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ABSTRACT

We report the detection of a significant excess in the surdaeesity of far-infrared sources
from theHerschelAstrophysical Terahertz Large Area Survey (H-ATLAS) viiith- 1 Mpc

of the centres of 66 optically-selected clusters of gakixighe SDSS with{z) ~ 0.25. From
the analysis of the multiwavelength properties of theirrtetparts we conclude that the far-
infrared emission is associated with dust-obscured stardtion and/or active galactic nuclei
within galaxies in the clusters themselves. The excesshesaa maximum at a radius of
~ 0.8 Mpc, where we find.0 £ 0.3 S50 >34 mJy sources on average per cluster above what
would be expected for random field locations. If the faranéd emission is dominated by
star formation (as opposed to AGN) then this corresponds tvarage star formation rate of
~7 Mg yr~! per cluster in sources with;g > 5 x 10'° L. Although lensed sources make a
negligible contribution to the excess signal, a fractiothefsources around the clusters could
be gravitationally lensed, and we have identified a samppetential cases of cluster-lensed
Herschelsources that could be targeted in follow-up studies.

arxXiv:1105.3199v1 [astro-ph.CO] 16 May 2011
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1 INTRODUCTION

The intimate connection between galaxies’ environmendstheir
star formation histories is evident in the evolution of thester
galaxy stellar mass function (elg. Vulcani etlal. 2011). Tiest
massive galaxies in rich clusters today appear to have beande

in progenitor environments since at leastv 1 (de Propris et al.
1999;| Kodama & Bower 2003; Neistein, van den Bosch & Dekel
2006), and there has been little evolution in the number itdens
of the most massive elliptical galaxies in the interveninGy8
(Balogh et al. 2001). However, significant stellar massuianh is
still required in the remainder of the cluster populatiomicly this
period (Balogh et al. 2001). The key features of this evolutire:
(a) a steepening of the faint-end towaeds= 0, that is, low-mass
end of the luminosity function (Stott etlal. 2007); and (g tp-
pearance of a population of passive, massive lenticular &iex-
ies in the cores of clusters singev 0.5 (Dressler et al. 1997).

The increase in the fraction of low-mass galaxies can be ex-
plained by the continuous accretion of satellite galaxiggh(sub-
sequent gas stripping and the cessation of further coolieg p
venting further growth). The formation of SOs can only be ac-
counted for in an evolutionary sequence connecting digiast
rich discs undergoing a period of additional star formatmbuild
up the total stellar mass and enhancement of bulge-to-disc r
tios (Pogagianti et al. 1999; Kodama & Sniail 2001). Until tisfely
recently, evidence for the large star formation rates (SFRs
quired for such a transformation in the spiral populatiofisne
termediate redshift clusters was lacking. However, siteead-
vent of sensitive mid- and (now) far-infrared panoramicveys,
several studies have now revealed a population of hithgoto o
tically hidden star-forming galaxies in rich clusters owes <
z < 1.5 (e.glGeach et él. 2006; Duc etlal. 2000, 2004; Fadda et al.
2000;[ Metcalfe et al. 2003; Finn etlal. 2010; Kocevski et 8@,
Braglia et all 2011).

It has become clear that these obscured star-forming galax-
ies could be responsible for strong evolution in the statiass
function of even rich clusters since~ 0.5. Thus, not only does
this population provide a key insight into various enviramntal
effects on the star formation histories of relatively ‘nalhgalax-
ies, but it also represents an important stage in the ov&nalping
of the galaxy population today. The globally-averaged|t8faR
in rich clusters as well as the average field has been in stleng
cline sincez ~ 0.5, although it is unclear how the strength of the
evolution is tied to galaxies’ environments. Indeed irdchstudies
have revealed significant variation in the SFRs of individtias-
ters(Geach et él. 2006). It is thought that the origin of taisation
could be rooted in the different environmental conditiopedific
to different clusters, such as sub-structure, dynamiesé sthermo-
dynamic properties of the intracluster medium (ICM), etee hiext
step in understanding this variation, and building up a nsteés-
tical picture of the evolution of the obscured star-formpuapula-
tions of clusters since ~ 0.5, is to turn to wide-field panoramic
infrared surveys of a much larger sample of clusters andpgrou
covering a large dynamic range of environment.

