scale
required to transform galaxies (e.g. [Smith et all 2012;
McGee et all[2009, 2011], hereafter McG09, McG11).

These issues have motivated us to embark on a multi-




The slow quenching of star formation in cluster galaxies 3

wavelength survey, centered around wide-field Spitzer
and Herschel infrared (24-500pm) imaging of 30 massive
clusters at 0.15<z<0.30 selected from the Local Cluster
Substructure Survey (LoCuSY™{M). Such a large sta-
tistical sample of clusters is mandatory to handle the
large cluster-to-cluster scatter seen in their galaxy pop-
ulations (e.g. BO84), resulting from the wide variations
in the dynamical states and current mass accretion rates
of massive clusters (Smith & Taylor 2008), a reflection
of their dynamical immaturity. The different physical
processes believed to contribute to the transformation of
cluster galaxies act over a wide range of cluster-centric
radii (Treu et all[2003; [Smith et alll2010b), necessitating
panoramic datasets extending to the virial radius and
beyond to provide any discriminatory power. Moreover,
mapping the large-scale structure in which each cluster is
embedded is vital to understand how galaxy evolution is
dependent on the hierarchical assembly of massive clus-
ters. The overall science goals and early results from
the Herschel data are presented in [Smith et all (2010b),
Haines et all (2010) and [Pereira et all (2010).

In [Haines et all (2009a, hereafter Paper I) we com-
bined panoramic Spitzer/MIPS 24pm imaging of 22 clus-
ters from LoCuSS with comparable data for eight more
systems to measure the evolution with redshift of fsp,
the fraction of massive infrared-luminous cluster galax-
ies (MK<M;(+1.5, L]R>5><1010L@) within r999 — the
mid-infrared (MIR) Butcher-Oemler effect. We found
rapid evolution of the form fsroc(1 + 2)>7, paralleling
that seen in the original BO84 study. We then showed
that this apparent rapid evolution was due primarily to
the cosmic decline in star formation in field galaxies,
which were accreted onto clusters at a constant rate and
subsequently quenched by cluster related processes.

The key limitation of Paper I was that it was based
on partial redshift information, coming primarily from
the literature (and hence varying dramatically from clus-
ter to cluster), such that we had to rely on statistically
accounting for the contribution from field galaxy inter-
lopers when estimating the fsr. We have since com-
pleted ACReS (the Arizona Cluster Redshift Survey™)
a long-term spectroscopic program to observe our sample
of 30 clusters with MMT /Hectospec, providing redshifts
for ~10000 cluster members.

In this paper we combine the panoramic Spitzer imag-
ing with this extensive redshift data to obtain a complete
census of obscured star-formation among cluster galax-
ies for a statistical sample of 30 clusters at 0.15<2<0.30,
extending into the infall regions beyond the virial ra-
dius. These data allow us to firstly robustly measure the
MIR Butcher—Oemler effect (§5]), but then also dissect
its origins, quantifying the relative contributions from
the steady decline in the specific-SFRs of star-forming
galaxies in clusters as well as reductions in their num-
bers over the last 4Gyr. In §8l we directly compare
the specific-SFRs of star-forming galaxies in clusters and
their field counterparts at fixed stellar mass and redshift,
finding them to be systematically lower in clusters. This
provides unambiguous evidence that star formation in
galaxies is slowly quenched as they encounter the clus-

10 http://www.sr.bham.ac.uk/locuss/
I http://herschel.as.arizona.edu/locuss/locuss.html
12 http://herschel.as.arizona.edu/acres/acres.html

ter environment for the first time, and in {7 we esti-
mate a quenching time-scale in the range 0.7-2.0 Gyr,
by comparison with predictions of the continual accre-
tion of galaxies onto rich clusters from cosmological sim-
ulations. Throughout we assume Q;=0.3, Q2,=0.7 and
Hy=70km s~ 'Mpc~!.

2. SAMPLE AND OBSERVATIONS
2.1. Sample

LoCuSS is a multi-wavelength survey of a morphologi-
cally unbiased sample of ~80 X-ray luminous galaxy clus-
ters at 0.15<2<0.3 (Smith et all20104) drawn from the
ROSAT All Sky Survey cluster catalogs (Ebeling et al.
1998, 2000; [Bohringer et all2004). The first batch of 30
clusters in our survey (Table 1) benefits from a particu-
larly rich dataset, including: Subaru/Suprime-Cam op-
tical imaging (Okabe et all [2010), Spitzer/MIPS 24pum
maps, Herschel/PACS+SPIRE 100-500um maps, Chan-
dra and/or XMM X-ray data, and near-infrared (NIR;
J, K) imaging. All of these data embrace at least 25’ x 25’
fields of view centered on each cluster, and thus probe the
clusters out to ~1.5-2 virial radii (Smith et all [2010D).
These 30 clusters were selected from the parent sam-
ple simply on the basis of being observable by Subaru
on the nights allocated to us (Okabe et all 2010), and
should therefore not suffer any gross biases towards (for
example) cool core clusters, merging clusters etc. Indeed,
Okabe et _all (2010) show that the sample is statistically
indistinguishable from a volume-limited sample.

2.2. Mid-infrared Observations

Each cluster was observed across a 25’ x 25’ field of view
at 24pm with the MIPS instrument (Rieke et all 2004)
on board the Spitzer Space Telescopd™, consisting of a
5x5 grid of MIPS pointings in fixed cluster or raster
mode (PID: 40872; PI: G.P. Smith). At each grid point
we performed two cycles of the small-field photometry
observations with a frame time of 3s, producing a total
per pixel exposure time of 90s. The 24pum mosaics were
analyzed with SExtractor (Bertin & Arnouts [1996) pro-
ducing catalogs which are on average 90% complete to
400pJy. Details of the reduction, source extraction and
photometry can be found in [Haines et all (2009a).

2.3. Near-infrared Observations

J- and K-band near-infrared images of 26 of the
30 clusters were obtained with WFCAM on the 3.8-m
United Kingdom Infrared Telescope (UKIRTY in ser-
vice mode over multiple semesters starting in March
2008. The WFCAM data cover 52'x52’ fields to depths
of K~19, J~21 (Vega) with exposure times of 640s per
pointing, pixel size of 0.2” and FWHMs~0.7-1.2"”. The
remaining four clusters were observed with NEWFIRM
on the 4.0-m Mayall telescope at Kitt Peald™ on 17 May

13 This work is based in part on observations made with the
Spitzer Space Telescope, which is operated by the Jet Propulsion
Laboratory, California Institute of Technology under a contract
with NASA (contract 1407).

14 UKIRT is operated by the Joint Astronomy Centre on be-
half of the Science and Technology Facilities Council of the United
Kingdom.

15 Kitt Peak National Observatory, National Optical Astronomy
Observatory, which is operated by the Association of Universities
for Research in Astronomy (AURA) under cooperative agreement
with the National Science Foundation.
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2008 and 28 December 2008. The NEWFIRM data con-
sist of dithered and stacked J- and K-band images cov-
ering 27’ x27 fields of view with a 0.4” pixel-scale and
FWHM~1.0-1.5". The total exposure times in each fil-
ter were 1800s, and also reach depths of K~19, J~21.
Total J- and K-band Kron magnitudes were deter-
mined for each source, while J—K colors were derived
within fixed circular apertures of diameter 2 arcsec.

2.4. MMT/Hectospec spectroscopy

We have recently completed ACReS (the Arizona Clus-
ter Redshift Survey; Pereira et al. 2013 in preparation) a
long-term spectroscopic program to observe our sample
of 30 galaxy clusters with MMT /Hectospec. Hectospec
is a 300-fiber multi-object spectrograph with a circular
field of view of 1° diameter (Fabricant et alll2005) on the
6.5m MMT telescope at Mount Hopkins, Arizona. This
telescope and instrument combination is ideal for study-
ing galaxies within and in the vicinity of massive clusters
at these redshifts, extending to cluster-centric radii of 5-
7.5 Mpc, and matching well our panoramic near-infrared
coverage from WFCAM. We used the 270 line grating,
which provides a wide wavelength range (3650-9200A)

at 6.2A resolution. Redshifts were determined by com-
parison of the reduced spectra with stellar, galaxy and
quasar template spectra, choosing the template and red-
shift which minimizes the x2 between model and data.

Following Paper I, probable cluster members were
identified from the JK photometry, based on the em-
pirical observation that galaxies of a particular redshift
lie along a single narrow J—K/K color-magnitude re-
lation of width o;_x~0.04-0.06 mag (see their Fig 1).
This relation evolves monotonically redward with red-
shift to z~0.5 (see [Haines et all 2009H). The NIR col-
ors of galaxies are relatively insensitive to star-formation
history and dust extinction, with the J—K color varying
by only ~0.1mag across the entire Hubble sequence, and
hence only a single sequence is seen, unlike in the optical
where separate red and blue sequences are visible.

For each cluster, the location of the single C-M rela-
tion in J—K/K-space was identified using a combination
of the existing spectroscopic members from the literature
(where available) and/or photometric galaxies in the core
of the cluster, where the contrast of the cluster sequence
over the background field population should be greatest.
Having identified the main sequence, and quantified the
slope of the C-M relation, target galaxies were simply
selected as lying within a color slice of width 0.3-0.4 mag
enclosing the observed cluster sequence, whose color cuts
were fixed parallel to the C-M relation. While the lower
limit was placed immediately below the sequence, the up-
per limit was generally fixed ~0.25 mag redder in J—K
than the middle of the sequence to include the dust-
obscured cluster population, many of which lie slightly
above the sequence (see Fig. 1 of Paper I).

The optimal strategy for positioning the color cuts with
respect to the C-M relation was determined by examin-
ing of the C-M diagrams of spectroscopic members of
eight clusters which already had extensive redshifts (60—
200 per cluster) from the literature (e.g. A1689, A1835;
see Fig. 1 of Paper I). The final color cuts were found
to retain 98% of spectroscopic members from these eight
clusters, while reducing the number of galaxies to be tar-

getted for spectroscopy by a factor 2. Many of the 2%
of cluster galaxies missed by the color cuts have pecu-
liar J—K colors due to a superposition of the galaxy
with either a star or background galaxy, and overall they
show no bias towards any particular galaxy class or star-
formation history.

The primary aims of the redshift survey were to pro-
duce unbiased, stellar-mass limited samples of cluster
galaxies with =200 members per cluster, suitable for
galaxy evolution studies, deriving robust dynamical mass
estimates and mapping in detail the surrounding large-
scale structure. At the same time we wished to obtain a
virtually complete census of obscured star formation in
the cluster population and maximize the redshift com-
pleteness for sources detected in our Spitzer 24um and
Herschel 100-500m images. Given the above stated sci-
ence goals, our targeting strategy for placing fibers was
in decreasing order of priority:

1. All sources with fo4>1mJy in the galaxy catalog,
irrespective of color. This ensures complete red-
shift coverage of cluster LIRGs, including those
powered by AGN.

2. All probable cluster members (based on their J—K
color) with 0.4< f24<1.0mJy. This aims to com-
plete the census of obscured star-formation within
cluster galaxies down to SFRs of 1-3Mgyr—!.

3. Probable cluster galaxies with Mg <M} +2.0, pri-
oritizing firstly those galaxies within the cluster
core, where it is more difficult to place fibers, and
those brighter than L7,.

Our spectroscopic survey should also show no mor-
phological bias against unresolved extragalactic objects
such as compact galaxies or QSOs at the cluster redshift.
This is because we have targeted sources based solely
upon their J—K colors or 24pum emission, irrespective of
whether they are resolved or not in our near-IR images.
Stars show much bluer near-IR colors (J—K<1) than
galaxies or quasars at the redshift of interest (see Figs 2, 3
of Haines et alll2009b), and were identified and excluded
as targets for spectroscopy only if they had J—K <1 and
were unresolved in our K-band data.

For each cluster, we filled three to six configurations
with targets, placing typically 200-250 of the 300 fibers
on galaxies. Over the full survey of 30 systems, we
reached overall completeness levels of 70% for the M-
selected sample, increasing to 96.4% (5245/5441) for
those galaxies detected with Spitzer. In the case of some
of the highest redshift clusters, the sheer number of tar-
gets meant that we had to limit the K-band sample to
My <M p+1.5 rather than Mz +2.0.

To date, ACReS has required the equivalent of 13 full
nights of observations since December 2008, producing
~30 000 spectra, of which ~10 000 have been identified as
cluster members. For each cluster we typically obtained
redshifts for 150-500 cluster members, the number de-
pending primarily on the richness and/or compactness
of the cluster (see Column 5 of Table 1).

2.5. Chandra/XMM X-ray imaging

All but two (Abell 2345 and Abell 291) of the 30 clus-
ters have available deep Chandra data. The observations
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Cluster Right Ascension Declination — <z> N (lit) C(ACReS) 7500 7200 Mospo fsr
Name (J2000) (J2000) (f24>0.4mJy) (Mpc) (Mpc) (10*Mp)

Abell 68 00:37:06.84 +09:09:24.3  0.2510 194 (0) 127/130 0.955 1.394 3.101 0.06975-058
Abell 115 00:55:50.65 +26:24:38.7  0.1919 213 (36) 77/96 1.304  1.673 5.346 0.02670 675
Abell 209 01:31:53.45 -13:36:47.8  0.2092 393 (49) 104/111 1.230  1.842 7.140 0.06315-658
Abell 267 01:52:48.72 +01:01:08.4 0.2275 88 (1) 148/153 0.994  2.839 26.16 0.114F0652
Abell 291 02:01:43.11 -02:11:48.1  0.1955 126 (0) 99/101 0.868% 1.315 2.598 0.042715-65°9
Abell 383 02:48:03.42 -03:31:45.1  0.1887 175 (1) 171/192 1.049  1.516 3.977 0.111F5-63%
Abell 586 07:32:20.42 +31:37:58.8  0.1707 247 (21) 154/159 1.150  1.634 4.978 0.042700%%
Abell 611 08:00:55.92 +36:03:39.6  0.2864 297 (7) 197/211 1.372  2.029 9.583 0.0841062°
Abell 665 08:30:57.36 +65:51:14.4  0.1827 359 (31) 129/129 1.381  2.193 12.04 0.08310-673
Abell 689 08:37:24.57 +14:58:21.1  0.2786 186 (1) 157/163 1.126°  1.706 5.688 0.08415-6530
Abell 697 08:42:57.69 +36:21:58.5 0.2818 377 (32) 165/175 1.505  1.935 8.309 0.09810-022
Abell 963 10:17:01.20 +39:01:44.4  0.2043 425 (9) 420/470 1.275  1.808 6.750 0.12270-652
Abell 1689 13:11:29.45 -01:20:28.3  0.1851 797 (356) 149/150 1.501  2.129 11.01 0.05510-62%
Abell 1758 13:32:44.47 +50:32:30.5  0.2775 426 (5) 323/325 1.376  2.778 24.58 0.08910-622
Abell 1763 13:35:16.32 +40:59:45.6  0.2323 303 (6) 505/510 1.220  1.845 7.182 0.04670-019
Abell 1835 14:01:02.40 +02:52:55.2  0.2520 1077 (602) 199/203 1.589  2.267 13.34 0.09370:0%0
Abell 1914 14:25:59.78 +37:49:29.1 0.1671 394 (5) 190,/192 1.560  1.889 7.690 0.03870:0%0
Abell 2218 16:35:52.80 +66:12:50.4 0.1733 342 (49) 85/86 1.258  1.824 6.924 0.03270-018
Abell 2219 16:40:22.56 +46:42:21.6  0.2257 415 (84) 208,/221 1.494  2.770 24.30 0.06170-017
Abell 2345 21:27:13.73 -12:09:46.1 0.1781 405 (39) 127/127 1.249%  1.893 7.743 0.01970-018
Abell 2390 21:53:36.72 +17:41:31.2  0.2291 517 (140) 211/211 1.503  2.211 12.36 0.05670:0%
Abell 2485 22:48:31.13 -16:06:25.6  0.2476 196 (0) 134/134 0.830  1.262 2.300 0.00070-026
RXJ0142.0+2131 01:42:02.64 +21:31:19.2  0.2771 204 (15) 131/138 1.136  1.705 5.683 0.11710-037
RXJ1720.1+2638 17:20:10.14 +26:37:30.9  0.1599 363 (2) 107/107 1.530  2.020 9.402 0.0557 0020
RXJ2129.6+0005 21:29:40.02 4+00:05:20.9 0.2337 259 (3) 164/165 1.227  1.726 5.880 0.0667 03¢
ZwCl0104.4+0048 01:06:49.50 4+01:03:22.1 0.2526 185 (1) 136,141 0.760¢  1.152 1.748 0.02370-0°8
ZwCl10823.2+0425 08:25:57.84 4+04:14:47.5  0.2261 337 (4) 181/192 1.050  1.582 4.526 0.02870-0%7
ZwC10839.9+2937 08:42:56.06 4+29:27:25.7  0.1931 173 (3) 111/111 1.107  2.335 14.53 0.07070-0%0
ZwCl0857.9+2107 09:00:36.86 420:53:40.0 0.2344 147 (0) 109/111 1.024  1.519 4.009 0.09870-070
ZwCl11454.8+2233 14:57:15.23 +22:20:34.0 0.2565 157 (1) 227/227 1.128  1.565 4.389 0.02715:934

TABLE 1

THE CLUSTER SAMPLE. COLUMN (1) CLUSTER NAME; COLS. (2,3) RIGHT ASCENSION, DECLINATION OF CLUSTER CENTER (J2000); coL. (4)

MEAN REDSHIFT OF CLUSTER MEMBERS; COL. (5) TOTAL NUMBER OF SPECTROSCOPIC CLUSTER MEMBERS (CONTRIBUTION TAKEN FROM THE

LITERATURE); COL. (6) SPECTROSCOPIC COMPLETENESS OF POSSIBLE CLUSTER MEMBERS WITH f24>0.4MJY; COL. (7) RADIUS r500 IN MPC.