While previous surveys undertaken wiBipitzerand theln-
frared Space Observatory (IS@lave mapped the mid-infrared
emission (e.g. 15-24m) of clusters, panoramic far-infrared sur-
veys have so far been challenging. Both ground- and spasedba
surveys have lacked the field-of-view, sensitivity and hetson to
cover large areas down to the required depths to pin-po@bth
scured star-forming galaxy population (e.g. Wardlow eRatL0).

The Herschelspace telescope (Pilbratt etlal. 2010) has enabled us
to move beyond these limitations (e.g. Rawle et al. 2010).

TheHerschelAstrophysical Terahertz Large Area Survey (H-
ATLAS; Eales et al. 2010a) is the widest-area submillimétes-
schetSPIRE (Griffin et al. 2010) and PACS (Poglitsch et al. 2010)
survey, and — when complete — will cover an area-0550 degf
from 100-50Q:m. The large volume probed will contain a large
number of galaxy clusters, and the sensitivity of the féraired
observations will allow us to systematically search forcved
star-forming galaxies in their vicinity. This letter prese a sta-
tistical analysis of theHerschel SPIRE sources in the core of
0.07 < z < 0.43 clusters as mapped by the Science Demonstration
Phase (SDP) H-ATLAS observations, covering d4.4 ded field
at & (Pascale et all. 2010; Ibar etlal. 2010). Our goals are twofold
(a) to search fostatisticalevidence of dust-obscured star formation
activity in this cluster population; and (b) to identify acgndidate
cluster-lensed sources for further study and follow-up.

This paper is organised as follows: we describe our unique
cluster detection algorithm and the H-ATLAS SDP SPIRE cata-
logue in§[2, the statistical analysis and results of the H-ATLAS and
cluster catalogue cross-correlationg§i, and summarise our find-
ings in§[4. Throughout we assume cosmological parameters from
the WMAPfits in|Spergel et al| (2003Y25 = 0.73, Qm = 0.27,
andHy = 71kms ! Mpc™?.

2 CLUSTER AND H-ATLAS CATALOGUES
2.1 Cluster detection

We have used the technique presented in Murphy, Geach & Bower
(2010) to identify clusters of galaxies from panoramic cgtimag-
ing. Briefly, the method uses a series of colour selectiorfadb
isolate ‘red-sequence’ cluster members (those where theAdo
break is bracketed by two filters), followed by the consinrct
of a Voronoi diagram of the projected galaxy distributiodu$
ters and groups are identified as associations of Voronksi, silar-
ing at least one vertex between cells, with areas significéower
(i.e. higher galaxy surface densities) than would be exgueiftthe
galaxies were randomly distributed on the sky. In this caseised
photometry from the Sloan Digital Sky Survey (York etlal. D0
7th Data Release (SDSS DR7; Abazajian et al. 2009). For the se
lection, we employed Galactic extinction correctamdel Mag in
the(g—r), (r—i) and(i—z) bands; see Gunn etlal. (1998) for a de-
scription of the SDSS photometric system. The minimum numbe
of ‘connected’ galaxies that qualify as a cluster is five. Pphsition

of the cluster core is defined as the average of the positibtieo
member galaxies’ Voronoi cells, however we also define ayHiri
est cluster galaxy (BCG) centre’ as the location of the hggh
cluster member in the-band. Apertures placed on the cluster core
defined by the geometric mean provide the most complete ageer
of the member galaxies. We find 66 clusters within the H-ATLAS
SDP coverage of 14.4de¢f. The redshifts of the clusters have
been estimated from the photometric (and in some casesrgpect
scopic) redshifts of the cluster members (Abazajian et@D92.
We note that 36 members out of a total of 549 galaxies across
all clusters have spectroscopic redshifts from SDSS (6.%%))
sources with spectroscopic redshifts, the mean specpzsto
photometric redshift offset is -0.0018, with a standardiatéan of
0.017. Further details can be found in Geach et al. (2018 clirs-
ters span a redshift of 0.07-0.43 85% of the sample afelat<