@FROM MARTINO ET AL. (2013), °FrROM GILES ET AL. (2012); COL. (8) RADIUS r200 IN MPC; cOL. (9) CLUSTER MASS Magp IN 104 Mg;
coL. (10) fsr(Tproj<1.57500).

of 21/28 clusters were made with the I mode of the Ad-
vanced Camera for Imaging Spectroscopy (ACIS-I) which
has a field of view of 16.9'x16.9’, the remaining seven be-
ing observed with the smaller ACIS-S (8.3'x8.3"). Total
exposure times were in the range 9—120ksec.

The deprojected dark matter densities, gas densi-
ties and temperature profiles for each cluster were de-
rived by fitting the phenomenological cluster models of
Ascasibar & Diegd (2008) to a series of annular spectra
extracted for each cluster (Sanderson & Ponman 2010).
The best-fitting cluster models were then used to esti-
mate 1500 and 7g09, the radii inside which the enclosed
densities are 500 and 200 times the critical density of the
Universe at the cluster redshift (Sanderson et all 2009).
The X-ray emission for Abell 689 is dominated by a cen-
tral BL Lac, and so we use the r5q9 value from|Giles et _all
(2012) who separated the extended cluster X-ray emis-
sion from the central point source. For the two clusters
lacking Chandra data, we use the 7509 values derived by
Martino et al. (2013) from XMM observations.

The Chandra data were also used to identify X-ray
AGN as described in [Haines et all (2012), using the
wavelet-detection algorithm c1A0 WAVDETECT. The sur-
vey limit of six broad band (0.3-7keV) X-ray counts re-

sults in on-axis sensitivity limits of Lx<1.0x10%*2ergs™!
for X-ray AGN at the cluster redshift for all 28 systems
(see Table 1 from [Haines et all[2012).

Twenty-four of the 30 clusters have available deep
XMM data, which we use to identify other galaxy groups
and clusters in the region. Each 0.5-2keV XMM image is
decomposed into unresolved and extended emission, fol-
lowing the wavelet technique of [Finoguenov et al. (2009).
For each extended source, we attempt to identify the
redshift of its associated group/cluster by examining the
Subaru optical images for likely BCGs near the center of
the X-ray emission and/or groups of galaxies with similar
redshifts from ACReS within the X-ray contours.

2.6. Non-LoCuSS clusters

To extend the redshift range of our Butcher-Oemler
analysis outside the 0.15<2<0.30 of the LoCuSS sam-
ple, we have analysed another 9 massive clusters with
comparably wide mid-infrared coverage and extensive
redshift data: the Coma cluster at z=0.023 (Bai et al.
2006); the 5 clusters forming the core of the Shapley
supercluster (A 3556, A 3558, A 3562, SC1329-313 and
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SC1327-312) at 2=0.048 covered by the ACCESY™ sur-
vey (Haines et all 2011aHid); Abell 3266 at z=0.060
(Bai et all 2009); C10024+17 at 2=0.394 (Moran et all
2007; |Geach et all 2006); and Abell 851 at 2=0.405
(Oemler et alll2009).

3. DERIVED PROPERTIES AND FINAL MERGED
CLUSTER AND FIELD GALAXY CATALOGS

3.1. Identification of cluster members

For each cluster, we plot redshift against cluster-centric
radius, identifying cluster members as lying with the gen-
eral “trumpet”-shaped caustic profile expected for galax-
ies infalling and subsequently orbiting within a massive
virialized structure (Dinner et all 2007). |Rines et all
(2006, 2013) find that all massive clusters show clean
infall patterns, with little ambiguity in the location of
the caustics or limit of the pattern in redshift-space, and
for most of our systems, there is a strong contrast in
phase-space density from inside to outside these caustics,
making their visual identification relatively simple.

In Table [I] we list the 30 clusters in our sample, along
with their central redshifts and r5p9 values. We report
the total number of spectroscopic members over the full
region covered by ACReS, with the contribution from
redshifts obtained from the literature (using NED) indi-
cated in parentheses.

3.2. A control sample of field galazies at 0.15<2<0.30

To quantify the impact of the cluster environment on
star formation in galaxies as they are accreted from the
surrounding field, it is vital to have a detailed census of
star formation among field galaxies at the same redshifts.
It is also mandatory that the comparison field galaxies
used are selected in an identical manner to those of the
cluster. As the SFR of a galaxy depends not only on
environment, but also its stellar mass and evolution with
redshift, it is easy to misinterpret observed subtle differ-
ences in the SFRs of cluster and field galaxies as being
due to environment, but which may be simply due to
mis-matches in the stellar mass or redshift distributions
of the two samples, or even differences in their sensitivity
limits. For this reason we use field galaxies taken from
exactly the same Spitzer images used to detect obscured
star formation among the cluster galaxies.

The use of the J—K color selection to identify prob-
able cluster galaxies to be targeted for spectroscopy in
ACReS effectively produces a stellar mass-limited sam-
ple within a narrow redshift slice, which includes not
only the cluster itself, but also field regions immediately
in front of and behind it. For each cluster, we carefully
determined the narrow redshift slices either side of the
cluster for which field galaxies should still lie comfort-
ably within the J—K color slice. As our analysis of clus-
ter galaxies is focused on those brighter than M7 +1.5,
we also limited our field redshift slices ranges to those
for which ACReS is complete to M}, +1.5. Given that
the properties of galaxies in the infall regions of clusters
are known to be systematically different from the field
even at 3-4r,; (Chung et all 2011; Wetzel et all2012),
we exclude all galaxies within 4000 km s~ of the cluster.
We also remove galaxies at the same redshift as any X-

16 http://www.na.astro.it/ ACCESS/

ray group/cluster identified from our XMM map of the
same region. Further details are given in the Appendix.

The 30 clusters are evenly spaced through the redshift
range of the survey, allowing us to build up a full and rel-
atively even coverage of field galaxies over 0.15<2<0.30
as the combination of many individual redshift slices per-
haps just ~0.02-0.05 wide. As each cluster is covered
by Spitzer data of the same depths and fields of view,
ultimately this field sample will have the same overall
selection limits as the cluster counterpart.

3.3. Bolometric infrared luminosities and SFRs

For each of the 24um-detected galaxies with known
redshift, we estimated their intrinsic bolometric infrared
luminosities (Lrrg; as defined by [Sanders et all 2003)
and rest-frame 24pum luminosities by comparison to tem-
plate infrared spectral energy distributions (SEDs) ob-
tained from observations of local star-forming galaxies.
Rieke et all (2009) have constructed 14 average SED
templates as a function of L1;r. Each of these templates
was shifted to the redshift and luminosity distance of
the galaxy and convolved with the MIPS 24pm response
function to obtain the predicted 24um flux as a function
of Lrrr. Our observed 24um flux is compared to each of
these values, and by interpolating between the templates,
the intrinsic bolometric infrared and rest-frame 24pum lu-
minosities estimated. The SFR is then estimated using
the calibration of [Rieke et all (2009)

SFR(Mgyr~ ') = 7.8x107"°L(24pm, Ly), (1)

which is valid for either a [Kroupa (2002) or [Chabriex
(2003) IMF. In the case of cluster members, we use the
luminosity distance corresponding to the cluster rather
than the galaxy. Specific-SFRs are obtained by divid-
ing this 24pum-based SFR by stellar masses (M) derived
assuming a fixed K-band stellar mass-to-light ratio of
0.5, which should be appropriate for star-forming galax-
ies (Bell & de Jong 2001)).

The resulting infrared luminosities and SFRs for 24um-
detected galaxies in the redshift range 0.1<2<0.35 are
shown in Fig. [l color coded as cluster members (red)
and field galaxies (blue). At our survey 90% complete-
ness limit of 0.4mJy (dashed line), we are sensitive
to Lr~1x10°Lg for our low redshift (0.15<2<0.20)
clusters, rising to LT1R~3><1010L@ for our highest red-
shift (2~0.28) clusters. Our strategy of prioritizing
for spectroscopy those objects with foqu>1mlJy (solid
line) should ensure that we are essentially complete
for LIRGs (Lrrr>10"Le; SFRs>10Mg yr~!) out to
2=0.30. Most of the 24um sources at 0.1<2<0.35 have
1019< Ly r<2x10" L, although we identify also a few
ULIRGs with 102 <L7;r<2.5x10'2 L.

Among the sources with the highest infrared luminosi-
ties we see an increasingly high fraction that are likely
powered by active nuclei, either identified by their X-ray
emission (green symbols) or broad emission lines in their
optical spectra (Type I AGN; large orange/light blue
symbols). For cluster galaxies the AGN fraction among
infrared-bright sources rises from 3% at Ly;r<10''Lg to
65% at Lrrr>10'1"6Ls, demonstrating the importance
of being able to robustly account for the contribution
of infrared emission powered by AGN, particularly when
measuring the global SFRs of cluster members.



The slow quenching of star formation in cluster galaxies 7

F T T T T 7

- © B

. L

2] _

10 E o ;. ° Q ° .ég—loo

B o o o G

u ‘o .. T

r o : & ; @@ -0 G;-'O' I

- . . ] Q.', 80,:’3-1
R Lo 3o e E B d
) ¥ . s .. s
= 10" .10 O
& S
& %
| LL
"

-1
10%f =
D P P !
0.10 0.15 0.20 0.25 0.30 0.35

Redshift

Fic. 1.— Total infrared luminosities (left-hand axis) and SFRs
(right-hand axis) of the MIPS 24um sources with a spectroscopic
redshift at 0.1<z<0.35. Red symbols indicate cluster galaxies,
blue symbols indicate field (i.e. non-cluster) galaxies. Larger or-
ange/light blue symbols indicate cluster/field galaxies spectroscop-
ically classified as Type I AGN from their broad emission lines.
Large green symbols indicate X-ray point sources. The solid and
dashed curves indicate as a function of redshift the infrared lumi-
nosity corresponding to observed 24um fluxes of 1 mJy and 0.4 mJy
(90% completeness limit) respectively.

3.4. Weighting to account for spectroscopic
incompleteness

To obtain robust measures of quantities such as the
global cluster SFRs or the fraction of star-forming galax-
ies, we need to be able to account for incompleteness as
a function of both location and galaxy property. This is
done by weighting each galaxy by the inverse probabil-
ity of it having been observed spectroscopically, following
the approach of [Norberg et all (2002).

We give initial equal weight (1.0) to all those galax-
ies which could have been targeted for spectroscopy as
described in § 2.4 that is all galaxies with J—K col-
ors consistent with being a possible cluster member or
having f24>1mJy. For each galaxy lacking a redshift,
its weight is transferred equally to its ten nearest neigh-
boring galaxies with known redshift that also had the
same priority level in our spectroscopic targeting strat-
egy. This results in galaxies without redshifts having zero
weight, while galaxies in regions where the spectroscopic
survey is locally 50% complete having weights of 2.0. The
transferring of weight only within priority levels ensures
that we can account statistically for the systematic dif-
ferences in spectroscopic completeness from one level to
another. The transferring of weight among neighboring
galaxies, means that we are able to map the “local” vari-
ations in completeness.

4. THE MID-INFRARED LUMINOSITY FUNCTION

Many of the processes that drive the evolution of galax-
ies also shape the luminosity function (LF), one of the
most basic and fundamental properties of the galaxy pop-
ulation (Benson et alll2003). The mid-infrared luminos-
ity function can be used to measure the distribution of
SFRs among a population of galaxies.

We calculate the stacked infrared luminosity function
for cluster galaxies from all 30 systems, including all clus-

ter members covered by our Spitzer data and detected at
24pm. We bin galaxies according to their bolometric in-
frared luminosity (Lrrg). To account for the fact that
we are sensitive to lower SFRs in cluster galaxies in the
lowest redshift systems which would not be detected if
placed in one of our clusters at higher redshift, we weight
each galaxy by the inverse number of clusters for which
it would have been detected in our Spitzer data given
its measured 24pm luminosity. The resultant infrared
luminosity function is shown by the solid green points
in Fig. 2 and covers a factor 160 in luminosity, extend-
ing down to Ly;r=10'"Ls. Here we have excluded all
those objects identified as X-ray AGN or spectroscop-
ically classified as quasars, as in these cases the 24um
emission may well be dominated by dust heated by the
AGN rather than star formation. Here, and throughout
this paper, BCGs (defined as the brightest cluster galax-
ies in the cluster core) have been explicitly excluded due
to thelr unique star formation histories and evolutions
[2004), and the direct link between BCG
activity and the presence of cooling flows within clusters
(Edge 1991; [Smith et all 2010a; Rawle et all[2012).

At these redshifts (0.15<2<0.30), star-forming galax-
ies with Lyyr>4x10* L, (SFRs>40 Mg yr—1) appear to
be extremely rare in cluster environments, with only four
such galaxies, including one ULIRG, identified as clus-
ter members among the full sample of 30 systems. The
ULIRG (Lrrr=10"-"1Ls) is an ~L% galaxy at 2=0.274
located at a cluster-centric radius of 1.9 Mpe (~1.07290)
from Abell 697, and based upon the Subaru imaging and
its apparent extended 24um emission it appears to be a
merger. The optical spectrum, far-infrared SED and lack
of detectable X-ray emission in the Chandra data, all sup-
port the view that the infrared emission is powered pri-
marily by star formation rather than an AGN. As far as
we are aware, this is the lowest redshift ULIRG identified
as cluster member, BCGs excepted. Two BCGs are also
classified as ULIRGs, those for the clusters Abell 1835
and ZwCl10857.9+2107 (Rawle et all[2012), and are the
two most infrared-luminous sources reported in Fig. [

As the green points include cluster galaxies over the
entire Spitzer fields of view, extending beyond the virial
radius and into the infall regions, this will include many
galaxies yet to encounter the cluster itself. We thus show
as the solid red points and curve the infrared luminosity
function for just those cluster members within a pro-
jected cluster-centric radius of r509. The dashed green
and red curves show the corresponding infrared luminos-
ity functions, including now also those sources identified
as AGN. This confirms what was apparent in Fig.[Il that
at the highest infrared luminosities (Lrrr>3x10M1 L)
the contribution from AGN becomes dominant.