z < 0.35), and have a median redshift ¢f) = 0.25 at which
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Figure 1. The redshift distribution of our 66-member cluster sampithiw
the H-ATLAS SDP coverage af 14.4 deg?. We have estimated the cluster
redshifts using the photometric (and for 6.5% of the timecspscopic)
redshifts of the 549 cluster member galaxies (Abazajiah. &099). The
clusters span a redshift of 0.07-0.43 85% of the sample &rd &at< z <
0.35), and have a median redshift ¢f) = 0.25 (which we have indicated
with a vertical dotted line) at which the angular scale is Rd®arcmim .

the angular scale is 240 kpc arcmin(see Fig[l). Based on tests
performed on mock catalogues, the cluster catalogu®d% com-
plete at a halo mass ab'* Mg, (Murphy, Geach & Bower 2010).
The number of false positives can be estimated by randonuifs sh
fling the colours of galaxies (while keeping the positionsdixand
re-running the detection algorithm. At the lower membegydimit,
the number of false detections is expected to be 0.06deg< 1

of the 66 clusters. Further details of the cluster algorijteetection
and completeness can be found in Murphy, Geach & Bawer (2010)
We estimate the cluster richness using the commonly used
statistic, an approximation of the amplitude of the reaespcorre-
lation function [(Longair & Seldnar 1979). Yee & Ellingsar@3)
show that this statistical measure is reasonably well taigé with
the physical properties of the clusters, and we apply theak s
ings to find the typical cluster scalyodl~ (1.2 + 0.4) Mpc and
log Mago /Mel~ (14.7 + 0.5), although the errors on individual
B, measurements are large.

2.2 The H-ATLAS SDP catalogue

The H-ATLAS SDP catalogue consists of 6876 sources detexdted
> 5 in either of the 250, 350 or 50@m bands over a- 14.4 ded®
region (Rigby et gl. 2011). The &-point source sensitivity limits
(including confusion noise) are 34, 38, and 44 mJy at 250, 830
500u:m, respectively. Smith et al. (2011) have employed a likeli-
hood ratio (LR) method to perform the optical cross-idecifions

1 Ropo is the equivalent radius enclosing a density200x the critical
density.
2 Moog is the mass withirRago .

of the 6621 25(:m-detected sources with the SDSS DR7 cata-
logue with a limitingr-band magnitude of 22.4 (Abazajian et al.
2009). The LR technique assigns a reliabilfy,to each match and
indicates the probability that the counterpart is the airigentifi-
cation. Of the 6876 H-ATLAS sources, 2423 are thus classéted
having a reliable R > 0.8) optical counterpart, and the remaining
4453 as optically unidentifiedd < 0.8 or no optical counterparts).

3 ANALYSIS AND RESULTS

3.1 Measurement of far-infrared emission around the
clusters

The first step of our analysis is to simply measure the sudace

sity of H-ATLAS sources (both optically identified and unidie
fied) as a function of projected clusto-centric radius adbtine 66
clusters (Fig[R). As a field control sample, we repeat thisr-ex
cise 1000 times for a set of 66 random positions across the fiel
As expected, at large radii the surface density around tas- cl
ters is indistinguishable from the average ‘field’ estimatmvever
there is a clear positive excess of far-infrared sourcekimvit 5’
(1.2Mpc forz = 0.25) of the clusters, the significance of which
peaks at~ 3.5'. There is an average excess-of 1 source per
cluster over the background, although note that by defimitie
cluster environments are characterised by an excess suasity

of galaxies. The total number of H-ATLAS sources detectetthivwi

3.5" of the 66 clusters is 401, representingva3.5 o excess of

67 £ 20 sources (the error is Poisson) above the background signal
of 332 4+ 1 sources on average (the error is the standard error of the
mean). At a radius o’ from the 66 clusters, we find 719 sources
(a less significant excess 6f + 27 sources over our Monte Carlo
estimated background signal 6f8 + 1 at the same clustocentric
radius). For comparison, we have also repeated the abovwe ana
sis using the projected radius from the BCG as the clusteresen
and the signal in the < 0.5" bin clearly increases (see F[g. 2)
— with six H-ATLAS sources lying within 8 arcsec of BCGs (note
that the 25Q:m PSF is 19 arcsec). This suggests that several H-
ATLAS sources are associated with the BCGs, either by lgnsin
a background far-infrared source or that the far-infraneilssion