The blue curve and points shows the infrared LF for
star-forming field galaxies at 0.15<z<0.30 that lie within
the well-defined redshift limits for extracting field galax-
ies either side of each cluster as described in § and
shown in Fig We find no ULIRGs among our field
galaxy sample. Moreover, we do not find any ULIRGs
at 2<0.35 in any of the 30 Spitzer images, except those
three identified above as cluster members (Fig [, con-
firming their rarity at these low redshifts. Our field
galaxy infrared LF is consistent with that obtained by

Rujopakarn et all (2010, black curve) for 0.20<z<0.35
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F1G. 2.— Stacked bolometric infrared luminosity function of the
30 LoCusSS clusters (green curve), including all cluster members
with Spitzer/MIPS detections. The red curve includes just those
cluster galaxies within r500. The solid (dashed) curves indicate the
LFs obtained by excluding (including) sources identified as X-ray
AGN or QSOs. The blue curve shows the corresponding infrared
luminosity function of spectroscopic field galaxies within the Lo-
CuSS fields over the redshift range 0.15<2<0.30. The vertical scale
indicates the number of galaxies in each luminosity bin. The black
curve and error bars indicate the infrared (24pm) luminosity func-
tion of star-forming field galaxies 0.20<2<0.35 in the AGES survey
from Figure 7 of [Rujopakarn et all (2010). The 24pm luminosities
are converted to SFRs using our Eq. [l

star-forming field galaxies. The shape of the field galaxy
infrared LF also appears fully consistent with that for our
cluster galaxy sample. When limiting the comparison
to luminosities where we should be highly complete at
all redshifts (Lrrr>3x10'Le; dot-dashed line), a two-
sample Kolmogorov-Smirnov (K-S) test is unable to find
significant differences between the Ly distributions of
star-forming galaxies in the two cluster samples and the
field sample. This invariance of the infrared luminosity
distribution of star-forming galaxies with environment is
seen from the present day back to z~0.8, with the in-
frared LF's of galaxies in the Coma cluster and Shapley
supercluster both found to be consistent with those of
local field galaxies (Bai et all[2006; [Haines et all|2011a),
while [Finn et all (2010) found the infrared LFs of six-
teen clusters at 0.42<2<0.80 to be consistent with those
of coeval field galaxies.

4.1. FEvolution of the mid-infrared LF since z~0.8

We chart the evolution of the mid-infrared luminos-
ity function of cluster galaxies from z~0.8 to the present
day in Figure[3l comparing the stacked infrared LF of the
30 0.15<2<0.30 clusters in our sample (green points) de-
rived in Section ] with the previously published infrared
LFs of galaxies from the Coma cluster at z=0.023, Abell
3266 at z=0.06 and the Shapley supercluster at z=0.048,
as well as the composite infrared LF of six rich clusters
at 0.6<2<0.8 from [Finn et all (2010).
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F1G. 3.— Evolution of the infrared luminosity function of clus-
ter galaxies. The stacked infrared luminosity function of member
galaxies from the 30 0.15<2<0.30 clusters in our sample, excluding
BCGs, X-ray AGN and QSOs (green points), reproduced from Fig-
ure @] compared directly with the infrared luminosity functions of
nearby systems — Coma cluster (z=0.023, open squares; [Bai et _all
2000), Abell 3266 (2=0.06, black squares; Bai et all[2009), and the
Shapley supercluster (2=0.048, light blue triangles; [Haines et all
2011d); and the composite infrared LF of six rich clusters at
0.6<2<0.8 (brown squares) from [Finn et all (2010). To ease com-
parison between epochs we have normalized the vertical scale as the
number of galaxies per cluster per unit dex in L;r. The cyan curve
shows the best-fit Schechter function to the infrared LF of the Shap-
ley supercluster (L} ,=100-52 L, , a=—1.425; Haines et all20171d).
The green dashed curve shows the best-fit Schechter function for
our 30 systems, with L}R:1011‘11L@; a=—1.75.

Firstly we find that the three published infrared LF's
of the local (2<0.06) systems are fully consistent with
one another, and can be well described by the best-fit
Schechter function (cyan curve) to the infrared LF of
the Shapley supercluster (Haines et al! 2011d), provid-
ing a robust and established base-line for star formation
in present day rich clusters. When comparing this z~0
base-line LF to the infrared LF averaged over the 30 clus-
ters in our sample, clear evolution is apparent even at
these modest redshifts. While we note that the systems
from our LoCuSS sample are slightly richer on average
than those from our z~0 cluster sample, shifting the nor-
malized infrared LF upwards, the bulk of the difference
between the two LF's is likely due to a factor ~3x in-
crease in the characteristic infrared luminosity L7, of
cluster galaxies. It is simply not possible to explain the
significant numbers of galaxies with L;z>2x10" L in
our 0.15<2<0.30 clusters by only shifting the local in-
frared LF upwards in the plot (density evolution) given
the complete absence of such galaxies in local clusters.
In §[6 we shall see that the specific-SFRs of cluster galax-
ies have declined by a factor ~3x since z~0.3 (Fig. [0),
which would naturally explain a ~3x decline in L7 and
the observed evolution in the mid-IR LFs over the same
period.
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Fic. 4.— The mid-infrared Butcher-Oemler effect. The red sym-

bols show the star-forming fraction fgp for each cluster, defined
as the estimated fraction of My <—23.10 (M}, +1.5) cluster mem-

bers within 1.51500 having SFR>3.0 Mg yr~! (L7 r>3%x1010Lg).
The error bars indicate the uncertainties derived from binomial
statistics calculated using the formulae of [Gehreld (1986). The
green curve indicates the best-fitting evolutionary curve of the form
fsr=fo (1 + z)", for the 37 clusters at 2<0.3. The shaded region
indicates the 1o confidence region to that fit, with the lighter col-
ors showing the extrapolation of the fit beyond z=0.3. The blue
dot-dashed curve and shaded region indicates the same fit, includ-
ing also the two clusters at z~0.4. The black dashed line indicates
the corresponding evolutionary curve from the previous analysis of
Haines et all (20094). The shaded region indicates the 1o confi-
dence region to that fit, with the lighter colors showing the extrap-
olation of the fit beyond z=0.3.

Finn et al! (2010) recently presented the composite in-
frared LF's of six rich clusters at 0.6<2<0.8 from the ESO
Distant Cluster Survey allowing us to follow the cluster
infrared LF beyond z=0.3. Although their lower lumi-
nosity limit of 10! L makes it impossible to fully distin-
guish between luminosity and density evolution scenar-
ios, a qualitative comparison between the three infrared
LF's is consistent with a simple scenario in which the in-
frared luminosity function of cluster galaxies has evolved
from z~0.8 to the present day via a steady and continual
decline in L}, amounting to a factor ~6x drop over the
intervening period.

5. THE MID-INFRARED BUTCHER-OEMLER EFFECT

For each cluster, we compute the fraction of
star-forming cluster members (fsp) within a pro-
jected cluster-centric radius of 1.57500 (~1.07200;
Sanderson & Ponman 2003). This is defined as the
fraction of K-band selected galaxies with M <—23.10
(Mg<Mj+1.5; Vega) having SFRs>3.0Mgyr—!
(Lrrr>3x10" Ly). To derive the fractions, we use
only those Mg<Mj+1.5 galaxies spectroscopically
identified as cluster members, weighted to account for
incompleteness as described in § B4l  Uncertainties
in fgp are derived from binomial statistics using the
formulae of |Gehreld (1986).

In Figure [ we chart the evolution of fgp with red-
shift — the mid-infrared Butcher-Oemler effect — for
39 clusters over 0.0<2<0.40. This shows a steady in-
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Fic. 5.— As in Figure @] but using an evolving SFR thresh-
old that matches the observed cosmic decline in the SFRs of field
galaxies of the form (1 + 2)3* (Rujopakarn et all 2010). The
green curve indicates the best-fitting evolutionary curve of the form
fsr=fo (1 + z)", for the 37 clusters at 2<0.3. The shaded region
indicates the 1o confidence region to that fit, with the lighter colors
showing the extrapolation of the fit beyond z=0.3. The blue dot-
dashed curve and shaded region indicates the same fit, including
also the two clusters at z~0.4. The gray shaded region indicates
the estimated contribution to fgr from interlopers which are ac-
tually at r>ro00.

crease in fgp with redshift from (fsr)=0.023+0.013
at 2<0.06, through (fsr)=0.05240.026 at 0.15<2<0.20
o (fsr)=0.073£0.033 at 0.20<2<0.30, and if we in-
clude the two highest redshift non-LoCuSS -clusters
fsr=0.18540.025 at z~0.40.

To quantify the redshift evolution of fsp, we fit the
relation fep=fo(1+2)" to the 37 2<0.3 clusters shown
in Fig. @ The best-fit relation is shown by the green

curve, and has an exponent n=6.26"11Y, consistent with

the value n=>5. 7+ s obtained in Paper I. The new fit is
marginally h1gher than that from Paper I (black dashed
curve) at all redshifts (at the ~1o level), which is ex-
pected given the slightly lower SFR limit used here of
3 Mg yr—! rather than the 5 Mg yr~! limit used in Pa-
per L. If we include also the two clusters at z~0.4, the
relation steepens slightly to n=7.58"115 (blue dot-dashed
curve).

5.1. The mid-IR Butcher-Oemler effect in the context
of the cosmic decline in star formation

In Paper I we argued that the Butcher-Oemler effect
could simply be due to the cosmic decline in star forma-
tion among field galaxies which are subsequently accreted
onto the clusters. We noted that while the characteristic
infrared luminosity L}, (or equivalently SFR) of both
cluster and field galaxies has declined rapidly since z~1
(Le Floc’h et alll2005; [Rujopakarn et al![2010), our SFR
threshold had been kept constant, and hence was not se-
lecting the same kinds of star forming galaxies at z~0.4
as at the present day, resulting in a decline in fgp with
time. To counteract this, the SFR threshold should in-
stead be kept fixed with respect to L%, (2). We found
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that when doing this, the bulk of the redshift evolution
in fgp disappeared, suggesting that the primary cause
of the Butcher-Oemler effect was the decline in star for-
mation among those field galaxies being accreted onto
the cluster, rather than a cluster-specific phenomenon.
There did however, remain a residual evolution among
cluster galaxies of the form fepoc(1 + )12+ after ac-
counting for the cosmic decline in L7.;,, which appeared
mostly confined to 1.05(r/7500)<1.5. Indeed we were
able to obtain a good fit to the data with a fixed fsp
when considering only galaxies within r50¢.

Following Paper I, we replace the fixed SFR limit used
in Fig. @ with an evolving SFR threshold of the form
SFR > 3.0((1 + 2)/(1 + 20))>* Mg yr=! (20=0.225) to
match the observed cosmic decline in Lk, 5(2)oc(142)34
obtained by [Rujopakarn et all (2010), to produce Fig-
ure[Bl Unlike in Paper I, there remains a significant trend
with fsr increasing with redshift as (142)2 78133 (green
curve). The reduction in the fsr of cluster galaxies since
z~0.3 is thus inconsistent with being simply due to the
cosmic decline in star formation at the 2.1¢ significance
level. The residual evolution is even more significant if
the two z~0.4 clusters are also included, with a best-fit
relation of the form fgpoc(1+2)444F121 (blye dot-dashed
curve). The mid-infrared Butcher-Oemler effect requires
additional environmental processes acting to reduce the
SEFRs of cluster galaxies since z~0.4. We shall show in
86l that the specific-SFRs of cluster galaxies were declin-
ing faster than their counterparts in the field over this
period.

The steepening of the evolutionary trend with respect
to that of Paper I appears primarily due to the shift from
having to rely on the statistical subtraction of field galax-
ies from control fields to estimate the fsp in Paper I, to
being able to estimate the fgp solely from spectroscopic
cluster members.

5.2. Star formation activity per unit halo mass

A frequently used metric of the evolution of star for-
mation activity among cluster galaxies is to consider the
globally measured star formation rate per unit cluster
mass, that is the sum of the SFRs of all the confirmed
cluster members within ro09 divided by the total mass
of the system (Magp), X(SFR)/M. This allows systems
of widely differing masses to be easily combined or com-
pared, and can also be considered a way of quantifying
the efficiency of forming stars and building up stellar
mass as a function of halo mass.

In the previous section we saw a rapid decline in the
level of star formation activity in cluster galaxies since
z~0.4. To understand this decline in the wider context
of cluster galaxy evolution over the last 10 billion years,
we combined our data with the analysis of [Popesso et al.
(2012, hereafter Po12) to produce Figure[@l This repro-
duces their Figure 3, in which each point indicates the
total SFRs of luminous infrared galaxies (LIRGs) within
rooo normalized by halo mass, for both rich clusters
(Ma20o~10Me); black symbols) and groups/poor clus-
ters (Mago~10'3-2 My ; magenta symbols) over z~0.1-1.6
based on Herschel/PACS 100pum and 160um imaging.

Following Pol2 we summed up the SFRs of all the
cluster LIRGs (excluding X-ray AGN, BCGs and QSOs)
found within ro90¢ for each of the 30 clusters in our sam-
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F1G. 6.— Evolution of the total SFRs among cluster LIRGs per
unit halo mass. The red points indicate the total star formation
rate for all the cluster LIRGs within rogg for each LoCuSS cluster
normalized by the cluster mass (Mzgo in units of 10'*Mg) as a
function of redshift. The solid green squares indicate the averaged
values for the LoCuSS clusters in three redshift bins, combining
11 systems at 0.15<2<0.20, 10 systems at 0.20<z<0.25 and 9 sys-
tems at 0.25<2<0.30. The green triangle shows the composite
local systems averaged over the five clusters in the Shapley su-
percluster, plus Coma and Abell 3266. The error bars indicate
the bootstrap uncertainties based on randomly sampling N clus-
ters with replacement from the N clusters in each bin. The black
and magenta points show the X(SFR)/M values for clusters and
groups respectively from [Popesso et all (2012) (Pol2; their Figure
3), after normalizing their SFRs down by a factor 1.7 to match
our IMF. Square symbols, triangles and dots identify respectively,
their COSMOS composite systems, the GOODS composite systems
and other individual systems. The star indicates the Bullet clus-
ter. The black solid line indicates the best-fit ©(SFR)/ M-z relation
for their cluster sample, excluding the Bullet cluster. The magenta
curve indicates the corresponding relation for their groups and poor
clusters. Both relations are of the form ¥(SFR)/Moxz®. The field
Y(SFR)/M-z relation from [Magnelli et all (2011) (Magll; light
blue shaded region) and|[Gruppioni et all (2011) (Gr11; dashed blue
line) are also shown. The shading and error bars represent the lo
confidence levels.
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ple, and divided the total by the cluster mass, Msqo,
derived from our Chandra X-ray data (Sanderson et al.
2009). For the 21 out of 30 clusters which contain at least
one LIRG, the resulting ¥(SFR)/M values are indicated
by red points. To measure the overall evolutionary trend,
the clusters are split into three redshift bins containing 11
systems at 0.15<2<0.20, 10 systems at 0.20<z<0.25 and
9 systems at 0.25<2<0.30, which are shown by the green
squares. The error bars indicate the uncertainties due to
the cluster-to-cluster scatter in 3(SFR)/M, estimated
by bootstrap resampling the clusters in each bin. Even
within the narrow redshift slice covered by LoCuSS, cor-
responding to just 1.5 Gyr in look-back time, we observe
a factor ~5x decline in the level of star formation activ-
ity per unit halo mass. This rapid decline reflects both
a reduction in the numbers of cluster LIRGs, from 25 in
the nine 0.25<2<0.30 clusters to just 8 in the 11 sys-
tems at 0.15<2<0.20, but also a reduction in the SFRs
in cluster LIRGs on average. This can be seen from Fig-
ure [Tl which reveals that for the lowest redshift systems,
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F1G. 7.— The evolution of the specific-SFR distribution of cluster (left panel) and field (right panel) star-forming galaxies. The histograms
show the specific-SFRs of M < — 23.1 galaxies detected in the LoCuSS Spitzer/MIPS 24um images for three redshift bins: 0.15<2<0.20
(blue); 0.20<2<0.25 (green); 0.25<2<0.30 (red). The black histogram in the left panel shows the specific-SFR distribution of star-forming
galaxies in the Shapley supercluster at z=0.048. Vertical dashed lines indicate the biweight estimator of the mean (Cpy) of each distribution.

essentially all the cluster LIRGs have L;p<2x10'" L,
while at higher redshifts there are increasing numbers of
LIRGs with L;p>2x10* L, (SFRs>20 Moyr—1).

To see if this decline extends right to the present day,
the infrared data for the Coma cluster, Abell 3266 and
the five systems from the Shapley supercluster are com-
bined. We find just two LIRGs within 799y for these
seven clusters, one in Abell 3266 (Bai et all [2009) and
one in Shapley (Haines et all20114d), resulting in an even
lower value of X(SFR)/M (green triangle) than seen in
the lowest redshift LoCuSS systems. Overall we mea-
sure a decline of a factor ~15x in X(SFR)/M for cluster
LIRGs over the last 3.3 Gyr, since z=0.3. This is roughly
consistent with the best-fit evolutionary trend of Pol2
(X(SFR)/ Mo 2177%0-36; black curve), and indicates that
the decline in star formation activity among cluster
galaxies has become much more rapid since z~0.3 than
over z~0.3-1.0. This is consistent with mid-IR Butcher—
Oemler analysis of [Saintonge et all (2008) who find that
the trend for fsp remains essentially flat (fsp~0.13) over
2~0.4-0.83, albeit based on just five systems at these
redshifts (Fig. 2 of Paper I).

The ~15x decline in X(SFR)/M since z~0.30 seen
for the cluster galaxies in our sample is much greater
than the factor ~3-5x decline seen for field galaxies (blue
curves; (Gruppioni et al)[2011; Magnelli et al![2011) over
the same period. It thus appears that the rapid reduction
in star formation activity of cluster LIRGs since z~0.3—
0.4 cannot be ascribed solely to the steady cosmic decline
in star formation seen in field galaxies, but requires an
additional suppressional impact from environmental pro-
cesses acting within the clusters themselves.

This extremely sharp drop off in X(SFR)/M since
2~0.3 is partly due to our limiting the analysis to cluster
LIRGs, as can be understood from Figure Bl While at
high redshifts, the LIRG limit is well below L} ;(2) and so
the sample is dominated by normal star-forming galax-
ies, by 2~0.2-0.3, our cut off at L;g=10''L, is rising
through the knee of the luminosity function. Moving for-
ward to the present day, as the limit now passes through
the range in the luminosity function dominated by the ex-
ponential function, the number density of LIRGs drops
exponentially with time, producing the sharp observed

decline. We do note however that since the infrared lu-
minosity function appears invariant with environment,
this should affect the evolution in the number densities
of both cluster and field LIRGs in the same manner, and
so this cannot account for the more rapid decline seen in
the star formation activity of cluster LIRGs.

6. THE DECLINE IN SPECIFIC-SFRS AMONG CLUSTER
AND FIELD GALAXIES SINCE Z~0.3

A key question to ask is whether the rapid decrease in
star formation activity among cluster galaxies shown by
Figures [l and [G] reflects: (i) a decline in the numbers or
fraction of cluster galaxies with ongoing star formation,
while leaving the SFRs of those star-forming galaxies in-
variant — density evolution; or (ii) a systematic decline
in the SFRs of star forming cluster galaxies while the
numbers of those star-forming galaxies remain constant
— luminosity evolution. The analysis of § [£.1] and Fig Bl
suggests a significant decline in the SFRs of cluster galax-
ies since z~0.8, but given the relatively steep faint-end
slopes found for the 24um LFs for each redshift bin, there
are no significant breaks in the LFs to robustly constrain
L% p(2), making it impossible to fully separate the effects
of luminosity and density evolution with any degree of
confidence.

A better approach is to consider instead the specific-
SFR distribution of cluster galaxies as a function of red-
shift. In the field, the decline in star formation in galax-
ies isn’t due to a change in the stellar mass function of
star forming galaxies (it is remaining constant; Bell et al.
2007), but rather a systematic decline in the specific-
SFRs of star forming galaxies at all masses (Noeske et al.
2007; [Elbaz et all 2007). We can thus equate the evo-
lution in the specific-SFR distribution (at fixed stellar
mass) with luminosity evolution. The particular advan-
tage of quantifying luminosity evolution via the specific-
SFR distribution, is that for mass-limited samples, the
specific-SFR distribution is approximately log-normal in
form (Noeske et all 2007; [Bothwell et all 2009). Hence
assuming that the survey is sensitive enough to extend
below the central peak in specific-SFR (sSFR), one can
robustly determine the value of (sSFR(z)), unlike L7 z(2)
which can remain unconstrained.

Figure [ shows the specific-SFR. distributions for clus-
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F1G. 8.— Comparison of the specific-SFR distributions of cluster (red histograms) and field (blue dashed histograms) galaxies detected
in the LoCuSS Spitzer/MIPS 24um images for three redshift bins: 0.15<2<0.20 (left panel); 0.20<z<0.25 (centre); 0.25<2<0.30 (right
panel). Vertical red/blue dot-dashed lines indicate the biweight estimator of the mean (Cpy) of each distribution. The significance of the
differences between the cluster and field specific-SFR distributions for each redshift bin are indicated in units of o.

ter (left panel) and field galaxies (right panel) in the Lo-
CuSS Spitzer/MIPS images for three redshift bins over
0.15<2<0.30. Only Mg <—23.10 (M},+1.5) galaxies de-
tected at 24pum are included, while those identified as
X-ray AGN or QSOs are removed. The biweight es-
timators of the mean (Cpr; Beers, Flynn & Gebhardt
1990) and standard deviation Sp; for each distribution
of log(sSFR) are tabulated in Table

In all redshift bins and environments the specific-SFR,
distribution of massive galaxies shows an approximately
log-normal form, with a single, central peak and a rel-
atively narrow distribution (6~0.4dex). There is some
asymmetry, with a heavy tail at low specific-SFRs, par-
ticularly at low redshifts.

There is clear evolution in the specific-SFRs of galax-
ies, both in clusters and in the field. The specific-SFRs
of all star-forming galaxies appear to have declined by a
factor 1.7-2.2 just within the narrow redshift slice (0.15—
0.30) of the LoCuSS survey, both in cluster environments
and in the field. The offsets in the specific-SFR, distri-
butions between the 0.25<2<0.30 and 0.15<2<0.20 red-
shift bins are significant at the 11.26¢ level for the cluster
sub-sample and 7.260 level for the field sub-sample. If
we consider also the data from the Shapley supercluster
at 2=0.048 (black histogram in left panel) the specific-
SFRs of star-forming galaxies in clusters have declined
by a factor 2.78+0.24 since z~0.30. This decline in the
specific-SFRs can be seen not only in the shifting left-
ward of the central peak of the distribution, but also the
upper and lower tails. The entire main sequence of star-
forming galaxies is shifting towards lower specific-SFRs
with time, both in clusters and in the field.

We note that some of this apparent evolution is due
to selection bias. Within the LoCuSS sample, the same
24um photometry is sensitive to SFRs and specific-
SFRs a factor ~2.5-3 lower for galaxies in the low-
redshift (0.15<2<0.20) bin than in the high-redshift
(0.25<2<0.30) bin. This selection bias affects the num-
bers of low specific-SFR galaxies (<2x10~ M yr=1) in the
highest redshift bin, as many such galaxies will fall below
our 24pum completeness level. It cannot however explain
the observed systematic shift downwards by 0.2-0.3dex
of the central peak and upper end of the specific-SFR
distribution from the high redshift to low-redshift bins.

Redshift Cluster Field
Range (sSFR) o (sSFR) (z) (sSFR) o (sSFR) (z)
0.03-0.06  -10.46 0.46 0.0480 — — —
0.15-0.20 -10.36 0.46 0.1791  -10.22 0.41 0.1778
0.20-0.25 -10.20 0.40 0.2222  -10.05 0.37 0.2242
0.25-0.30 -10.02 0.36 0.2691 -9.98 0.37 0.2769
TABLE 2

MEAN AND DISPERSION OF SPECIFIC-SFRS OF CLUSTER AND FIELD
GALAXIES AS A FUNCTION OF REDSHIFT.

6.1. Comparison of the decline in specific-SFRs of

cluster and field galazies

The trends revealed by Figure [l support the view that
the decline in the specific-SFRs of cluster galaxies (lumi-
nosity evolution) plays an important part in the observed
Butcher-Oemler effect. It also qualitatively supports the
claim from Paper I that the decline in star formation
among cluster galaxies since z~0.4 is primarily a conse-
quence of the decline seen in star-forming field galaxies,
which are subsequently accreted onto the clusters. We
can separate the relative importance of this latter effect
by comparing the specific-SFR. distributions of cluster
and field populations at fixed redshift. If the decline
in the specific-SFR of cluster galaxies is solely due to
that seen in field galaxies, their specific-SFRs distribu-
tions should be identical, or at least decline in step. If
however, there is some added evolution due to cluster-
specific processes we should (but not necessarily, e.g. if
quenching is rapid) see some systematic differences in the
specific-SFR distributions of cluster and field galaxies at
fixed redshift, in the form of a more rapid decline in the
specific-SFRs of cluster galaxies.

In Figure Bl we directly compare the specific-SFR dis-
tributions of 24um-detected galaxies in cluster (red solid
histograms) and field (blue dashed histograms) environ-
ments for each of the three narrow redshift slices cov-
ered by the LoCuSS survey (0.15<2<0.20; 0.20<2<0.25;
0.25<2<0.30). The significance levels of the differences
between the cluster and field specific-SFR, distributions
for each redshift bin, as estimated using the Mann-
Whitney U-test, are shown in each panel. There should
be no selection bias between the cluster and field subsam-
ples at fixed redshift, as all of our Spitzer/MIPS 24um
images have the same exposure times and sensitivities.
In other words, a cluster galaxy of a given specific-SFR
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should be equally likely to be detected at 24pm and be
targeted for spectroscopy on average as a field galaxy of
the same specific-SFR. and redshift (but located in one
of the other LoCuSS 24um images).

For the 0.15<2<0.20 and 0.20<z<0.25 redshift bins,
the specific-SFRs of star-forming galaxies in clusters are
systematically ~0.15dex (~30%) lower than their coun-
terparts in the field, offsets significant at the 3.920 and
5.800 levels respectively. The difference between the two
distributions is much greater on the low specific-SFR tail
(<3x107Hyr=1) where we see a clear excess of clus-
ter galaxies, than on the high specific-SFR side. This
difference is much less pronounced in the high redshift
bin, although even here the mean specific-SFR of 24um-
detected cluster galaxies is marginally (~0.04 dex) lower
than their field counterparts. This reduced difference is
again likely due to incompleteness at low specific-SFRs
for the most distant cluster subsample.

Given the rapid evolution in the specific-SFRs of star-
forming galaxies revealed by Fig.[7l we may be concerned
that the differences in the specific-SFRs of cluster and
field galaxies could be due to the cluster galaxies being
at slightly lower redshifts than their field counterparts,
despite the narrow redshift bins used. However, we con-
firm that for the lower two redshift bins where significant
differences in the specific-SFRs of cluster and field galax-
ies are seen, the mean redshifts of the two samples are
within 0.002 of one another (Table [2I).

There is no evidence of triggered star formation in the
cluster environment, in the form of an excess number of
cluster star-forming galaxies with high specific-SFRs (or
starbursts) with respect to the field.

6.2. Comparing the specific-SFRs of cluster and field
galazies at fized stellar mass

In Figure B we identified a significant population of
star-forming galaxies in clusters with reduced specific-
SFRs (<3x107tyr=1), but which retained sufficient star
formation to be detectable by our Spitzer/MIPS 24pum
images. Balogh et all (2004a) argued that this system-
atic reduction in specific-SFRs (or equivalently the equiv-
alent width of Ho emission) of star-forming galaxies re-
quires that a significant fraction of these star-forming
galaxies must be currently having their star-formation
quenched by some process initiated when they were ac-
creted by the cluster. For this to be simultaneously
occurring in so many cluster galaxies requires that the
quenching time-scale to be long enough (=1 Gyr) to en-
sure sufficient quenching galaxies with reduced, but de-
tectable star-formation to skew the specific-SFR. distribu-
tion. If the quenching process were rapid (on <100 Myr
time-scales), the 24um emission from star formation in
these galaxies would rapidly fall below our sensitivity
limit, leaving few if any cluster galaxies with reduced,
but detectable 24pum emission (SFRs). This would leave
the mean and o of the specific-SFR distribution of the
remaining star-forming galaxies largely unaffected, al-
though they would be fewer in number.

A major caveat of the previous analysis is that the
specific-SFRs of galaxies on the main star-forming se-
quence depends on their stellar mass, being systemati-
cally lower for more massive galaxies (Salim et all[2007;
Bothwell et all[2009). This decline of specific-SFRs with
stellar mass has also been observed for star-forming clus-

ter galaxies (Wolf et alll2009;Lu et alll2012). Hence, the
reduced specific-SFRs of star-forming galaxies in clusters
could be explained if they were more massive on average
than star-forming galaxies in the field.

To address this, the specific-SFRs of cluster and field
star-forming galaxies in bins of stellar mass (more pre-
cisely K-band absolute magnitude) are compared in Fig-
ure[@ For this analysis only those galaxies in the redshift
range 0.15<2<0.25 are considered, as at higher redshifts
we become insensitive to the low specific-SFRs expected
of galaxies in the process of being quenched (c.f. Fig.§]).
Each mass bin is fixed to contain the same number of
galaxies (300), combining both cluster and field popu-
lations (irrespective of the relative contributions). The
red shaded regions indicate the specific-SFR distribution
of star-forming (24pm-detected) cluster galaxies within
1.5 7500 for each stellar mass bin. The graduations indi-
cate the 1o (16-84%) and interquartile (25-75%) ranges,
while the circle within the darkest shaded box indicates
the median value and its uncertainty. The blue open
boxes and symbols indicate the corresponding specific-
SFR distributions of field galaxies in that same stellar
mass bin.

In agreement with the previous studies, the specific-
SFRs of star-forming galaxies decline steadily with in-
creasing stellar mass for both cluster and field samples.
The steepness of this trend may be overestimated how-
ever, due to the observational bias that for a fixed SFR
completeness limit, we can detect high mass star-forming
galaxies to lower specific-SFRs than low-mass galaxies.

In each stellar mass bin, the distribution of specific-
SFRs among cluster star-forming galaxies is ~30% lower
than that for the field galaxy counterparts. This re-
duction in specific-SFRs is seen in all stellar mass bins,
and for all percentiles of the distribution shown (16, 25,
50, 75 and 84%). This reduction in the specific-SFRs
of star-forming galaxies in clusters must therefore be
systemic. The values at the top of each mass bin in-
dicate the significance (in units of o) of the differences
between the observed cluster and field specific-SFR, dis-
tributions for that stellar mass bin, as determined by the
non-parametric Mann-Whitney U-test. These show that
for four of the five bins, the specific-SFRs of star-forming
cluster galaxies are lower than their field galaxy counter-
parts at the >30 level, the other being lower at the >2¢
level. Given the decrease in specific-SFR with stellar
mass, some of this offset could in principle be produced
by mis-matches of the stellar mass distributions of clus-
ter and field galaxies within each stellar mass bin. This
possibility can be excluded, as the mean stellar masses
((M)) of the cluster and field sub-samples within each
bin are consistent with one another to within 0.01 dex for
all five of the stellar mass bins.