is from the BCG itself, e.q. Edge et/al. (2010). We have gtianti
the likelihood of finding this excess signal by chance by gisior
Monte Carlo simulations and find that for radii 3.5" (where the
maximum excess signal occurs) we would expect to see our av-
erage detected surface density 0.1% of the time in randomly
sampled apertures of equivalent size in the field. The sitiouls
also reveal that at radii larger than ab&(the random chance of
detecting our measured surface density (or greater) neacltis-
ters above the background becomesi% and increases rapidly
beyond5’. Thus, for the following statistical analyses we use the
719 H-ATLAS sources found withis’ of the 66 clusters, which
strikes a good balance of identifying the majority of therses re-
sponsible for the excess signal while keeping the backgtdietd
contribution to the signal to a minimum.

We have calculated the surface density of H-ATLAS sources
in angular bins, regardless of the individual cluster rétishn al-
ternative approach would be to calculate the surface deasita
function of physical projected radius, which would be intpot
for broad redshift distributions. We conducted such anyaigmbs a
check, by counting H-ATLAS sources within variable anguldii
corresponding to a particular physical scale around theets. We
calculate the field estimate using the same Monte Carlo tgean
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Figure 2. Cumulative number density of the average background-actietl
(points; axis on the LHS) and number (curve; axis on the RHSillo
(top panel), optically identified (middle panel), and oglig unidentified
(bottom panel) H-ATLAS sources as a function of clusto-gentadius.
For comparison, we have also plotted the average (backdrsulptracted)
cumulative surface density as a function of radius from thetral BCG
(stars). The standard error of the mean has been used tdataltioe er-
ror bars. This plot shows that we have measured an excessAGLIAS
sources (with the significance varying with radius) withiprajected clus-
tocentric radius of 5(which corresponds to 1.2 Mpc at= 0.25) over that
of the background field H-ATLAS sources, with optically idiéed sources
(presumably far-infrared-bright cluster members, seg taaking the most
significant contribution to the measured excess. For neferethe average
area of a single cluster is 7.5 arcrhjrwhere the area is defined to contain
80% of the cluster members originally assigned by the Vortessellation
detection.

as above, but using 66 apertures randomly drawn from a listri
tion function matching the cluster redshift distributioepeating
this 1000 times (see elg. Temporin et al. 2009). The regufiin-
face density profile closely matches that found for angulas,b
which is not surprising given our narrow redshift distribut (see
Fig.[d), with the excess signal arising within 1 Mpc of the clus-
ter cores, in agreement with the ‘average’ physical scabevatin
Fig.[2.

There are two distinct physical origins for the excess digna
(a) obscured star formation or active galactic nuclei (AGNlus-
ter members; and (b) gravitational lensing of backgroundces.
The majority of the H-ATLAS sources in low redshift clustene
expected to have optical counterparts, whereas H-ATLAScgsU
with no robust counterpart are most likely to be at higheshéft
(except in the case of galaxy-galaxy lensing, where thegforend
lensing galaxy is identified as the counterpart). Splittimg sam-
ple into optically identified and unidentified sub-samplesrefore
provides a crude method of determining if the excess sigeath s
around clusters comes from the cluster members themsaives,
from strongly lensed background sources. From the 719 HAS L
sources found within5of the 66 clusters, we find that 268 (37%)
have optical counterparts with the remaining 451 (63%) igwio

optical counterpart. To examine the relative contributmthe far-

infrared excess signal, we repeat the radial surface geasll-

ysis described above for these two sub-samples separiigl{Z

shows that the majority of the excess signal seen in the &nli-s
ple is due to theoptically identifiedH-ATLAS sources; while the
surface density of optically unidentified H-ATLAS sourcesund

clusters is essentially statistically indistinguishafylem the ran-
dom field. We thus now focus our attention on the opticallynide
fied sources around the clusters and defer a discussion nathee
of the optically unidentified sources to Section| 3.4.