We also checked the possibility that the lower specific-
SFRs of the cluster galaxies are due to them being
at slightly lower redshifts than their field counterparts.
While we find that the cluster galaxies in Figure [9 have
mean redshifts 0.003-0.006 lower than the field galax-
ies from the same stellar mass bin, based on the rate of
evolution reported in Fig.[[land Table 2] this should pro-
duce an offset of just 0.0096-0.0195dex (2-5%) in their
specific-SFRs, much lower than the ~30% reduction ob-
served. We will also show in Section [7 that the specific-
SFRs of star-forming cluster galaxies are ~30% lower
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Fic. 9.— Comparison of the main sequence of star-forming

galaxies in cluster (rpro;j<1.57500) and field environments at
0.15<2<0.25. The red (blue) circles show the median specific-
SFRs of cluster (field) star-forming (detected at 24pum) galaxies in
bins of stellar mass. Each bin is defined to contain the same num-
ber (300) of galaxies combining both cluster and field subsamples.
The vertical spread of the darkest shaded regions enclosing each
circle indicate the uncertainty in this median value. The two fur-
ther graduations in the red shaded regions indicate the interquar-
tile and 1o (16-84%) ranges of specific-SFRs for cluster galaxies in
each stellar mass bin. The two blue boxes indicate the same ranges
in specific-SFRs for the star-forming field galaxies. The values at
the top of each mass bin indicate the significance (in o) of the
differences between the observed cluster and field specific-SFR dis-
tributions for that stellar mass bin.

than matched star-forming field galaxies of the same stel-
lar mass and redshift. This result shows conclusively that
the SFRs of star-forming galaxies in clusters are system-
atically reduced with respect to the field at fixed stellar
mass. Moreover, this reduction in the SFRs is occur-
ring at all stellar masses (at least for M>10'°Mg). As
discussed above, this systemic reduction of SFRs among
star-forming cluster galaxies is indicative of them being
slowly quenched on 21 Gyr time-scales upon being ac-
creted into the cluster.

To confirm that it is the arrival into the cluster that is
inducing the quenching of star formation in these galax-
ies, rather than environmental processes active at larger
cluster-centric radii, such as pre-processing, we repeated
the above analysis, but this time comparing galaxies in
the cluster infall regions outside 1.5 509 with those from
the field, the results of which are shown in Figure [0
The specific-SFRs of star-forming galaxies in the infall
regions of clusters (>1.5r500) are indistinguishable from
those in the general field for all five stellar mass bins.
This suggests that the slow quenching of star-forming
galaxies revealed by Fig. [@ must be confined to the clus-
ter itself (<1.57500) and not extend into the infall re-
gions. This does not rule out quenching of any form at
these large radii, but if quenching is occurring outside
1.5 7500, it must be too rapid to leave any imprint on
the specific-SFR distribution of the infalling star-forming
galaxies. We repeated this analysis, adjusting the bound-
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galaxies in the infall regions of clusters (rpro;>1.57500) and the
field at 0.15<2<0.25. The different colors, symbols and shaded
regions are as in Fig.[Ql Each bin in stellar mass now contains 224
galaxies combining both cluster and field galaxies.

ary between cluster and infall regions from the value of
1.5 750027200 presented here in Figures@and 10 but this
proved to be the cluster-centric radius at which the two
behaviors were best separated.

7. THE SLOW QUENCHING OF STAR FORMATION IN
CLUSTER GALAXIES

If star forming galaxies at the present day are affected
by environmental mechanisms when they move from the
isolated field to become bound within groups or clus-
ters, we should see a signature of this transformation
which depends on the time-scale over which this trans-
formation occurs. As discussed in Section [6.2], comparing
the SFRs of star-forming galaxies in cluster and field re-
gions allows constraints on the quenching time-scale to
be made. Increasing the time-scale over which star for-
mation is quenched upon accretion into a massive system
will increase the numbers of star-forming galaxies in clus-
ters being observed during this quenching process, thus
skewing the overall SFR and specific-SFR distributions
of star-forming cluster galaxies to lower values than their
counterparts in the field.

The results presented in Figs [ and [I0] suggest a sim-
ple scenario in which infalling star-forming field galaxies
are continually accreted into a massive cluster, forming
stars normally until they pass within 1.5 r500~/1.0 r200,
whereupon they are slowly quenched by some cluster-
related mechanism, systematically reducing their SFRs.
No obvious stellar mass dependence for the quenching is
apparent in Fig. [0 suggesting that all star-forming galax-
ies with M>10'9M, are affected in the same manner.

7.1. How many cluster galazies are in the process of
being quenched?

We do not expect to be witnessing all of these star-
forming (i.e. 24pm-detected) cluster galaxies at ex-
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F1G. 11.— Comparison of the specific-SFRs of cluster star-forming galaxies and matched field star-forming galaxies of the same stellar
mass and redshift. The thick black histogram shows the population distribution of sSFR(cluster)/sSFR(field) for random pairs of cluster
and field star forming galaxies matched in stellar mass and redshift. The vertical black line and shaded region shows the median value of
sSFR(cluster) /sSFR(field) and its 1o confidence limit. The thin colored histograms show the corresponding distributions of sSFR(mixed
population; fq)/sSFR(field), where mixed populations consist of a fraction fg of quenching galaxies added to a fraction (1 — fg) of the
original star-forming field galaxy population. Eleven curves indicate the distributions for values of fg from 0% (black) to 100% (red), color
coded as indicated to the right of the plot. The median value for each mixed population distribution is indicated by the correspondingly

colored vertical line.

actly the same point in their transformation from normal
star-forming field galaxies into passively-evolving cluster
members. We are rather seeing them at various stages
of the quenching process, prior to their SFRs falling be-
low the threshold required for them to be detected in our
24pm images, while others have not yet encountered the
cluster environment and had their SFRs affected.

To gain insight into this quenching mechanism, we
first need to estimate the fraction of star-forming clus-
ter galaxies which are observed in the process of be-
ing quenched, fg, as opposed to forming stars normally.
To do this, we compare the SFRs of cluster and field
star-forming galaxies at fixed stellar mass and redshift,
and attempt to reproduce the observed differences with
synthetic mixed population models containing field and
quenching populations.

For each star-forming cluster galaxy (7proj<1.57500;
Mg<—23.1,0.15<2<0.25), we match it at random with
a star-forming field galaxy with the same stellar mass
(within 0.02dex) and redshift (02<0.02), and compare
their specific-SFRs (sSFR). This is repeated for all clus-
ter galaxies, and multiple times so that all possible
matches are included, building up the distribution of
sSFR(Cluster galaxy)/sSFR(Field galaxy). As each of
the five stellar mass bins in Fig [0 show similar offsets
between the cluster and field specific-SFR. distributions,
we can combine all five bins to estimate a single value of
fq for all My <—23.1 star-forming cluster galaxies.

The resulting distribution of sSFR(Cluster)/
sSFR(Field) is shown as the thick black histogram
in Figure Il An approximately log-normal distribution
is obtained, centered close to unity, but slightly offset
to the left (lower specific-SFRs in cluster galaxies) and
with a flattened top. Few matched pairs show ratios
below 0.1 or greater than 10, due to a combination of
the limited width of the specific-SFR distribution for the

main sequence of star-forming galaxies at fixed stellar
mass, and the relative rarity of galaxies at 0.15<2<0.30
with 24pum fluxes 210x above the completeness limit.
The median value of sSFR(Cluster)/sSFR(Field) for a
single matched sample of cluster and field star-forming
galaxies is found to be y=0.718+0.034, and is marked by
the vertical black line and shaded region indicating the
1o confidence range. In other words, the specific-SFRs
of cluster star-forming galaxies are 28% lower than their
field counterparts at fixed stellar mass and redshift.
This reduction is significant at the 8.70 level.

For simplicity, and ease of comparison to other stud-
ies (e.g. [Wetzel et all 2013), we consider a quench-
ing model in which the SFRs of star-forming galax-
ies decline exponentially upon arrival in the clus-
ter, with e-folding quenching time-scale tg, such that
SFR(t)=SFR(0) exp(—t/tg). To create artificial quench-
ing populations, we take multiple copies of the observed
star-forming field galaxy population, and for each subse-
quent copy reduce the SFR and 24um flux to match this
slow exponential decline in star formation, until the last
copy represents the cluster population after 10tg (the
actual length of this time-scale is unimportant here), by
which point none of them should remain detectable at
24pm. This synthetic quenching population thus con-
tains galaxies which started out as normal star forming
galaxies, but have since been undergoing quenching for
a time t, where ¢ is uniformly distributed between 0 and
10tg. The model thus assumes that the triggering of
this slow quenching process has been affecting galaxies
at a uniform rate for the last ten tg. We then remove all
those quenching field galaxies whose 24um emission now
lies below our 24um completeness limit. This naturally
removes more of the galaxies which had been undergo-
ing quenching for longer. What remains approximates
that component of the star-forming galaxy population
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observed at all stages of the slow quenching process,
but which still would be detectable in our 24um images.
These 24pm-detectable quenching galaxies have on aver-
age been undergoing quenching for a median of 0.95¢q.
They constitute just 15% of the model quenching galaxies
created. In other words, the number of 24um-detected
quenching model galaxies is equal to the total number of
star-forming galaxies (24um-detected at t=0) fed into the
model (accreted into the cluster) within the last 1.49¢¢.
These values (0.95tg, 1.49tg) depend solely on the 24um
distribution of the observed star-forming field galaxies
with respect to our 24pum completeness limit. Galaxies
which start out with 24um fluxes only marginally above
the completeness limit will rapidly become undetectable
after beginning the quenching process, while others that
begin with much higher 24um fluxes will continue to re-
main detectable for several quenching time-scales.

We create mixed populations combining a fraction fg
of galaxies from the synthetic quenching population and
1—fq from the original star-forming field galaxy popula-
tion. These mixed populations are matched with galaxies
from the original star-forming field population with the
same stellar mass and redshift (excluding matches involv-
ing copies of the same field galaxy) in the same way as
before, to produce the distributions of sSFR(mixed pop-
ulation)/sSFR(Field) for values of fg ranging from 0 to
1 shown by the thin colored curves in Figure [l

As expected, the histogram for fo=0 (thin black curve)
is centered at 1.0, as this is matching the original
field star-forming galaxy sample with itself. As fqg in-
creases, the entire distribution of sSFR(mixed popula-
tion)/sSFR(Field) shifts to lower values. However, even
when fo=1 (red curve), i.e. all of the star-forming galax-
ies are observed in the process of being quenched, the
median reduction in the specific-SFR is just ~45%. This
is simply due to the limited range of 24pm fluxes in the
original field galaxy sample.

Comparing the median value of sSFR(Cluster)/
sSFR(Field) of 0.718+0.034 with that from our mixed
quenching populations, we estimate that ~604+10% of
the star-forming cluster galaxies within a projected
cluster-centric radius of 1.5 599 are in the process of be-
ing quenched when observed. The overall distribution
of sSFR(Cluster) /sSFR(Field) shown by the thick black
histogram also appears consistent with an evenly mixed
population of quenching and non-quenching galaxies, fol-
lowing approximately the green curves and consistently
between the extreme red and black ones.

7.2. Estimating the quenching time-scale tq

In the previous section, we estimated that ~60% of
the star-forming cluster galaxies within 1.57599 are in
the process of being quenched when observed. While
this informs us of the likely size of the quenching pop-
ulation (we estimate that ~500 of our 24pum-detected
spectroscopic cluster members are observed in this pro-
cess of slow quenching, or ~11% of all M <—23.1 cluster
members within 1.5 7500 ), this does not by itself constrain
the e-folding time-scale tg over which this quenching is
taking place on average. To do this we need to place
these clusters in the cosmological context of continually
growing by accreting galaxies and groups from the sur-
rounding large-scale structure. We can achieve this by
using cosmological simulations to firstly estimate the rate

at which clusters are accreting galaxies from their sur-
roundings at these redshifts (z~0.2), and secondly es-
timate the likely fractions of galaxies which would be
spectroscopically identified as cluster members but are
in fact physically outside r20¢.

In observations of distant clusters with velocity dis-
persions of the order 1000kms~! it is not possible to
identify whether any particular galaxy is physically lo-
cated within 1.5 r5gg of the cluster center, or rather much
further out and hence has yet to encounter the cluster
environment. However, by comparison to cosmological
simulations containing dozens of massive clusters similar
to those from LoCuSS, and populated by galaxies based
on semi-analytic models, it is possible to build simulated
“observed” caustic diagrams of massive clusters for which
the accretion histories of the member galaxies are known.
In [Haines et all (2012) we extracted regions centered on
the 30 most massive clusters from the Millennium Simu-
lation (Springel et alll2005D), a cosmological dark matter
simulation covering a (500 h~! Mpc)? volume. For each
galaxy within this region, there exists a full database
of its properties including positions, peculiar velocities,
absolute magnitudes etc. based upon the semi-analytic
models (GALFORM) of [Bower et all (2006), at 63 snap-
shots throughout the lifetime of the Universe. This al-
lows the orbit of each galaxy around the cluster to be
followed from its formation right up to the present day.
We could then build stacked caustic diagrams for clus-
ters observed at z=0.21 in which each galaxy is coded
according to the epoch at which it was accreted into the
cluster (see Fig. 3 of [Haines et all 2012). We use the
same analysis here, except now we extend the sample to
the 75 most massive clusters to better sample some of
the lower mass systems in LoCuSS, and fix the epoch
of accretion into the cluster as the redshift at which the
galaxy passes within 799 for the first time.

Stacking over these 75 clusters, we find that 15.3% of
Mg <—23.1 galaxies with rp,.;<raoo and line-of-sight ve-
locities placing them within the caustics of that cluster,
and hence would be identified as spectroscopic cluster
members, are actually “interlopers”, galaxies which are
physically located outside 799 at the time of observation
(2=0.21) and which have not been inside this radius at
any prior epoch. If we assume that the 40410% of star
forming cluster galaxies forming stars normally all form
part of this 15.3% “interloper” population, then we asso-
ciate the remaining 604+10% which are currently under-
going quenching with the 22.9'_%.26'7% of cluster galaxies
which have been most recently accreted. This makes no
assumption on the actual fsr of these interloping field
galaxies, except that the fsr among those galaxies at the
moment of accretion (passing within r390) is the same as
that of the whole interloper population. As these are
mostly galaxies from the immediate infall regions, this
should be a reasonable approximation. Interestingly, if
we assume the fraction of star-forming galaxies among
these interlopers to be the same as that of field galaxies
at these redshifts (fsr, fieta~25%), we can estimate the
contribution to the fgp of our clusters just from these
interlopers (0.153X fsF, tiela), as indicated by the gray
shaded region in Fig.[6l This estimate suggests that ~50—
60% of the cluster galaxies classed as star-forming are in
fact at r>ro9p and have yet to encounter the cluster en-
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vironment, consistent with the model described above.
The 22.972%7% of “spectroscopic” members which are

the most recent arrivals into the 75 clusters were all ac-

creted within the 1.7473 21 Gyr leading up to 2=0.21, i.e.

after z~0.40. As discussed above, this equates to 1.49¢q,

implying a quenching time-scale of tQ:1.17f8:2é Gyr, i.e.

in the range 0.72-1.98 Gyr. Here the only source of un-
certainty we include comes from the confidence limits in
fo. We note that the key source of uncertainty not in-
cluded here comes from the choice of model itself, and
our assumption for the cluster-centric radius at which
quenching is switched on. For example, reducing the ra-
dius at which quenching is initiated from r90g to 7500, the
resultant quenching time-scale doubles to 2.5 Gyr. These
time-scales are consistent with [Moran et all (2007) who
found significant populations of passive spirals as well as
E/SOs in two z~0.4 clusters whose UV colors and spec-
tral indices (d4000) indicate that their SFRs have been
declining on ~1 Gyr time-scales.

8. DISCUSSION
8.1. The origin of the Butcher—Oemler effect

The Butcher—Oemler effect has remained one of the
most enduring topics of discussion within the field of
galaxy evolution over the last 30 years. In Fig @
we charted the rapid rise in the fraction of cluster
members within 1.57r509 with active star formation
(SFRs>3Mgyr~!) from fsp=0.023+£0.013 at z~0 to
fsp=0.1854+0.025 at z~0.40 — the mid-IR Butcher—
Oemler effect. It is notable that the evolution-
ary trend we obtain is essentially the same as that
from the original analysis of BO84. This is per-
haps surprising given the numerous selection biases
(see e.g. |Andreon & Ettori1999; De Propris et al. [2003;
Holden et all 2007; [Haines et all [20094) that are known
to affect the BO84 analysis, such as selecting galaxies
on optical luminosity (My) rather than stellar mass,
and identifying star-forming galaxies by their blue op-
tical colors and hence missing the numerous dusty star-
forming galaxies found within the cluster red sequence
(Wolf et all [2005; Haines et all 2008). The key gains
however of our new analysis is that, being entirely based
upon spectroscopically-confirmed cluster members for
which star-forming galaxies are selected according to
robust 24um-derived SFR measurements (rather than
simple red/blue color splits), we can now dissect the
Butcher—Oemler effect into its various evolutionary con-
stituents and quantify their relative contributions.

In Section [5.1] we showed that a significant component
of the Butcher—Oemler effect is simply due to the cosmic
decline in star-formation among all field galaxies, which
are subsequently accreted onto the clusters, rather than
any cluster-specific processes. This is confirmed by our
finding that, while the infrared LFs of cluster galaxies
have evolved rapidly since z~0.8 (Fig.[B]), at all redshifts
they are indistinguishable from the LFs of coeval field
galaxies. However, even after accounting for the cosmic
evolution among star-forming field galaxies of the form
Lrrr(2)x(1 + 2)34 (Rujopakarn et all 2010), a signifi-
cant Butcher—Oemler effect of the form fgpoc(1 + 2)%7™®
(Fig Bl) was found to persist, implying that additional
suppression of star formation due to cluster-specific pro-
cesses is required. This was confirmed in Fig. [0 which

showed that the total star formation activity per unit
halo mass has declined much more rapidly since z~0.3
in clusters than the field.

As discussed in Section[6l, the cosmic decline in star for-
mation since z~1 is best described as a systematic reduc-
tion in the specific-SFRs of star forming galaxies at all
masses (Noeske et all[2007; [Elbaz et all[2007). Figure [
charted the evolution in the specific-SFR distributions of
cluster and field galaxies over 0.0<z<0.30, revealing that
the decline in the specific-SFRs among cluster galaxies is
more rapid than that seen for field galaxies in the same
Spitzer/MIPS images, as well as that implied by the (1+
2)3-4%0-2 gyolution of star-forming field galaxies observed
by [Rujopakarn et all (2010). The factor 2.784+0.24 de-
cline in the specific-SFRs of cluster galaxies observed go-
ing from our high redshift bin (0.25<2<0.30) to the local
cluster sample (0.023<2<0.060) is instead best fit by an
evolutionary model of the form (1 + z)3-02£0-44,

Reperforming the Butcher-Oemler analysis of Sec-
tion [l but this time having an evolving SFR threshold of
the form (14 2)>°2 to account for our observed luminos-
ity evolution, we find that even with this extremely rapid
luminosity evolution, a small residual Butcher-Oemler ef-
fect remains, with fepoc(1 4 2)218+116 Excluding the
two z~0.4 clusters from the fit flattens the residual trend
to fspoc(1l 4 2)066+0-94 " This implies a factor 1.19-1.77
increase in the fraction of star forming galaxies in clus-
ters from the present day to z=0.3 over and above the
observed luminosity evolution, or a factor 1.25-2.08 in-
crease by z=0.40. This ~2x density evolution is con-
sistent with the predicted evolution in the rate at which
galaxies are accreted into massive clusters over this time
period. From cosmological simulations of massive clus-
ters, the fraction of member galaxies accreted within the
previous Gyr is found to approximately double from z~0
to z~0.4 (Berrier et all [2009). Alternatively, this den-
sity evolution could reflect a reduction in the fgr among
those field galaxies accreted onto the clusters since z~0.4,
perhaps due to pre-processing in groups (McG09), or be-
ing quenched by secular processes (“mass quenching”;
Peng et all|l2012) in the intervening period.

We have identified three main components which com-
bine to produce the overall decline in star formation ac-
tivity among cluster galaxies of the form fgpoc(1+ 2)6-26
since z~0.3: (i) the cosmic decline in star formation
among field galaxies which are subsequently accreted into
the clusters (55% contribution); (ii) an accelerated de-
cline in the specific-SFRs of cluster galaxies (30%); and
(iii) a reduction in the numbers of star-forming cluster
galaxies (15%). As this accelerated decline in specific-
SFRs among cluster galaxies was revealed in Fig. Bl by the
systematically lower specific-SFRs among star-forming
cluster galaxies than their counterparts in the field at
0.15<2<0.25, and this same observation is evidence that
star-formation is being slowly quenched in cluster galax-
ies, we believe that this accelerated decline in star for-
mation activity is due to this slow quenching process.

We note that slow quenching does not necessarily pro-
duce an accelerated decline in fgp (c.f. McG11). If it
affects the same fraction of star-forming cluster galax-
ies at each redshift, and by the same amount, then the
fsr would be reduced by the same factor at all red-
shifts. An accelerated decline in the fsp could suggest
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that the mechanism behind the slow quenching process is
becoming more effective with time. This could occur by
shortening the quenching time-scale, tg, (which we have
effectively only measured at z~0.2) resulting in fewer
star-forming galaxies remaining in present day clusters.
Alternatively, the range over which the quenching mech-
anism is effective could increase with time, say from 75q¢
at z~0.4, to 1.57r500 at z~0.2 and 27599 at z=0.0. This
would have the effect of increasing the fraction of star-
forming cluster galaxies within 1.57509 observed while
undergoing quenching, fg, at later epochs, as well as
reducing their overall numbers.

Such an increased effectiveness of environmental
quenching processes with time may explain the trends
revealed in Figure[@l whereby the star formation activity
of cluster galaxies has been declining much more rapidly
since z~0.3 than over z~0.3-1.0, when it fell approx-
imately in step with the steady cosmic decline in star
formation among field galaxies.

The increasing impact of environmental processes with
time can be plausibly explained within ram-pressure
stripping or starvation scenarios. While the ram pres-
sures felt by galaxies infalling into massive clusters are
not predicted to evolve significantly between z~1 and the
present day (e.g. Briiggen & De Lucia [2008; [Tecce et al.
2010), assuming the original (Gunn & Gott (1972) condi-
tion of Pram>2mGYs14r 2 gas, galaxies should become in-
creasingly susceptible to ram-pressure stripping as their
gas surface density Xg.s falls. Given the Schmidt-

Kennicutt SFR scaling relation of ESFRoch]\fw where

N~1.0-1.5 (Kennicutt [1998; Bigiel et all [2011), tightly
linking the density of star formation to gas density, the
Y 4as of normal star-forming spirals should evolve roughly
in parallel to the observed ~10x decline in star formation
since z~1 (assuming the sizes of disks has not evolved
signficantly over this period; [Barden et all 2005). This
rapid decline in ¥,,s since z~1 has been confirmed by
recent CO observations of normal star-forming spirals at
z~1.0-1.5 (Daddi et all [2010; |Genzel et all |2010). Spi-
rals should thus become more vulnerable to ram-pressure
stripping at low redshifts.

8.2. The slow quenching of star formation in cluster
galazies

A primary driver for many studies focused on un-
derstanding the origins of the SF—density relation is to
establish both the range of environments where star-
formation in cluster or group galaxies is quenched (e.g.
minimum halo mass, Myin,qg, maximum cluster-centric
radius in units of ro0g) and the average time-scales over
which star formation is quenched upon arrival in these
environments (McG09, McG11; [Balogh & McGee 2010;
De Lucia et all 2012, hereafter DeL.12). These two key
constraints allow us in principle to distinguish among
the various physical mechanisms proposed to transform
galaxies in dense environments (e.g. [Treu et all[2003).

In the case of rapid quenching (tg <100 Myr), the re-
sulting unmistakable spectral imprint of deep Balmer
absorption lines combined with weak or absent emis-
sion lines, should allow recently quenched galaxies to
be identified up to ~1Gyr after the truncation event
(Leonardi & Rose [1996). Spectroscopic surveys of clus-
ter galaxies have however found such “post-starburst”

galaxies to be essentially absent in local clusters, at least
among >L* galaxies (Poggianti et all [2004; [Yan et al.
2009), largely ruling out such short quenching time-
scales.

The focus has thus switched to finding evidence of gen-
tle environmental processes which quench star formation
in cluster galaxies on much longer time-scales (21 Gyr,
e.g. IMoran et all [2007; [Wetzel et all [2013). The most
characteristic signature of ongoing slow quenching oc-
curring within cluster or group galaxies is an increased
frequency of galaxies showing either intermediate UV—
optical colors placing them between the cluster red se-
quence and blue cloud populations, or equivalently re-
duced specific-SFRs in comparison to star-forming field
galaxies of the same redshift and stellar mass.

The clearest evidence for this transition population was
seen in Figure[@ which compared the specific-SFR. distri-
butions of cluster and field galaxies in fixed bins of stellar
mass. In each stellar mass bin, the specific-SFRs of star
forming cluster galaxies within 1.5 599 were found to be
systematically ~30% lower than their counterparts in the
field. Considering all Mk <—23.1 galaxies, this system-
atic reduction in the SFRs of cluster galaxies (at fixed
stellar mass and redshift) was found to be significant at
the 8.70 level (§ [I)). This figure provides unambigu-
ous evidence that star formation in most (and possibly
all) massive (M>10'"Mg) star-forming galaxies is be-
ing slowly quenched once they are accreted by a massive
cluster, by revealing the slow, continual and inexorable
suppression of their star formation activity.

Figure [I0] suggests that this slow quenching process is
confined to star-forming galaxies within 1.5 509, and so
we developed a simple model in which star-forming galax-
ies are continually accreted into a massive cluster, form-
ing stars normally until they pass within 1.5 r590~7200,
whereupon they are slowly quenched, their SFRs declin-
ing exponentially with an e-folding time-scale tg. Fig-
ure [IT] showed that this simple model was able to re-
produce both the level and form of the systematic re-
duction in the specific-SFRs displayed by star-forming
cluster galaxies. The best-fitting model suggested that
of the star-forming cluster galaxies located within a pro-
jected cluster-centric distance of 1.5 509 and detected at
24um, some 40% are forming stars normally, and hence
in this model are identified as being physically located
beyond 1.57509, while the remaining 60% are observed
in the process of being slowly quenched, having recently
been accreted by the cluster by passing within 1.5 50 for
the first time. By comparing these two populations to re-
alistic “observations” of 75 massive clusters drawn from
the Millennium simulation, for which detailed galaxy ac-
cretion histories were derived, we were able to estimate
an average quenching time-scale of tg=1.17703% Gyr.

A quenching time-scale of 1-2 Gyr ultimately appears
most likely for two reasons: (i) if it was much shorter,
there would not be sufficient quenching galaxies to skew
the specific-SFR distribution of star forming galaxies in
clusters as much as we observe; (ii) if ¢ was much longer,
then given that half of all cluster galaxies are accreted in
the last 4-5 Gyr the quenching process now becomes too
slow to shut down star formation in sufficient numbers
of these late arriving field galaxies to leave local clusters
with as few star forming galaxies as observed (Fig. M.
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Furthermore, if the quenching time-scale is much longer
than the cluster-crossing time-scale (~2 Gyr), then the
resulting radial population gradients would also be much
shallower than observed (Haines et alll20094, Fig. 7). We
will return to the question of estimating the quenching
time-scale in the next paper, using a dynamical analy-
sis and the radial population gradients to provide two
further independent estimates of ¢q.

The slow quenching of star formation in galaxies
upon arrival in a cluster on 1-2 Gyr time-scales is ex-
actly what is predicted for starvation models, in which
galaxies are rapidly stripped of their diffuse gaseous
halos via their passage through the ICM, prevent-
ing further gas accretion onto the galaxies from the
surrounding inter-galactic medium (Larson et al) [1980;
Bekki, Couch & Shioya 2002; [McCarthy et all [2008).
The galaxy then slowly uses up its existing molecular
gas reservoir through star formation over a period of
~2.3 Gyr, based on the constant molecular gas consump-
tion time-scales observed for the disks of nearby spiral
galaxies spanning a wide range of properties (Bigiel et al
2011]).

Ra)rn—pressure stripping is often viewed as a much
more rapid, violent process than starvation, and one
that is also limited to cluster cores. Hydrodynami-
cal simulations confirm that the gas contents of mas-
sive spiral galaxies are stripped on <100 Myr time-scales
via a combination of ram-pressure and viscous strip-
ping when subjected to winds comparable to a high-
velocity passage through the dense ICM of the clus-
ter core (Quilis, Moore & Bower [2000).  Such short
time-scales though appear inconsistent with the fre-
quent finding in nearby clusters of partially ram-pressure
stripped spirals with truncated gas and Ha disks,
and outer regions showing recently quenched stellar
populations (e.g. [Cayatte et all [1994; [Vogt et al! 2004;
Koopmann & Kenney [2004; |Crowl & Kenney [2008).
Moreover, evidence for ongoing ram-pressure stripping
is seen for spiral galaxies at distances of ~1Mpc or
~r500 from the cluster center (e.g. I(Chung et all 2007
Merluzzi et all 2013), indicating that spirals are being
affected by ram-pressure or viscous stripping well out-
side the cluster cores. Hydrodynamical simulations con-
firm that even in the low-density regions of the clus-
ter outskirts (~rso0 — r200) the moderate ram pressures
(Pram~100-1000cm 3 km? s72) acting on infalling mas-
sive spirals are sufficient to truncate their gas disks and
strip half of their cold gas contents over 500-1000 Myr
periods (Roediger & Henslerl[2005), resulting in commen-
surate reductions in their SFRs. [Bahé et all (2013) find
that the ram pressures felt by infalling spirals are suf-
ficient to begin stripping their cold gas and affect their
star formation at 7999, but their hot gas atmospheres can
be stripped out to ~5 rygg.

Gas-rich spiral galaxies falling into clusters for the
first time do not suddenly find themselves in the clus-
ter centers encountering the dense ICM and the high
ram pressures capable of stripping all of their gas on
<100 Myr time-scales. Instead they encounter gradually
increasing ICM densities and ram-pressures (see Fig. 3
of Briiggen & De Lucia 2008) which incrementally strip
gas from their disks from the outside-in as they travel in-
wards from the cluster outskirts to the pericenter of their

orbit in or near the cluster core. The effective time-scale
for quenching via ram-pressure stripping then becomes
the ~1 Gyr time it takes for infalling spirals to get from
the cluster outskirts where they first encounter the ICM
to the cluster core where the final stages of gas stripping
are completed. This is shown in the hydrodynamical
simulations of Roediger & Briiggen (2007) which follow
the effects of ram-pressure stripping on spirals following
realistic orbits in a rich cluster (see their Figure 7).