3.2 Isthe far-infrared excess physically associated witthe

clusters?

We have determined that the excess signal of far-infrared-em
sion around the low-redshift cluster sample comes from H-
ATLAS sources with robust optical counterparts. These adnd
cases where a foreground galaxy is lensing a backgrounaesour
(Negrello et al. 2010) (where the lensing galaxy is the @ptoun-
terpart of the H-ATLAS source), or the far-infrared emissis
from the galaxy itself. Is there any evidence to suggesttti@ma-
jority of the optically identified H-ATLAS sources have réuifts
consistent with the clusters?

We now perform a test to search for evidence that the far-
infrared colours of H-ATLAS sources around the clusterscame
sistent with the redshift of the clusters. The optical phottric red-
shifts of the optical counterparts of the H-ATLAS sources aot
useful for reliably distinguishing galaxy-galaxy lensifrgm the
cluster members, since itis likely that in the case of gaigakaxy
lensing, a far-infrared source would be identified with tllesing
galaxy instead of the true background lensed source (whathdv
be too faint/obscured to be seen in the optical). Follow-ilpme-
tre studies that can positively identify the molecular gasssion
of the high-redshift source, unambiguously separating riedshift
space from the foreground galaxy, is arguably the best tqubn
In lieu of those data, we can crudely use the far-infraredwsl
as a rough redshift discriminator, since the 250, 350, arfij.50
bands sample near the dusty spectral energy distributi&)S
peak. Thus, following e.g. Amblard etal. (2010) we compdre t
S250/ S350 andSsoo /S350 SPIRE colours of the optically identified
versus unidentified H-ATLAS cluster-matched sources toitéise
optically identified sources are more consistent with béaveer
redshift cluster members and the optically unidentifiedrces
more consistent with being background or cluster-lensegheri
redshift sources. We note that not of all the H-ATLAS soulftege
direct detections in all three SPIRE bands (and thus ernorthe
colours of those individual sources will be large). Addiidly, we
note that~ 27% of the 50Qum sources are likely blends of mul-
tiple sources (within a relatively large beamsize~of35"'), with
their flux boosted by up to a factor ef 2 (Rigby et al. 2011). We
thus place more emphasis on the results involving thei@28@ux
densities, which should suffer less from these effects dtieg rel-
atively smaller beamsize{( 18"), but use the 500m flux densities
as a consistency check.

We use a Kolmogorov-Smirnov (KS) test to compare the
S250/S350 and Sso0/.S350 colours of the optically identified sub-
set of 268 cluster-matched H-ATLAS sources with the 451-opti
cally unidentified cluster-matched H-ATLAS sources to skdor
evidence of any differences between the colour distrilmstithat
would hint at an overall redshift difference between the sam-
ples. The KS test reveals that there iscal x 10~° chance that
they are drawn from the same distribution. The opticallynide
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fied cluster-matched H-ATLAS sources have blU8#s0/Ss350) =
1.88+0.06 colours and blue¢Sso0/S350) = 0.4£0.02 colours on
average than the optically unidentified cluster-matche@THAS
sources (5'250/5'350> =1.3+0.03; <S500/5'350> =0.5% 0.01).

If we assume the mediah x 10'° Ly < Lauwst < 10 Lo UV-
submm template from Smith et al. (in preparation) for a ‘tgbi
H-ATLAS galaxy SED, then these mean colours roughly indicat
that the optically identified cluster-matched H-ATLAS stes, on
average, lie at redshifts of ~ 0.25 (consistent with the cluster
redshifts) and that the optically unidentified sources atgcally
higher redshifts of ~ 1.

We thus conclude that the origin of the far-infrared excégs s
nal around the clusters originates from sources within thsters
themselves. These galaxies are likely to be obscured atanirfg
galaxies or AGN. We note that although the actual AGN condént
clusters as a function of time is still fairly poorly consivad, there
is evidence that the infrared emission of the general alyipu-
lation (i.e. galaxies on the outskirts of clusters) is gatest by star
formation (Geach et &l. 2009).