8.3. Comparison to previous studies

The results presented here that support the predomi-
nant role of slow quenching of star-formation in cluster
galaxies appear inconsistent with [Balogh et all (2004a),
who first performed this form of analysis and found the
EW (Ha) distribution of local star-forming galaxies (from
the SDSS and 2dFGRS) to be independent of local den-
sity. They concluded that the environmental quenching
of star formation must be a rapid process, preferentially
taking place at high redshifts. Subsequent similar anal-
yses of local bright (M,<M*+1) star forming galaxies
from the SDSS (Tanaka et all [2004; [Haines et all [2007)
and GAMA surveys (Wijesinghe et all[2012) again found
no dependence of the EW(Ha) or SFR distributions (at
fixed stellar mass) on local density. We believe that this
apparent contradiction is due to two key differences in
the methodology and type of survey involved.

Firstly, while we are focused solely on the immediate
environs of massive clusters, the previous studies were
volume-limited surveys covering the full range of envi-
ronments with few (if any) rich clusters included. In-
stead, the galaxies in their high-density regions are pre-
dominately associated to galaxy groups rather than clus-
ters, simply reflecting the observation that more than
half of galaxies within the local Universe are found
in groups, while just a few percent are associated to
massive clusters (McG09). Hence their SFR-density
relations are defined primarily by environmental pro-
cesses active within galaxy groups of mass ~103Mg.
Secondly, Balogh et all (2004a), Tanaka et all (2004)
and [Wijesinghe et all (2012) all use ¥5 as a measure
of local density, based on the distance to the fifth
nearest M,<—20 galaxy within 1000kms~"!, which as
Haines et all (2007) show is rather insensitive to the lo-
cation of a galaxy within a galaxy group. While galax-
ies with high Y5 are almost all members of bound sys-
tems, the converse is not true, with group members found
across the full range of ¥5. Any systematic suppression
in the SFRs of galaxies within groups or clusters will
thus be smeared out when viewed in terms of the SFR—
Y5 relation. In contrast, by defining our environment in
terms of r/r500, we are able to directly link the proper-
ties of the galaxies to their location within the DM halo
of a massive cluster (after accounting for projection ef-
fects) or outside it, and measure the related impact of
being accreted into the cluster halo on their star forma-
tion activity, something which cannot be achieved using
Y5 alone.

It is this combination of the type of survey used
(cluster-specific versus representative volume of the Uni-
verse) and the metric used to define local environment
(r/rs00, versus local density, ¥5) that likely lie behind
the apparently inconsistent results presented here and in
the previous studies described above. Our results are also
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in agreement with von der Linden et all (2010) who anal-
ysed the star formation activity of galaxies as a function
of cluster-centric radius for 521 clusters at z<0.1 using
SDSS spectroscopic data. Like us, they found that within
rooo0 the SFRs and specific-SFRs of star-forming cluster
galaxies systematically decline towards the cluster core
from the values seen in the field, while Boselli & Gavazzi
(2006) found similar trends for late-type galaxies in the
vicinity of both Coma and Virgo clusters.

By directly comparing the specific-SFRs of star-
forming galaxies in clusters and the field at fixed redshift
and stellar mass (Figs @ and [[]), we have been able to
effectively isolate and quantify the impact of the clus-
ter environment on star formation, having minimized
any contribution from evolutionary or mass-dependent
effects. While our estimates for ¢y are model dependent,
the actual evidence for slow quenching in cluster galaxies
is a clean, model-free result.

The 0.7-2.0 Gyr range for tg we obtain here is consis-
tent with recent estimates of ~3 Gyr for the total time re-
quired to transform an infalling star-forming galaxy into
a passively-evolving (sSFR<10~!!'yr—!) cluster member
(McG09, McG11; Balogh & McGed 2010, Del.12). We
note that none of the latter estimates are based on direct
observation of a quenching galaxy population within clus-
ters, but rather by comparing the evolution or scatter in
the fraction of passive/red galaxies (fpqss) Within groups
and clusters, with the predicted galaxy accretion histo-
ries of clusters obtained from cosmological simulations.
In each case, these estimates assume that galaxies have
become passive solely through environmental processes
related to their accretion into a massive halo. McG09
and McG11 argue that the rapid increase in fp,ss among
group and cluster galaxies since z~0.4 is consistent with
slow quenching on ~3 Gyr time-scales after being ac-
creted into a ~10'3Mg halo. However, as we discuss
in § Bl a significant fraction of the decrease in fsp
in clusters since z~0.4 is due to the cosmic decline in
star formation in all galaxies, while many cluster galax-
ies are also likely to have become passive due to inter-
nal mass-related mechanisms (Bundy et all [2006), such
as AGN feedback (e.g.Bower et all[2006). These secular
processes are also likely to contribute significantly to the
low scatter in fpqss Seen among groups and clusters by
shutting down star formation in most massive galaxies
irrespective of environment, and could plausibly explain
the estimated values of tp~3 Gyr and M,m-mQNlO12 Mg
obtained by Balogh & McGed (2010).

The cluster galaxy accretion history models used by
all these studies only include model galaxies physically
within ro09 of the halo center. However, as we estimate
that about half of star-forming galaxies with 7,0;<r200
spectroscopically identified as cluster members will in
fact be physically located outside ryg9 and have never
encountered the cluster environment (§ [[.2]), neglecting
this contribution could significantly affect their g es-
timates. This is particularly the case for the analysis
of the radial population gradients of cluster galaxies by
DeL12, who argued that the steep gradients of fpqss with
cluster-centric radius implied long quenching time-scales
(their Fig. 10). As the relative contribution of interlop-
ing galaxies physically outside 7200 increases rapidly with
Tproj from ~0% at the cluster core to 100% by 2-3 rago,
these steep radial population gradients are in fact best

reproduced by rapid or instantaneous quenching (tg=0)
models (e.g. Fig 7 of Paper I).

Wetzel et all (2013) use a similar approach to that pre-
sented here to estimate the quenching time-scale as a
function of halo mass, by comparing the specific-SFR
distributions of satellite and central galaxies. For cluster-
mass halos of mass 10'* — 10'® M, their data suggested
a “delayed-then-rapid” form of quenching, in which a
satellite can continue to form stars unaffected for ~3 Gyr,
before undergoing a rapid quenching with e-folding time-
scales of 0.2-0.8 Gyr. This rather different scenario came
from them not finding any significant offset in the peak
of the specific-SFR distribution of star-forming galax-
ies in clusters in comparisons to central (field) galaxies
of the same stellar mass (Wetzel et all 2012), although
their Fig. 2 does hint at a slight offset of order 0.05—
0.15dex for massive galaxies, similar to that revealed in
our Fig.

It is only by analysing such large samples of cluster
galaxies as provided within LoCuSS that we have been
able to securely detect the subtle effect of slow quenching
on star-forming galaxies within clusters.

8.4. No triggered star formation in cluster galazies

The fraction of lenticulars within groups and clusters
has increased rapidly over the last 5 Gyr, rising from
~20% in systems at z>0.5 to 50-60% by the present
day (Dressler et all[1997; Treu et al.l2003; Wilman et al
2009), empirically replacing the star-forming spirals. A
key difficulty in explaining this conversion from spi-
rals to SOs since z~0.5 is that SOs differ from spirals
by having higher bulge luminosities rather than fainter
disks (Christlein & Zabludoff [2004). This requires bulge
growth during SO formation, disfavoring a simple fading
of the disk component via gas removal mechanisms such
as ram-pressure stripping or starvation.

The simplest method of building up the bulges of clus-
ter lenticulars is to invoke a starburst episode within
the central regions of these galaxies, perhaps triggered
by galaxy mergers or harassment. This should mani-
fest itself in the form of significant numbers of starburst
galaxies in and around clusters, as nuclear starbursts are
triggered in the infall regions of clusters via galaxy inter-
actions or as galaxies encounter the accretion shocks of
the cluster’s halo. If we identify starbursts as galaxies for
which the specific-SFRs are 23x above the median value
of the main sequence of normal star forming field galax-
ies (~10719yr=1) at that redshift, then FigureRlrevealed
conclusively that starburst galaxies with specific-SFRs
>3x10719yr~! are essentially absent in cluster environ-
ments. Indeed, focussing on the high side of the specific-
SFR distribution (=1071%yr=1), the specific-SFR. distri-
butions of star forming galaxies in our cluster samples ap-
pear either entirely consistent with that of field galaxies
at the same redshift or even marginally suppressed. The
specific-SFR distributions of cluster galaxies presented
in Fig. B are consistent with [Haines et all (2011b) who
found that the vast majority of star formation in local
clusters occurs within quiescent spiral disks, without any
significant contribution from nuclear starbursts.

If we require 30-40% of cluster galaxies to be trans-
formed from spirals to SOs over the last 5 Gyr via nu-
clear starbursts, then assuming a 100 Myr long starburst
phase, would imply that ~0.6-0.8% of all cluster galaxies
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would be observed in this starburst phase at any given
time. Assuming initial stellar masses for these galaxies
of 0.5-1.0x10""M, and requiring say 10% of this stel-
lar mass to be produced via nuclear starburst in order to
form the bulge, implies typical SFRs of ~50-100 M yr—!
over this 100 Myr starburst period. Over our full sam-
ple of 30 systems we have 5147 cluster members with
Mg <—23.1 covered by our 24pm imaging, and so should
expect to see 3040 such starbursts in our sample, or 1—
2 per cluster. We see just four cluster members with
SFRs greater than 40 Mg yr~! in our sample (Fig. ). It
seems that if the bulges of the present day cluster SOs
were formed in nuclear starbursts this activity must be
largely have been confined to galaxy groups, which were
later accreted onto the clusters (pre-processing), or have
taken place almost entirely in clusters at 2220.3 where at
least such starbursts appear frequent (e.g. |Geach et all
2009). This is consistent with|Just et all (2010) who find
that the rise in the SO fraction since z~0.5 is much more
rapid in groups and low-o clusters than in massive clus-
ters comparable to those in our sample.

9. SUMMARY

We have presented an analysis of the levels and evolu-
tion of star formation activity in a representative sample
of 30 massive clusters at 0.15<z<0.30 drawn from the
Local Cluster Substructure Survey (LoCuSS). We have
combined wide-field Spitzer/MIPS 24um data sensitive
to obscured SFRs ~3 Mg yr~! in the highest redshift sys-
tems with ACReS, our recently completed spectroscopic
program, in order to obtain a highly complete census of
obscured star formation in the virialized regions of these
systems. Our main results are summarized below:

1. We determined the mid-infrared luminosity func-
tion of star-forming cluster galaxies for our
full sample of 30 clusters extending down to
~1x10°Ls. We find the infrared LF of cluster
galaxies to be indistinguishable to that from a co-
eval population of field galaxies taken from the
same Spitzer images.

2. We combined our sample of 30 clusters with seven
local systems and two clusters at z~0.4 to mea-
sure the mid-infrared Butcher—Oemler effect, find-

ing rapid evolution in the fraction of massive
(Mg<—23.1) cluster galaxies within 1.57509 with
SFRs>3Mg yr~!, of the form fgpoc(1 + z)76+11
over the redshift range 0.0-0.4.

3. We find an even more rapid evolution in the star
formation activity of cluster LIRGs, with a ~15x
decline in X(SFR)/Mago just since z~0.3.

4. The Butcher—Oemler effect is produced by the com-
bination of a ~3x decline in the mean specific-
SFRs of star-forming cluster galaxies since z~0.3
with a ~1.5x decrease in number density. Two-
thirds of this evolution in the specific-SFRs of star-
forming cluster galaxies is due to the steady cosmic
decline in star formation among all galaxies, but
one-third reflects an accelerated decline in the star
formation activity of cluster galaxies since z~0.3
with respect to that seen in the field.

5. The specific-SFRs of star-forming cluster galaxies
at z~0.2 are found to be systematically ~28+3%
lower than their counterparts in the field at fixed
stellar mass and redshift. This is consistent with
these galaxies being slowly quenched upon arrival
in the cluster, their SFRs declining exponentially
on time-scales in the range 0.7-2.0 Gyr. Such slow
quenching is suggestive of ram-pressure stripping
or starvation mechanisms.

6. We find no evidence for a population of starburst
galaxies being triggered by accretion into clusters
of the kind proposed to transform infalling spirals
into present day cluster SOs by building the stellar
bulge with a major nuclear starburst episode.

ACKNOWLEDGEMENTS

CPH, GPS and AJRS acknowledge financial support
from STFC. GPS acknowledges support from the Royal
Society. We acknowledge NASA funding for this project
under the Spitzer program GO:40872. This work was
supported in part by the National Science Foundation
under Grant No. AST-1211349. The Millennium Simu-
lation databases used in this paper and the web applica-
tion providing online access to them were constructed as
part of the activities of the German Astrophysical Vir-
tual Observatory.

REFERENCES

Andreon S., Ettori S., 1999, ApJ, 516, 647

Ascasibar Y., Diego J. M., 2008, MNRAS, 383, 369

Bahé Y. M., McCarthy I. G., Balogh M. L., Font A. S., 2013,
MNRAS, 430, 3017

Bai L., Rieke G. H., Rieke M. J., Hinz J. L., Kelly D. M.,
Blaylock M., 2006, ApJ, 639, 827

Bai L., Rieke G. H., Rieke M. J., Christlein D., Zabludoff A.,
2009, ApJ, 693, 1840

Balogh M. L., Navarro J. F., Morris S. L., 2000, ApJ, 540, 113

Balogh M. L., et al., 2004a, MNRAS, 348, 1355

Balogh M. L., & McGee S. L., 2010, MNRAS, 402, 1L.59

Barden, M., et al. 2005, ApJ, 635, 959

Beers T. C., Flynn K., Gebhardt K., 1990, AJ, 100, 32

Bekki K., Couch W. J.; Shioya Y., 2002, ApJ, 577, 651

Bell E. F., Zheng X. Z., Papovich C., Borch A., Wolf C.,
Meisenheimer K., 2007, ApJ, 663, 834

Bell E. F., de Jong R. S., 2001, ApJ, 550, 212

Benson A. J., Bower R. G., Frenk C. S., Lacey C. G., Baugh
C. M., Cole S., 2003, ApJ, 599, 38

Berrier J. C., Stewart K. R., Bullock J. S., Purcell C. W., Barton
E. J., 2009, ApJ, 690, 1292

Bertin E., & Arnouts S., 1996, A&AS, 117, 393

Bigiel F., Leroy A. K., Walter F., et al., 2011, ApJ, 730, L.13

Birnboim Y., Dekel A., Neistein E., 2007, MNRAS, 380, 339

Bohringer H., et al., 2004, A&A, 425, 367

Boselli A., & Gavazzi G., 2006, PASP, 118, 517

Bothwell M. S., Kennicutt R. C., Lee J. C., 2009, MNRAS, 400,
154

Bower R. G., et al., 2006, MNRAS, 370, 645

Briiggen M., & De Lucia G., 2008, MNRAS, 383, 1326

Bundy K., et al., 2006, ApJ, 651, 120

Butcher H., & Oemler Jr. A., 1984, ApJ, 284, 426

Cayatte V., Kotanyi C., Balkowski C., van Gorkom J. H., 1993,
AlJ, 107, 1003

Chabrier G., 2003, PASP, 115, 763

Christlein D., Zabludoff A., 2004, ApJ, 616, 192

Chung A., van Gorkom J. H., Kenney J. D. P., Vollmer B., 2007,
AplJ, 659, L115



22 Haines et al.

Chung S. M., Eisenhardt P. R., Gonzalez A. H., Stanford S. A.,
2011, ApJ, 743, 34