0.2 < z < 0.3. We note that a systematic uncertainty in the SFR
estimate comes from our assumed SED, although this shotild no
be a significant effect, since we have used an SED templagzibas
on the H-ATLAS galaxies themselves within this redshiftgan
Nevertheless, for example if an Arp 220 or M82 SED is assumed
(which have been shown to be inappropriate for our sampke; se
Smith et al. in preparation) we find an SFR systematicallyhéig
by a factor of~ 6 or ~ 10, respectively. The total SFR of the clus-
ters should also be considered a lower limit, given the280en-
sitivity; since we only probe down tbig ~ 5 x 10'° L, we also
expect a contribution from dust-obscured galaxies beldsitmit.
For example, assuming the shape of the HerMES2B0uminos-
ity function (Eales et al. 2010b; see Hig. 3), if we could @ab a
flux limit of ~ 10 mJy we would expect an additional 90 sources
down to~ 3 x 10'° L, contributing aradditional ~ 7 Mg yr=*
per cluster.

How does this compare to the total cluster-integrated SFR de
rived from the UV alone? To estimate the UV integrated SFR for
the clusters, we evaluate the total SD&Band flux density within

We do expect some instances of galaxy-galaxy lensing in the 5 of each cluster (corrected for Galactic extinction), andgyen a

optically identified sample. Cases of galaxy-galaxy legsiould
potentially be enhanced around clusters simply due to treased
surface density of foreground galaxies, and the increasess ohen-
sity cross-section in cluster regions can boost amplificafir-
thef. Therefore, a lensing galaxy may have a clear optical identi
fication as a background source, but could be lensed furtretal
the presence of the cluster along the line of sight. We natedht
of five instances of strongly lensed optically identified HFILAS
sources identified by Negrello et al. (2010), one of thesavighin
5" of a cluster core. This is strictly a lower limit on the ocarmces
of galaxy-galaxy lensing in our sample, however, the actuah-
ber of such cases is not expected to dominate the opticalhtifted
SPIRE sources in our sample, given their typical A®fluxes and
far-infrared colours described above.

3.3 Integrated far-infrared emission from clusters at

z~0.25

If we now assume that the detected far-infrared emissiorués d
to obscured star formation (as opposed to AGN) within the-clu
ters then we can use the background-subtracted luminasity- f
tion to estimate the average level of star formation inzhe 0.25
clusters. We integrate a background-subtracted histogrfathe
250um flux density of the optically identified cluster-matched H-
ATLAS sources (see Fid.] 3) to yield a total flux contributioh o
1.6 Jy over the 66 clusters, 24 mJy per cluster. Assuming this is
a proxy for dusty star formation we can convert this to a t8faR

by estimating the integrated total (8—1Q0®) infrared luminos-
ity of the median H-ATLAS galaxy template withx 10*° Lo <
Lauwst < 10* Lg from Smith et al. (in preparation) redshifted
to z = 0.25 (which is well-matched to our sample far-infrared
colours; see Sectign 3.2) and normalised to the relevant@5lux
density. We find an average SFR per clusterof &= 3Mg yr—*,
applying the SFR calibration of 8—10n integrated luminosity
of [Kennicutt (1998). The error range on the estimate repitssbe
inferred difference in total luminosity within the redghiénge of

3 For example, although rare, the Cosmic Eye (Smail et al.|PROTz ~
3 galaxy lensed in a near-perfect Einstein ring by & 0.7 elliptical that
meets the threshold for strong lensimigly because we are viewing the=
0.7 galaxy through a foregroung = 0.3 cluster~ 1’ away.

field correction based on the total flux within randomly pthager-
tures across the field. We only sum the excess in galaxiestbeo
red-sequence (as these are not present in the field), ana deri
average total cluster integrated SFRX0 Mg, yr—!, assuming the
Kennicutt (1998) SFR calibration. Thus, the total UV-dedwate
appears to be comparable to the total far-infrared-denisigsl but
of course with the caveats that (a) the UV-derived valuekedyiin-
tegrated further down the cluster luminosity function dudigher
sensitivity to star formation in lower mass systems, anadéutin-
cludes many galaxies with low activity missed by the faranéd
survey, and (b) there is a large uncertainty in a simple asve
between the monochromaticband to SFR, and (c) we have not
corrected for potentially non-negligibleband emission from stars
not associated with new star formation in red galaxies incths-
ters (although we excluded the main red sequence).

With these caveats in mind, it is clear that the far-infrared
derived integrated SFR provides a superior estimate ofdted t
level of star formation activity in the clusters, with theimancer-
tainty being the calibration of total far-infrared lumiriysto SFR.
However, it is also evident that the current limits of thissEAS
survey are missing part of the low-level activity in the ¢rs, as
revealed by our simple UV estimates and extrapolation oftbe
MES luminosity function. Our measurements should theesfar
taken as lower limits to the integrated SFRs of these clsistes
mentioned previously.

If the total far-infrared-derived SFR of the clusters is-nor
malised by total (luminous+dark) mass, we have a simple ogeth
to compare the activity in different environments, and thele
tion of the cluster SFR budget over time (e.9. Geachlet ale 200
The mass estimates for these clusters are indirectly adeinom
their optical richnesses (see Sectionl 2.1), which givesrdinge
~1.5-16<10** My — however, the conversion between optical
richness and mass is highly uncertain, and the true masses ar
likely to be at the lower end of this range. Even this might he a
over-estimate of the total cluster mass. For example, teeeeta
similar surface density of clusters in the Millennium Siwidn
(Springel et dl. 2005), requires us to be probing to a mass difn
IOg(Mhalo/M@) z 13.5.

Fig.[4 shows the average total SFR in our clusters compared to
other infrared-derived rates in other clusters aver z < 0.6, al-
though we note that given the large uncertainties on the HAS
cluster masses and the cool SED we have adopted, we consider
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Figure 3. Background-subtracted cumulative number counts of dptica
identified and unidentified H-ATLAS sources withfii of the 66 cluster
cores. The 25@m 50 flux limit of the H-ATLAS catalogue is shown by
the dotted vertical line. Based on the far-infrared colpws expect most
of the signal from the optically identified sources here talbster members
(see text). As a guide, the upper scale corresponds to thle8tet00Qum
integrated luminosity, evaluated from the mediar 1010 Lo, < Lyguss <
10! Lo UV-submm template from Smith et al. (in preparation) forygp-t
ical’ H-ATLAS galaxy SED, redshifted to the median redsbifthe cluster
sample £ = 0.25), and normalised to the 25n flux. The0.2 < z < 0.4
Herschel Multi-tiered Extragalactic Survey (HerMES) submm luminos
ity function (square symbols connected with a dot-dasheuBales et al.
2010Db) is overplotted for comparison and has been scaléilaailly to the
bin at our survey flux limit.

our point to be a lower limit. We note that if other infrareddies

at similar redshifts and depths assume M82- or Arp 220-kka-t
plates for their cluster member galaxies when cooler H-ABEA
type SEDs are more appropriate, then they may well be over-
estimating the level of star formation activity in those sthrs.
Although there is significant cluster-to-cluster scattergeneral
there has been strong evolution of the cluster SFR (see Gtath
2006). This is consistent with the scenario that there has lae
sharper drop-off in the star formation activity of clustesisce
z ~ 1 than occurs in the field, probably related to the build
of virialised structures hostile to on-going activity anasgcooling
over this period.

up

3.4 The nature of the optically unidentified far-infrared
sources around the clusters

Although the optically unidentified sources withih of the clus-
ters do not contribute significantly to the excess signah se&ec-
tion[3.1 and appear to lie at typically higher redshifts{ 1) on av-
erage than the optically identified H-ATLAS sources (SedBd)
—these results suggest that strong gravitational lensingeclus-
ter potential is not a major contributor to the detected sgsignal.
Still, they represent an interesting sample, since thejdomntain
strongly lensed galaxies. They thus provide potential dppdies
to study the properties of intrinsically fainter far-infea sources at