Cooper M. C., et al., 2006, MNRAS, 370, 198

Croton D. J., et al. 2006, MNRAS, 368, 11

Crowl H. H., Kenney J. D. P., 2008, AJ, 136, 1623

Czoske O., 2004, in TAU Colloq. 194, Outskirts of Galaxy
Clusters: Intense life in the Suburbs, ed. A. Diaferio
(Cambridge Univ. Press, Cambridge), 183

Daddi E. et al., 2010, ApJ, 713, 686

Davé R., Finlater K., Oppenheimer B. D., 2012, MNRAS, 421, 98

De Lucia G., Weinmann S., Poggianti B. M., Aragén-Salamanca
A., Zaritsky D., 2012, MNRAS, 423, 1277 [DeL12]

De Propris R., Stanford S. A., Eisenhardt P. R., Dickinson M.,
2003, ApJ, 598, 20

Dressler A., 1980, ApJ, 236, 351

Dressler A., Thompson I. B., Shectman S. A., 1985, ApJ, 288, 481

Dressler A., et al. 1997, ApJ, 490, 577

Diinner R., Reisenegger A., Meza A., Araya P. A., Quintana H.,
2007, MNRAS, 376, 1577

Dutton A. A., van den Bosch F. C., Dekel A., 2010, MNRAS,
405, 1690

Ebeling H., Edge A. C., Bohringer H., Allen S. W., Crawford
C. S., Fabian A. C., Voges W., Huchra J. P.; 1998, MNRAS,
301, 881

Ebeling H., Edge A. C., Allen S. W., Crawford C. S., Fabian
A. C., Huchra J. P., 2000, MNRAS, 318, 333

Edge A. C., 1991, MNRAS, 250, 103

Elbaz D., et al. 2007, A&A, 468, 33

Ellingson E., Lin H., Yee H. K. C., Carlberg R. G., 2001, ApJ,
547, 609

Fabricant D., et al. 2005, PASP, 117, 1411

Finn R. A., et al., 2010, ApJ, 720, 87

Finoguenov A., et al., 2009, ApJ, 704, 564

Geach J. E., et al., 2006, ApJ, 649, 661

Geach J.E., Smail I., Moran S. M., Treu T., Ellis R. S., 2009,
AplJ, 691, 783

Gehrels N., 1986, ApJ, 303, 336

Genzel R. et al., 2010, MNRAS, 407, 2091

Giles P. A., Maughan B. J., Birkinshaw M., Worrall D. M.,
Lancaster K., 2012, MNRAS, 419, 503

Gottlober S., Klypin A., Kravtsov A. V., 2001, ApJ, 546, 223

Gruppioni C., Pozzi F., Zamoranni G., & Vignali C., 2011,
MNRAS, 416, 70 [Grl1]

Gunn J. E., Gott J. R., 1972, ApJ, 176, 1

Haines C. P., Gargiulo A., La Barbera F., Mercurio A., Merluzzi
P., Busarello G., 2007, MNRAS, 381, 7

Haines C. P., Gargiulo A., Merluzzi P., 2008, MNRAS, 385, 1201

Haines C. P. et al. 2009a, ApJ, 704, 126 [Paper I]

Haines C. P. et al. 2009b, MNRAS, 396, 1297
Haines C. P. et al. 2010, A&A, 518, L.19
Haines C. P. et al. 2011a, MNRAS, 412, 127
Haines C. P. et al. 2011b, MNRAS, 412, 145
Haines C. P. et al. 2011c, MNRAS, 417, 2831

Haines C. P., et al. 2012, ApJ, 754, 97

Holden B. P., et al. 2007, ApJ, 670, 190

Hopkins P. F., Hernquist L., Cox T. J., Di Matteo T., Robertson
B., Springel V., 2006, ApJS, 163, 1

Hopkins P. F., Cox T. J., Keres D., Hernquist L., 2008, ApJS,
175, 390

Just D. W., Zaritsky D., Sand D. J., Desai V., Rudnick G., 2010,
AplJ, 711, 192

Kennicutt R. C., Jr. 1998, ARA&A, 36, 189

Koopmann R. A., Kenney J. D. P., 2004, ApJ, 613, 866

Koyama Y., et al., 2010, MNRAS, 403, 1611

Kroupa P., 2002, Science, 295, 82

Larson R. B., Tinsley B. M., Caldwell C. N., 1980, MNRAS, 237,
692

Le Floc’h E., et al. 2005, ApJ, 632, 169

Leonardi A. J., Rose J. A., 1996, AJ, 111, 182

Li I. H., et al., 2011, MNRAS, 411, 1869

Lin Y.-T.& Mohr J. J., 2004, ApJ, 617, 879

Lu T., Gilbank D. G., McGee S. L., Balogh M. L., Gallagher S.,
2012, MNRAS, 420, 126

Magnelli B., et al., 2011, A&A, 528, 35 [Magl1]

Marcillac D., Rigby J. R., Rieke G. H., Kelly D. M., 2007, ApJ,
654, 825

Maulbetsch C., Avila-Reese V., Colin P., Gottlober S., Khalatyan
A., Steinmetz M., 2007, ApJ, 654, 53

McCarthy I. G., et al. 2009, MNRAS, 383, 593

McGee S. L., Balogh M., L., Bower R. G., Font A. S., McCarthy
I. G., 2009, MNRAS, 400, 937 [McG09]

McGee S. L., Balogh M., L., Wilman D. J., Bower R. G.,
Mulchaey J. S., Parker L. C., Oemler A., 2011, MNRAS, 413,
996 [McG11]

Merlin E., Chiosi C., 2006, A&A, 457, 437

Merluzzi P. et al. 2013, MNRAS, 429, 1747

Moran S. M. et al., 2005, ApJ, 634, 977

Moran S. M. et al., 2007, ApJ, 671, 1503

Muzzin A., et al., 2012, ApJ, 746, 188

Norberg P. et al., 2002, MNRAS, 336, 907

Noeske K. G. et al., 2007, ApJL, 660, 43

Oemler A. Jr. et al., 2009, ApJ, 693, 152

Okabe N., Takada M., Umetsu K., Futamase T., Smith G. P.,
2010, PASJ, 62, 811

Oliver S. et al., 2010, MNRAS, 405, 2279

Peng Y. et al., 2012, ApJ, 757, 4

Pereira M. et al. 2010, A&A, 518, 1.40

Pilbratt G. et al. 2010, A&A, 518, L1

Poggianti B. M., Bridges T. J., Komiyama Y., Yagi M., Carter D.,
Mobasher B., Okamura S., Kashikawa N., 2004, ApJ, 601, 197

Popesso P., et al., 2012, A&A, 537, 58 [Pol2]

Quadri R., et al., 2007, ApJ, 654, 138

Quilis V., Moore B., Bower R. G., 2000, Sci, 288, 1617

Rawle T. D., et al., 2012, ApJ, 747, 29

Rieke G. H., et al. 2004, ApJS, 154, 25

Rieke G. H., Alonso-Herrero A., Weiner B. J., Pérez-Gonzdlez
P. G., Blaylock M., Donley J. L., Marcillac D., 2009, ApJ, 692,
556

Rines K., Diaferio A., 2006, AJ, 132, 1275

Rines K., Geller M. J., Diaferio A., Kurtz M. J., 2013, ApJ, 767,
15

Roediger E., Hensler G., 2005, A&A, 433, 875

Roediger E., Briiggen M., 2007, MNRAS, 380, 1399

Rujopakarn W., et al., 2010, ApJ, 718, 1171

Saintonge A., Tran K.-V. H., Holden B. P., 2008, ApJL, 685, 113

Salim S., Rich R. M., Charlot S., Brinchmann J., Johnson B. D.,
Schiminovich D., 2007, ApJS, 173, 267

Sanders D. B., Mazzarella J. M., Kim D.-C., Surace J. A., Soifer
B. T., 2003, AJ, 126, 1607

Sanderson A. J. R., & Ponman T. J., 2003, MNRAS, 345, 1241

Sanderson A. J. R., & Ponman T. J., 2010, MNRAS, 402, 65

Sanderson A. J. R., Edge A. C., Smith G. P., 2009, MNRAS, 398,
1698

Smith G. P., & Taylor J. E., 2008, ApJL, 682, 73

Smith G. P.; et al., 2010a, MNRAS, 409, 169

Smith G. P., et al., 2010b, A&A, 518, L18

Smith R. J., Lucey J. R., Price J., Hudson M. J., Phillipps S.,
2012, MNRAS, 419, 3167

Springel V., et al., 2005a, MNRAS, 361, 776

Springel V., et al., 2005b, Nature, 435, 629

Tanaka M., Goto T., Okamura S., Shimasaku K., Brinkmann J.,
2004, AJ, 128, 2677

Tecce T. E., Cora S. A., Tissera P. B., Abadi M. G., Lagos
C. del P., 2010, MNRAS, 408, 2008

Tonnesen S., Bryan G. L., 2010, ApJ, 709, 1203

Tran K.-V. H., et al., 2010, ApJ, 719, L126

Treu T., et al. 2003, ApJ, 591, 53

van Gorkom J. H., 2004, in Clusters of Galaxies: Probes of
Cosmological Structure and Galaxy Evolution, eds. J. S.
Mulchaey, A. Dressler, & A. Oemler (Cambridge Univ. Press,
New York), p. 306

Vogt N. P., Haynes M. P., Giovanelli R., Herter T., 2004, AJ, 127,
3300

von der Linden A., Wild V., Kauffmann G., White S. D. M.,
Weinmann S., 2010, MNRAS, 404, 1231

Weinmann S. M., van den Bosch F. C.; Yang X., Mo H. J., 2006,
MNRAS, 366, 2

Werner M. W., et al., 2004, ApJS, 154, 1

Wetzel A. R., Tinker J. L., Conroy C., 2012b, MNRAS, 424, 232

Wetzel A. R., Tinker J. L., Conroy C., van den Bosch F. C., 2013,
MNRAS, 432, 336

Wijesinghe D. B., et al., 2012, MNRAS, 423, 3679

Wilman D., et al., 2009, ApJ, 692, 298



The slow quenching of star formation in cluster galaxies 23

Wolf C., Gray M. E., Meisenheimer K., 2005, A&A, 443, 435 Yan R., et al., 2009, MNRAS, 398, 735
Wolf C., et al., 2009, MNRAS, 393, 1302 Zheng X. Z., et al., 2007, ApJL, 661, 41
APPENDIX

THE CREATION OF A FAIR COMPARISON SAMPLE OF FIELD GALAXIES

As discussed in §3.2] a key requirement in this analysis is the availability of a statistical sample of field galaxies
covering the same 0.15<2<0.30 redshift range as the 30 clusters in our sample, which are selected in an identical
manner, as well as coming from the same Spitzer datasets which have uniform coverages from cluster to cluster. As we
are attempting to measure rather subtle differences in the star-formation activities of cluster and field galaxies, any
systematic mis-match in the stellar-mass or SFR distribution resulting from the selection criteria used to target galaxies
for spectroscopy, even at the 10-20% level, could dramatically impact these comparisons. To minimize any such biases,
we have taken great care in selecting field galaxies in narrow redshift slices either side of each cluster, for which the
spectroscopic completeness should be indistinguishable from that obtained for the cluster galaxies themselves. There
are two primary criteria used to select targets for spectroscopy which limit the redshift range either side of the cluster
for which we should remain complete: the K-band apparent magnitude limit corresponding to M} +2 at the cluster
redshift; and the width of the J—K color slice about the C-M relation of each cluster used to maximize the observing
efficiency of targeting cluster members. We discuss the impact of each one in turn.

In Figure [I2 we plot Mg versus redshift for each galaxy in our spectroscopic sample, with each cluster field shown
as a separate panel. The maximal redshift range of the cluster is shown as the red shaded region, while the adjacent
redshift ranges used to define our comparison field galaxy sample are indicated by green (foreground field) and blue
(background field) shaded regions. Galaxies spectroscopically identifed as belonging to these cluster and field samples
are correspondingly shown as red, green or blue symbols, while black points indicate galaxies discarded from this
analysis. Note the presence of some black points within the cluster redshift range, these are discarded as non-cluster
members by virtue of lying outside the cluster caustics. There are gaps apparent between the cluster and field redshift
ranges for most of the systems, due to our exclusion of galaxies within 4000 kms~! of the central cluster redshift from
our field sample. The 4000km s~ velocity limit represents the maximal velocity offset for galaxies identified as cluster
members, as seen for the most massive systems in our sample (Abell 1689, Abell 1835, Abell 2390), and should ensure
that any galaxy in our field sample is at least 50 Mpc from the cluster.

Within ACReS we targetted probable cluster galaxies down to a K-band apparent magnitude corresponding to
Mf+2.0 (horizontal dot-dashed line) at the cluster redshift. As we look at field galaxies at redshifts either side
of the cluster, this K-band apparent magnitude limit produces an effective absolute magnitude limit Mg (z) which
systematically shifts to brighter values with increasing redshift, as shown by the sloping solid curves. We usually
identify our upper redshift limit for selecting field galaxies (right edge of blue shaded region) as the point at which
this curve reaches M +1.5 (dashed lines), or our overall redshift limit of z=0.30, whichever is lowest. Two systems,
Abell 1689 and Abell 1835, have particularly extensive spectroscopy from |Czoske (2004) which goes to much fainter
magnitude limits than M +2.0, allowing us to extend the redshift range over which we remain complete to My +1.5.

We have explicitly removed redshift ranges from our field sample that contain massive structures, including a 2=0.195
cluster in the same field as Abell 586, and X-ray groups identified from our XMM imaging, such as the two foreground
groups at z~0.18 identified in the fields of Abell 267 and Abell 291. It is notable that even in our “field” regions
structures and voids in redshift-space are apparent in Fig. In the case of Abell 1758 for example, we see clear
foreground structures at z=0.23, 2=0.25 and z=0.26. We have visually checked the spatial distribution of galaxies
from each of these structures on the plane of the sky, and confirm that they are mostly extended filamentary structures,
none of which are associated to extended X-ray structures detected in our XMM images.

In an analogous way, we determined the redshift limits imposed by our J—K color cuts by plotting the J — K color
offset of each galaxy from the C-M relation versus redshift for each cluster. As the J—K color of galaxies increases
steadily with redshift (at fixed stellar mass and Hubble type), the vast majority of galaxies are found to lie within a
single well-defined diagonal band (§J—K/dz~1.0 at 2~0.2) in this plot. The intercept of this diagonal band with our
color cuts then defines the redshift range over which our spectroscopic survey should remain complete. The color cuts
for each cluster were asymmetically spaced with respect to the C-M relation of that cluster, the upper color cut being
located further from the C-M relation than the lower one. The resulting redshift limits are thus also asymmetrically
offset from the cluster redshift, with typically the redshift range extending to dz~0.10-0.15 beyond the cluster, but
just ~0.05-0.10 to lower redshifts. For each cluster, our final upper redshift limit for our field sample was ultimately
defined by the requirement of remaining complete to M}, +1.5, this being the more stringent requirement than that
imposed by the color cuts. The final lower redshift limit for our field sample for each cluster was defined by our lower
J—K color cut.
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Fic. 12.— Absolute K-band magnitude versus redshift for each galaxy in our spectroscopic sample, with each cluster field shown as a
separate panel. The maximal redshift range of the cluster is shown as the red shaded range, while the adjacent redshift ranges used to
identify field galaxies in the same dataset are shown by green (foreground field) and blue (background field) shaded regions. The vertical
dotted lines indicate the overall 0.15<2<0.30 redshift limits used to define our LoCuSS cluster and field galaxy sample. The horizontal
dot-dashed lines indicate the overall M +2 limit for selecting cluster members for spectroscopy, with M- (2z.;)+2.0 used to define our faint
K-band apparent magnitude limit for targeting galaxies for almost all of the clusters. The sloping solid curve shows how this K-band
apparent magnitude limit produces an effective Mg (z) limit which becomes increasingly bright with redshift. The horizontal dashed lines
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