1000 T T T T T T T T T T

r * H-ATLAS clusters (this work) p
+ e Literature (see caption) 1

100+ 4
; L ]
N F M82 :
E i SED¥¢ ]
“S\G = Il ér D2 0 ® B
2 L ! ]
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SED from Smith et al. (2011)
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Figure 4. Measures of the mass-normalised SFRs in galaxy clusters
out to z 0.6, adapted from fig. 6 of_Geach etal. (2006). The
SFRs are derived from the mid- or far-infrared populationghiw
~2Mpc and are normalised to the best estimate of the total
minous+dark) cluster mass. Listed in order of increasingshét,
they are: Perseus (Meusinger €tlal. 2000), A3112 (Braghd ¢2011),
A2218 (Biviano et all_2004), A1689 (Fadda etial. 2000:; Dud.€2802),
H-ATLAS (this work), A1758 |(Haines et al. 2009), the Bulletus-
ter (Rawle et gll 2010: Clowe. Gonzalez & Markeviich 2004.rkéaitch
2006), A370l(Metcalfe, Fadda & Biviano 2005), Cl 0024+16 880451—
03 (Geach et al. 2006), and J1888.16L_C (Duc &t al.|2004). AluBenary
model for the counts of star-forming ULIRGs from_Cowie €t(@004) is
overlaid as a guide only, and has been normalised arbjttarthe mean star
formation rate in Cl0024+16 and MS 04503 from|Geach et all (2006).
This plot shows an increasing rate of activity in more distelnsters as
traced through their mid- or far-infrared populations,edtltwith a large
scatter, suggestive that the infrared is a sensitive tratenvironmental
changes within the clusters. Note that there are large mgite effects on
the points in this plot, with the inferred SFR dependent eratbsumed form
of the SED, and estimate of the total cluster mass. Giverafige luncertain-
ties on the H-ATLAS cluster masses and the cool SED we havatedowe
consider our point a lower limit (as indicated by the arrow} also show
how our result changes if we instead assume an M82 or Apr22D(8fen
symbols), to facilitate a comparison with the literatursulés.

~

(lu-

high-z than would otherwise be possible. It is possible that some
of these galaxies could be galaxies at or below the clustishit,

but are very highly obscured, although we note that Dunné et a
(2011) do not see evidence for a significant population dtafly-
faint low-z sources. As a simple test for this, we consider a proto-
typical ultraluminous infrared galaxy (ULIRG) with extrenmed-
dening at UV-optical wavelengths: Arp 220l > 15mag, with

Ay = 15mag in the most central 300 pc and much higher in the
nuclei; Vermaas & Van der Werf in preparation). By redshifti
this template to the cluster redshifts, and normalising it ob-
served 25Qim flux (the most sensitive band with the best angu-
lar resolution) we can assess whether we would have detésted
optical counterpart by convolving the optical portion oétSBED
with, say, an--band filter. If the predicted optical flux is above the
limit of the observations of this field, then the galaxy wouéd
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quire even further extinction on top of the Arp 220 templateao
different k-correction, implying a different (higher) rghift to the
cluster. We find that all of the galaxies without current cptiden-
tifications are classified as highsources using this method, with
predictedrspss at least one magnitude brighter than the 22.4 mag
SDSS limit. The 451 optically unidentified H-ATLAS sourcea® a
thus candidate lensed sources. Although the amplificatetof
falls off rapidly with radius for all sensible mass profiléss worth
noting that the Einstein radius for these clusters is exqubtd be
~20-40 for a mass range of T—-x 10** M. Therefore, only a
fraction of the 451 optically unidentified H-ATLAS sourca® &x-
pected to be highly magnified.

cipal Investigator consortia and with important parti¢ipa from
NASA.
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Figure 5. Co-addedi0”” x 40" gri images of the 14 strong lens candidate H-ATLAS sources ftinéu study and follow-up (centred on the 2% positions,
with 250um contours starting at@ and increasing in steps ofod within 1’ (~ 0.2 Mpc) of the cluster centres in order of decreasing 260flux density
(Left-Right, Top-Bottomn
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